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Introduction

• Uncertainties in both climate forcing and 
sensitivity limit the extent to which climate 
projections can meet critical societal needs.

• The observed climate transition from pre-
industrial to present times depends 
simultaneously on climate forcing, sensitivity, 
and variability, precluding determination of 
any of these from the historical record alone.



from IPCC AR5 Summary for Policymakers (2013)

IPCC AR5 estimates total aerosol forcing to be -0.9 [-1.9 to -0.1] W m-2.



From Forster et al. in Journal of Geophysical Research: Atmospheres
Volume 118, Issue 3, pages 1139-1150, 6 FEB 2013 DOI: 10.1002/jgrd.50174
http://onlinelibrary.wiley.com/doi/10.1002/jgrd.50174/full#jgrd50174-fig-0007



Kiehl (2007, Geophys. Res. Lett.)

How did the 20th

Century warm? High 
forcing/low 

sensitivity or low 
forcing/high 

sensitivity? Why is it 
important?

Future climate change will be driven more by 
greenhouse gases than aerosols, as aerosols have 

shorter lifetime than dominant anthropogenic 
greenhouse gases and aerosols likely to be 

regulated by air-pollution policy. “Masking” by 
aerosols will be less. Projecting warming requires 

knowledge of sensitivity.



Climate Forcing and Cloud Updrafts

Forcing from interactions between clouds 
and human-produced aerosols is a key 
uncertainty in current climate models. Cloud 
dynamics, cloud-scale updraft speeds in 
particular, are a major control on this forcing.





Aerosol Sensitivity
In order to study the sensitivity of ice number density (Ni) resulting from 

homogeneous freezing to aerosol concentration (Na), an aerosol sensitivity 
parameter (ηα)  was defined, following Kay and Wood 2008.

Ni (cm-3) contoured as a function 
of updraft velocity (V) and aerosol 

concentration (Na).
Colors indicate the aerosol 
sensitivity parameter (ηα).

low ai because Dv* does not depend directly on ai, but on
ra/(ra + l) + l/aira ! 1 + l/aira (see equation (5)). When
l/aira " 1, the precise value of ai is unimportant because
diffusive impediments to growth are more important than
surface impediments to growth. Reviews of laboratory
measurements at cold cloud temperatures suggest that ai

for ice crystals could be as low as 0.001 and as high as 1
[Haynes et al., 1992]; recent laboratory measurements
found ai = 0.006 [Magee et al., 2006]. Given the sensi-
tivity of ha to ai when ai < 0.1, discrepancies between ai

measurements must be resolved.
[14] Fortunately, existing observations can be used to

constrain ai for small ice crystals forming at high Si in
the atmosphere. In general, observed Ni (0.001–10 cm#3

[e.g., Mace et al., 2001; Kärcher and Ström, 2003]) rarely
approach observed Na (10–500 cm#3 [e.g., Rogers et al.,
1998; Minikin et al., 2003]). The INCA field campaign
[Kärcher and Ström, 2003] provides a unique opportunity to
constrain ai. Using INCA measurements, we require ai !
0.1 to simultaneously match the mean Ni, Na, T, and w in
lifting parcel model experiments (Table 2). With ai = 0.006
[Magee et al., 2006], modeled Ni are orders of magnitude
larger than INCA-observed Ni. When present, shattering of
ice crystals by aircraft probes [e.g., Field et. al., 2003;
McFarquhar et al., 2007] and ‘‘aging’’ of ice crystal size
distributions (e.g., via dispersion) would reduce observed Ni

and increase the value of ai required to match INCA
observations with parcel modeling experiments. Indeed,
matching modeled and observed Ni during a wave cloud
case from SUCCESS suggests ai > 0.5 [Jensen et al., 1998].
Uncertainty in the INCA-observed w also has an important
effect on the constrained ai. If a large range of w are
considered (3 cm/s < w < 50 cm/s), a much larger range of
ai (0.01 < ai < 1) are consistent with the mean observed Ni.
[15] In summary, atmospheric observations suggest that

ha rarely approaches 1 and ai are $ 0.1 for small ice
crystals forming at high Si. Therefore, laboratory observa-
tions of ai = 0.006 [Magee et al., 2006], which were made
at Si < 20%, may only be appropriate for large ice crystals
or at low Si. There is a theoretical basis for the latter
possibility [Nelson and Baker, 1996], but further measure-
ments are required to constrain the behavior of ai as a
function of Si and ice crystal size.
[16] Assuming ai = 0.1 for small ice crystals forming at

large Si, cold clouds in the atmosphere primarily form in a
regime where ha " 1 (Figure 3). With ai = 0.1, our
modeling results do suggest there are conditions under
which Ni does depend on Na. First, ha increases at very
large w (approximately w > 100 cm s#1 when T = #50!C
and ai = 0.1). Second, there is a significant increase in ha at
low temperature. These results contrast with those of Hoyle
et al. [2005], who suggested that T and P effects on tgrowth

are in balance. Finally, ha increases as Na decreases, which
can be important at high w or low T.

4. Summary and Discussion

[17] In this study, we used analytical analysis, parcel
modeling, and observations to understand aerosol sensitiv-
ity during homogeneous freezing (ha, equation (1)). We
found the following.
[18] 1. The ha can be explained and predicted using a

single timescale ratio, R (equation (3)).
[19] 2. The ha increases dramatically when ai < 0.1, but

we constrain ai $ 0.1 for small ice crystals forming at high
Si. With ai = 0.1, our model shows that ha is small under
most atmospheric conditions, but quickly increases to
appreciable values with large w (w > 100 cm s#1 when
T = #50!C) or at low T (w > 5 cm s#1 when T = #80!C).
[20] Simultaneous observations of Na, Ni and w at low T

could be used to estimate atmospheric ai and to evaluate the
dependence of ha on T presented in this study. Observations
of low Ni in the TTL [e.g., Peter et al., 2003] may seem
confounding to our modeling results, but could be consis-
tent if homogeneous freezing occurs at very low w (e.g.,

Table 2. INCA Observations and Parcel Model Predicted Nia

INCA Observations [Kärcher and Ström, 2003] Parcel Model Ni (cm
#3)

w (cm s#1) T (!C) P (mb) Na (cm
#3) Ni (cm

#3) ai = 1 ai = 0.1 ai = 0.01 ai = 0.006

Scotland 26.2 #48.3 290 300 5.3 0.5 2.3 102.8 212.6
Chile 23 #46.8 275 110 1.1 0.4 1.4 61.3 102.7

aParcel model Ni are found from constant lifting experiments (Table 1) with INCA-observed w, T, and Na, and P0. ai values of 0.057 and 0.13 were
required to match the mean Scotland and Chile observations, respectively.

Figure 3. Maximum Ni contoured as a function of vertical
velocity (w) and aerosol number concentration (Na) from
the parcel model lifting experiments with ai = 0.1, T0 =
#50!C, P0 = 250 mb, and ra-dry = 0.2 mm. Colors indicate
the aerosol sensitivity parameter ha (equation (1)) and range
from the thermodynamically limited freezing regime (ha =
0) to the aerosol-limited freezing regime (ha = 1). The green
line shows where ha = 0.5 line for T0 = #80!C and P0 =
100 mb. The INCA field campaign observations are
indicated in the transparent white circle (10–90% percentile
values taken from Kärcher and Ström [2003] and Minikin
et al. [2003]).
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Kay and Wood  (2008, Geophys. Res. Lett.) 

ra_dry= 0.2 μm (mono-disperse) 
αi (deposition coefficient)=0.1; 

T0= -50oC, P0=250 hPa;

Slide courtesy of Xiaohong Liu, U. Wyoming 



Climate Forcing and Cloud Updrafts

Forcing from interactions between clouds and 
human-produced aerosols is a key uncertainty in 
current climate models. Cloud dynamics, cloud-
scale updraft speeds in particular, are a major 
control on this forcing.



Change in Cloud-Radiative Effect, Normalized by Energy-Balance Change

Dependence of Climate Sensitivity on Convective 
Entrainment (Zhao, 2014, J. Climate)

Climate Sensitivity
Increasing Entrainment for 

fixed precipitation threshold, 
except for Exp. 2

Climate sensitivity dependence on entrainment also shown by Stainforth et al. (2005, Nature), Sanderson et 
al. (2010, Clim. Dyn.), and for shallow but not deep convection, Klocke et al.  (2011, J. Climate).

GFDL model



Convective and large-scale mass flux profiles over tropical oceans determined from 
synergistic analysis of a suite of satellite observations

Journal of Geophysical Research: Atmospheres
Volume 121, Issue 13, pages 7958-7974, 12 JUL 2016 DOI: 10.1002/2016JD024753

http://onlinelibrary.wiley.com/doi/10.1002/2016JD024753/full#jgrd53104-fig-0002
from Masunaga and Luo 

(2016, JGR)

Plume entrainment rates from 0 to 0.4 km-1 as red goes to blue.



MC3E PDFs of Cumulus Vertical Velocity in GFDL AM3 and 
Radar Observations

PDFs of cumulus vertical velocities at MC3E from GFDL  AM3 
(Donner et al. (2011, J. Climate) and dual-Doppler radar (Collis et 

al., 2013, J. Appl. Meteor. Climatol.) show AM3 vertical velocity 
values often, but not always, larger than observed. Analysis by 

Will Cooke, GFDL.



Convective and large-scale mass flux profiles over tropical oceans determined from 
synergistic analysis of a suite of satellite observations

Journal of Geophysical Research: Atmospheres
Volume 121, Issue 13, pages 7958-7974, 12 JUL 2016 DOI: 10.1002/2016JD024753

http://onlinelibrary.wiley.com/doi/10.1002/2016JD024753/full#jgrd53104-fig-0001

from Masunaga and 
Luo (2016, JGR)



Convective and large-scale mass flux profiles over tropical oceans determined from 
synergistic analysis of a suite of satellite observations

Journal of Geophysical Research: Atmospheres
Volume 121, Issue 13, pages 7958-7974, 12 JUL 2016 DOI: 10.1002/2016JD024753

http://onlinelibrary.wiley.com/doi/10.1002/2016JD024753/full#jgrd53104-fig-0003
from Masunaga and Luo 

(2016, JGR)

Plume entrainment rates from 0 to 0.4 km-1 as red goes to blue.



Conclusions
• Vertical velocities at both resolved and 

unresolved scales have received little attention 
in the development of climate models.

• Accurately simulated vertical velocities in climate 
models and appropriate treatment of their 
scaling properties when using them to drive 
cloud and aerosol processes could narrow 
uncertainty in climate forcing. New satellite 
observations and parameterizations offer 
prospects for this improved modeling.



Convective
Vertical 

Velocities 
from GFDL 

AM3 
(Donner et 
al., 2011) 
and TWP 
ICE dual-
Doppler 

(Collis et al., 
2013, J. 

Appl. 
Meteor. 

Climatol.)

Shading shows 
ranges of radar 

observations 
with lower cut-
off from 0.5 to 

2.0 m s-1 over 5-
km layer. 95th

percentile by 
extrapolating 

AM3 ensembles 
~ 1 m s-1 for 

GATE, 1.5 m s-1

for TWP ICE 
1/19-22, and 2.0 

m s-1 for TWP 
ICE 1.23.

Analysis by Will Cooke, GFDL; GATE observations provided by Ian Glenn, U. Utah.

TWP-ICE results 
suggest more 

entrainment at lower 
vertical velocities (de 
Rooy et al., QJRMS; 
Zhang et al., 2015, 

Clim. Dyn.; Lu et al., 
2016, J. Atmos. Sci.)



TWP-ICE PDFs of Cumulus Vertical Velocity in GFDL AM3 and 
Radar Observations: Prospects for Sub-Grid Parameterization 

PDFs of cumulus vertical velocities at TWP-ICE from GFDL  AM3 
(Donner et al. (2011, J. Climate) and dual-Doppler radar (Collis et 

al., 2013, J. Appl. Meteor. Climatol.) show AM3 vertical velocity 
values often, but not always, larger than observed. Analysis by 

Will Cooke, GFDL.



MC3E PDFs of Cumulus Vertical Velocity in GFDL AM3 and 
Radar Observations

PDFs of cumulus vertical velocities at MC3E from GFDL  AM3 
(Donner et al. (2011, J. Climate) and dual-Doppler radar (Collis et 

al., 2013, J. Appl. Meteor. Climatol.) show AM3 vertical velocity 
values often, but not always, larger than observed. Analysis by 

Will Cooke, GFDL.



Figure 9: Median profiles of maximum vertical velocity (a,c) and radar reflectivity (b,d) for three-dimensionally defined
convective updrafts beginning below 1 km and ending above 15 km for the period of 1310Z to 1750Z on 23 January 2006.

CRM statistics are shown in (a-b) and LAM statistics are shown in (c-d).  Gray lines with symbols and the dashed black lines
represent simulations.  Observations are represented by solid black lines.

©2014 American Geophysical Union. All rights reserved.

Observed (Solid Black) & CRM Vertical Velocities (Varble et al., 2014, JGR)



Improving representation of convective transport for scale-aware parameterization: 1. 
Convection and cloud properties simulated with spectral bin and bulk microphysics

Journal of Geophysical Research: Atmospheres
2014JD022142, 29 APR 2015 DOI: 10.1002/2014JD022142

http://onlinelibrary.wiley.com/doi/10.1002/2014JD022142/full#jgrd52099-fig-0009

TWP-ICE, 22 Jan 2006 
SBM: spectral 
microphysics

MOR, MY2: bulk 
microphysics (from Fan 

et al., 2015, JGR-
Atmos.)



Improving representation of convective transport for scale-aware parameterization: 1. 
Convection and cloud properties simulated with spectral bin and bulk microphysics

Journal of Geophysical Research: Atmospheres
2014JD022142, 29 APR 2015 DOI: 10.1002/2014JD022142

http://onlinelibrary.wiley.com/doi/10.1002/2014JD022142/full#jgrd52099-fig-0008

MC3E, 20 May 2011
SBM: spectral 

microphysics; MOR, 
MY2: bulk 

microphysics (from 
Fan et al., 2015, 

JGR-Atmos.)



Improving representation of convective transport for scale-aware parameterization: 1. 
Convection and cloud properties simulated with spectral bin and bulk microphysics

Journal of Geophysical Research: Atmospheres
2014JD022142, 29 APR 2015 DOI: 10.1002/2014JD022142

http://onlinelibrary.wiley.com/doi/10.1002/2014JD022142/full#jgrd52099-fig-0007

MC3E, 23 May 2011, 
SBM: spectral bin 

microphysics; MOR 
and MY2: bulk 

microphysics, from 
Fan et al. (2015, JGR-

Atmos.) 



A simplified PDF parameterization of subgrid-scale clouds and turbulence for 
cloud-resolving models (horizontal resolution 3.2 km)

Journal of Advances in Modeling Earth Systems
Volume 5, Issue 2, pages 195-211, 18 APR 2013 DOI: 10.1002/jame.20018

http://onlinelibrary.wiley.com/doi/10.1002/jame.20018/full#jame20018-fig-0003 Bogenschutz and Krueger (2013)

Local 
turbulence 

unsuccessful 
even at 40m 

vertical 
resolution.

Higher-order, 
assumed 

distribution 
turbulence  

approaches LES 
even at 200m 

vertical 
resolution.

BOMEX
LES

Horizontal resolution: 100m
Vertical resolution: 40m


