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Responses to Referees

Response to Referee #1

We thank the referee for these comments and suggestions.

We have italicized the referee comments and bold-faced material which has been added in the revised manuscript. The
revised manuscript is provided as a supplement to this response.

1. The resolution-dependence of w has been examined by Pauluis and Garner 2006, which is not cited. I suggest shortening
the text by invoking their results and analysis.

The resolution dependence discussed in this paper refers to climate models with resolutions of 20 km and coarser. Pauluis
and Garner (2006) identify a resolution dependence that applied for resolutions of 16 km and finer and show their scaling
does not apply for coarser resolutions. Their scaling applied to a non-hydrostatic radiative-convective model and was not
observationally confirmed. The scaling we discuss applies at scales that are largely hydrostatic and is consistent with Cho and
Lindborg’s (2001) observations. The scaling we discuss depends on the model grid spacing and is general over many types of
motions, while Pauluis and Garner’s (2006) applies to convective updrafts and depends on grid spacing normalized by updraft
extent. The exponents in the power laws for the scalings reported here and those Pauluis and Garner (2006) present differ. Since
the resolution dependencies differ in fundamental ways, we cannot use Pauluis and Garner (2006) to illustrate issues related to
scaling of vertical velocities resolved by dynamical cores used for climate models. It’s important to note that the scalings we
report may not extend to the resolutions explored by Pauluis and Garner (2006), so we have added the following in Section 4:

At considerably smaller, non-hydrostatic scales, the nature of the scaling may change. Pauluis and Garner (2006)
report that updraft speeds in a non-hydrostatic model scale with the ratio of grid size to updraft vertical extent for
resolutions finer than 16 km.

2. I found that the somewhat wordy paper was a bit light in terms of analysis. For example, can’t the scaling laws quoted
combined with the results in Fig. 1 be used to make a back-of-the-envelope estimate of how indirect effects should depend on
resolution? A study is quoted showing a 30% decrease when changing the resolution from 2 degrees to 1/4 degree, but there
could be many reasons for this. It would make the argument more powerful if a simple calculation corroborated the magnitude
of the impact based on the w-scaling argument. Also I think there are more studies that should be marshaled here, at least
those of Wang et al. 2011 and more recent ones by Hugh Morrison.

Also, the discussion of how vertical velocity might be important to climate sensitivity was much less convincing than the
discussion of aerosol effects. The role of the convective entrainment rate for example probably has more to do with altering the
spectrum of convective depth, or how active the convective scheme is relative to large-scale condensation, than by altering w
values per se. Sherwood et al. 2014 is invoked, but does that paper ever mention vertical velocity? Can the authors sharpen the
reasoning here (for example, would we expect stronger updrafts and downdrafts to increase or decrease climate sensitivity?)

On the other hand, w seems important for overshooting of convective cells and mixing near the top of the cloud layer, which
could be important for troposphere-stratosphere transport, gravity waves, etc. It also seems that the degree of localization of
updrafts (hence precipitation) within a large grid cell for a given mass flux would be of interest for local weather and climate
impacts.

We have added the following text, which includes a “back-of-the-envelope" estimate of the effect of resolution dependence
of vertical velocity on climate forcing by aerosol-cloud interactions, to Section 4. This estimate agrees well with the change in
forcing obtained by Ma et al. (2015), discussed immediately thereafter in the text.
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Stevens (2015) relates climate forcing F,.; by aerosol-cloud interactions to anthropogenic changes in cloud drop
number N :

Faci =-—CFE (m) 3 (1)

Na
where C'F is the effective cloud fraction. All quantities are global, annual means. A very rough estimate of the effect
of the resolution dependence of vertical velocity can be made assuming C'F is fixed and that the partial derivatives
shown in Fig. 1 do not co-vary significantly, so that § N, is also fixed. For a resolution refinement from 2° to 0.25°, the
vertical velocity scalings in Fig. 3 and the values for the variation of drop number with vertical velocity in Fig. 1 imply a
reduction in F,; of about 18% to 36 %, due to increases in V; of about 22% to 56 %. Larger vertical velocities increase
the pre-industrial droplet number N,; and reduce the sensitivity of clouds to the number perturbation j V.

An attempt to infer the mechanisms by which resolution changes in Ma et al. (2015) change aerosol forcing is well beyond
the scope of this perspective. We have added text noting multiple mechanisms are associated with the forcing changes in Ma
et al.’s (2015) resolution experiments. We also add here a discussion of Zhang et al. (2016):

Aerosol forcing in a comprehensive model like that used by Ma et al. (2015) depends not only on droplet and ice
nucleation and their relationships to vertical velocity. Ma et al. (2015) attributed their resolution sensitivities for aerosol
indirect forcing to the resolution dependencies of their parameterizations for droplet nucleation and precipitation.
Despite this, the resolution sensitivity of forcing found by Ma et al. (2015) agrees well with the estimate based on (1).

Zhang et al. (2016) examined an important component of aerosol indirect forcing, the sensitivity of liquid water path
to the concentration of cloud condensation nuclei. They found this sensitivity to vary with dynamical regime within
models and across models for individual regimes. Zhang et al. (2016)’s study is consistent with an important control
on aerosol-cloud interactions by vertical velocities, which change with dynamical regime and, in all likelihood, within
regimes across models.

Wang et al. (2011) is very relevant but deals with sub-grid vertical velocities not resolved by the dynamical core of a climate
model. So, we discuss it later in the section, after introducing the importance of sub-grid parameterizations:

Wang et al. (2011) compared changes in shortwave cloud forcing from anthropogenic aerosols in CAMS with these
changes in a version of CAMS in which a two-dimensional cloud model was used in place of CAMS5’s cloud and con-
vection parameterizations. Wang et al. (2011)’s approach provides a distribution of sub-grid vertical velocities. They
do not provide information on its characteristics or comparisons with observations, but it likely differs substantially
from CAMS, which does not parameterize vertical velocities in its convection parameterization. It is not possible to
assess how much of the 50% reduction in forcing using the cloud model in CAMS is due to changes in sub-grid vertical
velocities or even whether their effect has been buffered (reduced) by other processes. These changes in forcing related
to sub-grid parameterization are larger than the changes associated with resolution changes discussed above, which
together comprise a large fraction of the forcing.

The reference to Sherwood et al. (2014) is intended to provide the reader with a possible explanation as to how convection
could be a strong control on climate sensitivity. We offer this in light of the general consensus that low- and mid-level clouds are
the most important source of uncertainty in climate sensitivity. Sherwood et al. (2014) provide a possible mechanism linking
convection with low- and mid-level clouds. Sherwood et al. (2014) is not intended to make the case for the importance of
vertical velocities directly. We do feel it is important to establish the possible role of convection in climate sensitivity as a part
of our argument that convective vertical velocities may provide critical clues for climate sensitivity. At this stage, we do not
have a sense as to whether stronger updrafts would increase or decrease climate sensitivity. Zhao (2014) shows that increasing
entrainment, with other factors held fixed in a GCM under development at GFDL, reduces sensitivity. For a plume in a specified
environment, this would suggest stronger updrafts might be associated with increased sensitivity, but the generality of this result
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and the precise mechanisms involved are uncertain. Given the multiplicity of ways in which convection could influence climate
sensitivity, it’s very possible there is not a uniform response to stronger vertical velocities. Rather, response could depend on
cloud regime and location, with the overall effect on sensitivity a composite of varying responses.

The vertical velocities (and entrainment rate controls on sensitivity in models) are indicators of processes important for
sensitivity, not direct drivers of a process in the way that they are for activation. We agree with the referee and have made this
point explicitly with the following addition to Section 3:

The mechanisms discussed above explore fundamental characteristics of convection (convective mixing with asso-
ciated de-hydration of low-cloud layers, shape and vertical extent of convective heating and moistening, convective
microphysics, interactions between convective and stratiform precipitation) and their possible relationships to climate
sensitivity. Vertical velocity does not directly relate to climate sensitivity, but, rather, correlates with these character-
istics and is an indicator of how they are functioning in the climate system. As observed vertical velocities become
available at convective scale, they thereby provide an important, previously unrealized, constraint on these processes.

3. A similar comment holds about solutions to the problem. The lead author Donner has already represented vertical ve-
locities in a climate model parameterization, and to his credit reveals in Fig. 5 that the scheme does not capture any of the
near-doubling of extreme updraft speed observed between the 19 Jan to 23 Jan field cases. Yet the paper says zero about this.
Why did updrafts strengthen and why didn’t the scheme pick this up? What physical assumptions went into the Donner 2011
scheme and do Donner et al. still think they are the right ones? Why or why not? The “Outlook and Challenges" section is
largely just a summary of the points made earlier, then a laundry list of things people should be thinking about, chief among
them that model physics be made scale-aware. Yet, scale-awareness in a parameterizations is only helpful when one wants it
to work automatically at different resolutions; presumably the Donner 2011 parameterization (for example) was optimized for
the resolution of the GFDL model in which it was used, and was therefore already "aware" of the scale-yet still seems to lack
a key sensitivity. What is it missing? What has been learned from the efforts so far? Leo is in as good a position as anyone to
tell us and his insights would be useful here.

We have discussed these issues by adding the following to the text in Section 4:

Consistent with radar observations, the modeled median vertical velocities are similar over both time periods ana-
lyzed, but the observed strongest 1% of the vertical velocities differ by about a factor of two, while the strongest model
velocities change little. Observed convective available potential energy (CAPE) does not differ greatly between the two
time periods, consistent with the small changes in median vertical velocities but not the larger changes in the strong tails
of the distribution. These early results point to both opportunities and challenges in the development of new parameter-
ization strategies. The excessively strong modeled median vertical velocities suggest examining alternate formulations
for entrainment (de Rooy et al., 2013; Zhang et al., 2015; Lu et al., 2016), drawing on recent research in this area. The
striking differences in how the median and extreme velocities differ in the two time periods suggest more fundamental
changes in the parameterization framework. The parameterization currently forms its plumes in the mean state. The
similarity of CAPE during both time periods does not favor large differences in vertical velocities. The explanation
could well be sub-grid variability in thermodynamic state, probably related to convective organization and currently
not parameterized. Another important factor is a lack of scale awareness in the parameterization, which has been cal-
ibrated for scales comparable to those of the GATE campaign. Accounting for sub-grid variability and modeling the
transition to explicit representation of these scales as resolution increases are related problems. In this perspective, we
do not propose solutions to these issues but emphasize the importance of observations of vertical velocities at convective
scales to guide future modeling, explicit and parameterized, of convection in the climate system.

4. There was a lot of repetition in the paper, where a concept is explained in one place and then explained again when the
manuscript comes back to it. I urge the authors to go through and try to organize it a bit better so that all the ideas are noted
at the beginning but discussed in further detail in only one place in the text.
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We have intentionally emphasized key points by repetition and would prefer as a matter of style to retain this. We do
recognize style preferences vary on such matters and appreciate the reviewer’s comment on this point but request forbearance
regarding our differences in stylistic preference here.

Fig. 1: In my PDF at least, this figure has multiple glitches that must be fixed: missing subscripts in figure notations, garbled
title of lower panel, no labels on color legend, negative signs missing on y-axis labels.

We do not have these problems on our PDF versions, but it does appear to depend on how you open the document from
http://www.atmos-chem-phys-discuss.net/acp-2016-400/#discussion. If opened embedded inside the Firefox browser, the la-
bels and subscripts are correct. If the very same document is downloaded and opened within Adobe Acrobat Reader DC it is
as messed up as you described it.

We will work with ACP production staff to resolve any remaining problems with the PDF.
p5,25: "relatedly” not an English word

Dictionary.com and Collinsdictionary.com both define “relatedly" as an adverb, with Collins showing a general trend of its
increased use over much of the last decade.

p3,30: what is meant by "vertical transport"? The total net upward mass transport should not increase since it is governed
by energy and mass balance, but there should be stronger localized upward (and downward) transports.

p5,30: We have changed the words “vertical transport" to “vertical mass flux", which hopefully conveys our meaning more
clearly. Globally, energy and mass balances hold, as the reviewer notes, but localized changes in the upward and downward
mass fluxes, which comprise the global balance, are important.

p6,5: Wang et al. 2011 also seems relevant here.

Wang et al. (2011) is now discussed; see the response to comment 2. It’s worth noting an important difference, though, in
the relevance of Ma et al. (2015) and Wang et al. (2011) in the context of this discussion about resolved vertical velocities, as
opposed to parameterized vertical velocities. Both parameterized and resolved upward motions are important for aerosol acti-
vation. The point we are making in this section is that changing model resolution changes aerosol-cloud forcing and associated
microphysics, which are precisely the experiments reported by Ma et al. (2015) and with ICON-ART in this paper. Wang et
al. (2011) report work at a single model resolution, with the effect of vertical velocity entering in the (super-) parameteriza-
tion they use, i.e., a two-dimensional cloud resolving model. The assertions in this paper on model resolution predict that two
simulations at different model resolutions, both parameterizing cloud-aerosol interactions using an embedded two-dimensional
cloud model, would exhibit different cloud-aerosol forcing, just as those using the standard CAMS parameterizations do in Ma
et al. (2015), though likely not quantitatively the same.

Fig. 4: why are numbers on the x-axis increasing to the left? The way this caption and figure are constructed means one has
to think very hard to figure out the direction of the effect. If I have it right, one obtains more particles at finer resolution (as

expected)

We have rearranged the figure with increasing numbers to the right. Additionally, we have added a small remark to the
caption providing more guidance for the reader. Addition to the caption:

Values of Ra;, Az, > 0 (< 0) indicate an increase (a decrease) in ice crystal nucleation with an increase in resolution.

p8,3-10 this text mostly restates things said earlier.
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p8,28-33 ditto
p8.,3-10, and p8, 28-33: See response to comment 4 above.

Fig. 5: In the caption please specify that each panel represents a different day and that the colors represent three percentiles

of w.
Fig. 5 caption revised:

Probability distribution functions of vertical velocities in deep convective updrafts using the cumulus parameteriza-
tion in Donner et al. (2011) and observed using dual-Doppler radar (Varble et al., 2014). The panels show two periods
(04 UTC 19 January to 00 UTC 23 January 2006 and 13 UTC to 18 UTC January 2006) for which radar observations
are available, along with model-generated updrafts for the same periods. Both panels show radar-observed and model-
generated updrafts whose vertical extent is at least 5 km with a minimum speed of 1 m s~ 'or larger. The percentiles
(colors) are the fraction of the updrafts with vertical velocities less than the plotted velocities, as functions of height.

Response to Referee #2

We thank the referee for these comments and suggestions.

We have italicized the referee comments and bold-faced material which has been added to the revised manuscript. The
revised manuscript is provided as a supplement to this response.

1. The manuscript reads more like a “perspective” than a “review". It seems a bit thin as a review paper. As a perspective,
it could be condensed by consolidating some repetitive texts. Maybe the authors have something in between in mind, based on
the sentence “This review presents the perspective that ...." in P2. Guess the decision is between the editor and the authors.

The referee is correct. Our goal is to present a perspective. As such, we do not attempt to present a classical review but to
present more selectively key literature and a few original results, intended to stimulate new lines of research going forward.
We have also adopted a style more appropriate for a perspective, including emphasizing key points by recapitulating them after
they are first explored and then their implications are further developed.

One of us (Bernhard Vogel) contacted editor Ulrich Poschl regarding the suitability of a perspective for ACP, which does not
formally have this category of paper at the present time. We have followed his suggestion in submitting it as a review but with
the request that it be viewed as a perspective.

2. It is not clear whether the paper is about deep convection, shallow convection, or convection in general. Please clarify. In
fact, the issues in question are very generic.

We do indeed intend that the issues we raise be regarded as generic, applying to vertical velocities on all scales. We have
added the following explicit statement in Section 5:

We posit that vertical velocities on all scales (deep and shallow convection, large eddies in stratiform clouds, large-
scale ascent) carry important clues to climate forcing and climate sensitivity.

3. The scaling argument in the second paragraph of Section 4 seems incomplete. The resolution dependence derived from the
continuity equation should be for vertical velocity difference, not the velocity itself. A relationship between the vertical velocity
and its spatial difference seems necessary for the latter?
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If the continuity equation is integrated upward from the surface, where (approximately) vertical motion vanishes, the scaling
presented here holds. The argument presented is a scaling only. Precisely, as the reviewer suggests, horizontal variations in
horizontal velocity are related to vertical differences in vertical velocity. The pressure difference can be considered as part of
the proportionality in the velocity scaling on p. 5, 1. 18.

4. The discussion on role of vertical velocity in climate sensitivity in Section 3 is not as obvious as one would like. En-
trainment and convective mixing are identified; but some link of entrainment and mixing with vertical velocity would help.
For example, a recent study by Lu et al (J. Atmos. Sci. 73, 761-773, DOI: 10.1175/JAS-D-15-0050) examined the relationship
between vertical velocity and entrainment rate in shallow cu.

We now explicitly note the link between entrainment and vertical velocity at the beginning of Section 3, where studies
relating entrainment in climate models to their sensitivities are discussed:

The strongest suggestions of a link emerge from several studies showing that convective entrainment, an important
control on vertical velocity, is related to the climate sensitivity in general circulation models...

In Section 4, where the revised manuscript discusses in more detail the modeled and observed convective vertical velocities
in Fig. 5, we discuss the possibility that new formulations for convective entrainment, including Lu et al. (2016), will change
distributions of parameterized vertical velocities:

Consistent with radar observations, the modeled median vertical velocities are similar over both time periods ana-
lyzed, but the observed strongest 1% of the vertical velocities differ by about a factor of two, while the strongest model
velocities change little. Observed convective available potential energy (CAPE) does not differ greatly between the two
time periods, consistent with the small changes in median vertical velocities but not the larger changes in the strong tails
of the distribution. These early results point to both opportunities and challenges in the development of new parameter-
ization strategies. The excessively strong modeled median vertical velocities suggest examining alternate formulations
for entrainment (de Rooy et al., 2013; Zhang et al., 2015; Lu et al., 2016), drawing on recent research in this area. The
striking differences in how the median and extreme velocities differ in the two time periods suggest more fundamental
changes in the parameterization framework. The parameterization currently forms its plumes in the mean state. The
similarity of CAPE during both time periods does not favor large differences in vertical velocities. The explanation
could well be sub-grid variability in thermodynamic state, probably related to convective organization and currently
not parameterized. Another important factor is a lack of scale awareness in the parameterization, which has been cal-
ibrated for scales comparable to those of the GATE campaign. Accounting for sub-grid variability and modeling the
transition to explicit representation of these scales as resolution increases are related problems. In this perspective, we
do not propose solutions to these issues but emphasize the importance of observation of vertical velocities at convective
scales to guide future modeling, explicit and parameterized, of convection in the climate system.

5. Guo et al (Characteristics of vertical velocity in marine stratocumulus: Comparison of LES simulations with observations,
Environ. Res. Lett., 3, 0450J. doi:10.1088/1748- 9326/3/4/045020) seems a good ref to the discussion in P8, esp. in the context
of how well vertical velocity is represented in LES, its PDF, structure function and resolution dependence.

This is an important reference, and we thank the reviewer for reminding us of it. We added the following in Section 4:

Even in large-eddy simulations with resolutions on the order of tens of meters, important details of the distributions
of vertical velocities are at variance with observations (Guo et al., 2008).

6. Some subscripts are missing in Fig 1, maybe due to file conversion. Also what do the different colors represent?



The subscripts and a legend box showing the meaning of the colors appear on our PDF versions of the manuscript. Their do-
ing so may depend on how you open the document from http://www.atmos-chem-phys-discuss.net/acp-2016-400/#discussion.
If opened embedded inside the Firefox browser, the labels and subscripts are correct. If the very same document is downloaded
and opened within Adobe Acrobat Reader DC there are problems of the nature the reviewer describes.

5 We will work with ACP production staff to resolve any remaining problems with the PDF.

Marked manuscript with revisions highlighted follows.
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Abstract. Both climate forcing and climate sensitivity persist as stubborn uncertainties limiting the extent to which climate
models can provide actionable scientific scenarios for climate change. A key, explicit control on cloud-aerosol interactions, the
largest uncertainty in climate forcing, is the vertical velocity of cloud-scale updrafts. Model-based studies of climate sensitivity
indicate that convective entrainment, which is closely related to updraft speeds, is an important control on climate sensitivity.
Updraft vertical velocities also drive many physical processes essential to numerical weather prediction.

Vertical velocities and their role in atmospheric physical processes have been given very limited attention in models for
climate and numerical weather prediction. The relevant physical scales range down to tens of meters and are thus frequently
sub-grid and require parameterization. Many state-of-science convection parameterizations provide mass fluxes without spec-
ifying vertical velocities, and parameterizations which do provide vertical velocities have been subject to limited evaluation
against what have until recently been scant observations. Atmospheric observations imply that the distribution of vertical veloc-
ities depends on the areas over which the vertical velocities are averaged. Distributions of vertical velocities in climate models
may capture this behavior, but it has not been accounted for when parameterizing cloud and precipitation processes in current
models.

New observations of convective vertical velocities offer a potentially promising path toward developing process-level cloud
models and parameterizations for climate and numerical weather prediction. Taking account of scale-dependence of resolved
vertical velocities offers a path to matching cloud-scale physical processes and their driving dynamics more realistically, with

a prospect of reduced uncertainty in both climate forcing and sensitivity.

1 Introduction

Uncertainties in both anthropogenic climate forcing and climate sensitivity continue to limit our understanding of climate
change and the precision with which scenarios for future climate change can be constructed. As had Kiehl (2007) for an
earlier generation of climate models, Forster et al. (2013) found that CMIP5 models able to successfully simulate observed
global warming over the pre-industrial to present-day period did so by balancing a range of anthropogenic climate forcings

and climate sensitivities. Both forcing and sensitivity have proved resistant to reducing their uncertainties. Understanding the
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relative roles of forcing and sensitivity, along with variability, is essential to actionable estimates of future climate change.
Given the long lifetime of greenhouse gases relative to atmospheric aerosols, aerosol “masking" of warming by greenhouse
gases over the pre-industrial to present-day period will become less important. The future corresponding to a “low net-forcing,
high-sensitivity" twentieth century differs from that for “high net-forcing, low sensitivity." The importance of this question
is cast into stark relief by assessments of the extent to which the Intended Nationally Determined Contributions, emissions
reductions pledged at the recent Paris COP21 conference, will meet the COP21 goal of holding increases in globally averaged
temperature below 2° C by 2100. The relationship between temperature increases, other elements of human-induced climate
change, and emissions remains uncertain within a range implied by ongoing uncertainty in sensitivity. Reducing this uncertainty
would be of great value as emissions goals are revised going forward.

This review presents the persepetive-perspective that the vertical velocities, updrafts on all scales, are among the keys to
understanding and simulating climate forcing and are plausibly also important for climate sensitivity. Vertical velocities have
received limited attention in climate (and even cloud) models and have only recently become a focus of observational studies.
Sub-grid clouds are parameterized in climate models, traditionally based on mass fluxes (product of vertical velocity, density,
and area) without vertical velocity specifically. The dependence and realism of explicitly resolved vertical velocities, even in

higher-resolution models, has not been extensively examined.

2 Vertical Velocity and Climate Forcing

Aerosol-cloud interactions are the largest source of uncertainty in climate forcing, with estimates ranging from close to zero
to -1.3 W m~2, in contrast to forcing by carbon dioxide of 1.7 0.4 W m~2(Stocker et al., 2013). Rosenfeld et al. (2013)
and Rosenfeld et al. (2014) diseuss-discussed elements of aerosol-cloud interactions leading to this uncertainty. Here, we
emphasize that the updraft speeds at which cloud liquid and ice are activated are among the primary controls on cloud drop sizes
and number concentrations, which are in turn related to cloud optical properties, precipitation, and macrophysical properties.
Fig.1 shows the sensitivities of drop effective size (Feingold, 2003) and number concentration (McFiggans and Co-Authors,
2006) to vertical velocity, aerosol number concentration and size distribution, and aerosol composition. Drop sizes and number
concentrations are more sensitive to vertical velocity than aerosol composition, and, as aerosol concentrations increase from
clean to polluted, vertical velocity becomes increasingly important relative to aerosol number and size. For homogeneous
freezing, ice crystal number concentrations are often controlled more by vertical velocity than aerosol number concentration
(Fig. 2, (Kay and Wood, 2008)).

In general, then, physically based simulation of aerosol-cloud interactions requires knowledge of the updraft speeds at which
these interactions occur, along with requisite information on aerosol composition and size distributions. It is important to note
that these updrafts occur on a wide range of scales, down to large eddies with horizontal and vertical scales of tens of meters.

As a matter of simulation, this implies parameterization of vertical velocities in models whose scales are coarser than models
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Figure 1. Sensitivities of (a) drop effective radius (r.) (Feingold, 2003) and (b) drop number concentration (/N4) (McFiggans and Co-
Authors, 2006) to aerosol number concentration (/V, ), aerosol median size (r,), breadth parameter (o) for the unimodal-Hognormal-uni-modal
log-normal distribution assumed for aerosol sizes, vertical velocity (w), and aerosol mass fraction (¢) of ammonium sulfate. The drop effective

radius r. is the ratio of the number-weighted radius cubed to the number-weighted radius squared.

that resolve large eddies, and, even in large-eddy simulations, attention to the realism of distributions of vertical velocities will

be important.

3 Vertical Velocity and Climate Sensitivity

The possible relationship of vertical velocity to climate sensitivity, broadly defined as the response of a climate measure
such as global, annual-mean surface temperature to a change in climate forcing, is less obvious. The strongest suggestions
of a link emerge from several studies showing that therates—of-entrainmentin—ecumulus—convection—in—climate—models—are
convective entrainment, an important control on vertical velocity, is related to the sensitivity-of-these_climate sensitivity in
general circulation models (Stainforth et al. (2005), Rougier et al. (2009), Sanderson et al. (2010), Zhao (2014)). This result
is perhaps surprising, given that low- and midlevel-eleud-mid-level-cloud feedback is the major uncertainty in climate sen-
sitivity (Zelinka et al., 2012). One possible explanation is provided by Sherwood et al. (2014), who trace climate sensitivity
to convective mixing, in turn related to dehydration of low-cloud layers. In their perturbed parameter experiments with a cli-

mate model, Klocke et al. (2011) found that the entrainment rate for shallow convection explained most of the variation in its
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Figure 2. Aerosol sensitivity (derivative of logarithm of ice crystal number concentration with respect to logarithm of aerosol concentration)
and ice number concentration (contoured) as functions of vertical velocity and aerosol number concentration for homogeneous freezing, from
Kay and Wood (2008). Shaded aerosol sensitivities are for a parcel lifted at —50°C and 250 hPa, with the line indicating an aerosol sensitivity
of 0.5 at —80°C and 100 hPa. Observations (10-90% percentile) from the INCA (INterhemispheric differences in Cirrus properties from

Anthropogenic emissions) field campaign fall within the light circle.

senstvitysensitivity, with no sensitivity to entrainment rate for deep convection. As a mechanism for forming low clouds and
an agent for dehydrating the lower atmosphere, shallow convection quite plausibly is important for climate sensitivity. Heat
released in deep convection drives the Hadley and Walker circulations, and, as noted by Su et al. (2014), changes in cloud
radiative effect in the tropics are closely related to patterns of strengthening and weakening of the Hadley circulation. Taken
together, these results point to the important role played by deep cumulus convection in determining the dynamic and ther-
modynamic environments in which stratocumulus and shallow cumulus form. Though low and midlevel-mid-level clouds are

the proximate agent determining climate sensitivity, deep convection is among their remote controls and thereby also possibly
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important to climate sensitivity. The roles of these mechanisms likely exhibit model dependence, as suggested, for example,
by Klocke et al. (2011)’s insensitivity to deep convective entrainment. Entrainment and detrainment in convection are closely
related to their vertical profiles of mixing, heating, moistening, and drying. Through its influence on buoyancy, entrainment
bears a close relationship to vertical velocity. Though less directly tied to climate sensitivity than climate forcing, vertical

velocities through these mechanisms are quite plausibly correlated to climate sensitivity.

The mechanisms discussed above explore fundamental characteristics of convection (convective mixing with associated

dehydration of low-cloud layers, shape and vertical extent of convective heating and moistening, convective microphysics,
interactions between convective and stratiform precipitation) and their possible relationshi

s to climate sensitivity. Vertical

velocity does not directly relate to climate sensitivity, but, rather, correlates with these characteristics and is an indicator of
how they are functioning in the climate system. As observed vertical velocities become available at convective scale, the
thereby provide an important, previously unrealized, constraint on these processes.

4 Modeling Implications and Prospective Breakthroughs

The implications of strong dependencies of climate forcing and sensitivity on vertical velocities present a challenge to current
climate model development but also hold the promise of possible breakthroughs. Since the physically relevant scales for
vertical velocity are not only resolved explicitly in climate models but also sub-grid, both the vertical velocities from the model
dynamical cores and those in parameterizations for sub-grid processes are important. Neither has been given much attention
in model development to date. Indeed, many parameterizations of sub-grid processes, e.g., mass-flux parameterizations for
cumulus convection, have not even provided vertical velocities. Therein lies the promise for possible breakthroughs, as attention
can be turned to these issues. There are numerous challenges, related especially to scale awareness for physical processes and

realism of parameterized and resolved vertical velocities.

Empirically and theoretically, there is strong reason to suspect that vertical velocity should depend on resolution (Rauscher-et-al52046)(1

Consider the discretized continuity equation: Ayup/Az + Ayvp /Ay + Ayw/Ap =0, where up and vp represent the hor-
izontally divergent wind components, w represents vertical velocity in pressure coordinates, A, represents a finite difference
operator, and Ax ~ Ay represents the horizontal differencing distance. Scale analysis of this equation implies that vertical ve-
locity scales as |w| < |Azup|/Ax. Inspection of this relationship reveals that |A,up| is equivalent to the first order structure
function of wind, which has been demonstrated to exhibit power-law behavior in nature: |A,up| z (e. g., Cho and Lind-
borg, 2001). Hence the combination of mass continuity and the scaling properties of the wind field imply that vertical velocities
should change with averaging distance or, in a model, resolution: |w| oc Az¥’ =1, For typical structure function exponents of
H ~ 1/3, this implies that vertical velocity increases with resolution like Az 2/, Fig. 3 shows that the structure function from

—2/3

a high-resolution forecast model indeed closely follows this Ax relationship over the range of resolutions represented in

the CMIP3 and CMIP5 model archives. At considerably smaller, non-hydrostatic scales, the nature of the scaling may change.
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Figure 3. Probability distribution of updraft area P(A) (black curve; left axis) and the structure function of the zonal, divergent wind
component m divided by the structure function distance Az (blue curve; right axis). Both P(A) and the structure function are derived
from 1.5 years of 500 hPa output from the ECMWF Year of Tropical Convection (YoTC) T799 operational forecast output (European
Centre for Medium-Range Weather Forecasts, 2012). The shaded golden and blue regions correspond to the interguartite-inter-quartile range
of CMIP3 and CMIP5 models respectively, and the shaded rose region corresponds to the scales at which convection occurs. A75/% and

Az2/3 powerlaws-power laws are provided for reference (gray dashed and gray dash-dotted lines respectively).

Pauluis and Garner (2006) report that updraft speeds in a non-hydrostatic model scale with the ratio of grid size to updraft

Relatedly, the probability distribution of updraft sizes in the same forecast output also closely follows a pewerlaw-power law
of updraft area over all observable scales in the model (Fig. 3). However, the current paradigm for the subgrid representation of
updrafts assumes a separation of scales: that convection occurs at scales O(10km) or less. This implies that there is a continuum
of updraft sizes below the resolution of contemporary climate models that are not represented by current parameterizations.
Increasing model resolution will increase the representation of updrafts in the unparameterized continuum, represented by the
gray swath in Fig. 3. So unless subgrid parameterizations compensate accordingly, this will naturally result in an increase in
vertieal-transport-the vertical mass fluxes as resolution increases.

As discussed previously, vertical velocity is a critical control on droplet and ice activation. This suggests that climate forcing

could exhibit a dependence on model resolution, even if vertical velocities were simulated realistically for a given resolution.

Indeed—Stevens (2015) relates climate forcing F,.; by aerosol-cloud interactions to anthropogenic changes in cloud dro
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where C'F s the effective cloud fraction. All quantities are global, annual means. A very rough estimate of the effect of the
resolution dependence of vertical velocity can be made assuming C s fixed and that the partial derivatives shown in Fig.
1 do not co-vary significantly, so that 0Ny is also fixed, For a resolution refinement from 2° to 0.25, the vertical velocity
scalings in Fig. 3 and the values for the variation of drop number with vertical velocity in Fig. 1 imply reduction in Fye;
of about 18% to 36%, due to increases in Ny of about 22% to 36%. Larger vertical velocities increase the pre-industrial

droplet number /N4 and reduce the sensitivity of clouds to the number perturbation § N,;. Ma et al. (2015) found that aerosol
indirect forcing decreased by about 30% in the Northern Hemisphere midlatitudesmid-latitudes, where most anthropogenic

emissions occur, and 15% globally in CAMS as horizontal grid spacing was decreased from 2° to 0.25°. Resolved vertical
velocities are among the factors to which aerosol indirect forcing is related in their study. Fo-examine-the-dependence—of
. Maetal. (2015
to the resolution dependencies of their parameterizations for droplet nucleation and precipitation. Despite this, the resolution

12pt

Zhang et al. (2016) examined an important component of aerosol indirect forcing, the sensitivity of liquid water path to the
concentration of cloud condensation nuclei; They found this sensitivity to vary with dynamical regime within models and
across models for individual regimes. Zhang et al. (2016) ’s stud
interactions by vertical velocities, which change with dynamical regime and, in all likelihood, within regimes across models.

12pt

To pursue the question of resolution dependence of a specific microphysical process related to aerosol indirect effects, we
consider the dependence of ice activation on model resolution;—we-. We modeled ice activation by heterogeneous freezing

and their relationships to vertical velocit attributed their resolution sensitivities for aerosol indirect forcin

is consistent with an important control on aerosol-cloud

in a massive Saharan dust plume which advected to central Europe on 3 April 2014 using the ICON (ICOsehedral Non-
hydrostatic) numerical weather prediction and climate model (Zingl et al., 2015), developed at the Deutscher Wetterdienst
and Max Planck Institute for Meteorology and extended as ICON-ART to include aerosols and their interactions with clouds
(Rieger et al., 2015). Fig. 4a shows the vertical velocities at which heterogeneous freezing occurs depend strongly on the
ICON-ART horizontal resolution. Figs. 4b-d show that this dependence leads to large changes in the number of ice particles
produced by heterogeneous freezing, with overall increases in ice crystals formed at finer resolutions. These results show
the distributions of cloud microphysical, and thereby radiative and precipitation, properties depend on model resolution. The
power-law dependence of the observed structure functions, shown in Fig. 3, suggests that such dependencies could possibly
be taken into account by scaling the vertical velocities used to calculate activation with model resolution. Cusack et al. (1999)

expleit-exploited this scaling to estimate unresolved variance of saturation in developing a cloud parameterization.
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Figure 4. (a) Relative frequency of vertical velocity in the heterogeneous freezing regime (235 K < T < 273.15 K) for [CON-ART horizontal
resolutions of Ax = 40, 20, 10, and 5 km. (b)-(d) Frequency distribution of the ratio of the formation rates of ice crystal number produced
by heterogeneous freezing. The ratio is defined as Razy,Ax; = 10g(7ihet, Axy /Mhet, Az, ) With the number of formed ice particles at coarser
resolution, nxet, Az, , and the mean number of formed ice particles in the corresponding spatial volume (model grid cells) at finer resolution,
Tihet, Axp- Yalles of Ragy ae0.2.0.(< 0) indicate an increase (a decrease) in ice crystal nucleation with an increase in resolution. The results
are for the period 12 UTC, 3 April 2014, to 0 UTC, 4 April 2014, for a circular domain with a radius of 89 centered at 6°W, 46°N. ICON-
ART was initialized with a 15 March 2014 European Centre for Medium-Range Weather Forecasts Integrated Forecast System analysis to
spin-up background dust, with daily forecasts from 29 March until 4 April. Domains ranged from global for 40-km resolution to central

Europe for 10 and 5-km resolutions.

Updraft scales extend down to large eddies (tens of meters), so modeling cloud processes depending on vertical velocities re-
quires their sub-grid scales to be parameterized. In climate models, resolutions are still coarser than resolved-conveetionconvective

scales, leaving the pessible-dependence of climate sensitivity-on-some-aspeets-of-forcing and sensitivity on convection also
to be parameterized. Realistic vertical velocities for parameterized convection would satisfy an important constraint related
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Figure 5. Probability distribution functions of vertical velocities in deep convective updrafts using the cumulus parameterization in Donner
et al. (2011) and observed using dual-Doppler radar (Varble et al., 2014). The panels show two periods ##-(04 UTC 19 January to 00 UTC
23 January 2006_and 13 UTC to 18 UTC January 2006) for which radar observations are available, along with model-generated updrafts for
the same periods. Both panels show radar-observed and model-generated updrafts whose vertical extent is at least 5 km with a minimum
speed of 1 m s~ 'or larger. The percentiles (colors) are the fraction of the updrafts with vertical velocities less than the plotted velocities, as

functions of height.

to entrainment, detrainment, and convective mixing. Many cumulus treatments in climate models parameterize only mass
fluxes and do not provide its factors (vertical velocity, area, and density) independently, but some cumulus parameterizations
do, e.g., the parameterizations for shallow (Bretherton et al., 2004) and deep (Donner, 1993) convection in the Geophysical
Fluid Dynamics Laboratory Climate Model-3 (Donner et al., 2011). Even for these parameterizations, limited attention has
been directed to the realism of their vertical velocities. Donner (1993)’s parameterization was calibrated using observations of
convective vertical velocities from the yGlobal Atmospheric Research Program Atlantic Tropical Experiment (GATE) in the
1970s. Only recently have observations from other field campaigns permitted independent evaluation of the manner in which
vertical velocities are calculated in that parameterization. Fig. 5 shows the parameterization captures the basic shape of the
updraft profile observed in the Tropical Warm Pool-International Cloud Experiment (TWP-ICE). The updraft speeds for the
strongest updrafts are generally within a factor of two of observations with the parameterized updrafts stronger than observed in
one case and weaker in the other «(Varble-et-al52014)—(Varble et al., 2014) . Consistent with radar observations, the modeled

median vertical velocities are similar over both time periods analyzed, but the observed strongest 1% of the vertical velocities
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differ by about a factor of two, while the strongest model velocities change little. Observed convective available potential
ener CAPE) does not differ greatly between the two time periods, consistent with the small changes in median vertical
velocities but not the larger changes in the strong tails of the distribution. These early results point to both opportunities and

challenges in the development of new parameterization strategies. The excessively strong modeled median vertical velocities

suggest examining alternate formulations for entrainment (de Rooy et al., 2013; Zhang et al., 2015; Lu et al., 2016) , drawin

on recent research in this area, The striking differences in how the median and extreme velocities differ in the two time periods
suggest more fundamental changes in the parameterization framework. The parameterization currently forms its plumes in
the mean state, The similarity of CAPE during both time periods does not fayor large differences in vertical velocities. The
explanation could well be sub-grid variability in thermodynamic state, probably related to convective organization and currently
not parameterized, Another important factor is a lack of scale awareness in the parameterization, which has been calibrated for
scales comparable to those of the GATE campaign. Accounting for sub-grid variability and modeling the transition to explicit
representation of these scales as resolution increases are related problems. In this perspective, we do not propose solutions to
these issues but emphasize the importance of observations of vertical velocities at convective scales to guide future modeling,
explicit and parameterized, of convection in the climate system.

Wang et al. (2011) compared changes in shortwave cloud forcing from anthropogenic aerosols in CAMS with these changes

in a version of CAMS in which a two-dimensional cloud model was used in place of CAMS’s cloud and convection parameterizations.

Wang et al. (2011) ’s approach provides a distribution of sub-grid vertical velocities. They did not provide information on its

characteristics or comparisons with observations, but it likely differs substantially from CAMS, which does not parameterize
vertical velocities in its convection parameterization. It is not possible to assess how much of the 50% reduction in forcing
using the cloud model in CAMS is due to changes in sub-grid vertical velocities or even whether their effect has been
buffered (reduced) by other processes, These changes in forcing related to sub-grid parameterization are larger than the changes
associated with resolution changes discussed above, which together could comprise a large fraction of the forcing.

12pt
In the longer-term future, global models with resolutions fine enough to explicitly resolve deep cumulus clouds are envi-

sioned, eliminating the need for parameterizations of deep cumulus convection. Very short time integrations of models with
horizontal resolutions of 0.87 km have already been reported (Miyamoto et al., 2013). In these models, and in limited-domain
cloud-system models like those used in Wang et al. (2011) , the preceding discussions imply a corresponding concern with
the realism of their resolved vertical velocities. Evaluations of cloud-system models with horizontal resolutions as fine as 1
km show that many of these models produce vertical velocities that are too strong. These models show some similarities to
the parameterized velocities in Fig. 5 (Varble et al., 2014). Even in large-eddy simulations with resolutions on the order of
Guo et al., 2008) .

Vertical velocities in these models can depend strongly on the method used to model their microphysics, and including more

tens of meters, important details of the distributions of vertical velocities are at variance with observations

physically based microphysics in these models may improve the simulated vertical velocities (Fan et al., 2015). The methods

10
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used to model turbulence below even the fine resolutions in these models are also important and offer another path forward
(Bogenschutz and Krueger, 2013). -

We have claimed that updraft speeds are among the controls on climate forcing and provide an observable constraint related
to climate sensitivity. These relationships among vertical velocities, climate forcing, and climate sensitivity emerge through
the effects of vertical velocities on physical processes. Resolution dependence of vertical velocities and limited attention to
their sub-grid parameterization in models for climate and numerical weather prediction could consequently limit the realism of
these models. Taking account of these issues could open promising new paths toward reducing model uncertainties in climate
forcing and sensitivity. Sub-grid parameterizations should include vertical velocities where the underlying physical processes
depend on them. Some parameterizations already do so (e.g., Fig. 5; Donner (1993), Donner et al. (2011), and Chikira and
Sugiyama (2010) for deep cumulus convection; Golaz et al. (2002) and Bretherton et al. (2004) for boundary-layer clouds).
Aerosol and cloud microphysical processes depend nonlinearly on vertical velocities, and physically based parameterizations
which include these dependencies will fail if driven even by realistically averaged velocity fields, which may even smooth
away such phenomena as small-scale updrafts necessary for aerosol activation. Until models explicitly resolve these scales, it
is worth investigating simple scaling of resolved vertical velocities when using them to drive parameterizations. Fig. 3 implies
that resolved vertical velocities will scale with a power-law dependence on resolution of Az~2/3 suggesting a scaling of ver-

%)’2/ 3. A%param is the scale at which a parameterization is physically

tical velocity for a physical parameterization (
realistic or becomes “scale aware" by design. For example, for a cloud system with uniform mesoscale ascent at a physical
scale of around +6km-10 km in a model with a resolution of 100 km, the vertical velocities for aerosol activation would be
scaled from +00km-to—+0km100 km to 10 km. This approach would further have the advantage of requiring physical param-
eterizations to identify the scales at which their physics applies. It would also introduce at least a crude “scale awareness"
into parameterizations which lack them. The vertical-velocity scaling also implies that resolved, advected fields, such as water
vapor, will also have resolution dependencies. So, scaling vertical velocities used in parameterizations would introduce con-

sistency issues not easily reconciled, underscoring the importance of pursuing resolutions as close as possible to the physical

scales of climate processes.

5 Outlook and Challenges

The atmosphere sustains a broad spectrum of vertical motions. We posit that vertical velocities on all scales (deep and shallow
convection, large eddies in stratiform clouds, large-scale ascent) carry important clues to climate forcing and climate sensitivity.
The magnitudes of upward motions are an important control on the formation of liquid and ice particles in clouds and, conse-
quently, anthropogenic climate forcing by cloud-aerosol interactions. In climate models, convective entrainment and mixing,
which are among the key governors of vertical velocity, are related to climate sensitivity. Recent observations of convective
vertical velocities could provide an important observational constraint for both anthropogenic climate forcing and climate sen-
sitivity. Insightful analysis of these observations in the context of climate models could reduce two of the major uncertainties

in climate change.

11



10

15

20

In climate models, both resolved and sub-grid vertical velocities are important. Modeling strategies should include (1) rec-
ognizing the dependence of vertical velocities on resolution and exploiting this dependence to scale resolved vertical velocities
to process scales, (2) parameterizing sub-grid vertical velocities where the cloud-scale processes depend on them, and (3) ex-
plicitly taking into account scale and scale dependence for physical processes, both for resolved and parameterized processes.

Preliminary observational studies and new approaches in parameterization are providing the means for doing so.

Neither high-resolution climate models, nor those with advanced parameterizations, will satisfactorily deal with connections
among vertical velocities, climate forcing, and climate sensitivity if not grounded in realistic cloud-resolving and large-eddy
models. Current cloud-resolving models require further development, based on preliminary comparison of their vertical ve-
locities with observations. An intersection of resolution, microphysics, and turbulence will likely bring these models and

observations into agreement. A high research priority is to focus on these issues in cloud-resolving and large-eddy modeling.

Observationally, field observations of atmospheric updrafts at cloud scale remain limited and should be expanded to sample
a wider range of synoptic settings. If a high degree of confidence can be established in cloud-resolving and large-eddy models
based on these observational studies, the models can be used to explore the many contexts in which cloud systems develop in

the climate system.

Both anthropogenic climate forcing by aerosols and climate sensitivity are extremely difficult problems which have chal-
lenged climate scientists for decades. We raise the prospect here that new observations of an element of the climate system,
its spectrum of updrafts on all scales, could provide important new clues. The argument that updrafts are a key to unlocking
climate forcing and sensitivity is nuanced (especially for sensitivity). It is critical to determine the extent to which vertical
velocities control climate forcing and constrain climate sensitivity. If vertical velocities were indeed to provide a breakthrough
on this problem, they would do so through a satisfying unification of observational, theoretical, and modeling across the scales

and phenomena that comprise the very broad field of contemporary atmospheric science.

Acknowledgements. Analysis of convective vertical velocities has been supported by the US Department of Energy Atmospheric System

Research program through interageney-inter-agency agreement DE-SC0004534-NOAA. Reviews by Levi Silversand-Yi-Mingand-comments
by-, Yi Ming, anonymous ACPD reviewers, as well as comments from Graham Feingold on controls on drop activation in warm clouds, are

appreciated. Charles Seman participated in figure preparation.

12



10

15

20

25

30

35

5

References

Bogenschutz, P. and Krueger, S.: A simplified PDF parameterization of sub-grid scale clouds and turbulence for cloud-resolving models, J.
Adv. Model. Earth Syst., 5, 195-211, doi: 10.1002/jame.20 018, 2013.

Bretherton, C., McCaa, J., and Grenier, H.: A new parameterization for shallow cumulus parameterization and its application to marine
subtropical cloud-topped boundary layers, Mon. Wea. Rev., 132, 864-882, 2004.

Chikira, M. and Sugiyama, M.: A cumulus parameterization with state-dependent entrainment rate. Part I: Description and sensitivity to
temperature and humidity profiles, J. Atmos. Sci., 67, 2171-2193, doi: 10.1175/2010JAS3316.1, 2010.

Cho, J. and Lindborg, E.: Horizontal velocity structure functions in the upper troposphere and lower stratosphere. 1. Observations, J. Geophys.
Res., 106, 10,223-10,232, 2001.

Cusack, S., Edwards, J., and Kershaw, R.: Estimating the subgrid variance of saturation, and its parameterization for use in a GCM cloud
scheme, Q. J. R. Meteorol. Soc., 125, 3057-3076, 1999.

de Rooy, W., Bechtold, P., Frohlich, K., Hohenegger, C., Jonker, H., Mironov, D., Siebesma, A., Teixeira, J., and Yano, J.-I.: Entrainment
and detrainment in cumulus convection: an overview, Q. J. R. Meteorol. Soc., 139, 1-19, 2013.

Donner, L.: A cumulus parameterization including mass fluxes, vertical momentum dynamics, and mesoscale effects, J. Atmos. Sci., 50,
889-906, 1993.

Donner, L. J., Wyman, B., Hemler, R., Horowitz, L., Ming, Y., Zhao, M., Golaz, J.-C., Ginoux, P., and Coauthors: The dynamical core,
physical parameterizations, and basic simulation characteristics of the atmospheric component of the GFDL global coupled model CM3,
J. Climate, 24, 3484-3519, doi: 10.1175/2011JCLI3955.1., 2011.

European Centre for Medium-Range Weather Forecasts: WCRP and WWRP THORPEX YOTC (Year of Tropical Convection) Project,
Single Parameter 6-Hourly Pressure Level Analysis Time Series, Transformed to a Regular 1600 by 800 (N400) Gaussian Grid, 2012.
Fan, J., Liu, Y.-C., Xu, K.-M., North, K., Collis, S., Dong, X., Zhang, G., Chen, Q., and Coauthors: Improving representation of convective
transport for scale-aware parameterization: 1. Convection and cloud properties simulated with spectral bin and bulk microphysics, J.

Geophys. Res. Atmos., 120, 3485-3509, doi:10.1002/2014JD022 142, 2015.

Feingold, G.: Modeling of the first indirect effect: Analysis of measurement requirements, Geophys. Res. Lett., 30,
doi:10.1029/2003GL017 967, 2003.

Forster, P. M., Andrews, T., Good, P., Gregory, J., Jackson, L., and Zelinka, M.: Evaluating adjusted forcing and model spread for historical
and future scenarios in the CMIP5 generation of climate models, J. Geophys. Res. Atmos., 118, 1139-1150,doi: 10.1002/jgrd.50 174,
2013.

Golaz, J.-C., Larson, V., and Cotton, W.: A PDF based model for boundary layer clouds. Part I: Method and model description, J. Atmos.
Sci., 59, 3540-3551, 2002.

Guo, H., Liu, Y., Daum, P., Senum, G., and Tao, W.-K.: Characteristics of vertical velocity in marine stratocumulus: comparison of large
eddy simulaitons with observations, Environ. Res. Lett., 3, doi:10.1088/1748-9326/3/4/045020, 2008.

Kay, J. and Wood, R.: Timescale analysis of aerosol sensitivity during homogeneous freezing and implications for upper tropospheric water
vapor budgets, Geophys. Res. Lett., 35, L10 809, doi: 10.1029/2007GL032 628., 2008.

Kiehl, J. T.: Twentieth century climate model response and climate sensitivity, Geophys. Res. Lett., 34, .22 710,doi:10.1029/2007GL031 383,
2007.

13


http://dx.doi.org/10.1088/1748-9326/3/4/045020

10

15

20

25

30

35

5

Klocke, D., Pincus, R., and Quaas, J.: On constraining estimates of climate sensitivity with present-day observations through model weight-
ing, J. Climate, 24, 6092-6099, doi:10.1175/2011JCLI4193.1, 2011.

Lu, C., Liu, Y., Zhang, G., Wu, X., Endo, S., Cao, L., Li, Y., and Guo, X.: Improving parameterization of entrainment rate for shallow
convection with aircraft measurements and large-eddy simulation, J. Atmos. Sci., 73, 761-773, doi:10.1175/JAS-D-15.0050.1, 2016.

Ma, P.-L., Rasch, P., Wang, M., Wang, H., Ghan, S., Easter, R., Gustafson, W., Liu, X., and Coauthors: How does increasing hori-
zontal resolution in a global climate model improve the simulation of aerosol-cloud interactions?, Geophys. Res. Lett., 42, 5058-
5065,doi:10.1002/2015GL064 183, 2015.

McFiggans, G. and Co-Authors: The effect of physical and chemical aerosol properties on warm cloud droplet activation, Atmos. Chem.
Phys., 6, 2593-2649, 2006.

Miyamoto, Y., Kajikawa, Y., Yoshida, R., Yamaura, T., Yashiro, H., and Tomita, H.: Deep moist atmospheric convection in a subkilometer
global simulation, Geophys. Res. Lett., 40, doi:10.1002/grl.50 944, 2013.

O’Brien, T., Collins, W., Kashinath, K., Rubel, O., Byna, S., Gu, J., Krishnan, H., and Ullrich, P.: Resolution dependence of precipitation
statistical fidelity in hindcast simulations, J. Adv. Model. Earth Syst., 8, 976-990, doi:10.1002/2016MS000671, 2016.

Pauluis, O. and Garner, S.: Sensitivity of radiative-convective equilibrium solutions to horizontal resolution, J. Atmos. Sci., 63, 1910-1923,
2006.

Rauscher, S., O’Brien, T., Piani, C., Coppola, E., Giorgi, F., Collins, W., and Lawston, P.. A multi-model intercomparison of reso-
lution effects on precipitation: Simulations and theory, Clim. Dyn., doi:10.1007/s00382-015-2959-5, http://link.springer.com/10.1007/
s00382-015-2959-5, 2016.

Rieger, D., Bangert, M., Bischoff-Gauss, 1., Forstner, J., Lundgren, K., Reinert, D., Schréter, J., Vogel, H., Zingl, G., Ruhnke, R., and Vogel,
B.: ICON-ART 1.0 - A new online-coupled model system from global to regional scale, Geoscientific Model Development, 6, 1659-1676,
doi:10.5194/gmd-8-1659-2015, http://www.geosci-model-dev.net/8/1659/2015, 2015.

Rosenfeld, D., Wood, R., Donner, L., and Sherwood, S.: Aerosol cloud-mediated radiative forcing: Highly uncertain and opposite effects
from shallow and deep clouds, in: Climate Science for Serving Society: Research, Modeling, and Prediction Priorities, Springer, 2013.
Rosenfeld, D., Sherwood, S., Wood, R., and Donner, L.: Climate effects of aerosol-cloud interactions, Science, 343, 379-380, doi:

10.1126/science.1247 490, 2014.

Rougier, J., Sexton, D., Murphy, J., , and Stainforth, D.: Analyzing the climate sensitivity of the HadSM3 climate model using ensembles
from different but related experiments, J. Climate, 22, 3540-3557, doi:10.1175/2008JCLI2533.1, 2009.

Sanderson, B., Shell, K., and Ingram, W.: Climate feedbacks determined using radiative kernels in a multi-thousand member ensemble of
AOGCMs, Clim. Dyn., 35, 1219-1236, 2010.

Sherwood, S., Bony, S., and Dufresne, J.-L.: Spread in model climate sensitivity traced to atmospheric convective mixing, Nature, 505,
37-42, doi:10.1038nature12 829, 2014.

Stainforth, D., Alna, T., Christensen, C., Collins, M., Faull, N., Frame, D., Kettleborough, J., Knight, S., Martin, A., and Co-Authors:
Uncertainty in predictions of the climate response to rising levels of greenhouse gases, Nature, 433, 403—-406, 2005.

Stocker, T., Qin, D., Plattner, G.-K., Tignor, M., Allen, S., Boschung, J., Nausels, A., Xia, Y., and Coauthors: Summary for policymakers, Cli-
mate Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental
Panel on Climate Change, pp. Cambridge University Press, Cambridge/New York, 2013.

14


http://dx.doi.org/10.1175/JAS-D-15.0050.1
http://dx.doi.org/10.1002/2016MS000671
http://dx.doi.org/10.1007/s00382-015-2959-5
http://link.springer.com/10.1007/s00382-015-2959-5
http://link.springer.com/10.1007/s00382-015-2959-5
http://link.springer.com/10.1007/s00382-015-2959-5
http://dx.doi.org/10.5194/gmd-8-1659-2015
http://www.geosci-model-dev.net/8/1659/2015
http://dx.doi.org/10.1175/2008JCLI2533.1

10

15

580

Su, H., Jiang, J., Zhai, C., Shen, J., Neelin, J., Stephens, G., and Yung, Y.: Weakening and strengthening structures in the Hadley Cir-
culation change under global warming and implications for cloud response and climate sensitivity, J. Geophys. Res., 119, 5787-5805,
doi:10.1002/2014JD021 642, 2014.

Varble, A., Zipser, E., Fridland, A., Zhu, P, Ackerman, A., Chaboureau, J.-P., Collis, S., Fan, J., and Co-Authors: Evaluation of cloud-
resolving and limited area model intercomparison simulations using TWP-ICE observations. 1. Deep convective updraft properties, J.
Geophys. Res. Atmos., 119, 13,891-13,918,doi: 10.1002/2013JD021 371, 2014.

Wang, M., Ghan, S., Ovchinnikov, M., Liu, X., Easter, R., Kassianov, E., and Morrison, H.: Aerosol indirect effects in a multi-scale aerosol
climate model PNNL-MMF, Atmos. Chem. Phys., 11, 5431-5455, doi:10.5194/acp-11-5431-2011, 2011.

Zingl, G., Reinert, D., Ripodas, P., and Baldauf, M.: The ICON (ICOsahedral Non-hydrostatic) modeling framework of DWD and MPI-M:
Description of the non-hydrostatic dynamical core, Q. J. R. Meteorol. Soc., 141, 563-579, 2015.

Zelinka, M., Klein, S., and Hartmann, D.: Computing and partitioning cloud feedbacks using cloud proerty histograms: Part I. Cloud radiative
kernels, J. Climate, 25, 3715-3735, doi:10.1175/JCLI-D-11-00248.1, 2012.

Zhang, G., Wu, X., Zeng, X., and Mitovski, T.: Estimation of convective entrainment properties from a cloud-resolving model simulation
during TWP-ICE, Clim. Dyn., 45, doi:10.1007/s00382-015-2957-7, 2015.

Zhang, S., Wang, M., Ghan, S., Ding, A., Wang, H., Zhang, K., Neubauer, D., Lohmann, U., and Co-Authors: On the characteristics of aerosol
indirect effect based on dynamic regimes in global cloud models, Atmos. Chem. Phys., 16, 2765-2783, doi:10.5194/acp-16-2765-2016,
2016.

Zhao, M.: An investigation of the connections among convection, clouds, and climate sensitivity in a global climate model, J. Climate, 27,

doi:10.1175/JCLI-D-13-00 145.1, 2014.

15


http://dx.doi.org/10.5194/acp-11-5431-2011
http://dx.doi.org/10.1175/JCLI-D-11-00248.1
http://dx.doi.org/10.1007/s00382-015-2957-7
http://dx.doi.org/10.5194/acp-16-2765-2016

