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CMMAP’s legacy:
An Institute is born.

The Effects of Ice Nuclei on Clouds and Climate

The global atmosphere contains “mixed-phase” clouds, which are made up of both liquid water 
droplets and ice crystals. The ratio of liquid water to ice is critical for determining how long the cloud 
lasts, how much rain or snow falls from it, and also its properties. The many such clouds in the Earth’s  
atmosphere strongly influence both weather and climate. 

CMMAP’s “Multiscale Modeling Framework,” or MMF, explicitly simulates cloud formation in the global 
atmosphere by embedding a fine-grid cloud-resolving model within each of a global atmospheric 
model’s much larger grid columns. The amount of ice is determined as a function of the cloud 
temperature and the relative humidity over ice. Recent research by CMMAP scientists shows that the 
concentration of ice nucleating particles also plays a critical role. 

Ice nuclei (IN) are atmospheric particles, sometimes called “aerosols,” that act as nuclei for the 
formation of ice crystals in the atmosphere. CMMAP scientist Dr. Paul DeMott and colleagues at 
Colorado State University have used laboratory and field measurements to compile a large database 
documenting the concentration and distribution of ice nuclei in the atmosphere. They have used their 
growing database to identify the simplest and strongest links between ice nuclei and cloud properties. 
Their studies show that ice nuclei predict the onset of ice formation in clouds. This result can be 
expressed as a formula relating the ice crystal concentration as a function of the aerosol concentration 
and the cloud temperature.

The formula was tested by incorporating it into a CMMAP cloud-resolving model, and using the model 
to simulate highly detailed observations collected in a recent Arctic cloud study. The major result, as 

shown in the attached figure, is that the formula leads to a huge improvement in the vertical 
distribution of the liquid and ice concentrations within the simulated clouds.  Increasing liquid water 
and decreasing ice water content in the cloud layer in the new simulations leads to a decrease in 
shortwave radiation reaching the Earth's surface, while simultaneously increasing downward longwave 
radiation which can lead to warmer surface temperatures. Getting the correct cloud vertical structure 
can also impact the timing, rate, and total precipitation from such clouds.

The next step will be to test the new methods in a simulation of the global climate, using the MMF. 
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Observations

Liquid Fraction Liquid Fraction Liquid Fraction

Old model New model

Comparison of observations (left) of the cloud liquid fraction, which is the ratio of condensed water to ice 
amount, to the old model result (middle) and the new result (right) based on the formulation by Dr. Paul 
DeMott.  The different colored points in the observations are data from two different aircraft profiles of the 
same cloud layer.
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The Earth’s climate results from complex interactions between the atmosphere, the ocean, and the land 
surface. CMMAP’s research is focused on new approaches to simulating cloud formation in the global 
atmosphere. CMMAP has created a new “Multiscale Modeling Framework,” or MMF, in which clouds are 
explicitly simulated by embedding a fine-grid cloud-resolving model within each of a global atmospheric 
model’s much larger grid columns. Until recently, CMMAP has used the MMF to analyze how the explicit clouds 
affect atmospheric phenomena such as tropical weather. 

The effects of these explicit clouds on the simulated ocean are also critically important for climate simulation, 
however. These include cloud shadows, which reduce the solar radiation absorbed by the ocean. The clouds 
also influence large-scale weather systems, which in turn affect the ocean through surface wind stresses.

Dr. Cristiana Stan of the Center for Ocean Land Atmosphere Interactions (COLA) coupled a global atmosphere 
model developed by CMMAP with an ocean model developed by the National Center for Atmospheric 
Research. The new coupled ocean-atmosphere model is called the SP-CCSM. Using the SP-CCSM, Dr. Stan 
performed the first-ever simulations in which the explicit clouds influenced the simulated ocean. A 20-year 
simulation produced with the SP-CCSM was compared with observations, and also with a control simulation 
obtained based on a 
conventional model. Two 
remarkable results were 
obtained. 

First, the SP-CCSM 
immediately produced a 
simulation of the atmospheric 
general circulation that is 
significantly more realistic 
than that previously obtained 
with the MMF driven by 
observed sea-surface 
temperatures. The 
atmospheric simulation is 
particularly improved for the 
Asian summer monsoon, a 
gigantic weather system that 
brings life-sustaining rain to 
over a billion people. The 
immediate improvement in 
the model results is 
surprising, because 
experience shows that when 
an atmosphere model is first 
coupled with an ocean model, 
the simulated atmosphere 
typically becomes more 
realistic only after a lot of 
model “tuning” has been done. Dr. Stan did not tune the model at all. 

The second major result, shown in the attached figure, is that the SP-CCSM produces a realistic simulation of 
the El Niño-Southern Oscillation (ENSO), considerably better than that of the conventional model from which 
it was derived. As is well known, ENSO produces strong effects on weather all over the world, including the 
United States.  Stan and colleagues have shown that the improvement in the simulated ENSO is due to with 
the SP-CCSM’s ability to simulate realistically the cold water that is typically found along and near the Equator 
in the Eastern Pacific Ocean. 

Warm (red) and cold (blue) fluctuations of the sea surface temperature in 
the eastern Pacific Ocean, due to ENSO. The top panel shows observations, 
in which the sea surface temperature fluctuates on an irregular basis with a 
mean return time near four years. The bottom panel shows the results 
obtained with the SP-CCSM.
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Model results

 

 

 
Since all the models produce more or less realistic conditions for these clouds to form, 
but the clouds themselves are different, this points to the parameterizations of clouds 
as the main factor leading to the different cloud statistics. Improvements in the realism 
of shallow cumulus clouds in climate models are a necessary step toward more 
confident estimates of climate change.  This work was led by Brian Medeiros and Bjorn 
Stevens (University of California, Los Angeles) and Christopher Bretherton (University of 
Washington). 

 

 

 

The profile of cloud amount from three models (colors) through about the lowest 4 km of the 
atmosphere. The profiles are conditioned on environmental conditions conducive to shallow 
cumulus convection. The SP-CAM (green) shows the most realistic profile considering cloud 
base, cloud top, and the shape and size of the profile. 

Credit Brian Medeiros 

 

Cloud Effects on Climate
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As recently restated by the Intergovernmental Panel on Climate

Change “cloud feedbacks remain the largest source of uncer-

tainty” in projections of cloud feedbacks. The sensitivity of

climate projections to the representation of clouds was identi-

fied from the very earliest attempts to systematically investigate

and quantify climate change. And while the intervening years

have seen little progress in our ability to constrain representa-

tions of clouds at the level of climate prediction; we have made

progress in more definitively establishing the role of clouds in

the climate system, articulating ways in which they may re-

spond to perturbations, and most recently, attributing uncer-

tainty to broad classes of cloud.

Work at UCLA in collaboration with scientists at the University

of Washington and Colorado State University and modeling

centers at the National Center for Atmospheric Research and

the Geophysical Fluid Dynamics Laboratory, has helped iden-

tify the principle cloud type responsible for discrepancies in

climate projections by the two centers. Using idealized climate

model configurations, called “aqua-planets,” wherein the sur-

face of the earth is rendered zonally symmetric with specified

sea-surface temperatures and no topography, the UCLA team

and its collaborators showed that the cloud effects responsible

for discrepancies between the GFDL and NCAR representation

of the climate could be reproduced by the aqua-planet configu-

rations and were not sensitive to the details of the surface tem-

perature specification.

This result, shown on the right, indicates that: (i) cloud effects

are ultimate rather than proximate causes of inter-model dif-

ferences in the representation of climate change; (ii) these ef-

fects are associated with the zonally symmetric component of

the tropical low-cloud response, which physically correspond

to shallow cumulus in the trade-wind regime; and (iii) climate simulations in which one dimension

(latitude) is rendered statistically homogeneous, are useful predictors of the model behavior for

more earth-like configurations. Such findings opens new vistas for better understanding and con-

straining how clouds may change in a future climate and are being actively pursued with support

by the NSF CMMAP Science and Technology Center.
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The advantage of the QL coordinate in terms of the vertical transport of a passive tracer is shown 

in Figure 1.  The initial tracer concentration is shown in the top left plot as a function of height 

(vertical axis) and horizontal distance (horizontal axis).  The concentration has a value of one 

along four horizontal bands bounded by selected isolines of potential temperature (isentropes), 

and a value of zero elsewhere.  At the top right is a scatter plot of the initial values of θ (vertical 

axis) versus tracer concentration (horizontal axis) for all model grid points.  Since the flow over 

the mountain is adiabatic and the tracer is passive, the correlation between θ and tracer 

concentration should remain unchanged.  The middle row of plots shows the result of a 75 

minute simulation with a pure Eulerian coordinate.  Dispersion error due to vertical transport is 

apparent in both the spatial distribution of tracer concentration as well as in the scatter plot.  The 

bottom row shows that with the hybrid coordinate model, in the upper half of the domain where 

the coordinate is θ, the tracer concentration has maintained its initial correlation with potential 

temperature.  This is due to the vertical mass flux being close to zero in θ-coordinates, and 

therefore producing little dispersion error. 

 

 

Figure 1.  Tracer transport:  Eulerian vs. hybrid coordinate. 
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Figure 2 shows that the hybrid-coordinate model is able to simulate the turbulent flow that 

develops as the mountain waves break.  Isolines of potential temperature (black lines) and model 

levels (red lines) are shown at 3.5 hours into the simulation.  Eulerian coordinate results are 

shown in the top plot, and hybrid coordinate results are in the bottom plot.  The adaptive vertical 

grid of the hybrid-coordinate model performs as designed in that the coordinate surfaces remain 

smooth and evenly spaced in regions of wave breaking where the isentropes overturn.  Here the 

coordinate is Eulerian in nature as the isentropes, which approximate streamlines, cross 

coordinate surfaces.  Where the wave amplitude is small, the coordinate surfaces are quasi-

Lagrangian in nature since they follow the isentropes. 

 

 

Figure 2.  Position of isentropes (black lines) with respect to model coordinate surfaces (red 

lines) with an Eulerian coordinate model (top) and hybrid coordinate (bottom). 
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