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The high albedo and weak greenhouse-effect of marine stratocumulus provide a strong cool-

ing effect on the regional climate. The concentrations of aerosols, particularly those large

enough to act as cloud condensation nuclei, can influence the properties of marine stratocu-

mulus by modifying the cloud droplet size distributions and influencing drizzle production.

This dissertation mainly presents results inferred from aircraft measurements taken

aboard the NSF/NCAR C-130 research flights flown during the VOCALS Regional Exper-

iment (Oct. to Nov. 2008). These measurements are used to shed light on the interaction

between the marine stratocumulus and aerosol particles. Satellite retrievals and simple

models are also used to identify and simulate the various processes that modulate aerosol

concentrations and drizzle formation. The dissertation is organized into the following three

sections:

• Characterizing pocket of open cells (POC)

The aerosol, cloud, precipitation, and boundary layer properties from five POCs are

studied using measurements from the C-130 aircraft. We find that POCs are observed

in a wide range of conditions (inversion heights, surface wind speeds, surface and free

tropospheric conditions, and background accumulation-mode aerosol concentrations).



Despite the wide range of background conditions that POCs are observed under, they

all exhibit low cloud droplet number concentrations, higher column maximum pre-

cipitation rates, and a narrow range of accumulation-mode aerosol concentrations in

the subcloud layer. In all POCs, an ultraclean layer exists below the inversion, where

accumulation-model aerosol concentrations are < 5 cm−3. All POCs are also popu-

lated by two types of clouds: deeper, cumuliform, active clouds and thin, stratiform,

quiescent clouds.

• Estimating the microphysical process rates in POCs

Using the same C-130 aircraft data, the collision-coalescence rates in POCs are esti-

mated to quantify the various budgets of cloud droplet number concentration, drizzle

number concentration, cloud water mixing ratio, and drizzle water mixing ratio. The

rates in POC clouds are compared to rates in the surrounding overcast clouds. Ac-

cretion is found to be the largest contributor to both the loss of cloud droplet number

concentration and the conversion of cloud water into drizzle water. Although decreases

in cloud droplet number concentration due to accretion are not always stronger in

POC compared to the surrounding overcast region, because of the lower cloud droplet

number concentrations, the timescales of cleaning out cloud droplets is shorter in the

POC. A parcel model with bin microphysics is employed to determine whether col-

lision coalescence processes can explain the high concentration of drizzle drops with

radii < 100µm in quiescent clouds of POCs. Collision-coalescence of drops and con-

densation due to typical updraft speeds found in POCs are unable to explain the high

concentration of drizzle drops.

• Comparing the precipitation susceptibility of marine stratocumulus from satellite re-

trievals and a diagnostic precipitation model

A combined MODIS and CloudSat satellite dataset of coincident cloud and drizzle

properties and a diagnostic precipitation model with stochastically perturbed micro-



physics are used to calculate the precipitation susceptibility in marine stratocumulus.

The precipitation susceptibility quantifies the fractional decrease in precipitation rate

due to a fractional increase in cloud droplet number concentration, such that a posi-

tive susceptibility means a suppression of precipitation due to increasing precipitation

rate. Precipitation susceptibility are found to be positive in both satellite and model

precipitation. Both satellite and model precipitation also show decreases in the suscep-

tibility of probability of precipitation (POP) with increasing LWP, where the values

largely agree between the two. Model sensitivities to parameter choices and regional

differences in the satellite data are explored. Finally, the connection between sus-

ceptibility values and collision-coalescence processes (autoconversion and accretion)

in the model are investigated. Although previous studies found that increasing ratio

between accretion and autoconversion (Ac/Au) explained decreases in susceptibilities,

the modeling results show that this is not always the case.





TABLE OF CONTENTS

Page

List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii

List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . viii

Glossary and abbreviations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix

Chapter 1: Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

Chapter 2: Characteristics of pockets of open cells . . . . . . . . . . . . . . . . . . 3

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2.2 Data and methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.3 Large scale context . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.4 Boundary layer structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.5 Clouds and precipitation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.6 Aerosol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.7 Non-POC cases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

2.8 Discussion and conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

Chapter 3: Microphysical processes in pockets of open cells . . . . . . . . . . . . . 35

3.1 Introduction - estimating microphysical process rates in POCs . . . . . . . . 35

3.2 Droplet size distribution and stochastic collection equations . . . . . . . . . . 38

3.3 POC-to-overcast transition and segment-mean process rates . . . . . . . . . 41

3.4 Comparison with bulk microphysics parameterizations . . . . . . . . . . . . . 45

3.5 Scale dependence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

3.6 Limitations to method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3.7 Active vs. quiescent clouds . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3.8 Summary and conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

Chapter 4: Precipitation susceptibility . . . . . . . . . . . . . . . . . . . . . . . . . 60

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

i



4.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

4.3 Results: Satellite susceptibility . . . . . . . . . . . . . . . . . . . . . . . . . . 67

4.4 Results: Diagnostic model susceptibility . . . . . . . . . . . . . . . . . . . . . 72

4.5 Results: Satellite and model comparisons . . . . . . . . . . . . . . . . . . . . 75

4.6 Discussion and conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

Chapter 5: Conclusions and future work . . . . . . . . . . . . . . . . . . . . . . . . 84

5.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

5.2 Remaining questions and going forward . . . . . . . . . . . . . . . . . . . . . 85

Appendix A: Collision efficiencies and equations of condensation scheme in parcel
model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

Appendix B: CloudSat/MODIS combined dataset and location . . . . . . . . . . . . 105

ii



LIST OF FIGURES

Figure Number Page

2.1 Typical flight strategy taken by the NSF/NCAR C-130 during POC sampling
[adapted from Fig. 7 of Wood et al., 2011a]. . . . . . . . . . . . . . . . . . . . 7

2.2 C-130 flight tracks overlaid on GOES-10 satellite imagery, in situ PCASP concentra-

tions, and Wyoming Cloud Radar (WCR) reflectivity cross-sections from subcloud

legs of the five POC cases analyzed in this study. For each POC case, the left panel

shows the location of the flight legs in relation to the overall POC structure. The

flight track is colored by distinction between POC (blue), overcast (red), and transi-

tion (green). The time of the flight leg (in UTC) is listed below each satellite image.

The top panel for each case shows the aerosol concentration as measured by the

PCASP (0.1µm< D < 3µm), where concentrations are filtered for drizzle events.

The dotted line indicating 50 cm−3 is highlighted in orange to remind the reader of

the changing scale along the ordinate. The panel below the PCASP concentrations

shows the WCR column reflectivities with the cloud base height from Wyoming

Cloud Lidar traced in gray. All radar cross-sections and aerosol concentration time

series are aligned along the middle of the north transition region. . . . . . . . . . . 9

2.3 Potential temperature (θ) structure in POCs (left) and in overcast regions (right).

Profiles are mean profiles based on data from profiles binned every 25 m. The num-

ber of individual profiles that are used to calculate the mean profiles is indicated in

brackets next to each flight number. The mean height of maximum potential tem-

perature increase is subtracted from each profile to examine the structures relative

to the inversion height. Instead of the inversion base height, the mean height of

the maximum vertical gradient in potential temperature is chosen for the reference

height so that the temperature changes in each area are better aligned. . . . . . . . 15

2.4 Cloud level measurements from cloud level flight leg showing (a) cloud (qc – orange)

and drizzle (qD – green) water mixing ratio; (b) 21 s running vertical wind variance

(w′2); (c) 1 Hz vertical wind speed (w – gray) and 21 s mean w (black); (d) cloud

(orange – Nd) and drizzle (green – ND) drop number concentration; and (e) precip-

itation rate R, based on 10 s averaged drizzle drop size distributions. In the POC

segment of the flight leg, active clouds, defined as cloudy and drizzling data with

w′2≥ 0.1 m2 s−2, are shaded in dark gray. Quiescent clouds, defined as cloudy and

drizzling data with w′2< 0.1 m2 s−2, are shaded in white. The clear regions in the

POC, where liquid water mixing ratios measured by the CDP or the PVM did not

exceed 0.03 g kg−1, are left unshaded. . . . . . . . . . . . . . . . . . . . . . . . . 18

iii



2.5 (a) The cumulative probability of column-maximum radar reflectivity Zmax

greater than the abscissal value for overcast (red) and POC (blue) regions.
The mean distribution are shown as bold lines, while individual flight legs
are shown as thinner lines with markers. Radar reflectivities from all level
flight legs are used to make the distribution. (b) Same as Fig. 5a, but for
radar reflectivity at 250 m. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.6 Droplet size distribution from the CDP and 2DC during a cloud-level flight
leg from RF08. The cyan lines indicate distributions estimated from 1 km
averages in the POC, while the heavier blue line indicates the mean of those
distributions. The magenta lines indicate distributions estimated from 1 km
averages in the overcast region, while the heavier red line indicates the mean
of those distributions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.7 Profiles of PCASP aerosol concentration from the POC (blue) and overcast (red) region.

Cyan (POC) and magenta (overcast) dots indicate individual data points from profiles

flown in the two regions. Concentrations< 0.1 cm−3 are set at 0.1 cm−3 to allow for easier

plotting on the log-scale abscissa. Heavier profile line indicates the median taken from the

profile data. PCASP data from level flight legs are also included in the form of whisker

plots. For reference, cloud-mean cloud droplet number concentrations from the CDP are

shown as open triangles, mean inversion base heights calculated from profile measurements

are shown as dashed lines, and mean lifting condensation levels calculated from subcloud

flight legs are shown as dotted lines. . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.8 (a) C-130 subcloud flight track from RF02 (18 October 2008 16:50 UTC) is
overlaid on GOES-10 infrared satellite imagery taken at the same time. As in
Fig. 2.2, the top right panel shows the in situ PCASP aerosol concentrations
at ∼ 150 m. The bottom right panel shows the WCR reflectivity with the
flight altitude indicated in bold black and the WCR/WCL-derived cloud top
height and cloud base height indicated in gray. (b) Same as (a) but for a
subcloud flight track from RF04 (23 October 2008 10:20 UTC). . . . . . . . . 28

3.1 Droplet size distribution from RF08, where the gap between the the CDP and
2DC measurements are interpolated to provide a continuous size distribution.
The cyan and blue lines indicate averages in the POC, whereas the magenta
and red lines indicate averages from the overcast. . . . . . . . . . . . . . . . . 39

3.2 Cloud level measurements from RF08 of (a) cloud (blue) and drizzle (red)
drop number concentrations; (b) cloud (blue) and drizzle(red) water mixing
ratios; (c) accretion (green) and autoconversion (magenta) mass conversion
rates; (d) cloud droplet loss rates due to self-collection (black), accretion
(green), and autoconversion (magenta). Process rates are calculated based
on 1 km averaged drop size distributions. The overcast, transition, and POC
regions are indicated by the different colored backgrounds: red (overcast),
gray (transition), and blue (POC). . . . . . . . . . . . . . . . . . . . . . . . . 40

iv



3.3 Estimated segment-mean rates of (a) mass conversion of cloud into drizzle
water due to accretion and autoconversion, of (b) cloud number losses due to
accretion and self-collection, and of (c) cloud number losses due to accretion
and autoconversion. Open circles indicate segment means from the overcast
section, while filled circles indicates means from the POC section of the in-
cloud flight legs. Circles are colored by the POC case. . . . . . . . . . . . . . 43

3.4 Estimated segment-mean rate of complete removal quantified as Ṅd/Nd plot-
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1

Chapter 1

INTRODUCTION

Clouds, especially low-level marine stratocumulus, have a strong cooling effect on the

underlying ocean and the atmospheric boundary layer. These same clouds, when exam-

ined at the scale of the cloud droplet, form from the condensation of water vapor onto

submicron-sized aerosol particles suspended in the air. In conditions observed in our cur-

rent atmosphere, clouds cannot form except for the existence of these aerosol particles. Of

all aerosol particles, those with radii > 0.1µm will activate under typical supersaturations

reached in clouds and are defined as cloud condensation nuclei (CCN). Their concentra-

tions are largely captured by the concentration of accumulation-mode aerosols, which are

defined by a size range of 0.1 to 1µm [Martin et al., 1994, Seinfeld and Pandis, 2006].

When cloud formation is examined at these scales, it is apparent that the concentration of

accumulation-mode aerosols can have a strong influence on cloud properties.

However, when global cloud properties are examined, the geographic distribution of cloud

types are largely determined by large-scale dynamics and thermodynamic profiles [Eastman

et al., 2011, Atkinson and Zhang, 1996]. Even at the regional scale, meteorological influences

are the main drivers that influence the formation and radiative properties of observed clouds

[George and Wood, 2010, Mechem et al., 2012]. This confounds attempts to quantify the

effect that variations of aerosol concentrations have on cloud properties, commonly known

as aerosol indirect effects [AIE - Quaas et al., 2009] or aerosol-cloud interactions [ACI -

Boucher et al., 2013].

This poses a problem as increasing numbers of modeling groups have started incorporat-

ing representations of cloud physics that try to capture the aerosol-cloud interactions. For

example, there are large discrepancies amongst models on the role of anthropogenic aerosols

on cloud radiative properties [Quaas et al., 2009]. At the same time, it appears that model

estimates of the strength of the ACI and estimates based on satellite retrievals do not agree;
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models show a stronger ACI than what satellite retrievals indicate [Boucher et al., 2013].

This issue stems not only from our lack of understanding of aerosol-cloud interactions, but

also from our lack of understanding of how large-scale dynamics and thermodynamics in-

fluence cloud formation. Observationally, the meteorological effect and aerosol effect are

difficult to disentangle from each other [Mauger and Norris, 2007, George and Wood, 2010].

This dissertation contains two approaches to better understand the ACI in marine

stratocumulus. The data used here are largely based on measurements collected by the

NCAR/NSF C-130 flown during the VOCALS Regional Experiment [Wood et al., 2011b].

The following two chapters describe the properties and inferred process rates in pockets of

open cells (POCs). Properties of the clouds in the POCs are distinctly different from those

in the surrounding area. At the same time large-scale dynamic and thermodynamic fields

have been found to be similar over the POCs. This combination makes POCs a particu-

larly interesting natural laboratory where processes internal to the atmospheric boundary

layer are likely maintaining and possibly forming these pockets where cloud properties are

drastically different.

The following chapter takes a different approach to examine ACI and examines a partic-

ular step in the range of possible aerosol-cloud interactions, namely the influence of cloud

droplet number concentration on precipitation. Various estimates exist and a recent study

[Wang et al., 2012] indicates that the sensitivity of precipitation to aerosol concentrations

in models is higher than what is observed by satellites. This work extends on their work

to identify whether this is the case and what particular aspects of the models may lead to

discrepancies between the model and observations.

The dissertation is organized as follows. Chapter 2 examines the cloud, boundary layer,

and lower free tropospheric properties in and around POCs. Chapter 3 estimates the in-

cloud collision-coalescence properties that determine both drizzle formation and CCN con-

centration losses in the POCs. Chapter 4 examines the precipitation susceptibility metric

in marine stratocumulus in both satellite retrievals and a column precipitation model with

a diagnostic treatment of precipitation. Chapter 5 provides a summary of results and re-

maining questions and issues that follow on from the work presented here.
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Chapter 2

CHARACTERISTICS OF POCKETS OF OPEN CELLS

A large part of the following chapter has been published in Atmospheric Chemistry and

Physics Discussion under the citation, Terai et al. [2014].

2.1 Introduction

During most of the year, a large stratocumulus cloud deck covers the southeast Pacific Ocean

(SEP), extending westward from the South American continent. Due to a strong albedo

and weak greenhouse effect, the stratocumulus exerts a strong cooling effect on the ocean

and the atmospheric boundary layer [de Szoeke et al., 2012]. The extensive stratocumulus

cloud deck is occasionally interrupted by cloud breaks in the form of pockets of open cells,

where the lower cloud cover exposes the darker sea surface, effectively lowering the albedo

of the area where these features form.

Pockets of open cells (POCs) have previously been defined as regions of open-cell con-

vection completely or largely embedded within a larger region of closed-cell convection

[Stevens et al., 2005, Wood et al., 2008]. In regions of open-cell convection, patches of

descending clear air are ringed by ascending cloudy air, giving it a honeycomb-like pattern

when viewed from above. On the other hand, closed-cell convection are characterized by

patches of cloudy ascending air that are ringed by clearer descending air, leading to higher

albedos [Atkinson and Zhang, 1996, Wood and Hartmann, 2006]. Subsequent studies have

found, however, that POCs also support thin and extensive stratiform clouds in addition

to the honeycomb-like patterns or isolated clusters of deeper cumulus clouds [Wood et al.,

2011a] and that horizontal gradients in cloud microphysical properties exist at the transition

from closed to open cellular convection, with often dramatic decreases in cloud droplet num-

ber concentrations inside the POCs [Stevens et al., 2005, Sharon et al., 2006, Wood et al.,

2008, 2011a]. In this paper, POCs are defined as regions of broken cumuliform convection,
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possibly overlaid by thin patchy stratocumulus, that (a) are embedded within regions of

closed-cell stratocumulus clouds and (b) that also show cloud microphysical changes at the

transition, evident in daytime satellite images as an increase in cloud effective radius at the

POC edges. This stricter definition of POCs excludes instances of cloud break up that ac-

company cloud thinning due to increased subsidence and evaporation, and also many cloud

breaks at the western edge of stratocumulus cloud decks.

POCs have been observed in satellite imagery [Garay et al., 2004] and in various field

experiments [Bretherton et al., 2004, Stevens et al., 2005, Sharon et al., 2006, Wood et al.,

2011a, Cui et al., 2014]. Because the cloud cover is relatively low in POCs, their formation

can influence the amount of incident solar radiation that is absorbed at the Earth’s surface.

Up to 10–15 % of the southeast Pacific region can be covered by open cells during the

October and November months of extensive cloud cover [Wood et al., 2008]. Although

regional models have started to simulate episodic changes in cloud cover and albedo due to

synoptic forcing [Abel et al., 2010] and transport of aerosol plumes from coastal pollution

sources [Yang et al., 2011, Saide et al., 2012, George et al., 2013], models still do not clearly

demonstrate the formation of reduced cloud cover in the form of POCs [Abel et al., 2010,

Toniazzo et al., 2011]. An exception exists for Mechem and Kogan [2003] who employed

a nested 2 km resolution mesoscale model within a larger regional model to form drizzle-

induced cloud break up in overcast stratocumulus. The low aerosol concentrations observed

within POCs [Petters et al., 2006, Sharon et al., 2006, Wood et al., 2008, 2011a] strongly

suggest a mechanism by which aerosols affect clouds and suggest the need to incorporate

aerosol–cloud interactions occurring on scales of a few kilometers and smaller to simulate

POC formation in models.

Various aspects of the POCs have been convincingly simulated by large-eddy simulations

(LES) and high-resolution, cloud-resolving simulations [Wang and Feingold, 2009a,b, Wang

et al., 2010, Berner et al., 2011, Kazil et al., 2011, Berner et al., 2013]. Several of these studies

initialize a region of the model domain with lower cloud droplet number concentration

to initiate POC formation [e.g., Wang and Feingold, 2009a,b, Berner et al., 2011]. The

simulations point to the importance of cold pools in transforming closed-cell circulation

to open-cell circulation [Wang et al., 2010], and indicate horizontal coupling of inversion
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heights that allows for the coexistence of closed-cell and open-cell clouds within a region

of hundreds of kilometers [Berner et al., 2011]. Kazil et al. [2011] implemented a more

sophisticated model of the sulfur cycle and aerosol processing within an LES and was able

to reproduce the observed structure of the aerosol-depleted “ultraclean layer” [as detailed in

observations by Wood et al., 2011a] and its potential for supporting spontaneous nucleation

of ultrafine aerosol. More recently, Berner et al. [2013] showed that a large-domain cloud-

resolving simulation with interactive aerosols can develop long-lived, mutually-supporting

regions of open and closed cells existing side by side, suggesting that under some large-scale

meteorological and aerosol conditions, the POC-overcast system is a self-maintaining form

of mesoscale cloud organization. POC modeling studies have been initialized based on one

DYCOMS-II RF02 case [Wang and Feingold, 2009a,b] and one VOCALS case, RF06 [Wang

et al., 2010, Berner et al., 2011, Kazil et al., 2011]. The boundary layer heights of the

two cases range from 800 m [VanZanten and Stevens, 2005] to 1600 m [Wood et al., 2011a],

suggesting diverse environments in which POCs exist. More observational analyses of POCs

are therefore necessary to identify the boundary layer properties that are common across

different POC cases and those properties that are more variable.

Early observations of POCs were fortuitous because their formation cannot be easily

forecast and because they form over remote oceans. The VAMOS Ocean Cloud Atmosphere

Land Study Regional Experiment (VOCALS REx), conducted over the southeast Pacific

Ocean during October and November of 2008, was the first concerted field campaign for

which POCs developing in a larger region were systematically targeted for observational

sampling [Wood et al., 2011b, Mechoso et al., 2014]. Wood et al. [2011a] provides a detailed

analysis of one VOCALS case (RF06) using data from two aircraft. Cui et al. [2014] describe

measurements from another VOCALS POC case sampled by the UK BAe-146 aircraft before

the C-130 sampled it during RF13. The current study investigates the commonalities and

variations across five different VOCALS POC cases, including RF06 and RF13. We assess

our current conceptual model of POC structure and the conditions necessary to form and

maintain them. Section 2.2 gives an overview of the measurements available from the C-

130 and describes how POCs are differentiated from the surrounding overcast region using

satellite infrared imagery. The following five sections present our results, including the large
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scale context in which the POCs were observed (Sect. 2.3) and comparisons of their boundary

layer (Sect. 2.4), cloud and precipitation (Sect. 2.5), and aerosol (Sect. 2.6) characteristics

with the surrounding overcast regions and two POC-like cases (Sect. 2.7). A discussion and

summary of the results is given in Sect. 2.8.

2.2 Data and methods

2.2.1 Data

During VOCALS REx, six research flights flown by the NSF/NCAR C-130 sampled the

atmospheric conditions across transitions from closed-to-open cellular clouds accompanied

by clear corresponding changes in cloud microphysics [Wood et al., 2011b]. Five of those

six research flights are used in this analysis, because the diurnal break-up of the closed-

cell stratocumulus made it difficult to distinguish the closed-cell from the open-cell regions

during RF14 (15 November). The five remaining research flights examined here are RF06

(28 October), RF07 (31 October), RF08 (2 November), RF09 (4 November), and RF13 (13

November). During VOCALS-REx, if a suspected POC was present within aircraft range

when flight plans were made for a given day, the C-130 was directed to sample the POC.

The flight strategy consists of sawtooth profile legs from above the inversion to below cloud

base, profile legs through the depth of the atmospheric boundary layer, and level flight legs

flown ∼ 150 m above the surface in the subcloud layer, at cloud base (∼ 700 m), at cloud

level (∼ 1000 m), and above cloud (∼ 1500 m). Level flight legs ranged in length from 120

to 240 km. Figure 2.1 shows a typical flight strategy of POC sampling, followed by most

flights, except for RF06 and RF13, in which an additional subcloud and cloud level flight

leg was flown.

For all flight legs, a suite of instruments measured thermodynamic quantities [tempera-

ture, water mixing ratio, pressure, etc., described in Wood et al., 2011b] to help character-

ize the structure of the boundary layer and lower free troposphere. Because the humidity

measurements were found to be biased high in previous analyses [Bretherton et al., 2010],

the humidity measurements from the Lyman-alpha hygrometer are corrected according to

Bretherton et al. [2010]. The Wyoming Cloud Radar (WCR), also aboard the C-130, pro-
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Figure 2.1: Typical flight strategy taken by the NSF/NCAR C-130 during POC sampling
[adapted from Fig. 7 of Wood et al., 2011a].

vided radar reflectivity from cloud and precipitation hydrometeors above and below the

aircraft. The column-maximum reflectivity from the WCR is used to estimate precipitation

rates at cloud base inside and outside the POCs using the Z–R relationship from Comstock

et al. [2004]. From the subcloud flight legs, the cloud fraction, cloud base height, and cloud

liquid water path are estimated using the upward pointing Wyoming Cloud Lidar (WCL)

and G-band Vapor Radiometer (GVR) [Zuidema et al., 2012], respectively. Sea surface tem-

peratures (SSTs) are remotely sensed by downward viewing Heimann radiometric sensors

and corrected by 1 K to correct a warm bias found by Bretherton et al. [2010].

Concentrations of aerosols of size> 0.1µm in clear air are obtained from the Passive

Cavity Aerosol Spectrometer Probe (PCASP) that measures the size distribution of aerosols

with diameter between 0.1 and 3µm. This size range encompasses most of the accumulation-

mode aerosols and is representative of concentrations of cloud condensation nuclei (CCN) at

supersaturations typical of those in marine stratocumulus [Martin et al., 1994, Terai et al.,

2012]. Total aerosol concentrations (CN) for particle diameters> 10 nm were obtained by

the 3010 CN Counter [Clarke et al., 2007]. Aerosol data are all filtered for possible splashing

and shattering events from drizzle drops by removing aerosol data if any of the following

conditions are met: liquid water content> 0.04 g m−3 (as measured by the Gerber PV-100

Probe); drizzle drop concentration> 1 L−1 (as measured by the 2DC Probe); a 10 s-forward-

lagged, 11 s-moving-window-mean drizzle water content> 10−4 g m−3 (as measured by the

2DC Probe).

Measurements of cloud droplet concentrations (Nd) and mixing ratios (qc) are obtained
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from a Cloud Droplet Probe (CDP), which measures drops with radii between 1 and 23.5µm.

Similarly, measurements of drizzle drop concentrations (ND) and mixing ratios (qD) are

obtained from a 2DC optical array probe for drops with radii larger than 30µm [Wood et al.,

2011b]. Unless otherwise stated, all measurements are analyzed at 1 Hz time resolution,

corresponding to a spatial resolution of ∼ 100 m. Cloudy air is distinguished from clear

air in the cloud-level flight legs when the liquid water mixing ratio from either the Gerber

PV-100 Probe or the CDP+2DC exceeded 0.03 g kg−1.

In order to locate the POC boundaries regardless of the time of day, infrared brightness

temperature imagery from Channel 4 (centered on 11µm) of the Geostationary Operational

Environmental Satellite imager (GOES-10), obtained roughly every fifteen minutes, is used

to locate the flight legs in relation to the POC boundary.

2.2.2 Differentiating between POC and overcast regions

We divide each relevant flight leg into POC, transition, and overcast (OVC) subsections

by visual inspection of the GOES-10 infrared (IR) imagery. This allows us to compare

the various boundary layer properties in the POC with those in the overcast region. This

approach is similar, but not identical to Wood et al. [2011a] and Berner et al. [2011], who

instead used radar reflectivity to distinguish the regions. Figure 2.2 shows subcloud flight

legs from each of the five POC cases overlaid on GOES-10 IR images taken closest to the

leg time. The transition region is identified to ensure that POC and overcast sections of the

flight leg solely sampled the corresponding cloud types, with its width determined from the

sharpness in the transition from overcast to broken clouds along the leg. In the following

analysis, we compare the thermodynamic, macrophysical, and microphysical characteristics

in the POC region and the overcast region.

2.3 Large scale context

2.3.1 Geographical and diurnal context

Four of the POC flights in this study were located at 80◦W and just to the north and south of

20◦ S. The RF13 POC was located slightly to the east at 78◦W (see Table 2.1 and Fig. 2.2).
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Figure 2.2: C-130 flight tracks overlaid on GOES-10 satellite imagery, in situ PCASP concentra-
tions, and Wyoming Cloud Radar (WCR) reflectivity cross-sections from subcloud legs of the five
POC cases analyzed in this study. For each POC case, the left panel shows the location of the flight
legs in relation to the overall POC structure. The flight track is colored by distinction between POC
(blue), overcast (red), and transition (green). The time of the flight leg (in UTC) is listed below
each satellite image. The top panel for each case shows the aerosol concentration as measured by
the PCASP (0.1µm< D < 3µm), where concentrations are filtered for drizzle events. The dotted
line indicating 50 cm−3 is highlighted in orange to remind the reader of the changing scale along the
ordinate. The panel below the PCASP concentrations shows the WCR column reflectivities with the
cloud base height from Wyoming Cloud Lidar traced in gray. All radar cross-sections and aerosol
concentration time series are aligned along the middle of the north transition region.
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The region around 20◦ S and 80◦W has been characterized by a combination of aircraft and

shipboard measurements made during VOCALS REx [Bretherton et al., 2010, Allen et al.,

2011] and shipboard measurements from seven research cruises conducted from 2001 to 2008

[de Szoeke et al., 2012], for which the values are summarized in Tables 2.2–2.4. During the

October and November months, the region was characterized by a median inversion height

of ∼ 1240 m (25th–75th percentile range of 1220–1330 m; Bretherton et al., 2010), a diurnal

mean cloud thickness of 250 m, corresponding to a mean liquid water path of 81 g m−2

[de Szoeke et al., 2012], and a mean cloud fraction of 90 % [de Szoeke et al., 2012]. Surface

mixed layer accumulation-mode aerosol concentrations in the region average approximately

140 cm−3, but with large variations such that the 25th–75th percentile range is 70–220 cm−3

[Allen et al., 2011]. Because stratocumulus cloud cover and drizzle rates tend to maximize

in the early morning hours [Wood et al., 2008, Leon et al., 2008, de Szoeke et al., 2012], and

because a goal of VOCALS-REx was to observe the precipitation characteristics in POCs,

four of the five POC-sampling research flights were conducted in the early morning hours

(Table 2.1). Large differences in cloud properties between the one POC sampled during

mid-day (RF13) and the four POCs sampled during early morning are apparent in the

precipitation rate and in-cloud turbulence (Table 2.3 and Sect. 2.5.3).

Table 2.1: Time and location of POC flights in which POC-legs were flown. The local
standard time is UTC – 5.3 h at 80◦W. Location denotes the center of all flight legs flown
for POC sampling.

Flight Date Time sampled - UTC Location sampled

RF06 28 Oct 2008 08:24–13:23 18◦ S 80◦W

RF07 31 Oct 2008 08:32–11:37 22.5◦ S 80◦W

RF08 2 Nov 2008 09:07–12:24 22.5◦ S 80◦W

RF09 4 Nov 2008 08:39–11:32 22◦ S 80◦W

RF13 13 Nov 2008 16:03–20:11 19.5◦ S 78◦W
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2.3.2 Synoptic setting

The C-130 VOCALS sampling period of 15 October to 15 November 2008 was characterized

as a quiescent period, in which little synoptic activity propagated from the mid-latitudes into

the VOCALS region [Toniazzo et al., 2011]. During this quiescent period, however, POCs

contributed substantially to cloud cover variability [Toniazzo et al., 2011]. Although no

evidence has been found to show that the synoptic waves directly cause the POC features

to form or that they help maintain POC features, because mid-latitude storms have the

potential of affecting air masses advecting into VOCALS region [George and Wood, 2010],

we cannot discount a possible influence from mid-latitude synoptic activity on the formation

of POCs.

2.3.3 Free troposphere

Lower tropospheric stability (LTS) over the subtropical stratocumulus regions is positively

correlated with low cloud cover [Klein and Hartmann, 1993, Leon et al., 2008]. In Table 2.2,

we compare the LTS, calculated as the potential temperature difference between 700 hPa

level and the surface, over the POCs and surrounding overcast region. We find no indication

that the VOCALS POCs formed under remarkably high or low LTS conditions. Because

the aircraft did not fly many profiles up to 700 hPa (∼ 3100 m), the same 700 hPa potential

temperatures are used to calculate LTS in POCs and overcast regions in Table 2.2. The

surface potential temperatures are the mean potential temperature from the subcloud legs in

each region. Because surface potential temperatures did not vary by much between separate

POC cases (287–289 K), variations in LTS between cases are largely due to differences in

the 700 hPa temperatures.

Stevens et al. [2005] observed a moister free troposphere (FT) above a northeast Pacific

POC, which led to the hypothesis that POCs formed under regions with moister FT. Wood

et al. [2008], however, found no evidence in the southeast Pacific that POCs formed prefer-

entially in regions with a moister FT. Likewise, if we compare the water vapor mixing ratio

(qv) from the above-cloud flight legs flown over the POC and overcast region, then we find

that qv is not consistently higher above the VOCALS POCs (Table 2.2).
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Table 2.2: Boundary layer and free tropospheric conditions in the POC and overcast (OVC) regions of the
five observed POC cases. In addition to the five VOCALS cases examined in this study, the mean conditions
at 80◦W during the VOCALS field campaign and measurements reported in previous studies are listed for
comparison. Mean and standard deviations are recorded as µ±σ, whereas 25th–75th percentile ranges are
shown as a range x25th –x75th. For conditions that vary with height level, the variables are preceded by
SC (subcloud), CL (cloud), and AC (above cloud) to indicate the height level at which the measurements
were taken. The inversion base height (zi, base) is estimated from the profile legs as the height of the coldest
temperature in the lower troposphere. The inversion height (zi) is estimated from the profile legs as the
height of the maximum of the 5 s-running-mean of dθ/dz. The lower-tropospheric stability (LTS), defined
as the potential temperature difference between 700 hPa and the surface, was calculated from taking the
difference between the mean SC leg potential temperature and the mean potential temperatures calculated
by the C-130 between 699 and 701 hPa and within ± 2.5◦ latitude and longitude of the POC location in
Table 2.1.
a Inferred from Bretherton et al. [2010].
b Estimated from flight-mean C-130 data taken between 77.5 and 82.5◦W across eleven research flights.
c VanZanten and Stevens [2005].
d Petters et al. [2006].
e Sharon et al. [2006].

Case Region zi, base zi LTS AC qv SST T0 – SST SC U

(m) (m) (K) (g kg−1) (◦C) (K) (m s−1)

RF06 POC 1262± 74 1411± 22 27 0.53± 0.21 17.3 −1.0 11.3± 0.9

OVC 1338± 49 1393± 18 26 0.21± 0.03 17.7 −0.5 11.1± 0.9

RF07 POC 1587± 15 1658± 25 22 0.27± 0.03 17.3 −1.6 8.0± 1.4

OVC 1613± 41 1654± 23 21 0.23± 0.07 17.7 −1.0 9.7± 1.1

RF08 POC 1599± 92 1642± 113 23 0.31± 0.05 17.5 −0.6 7.7± 1.1

OVC 1656± 34 1672± 24 23 0.24± 0.06 17.6 −0.0 8.2± 0.7

RF09 POC 1420± 58 1543± 129 24 0.26± 0.12 17.5 −1.5 7.2± 1.1

OVC 1521± 107 1539± 101 23 0.68± 0.10 17.8 −0.8 5.7± 0.7

RF13 POC 1343± 31 1365± 16 30 0.78± 0.12 17.9 −1.7 4.9± 1.2

OVC 1298± 15 1307± 19 29 0.33± 0.09 17.5 −0.3 5.0± 1.2

Mean

20S 80W 1220–1330a 24.7± 2.4b 17.8± 0.4a 8.0± 1.9b

DYCOMS II

VS05c POC 794

OVC 794

P06d POC 794

DECS

S06e POC 740–800

OVC 710± 75
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2.4 Boundary layer structure

2.4.1 Air–sea temperature difference

Air-sea temperature differences and wind speeds determine the temperature flux at the

surface. Except for RF13, the SSTs are slightly lower in the POC than in the overcast

region (Table 2.2). However, the apparent SST decrease in the POC is likely a sampling

artifact. First, the approximately 1 K decrease in the subcloud temperature and 1 g kg−1

increase in the water vapor mixing ratio in the POC can lead to a low bias in the SST

retrieved over the POC. Second, the decrease in cloud cover in the POC can decrease the

amount of reflected infrared radiation, also leading to a low bias in SST retrieved over the

POC [Smith et al., 1996]. Indeed, when the retrieved SST and downward infrared irradiance

are compared within the POC segments of the flight legs, they somewhat correlate with each

other. Despite this potential low bias of the POC SSTs, the estimated air–sea temperature

difference inside the POC is larger than in the overcast region (Table 2.2). The cooler

surface air temperatures in the POC, likely a result of cold pool formation, increase the

air–sea temperature difference in the POC.

Relative changes in wind speed across the POC-overcast transition are small (Table 2.2).

Therefore, any systematic changes in the surface sensible and latent heat fluxes are likely

due to air–sea temperature and moisture differences in the POC. Across different POCs, a

large range in surface-level horizontal wind speeds was measured (Table 2.2), which indicates

that the maintenance of POCs does not require stronger or weaker winds.

2.4.2 Inversion height and structure

A critical parameter in marine boundary layer (MBL) evolution is the inversion height,

which determines the cloud top height and affects the likelihood of boundary layer decou-

pling [Jones et al., 2011]. The inversion base height (zi, base) is estimated from the profile

legs as the height of the lowest temperature in the lower troposphere [Jones et al., 2011,

Wood et al., 2011a]. The zi, base of the observed POCs and the surrounding clouds range

from 1250 to 1650 m (Table 2.2), which is on the higher end of the range of zi, base observed

at 80◦W during all the VOCALS-REx flights [Bretherton et al., 2010], but there is no in-
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dication that POCs only form in deeper boundary layers. If we compare the POC with

the surrounding overcast region, the inversion base height is 25 to 100 m lower in the POC

than in the overcast region in RF06, RF07, RF08, and RF09, but 50 m higher for RF13,

the one POC sampled during the daytime. Inadequate sampling precludes attributing this

difference to the diurnal cycle. The zi, base observed in the VOCALS POCs are substan-

tially deeper than the 700–800 m inversion base heights of POCs observed previously over

the northeast Pacific [see Table 2.2; VanZanten and Stevens, 2005, Sharon et al., 2006]. We

conclude that POCs can be produced in boundary layers with a range of inversion heights.

The strength of the inversion determines how easily free tropospheric air can be entrained

into the MBL. We compare the inversion structure over the POC and overcast region in

Fig. 2.3. A mean profile for the overcast and POC region is constructed for each case

from averaging the potential temperature from the profiles in 25 m height bins. To compare

results from different POC cases, the mean inversion height (zi) from each POC and overcast

case found in Table 2.2 is subtracted from each profile. Rather than using zi, base for this

purpose (which would align the bottom of the gradient regions in the profiles), we define the

zi in each flight profile to correspond to the maximum of the 5 s-running-mean of dθ/dz and

subtract the mean of those heights from each averaged profile. Table 2.2 gives this mean zi

for the POC and overcast (OVC) regions of each flight; for the four early-morning flights,

the mean zi is quite similar in the POC and OVC regions, even though zi, base is lower in

the POC. Figure 2.3 shows that the inversion is typically sharper in the OVC region than in

the POC. This is expected given how radiative cooling from thick overcast clouds helps to

sharpen the inversion. However, the inversion structure also differs from case to case. For

example, the inversion in the overcast profile from RF09 is especially hard to identify. This

is partly a result of averaging four different overcast profiles into one, but visual inspection

shows that the inversions in individual profiles from the overcast region of RF09 are also

less sharp than in other cases.
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Figure 2.3: Potential temperature (θ) structure in POCs (left) and in overcast regions (right).
Profiles are mean profiles based on data from profiles binned every 25 m. The number of individual
profiles that are used to calculate the mean profiles is indicated in brackets next to each flight
number. The mean height of maximum potential temperature increase is subtracted from each
profile to examine the structures relative to the inversion height. Instead of the inversion base
height, the mean height of the maximum vertical gradient in potential temperature is chosen for the
reference height so that the temperature changes in each area are better aligned.

2.4.3 Decoupling

The degree to which the boundary layer is decoupled can be quantified by taking the differ-

ence (∆z) between the cloud base height and the lifting condensation level (LCL) from the

subcloud flight legs [Jones et al., 2011]. Defined this way, the decoupling gives an indication

of the relative timescales between boundary layer mixing and processes that act to stabilize

the boundary layer. From Table 2.3, we see that for all cases, the POC has a significantly

(150–350 m) lower LCL. In the nocturnal cases, the ∆z is larger (indicating stronger decou-

pling) in the POC than the surrounding OVC region. In the one daytime flight (RF13), the

OVC is more decoupled, consistent with observational and large eddy simulation studies

that find that solar insolation strongly decouples the daytime overcast boundary layer [Tur-

ton and Nicholls, 1987, Bretherton et al., 2004, Caldwell and Bretherton, 2009]. Although

Wood et al. [2011a] noted that the OVC region surrounding the RF06 POC was well-mixed

(∆z= 86 m), we find that this feature is not shared across the other POC cases.

The stronger decoupling in POCs is likely a manifestation of strong drizzle evaporation

in the subcloud layer that leads to the stabilization and decoupling of the lower boundary
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layer. This traps surface fluxes in the lower levels of the boundary layer and leads to lower

LCL. LES studies have shown that the increased stability from subcloud drizzle evaporation

enhances the transition from closed to open cellular convection [Savic-Jovcic and Stevens,

2008] and that cold pools help to organize cumulus cloud convection [Wang et al., 2010,

Berner et al., 2011]. It should however be noted that cold pools are not exclusive to POCs,

but are also observed under non-POC forming overcast stratocumulus, and hence do not

serve as a sufficient condition for POC formation [Terai and Wood, 2013].

2.4.4 Vertical wind variance (w′2)

Counteracting the stabilization of the boundary layer, the radiative cooling at cloud top

drives turbulence and enhances the mixing between the cloud layer and underlying surface

mixed layer. The strength of the turbulence can be quantified by the vertical velocity

variance (w′2) measured within cloud-layer legs. The cloud-layer leg w′2 is calculated by

taking the variance of the vertical velocity in each of the POC and overcast segments of

the cloud-layer flight leg. Corroborating Wood et al. [2011a], we find that w′2 is lower in

the POC across all cases (Table 2.3). The very low w′2 values in both POC and OVC

regions in the RF13 case sampled during mid-day are probably due to absorption of solar

radiation, which reduces the net cloud-layer radiative cooling that helps drive turbulence.

It is illuminating to see local variations in w′2 over the course of a flight leg, which we

calculate based on a 21 s (∼ 2 km) moving window, which acts as a crude high-pass filter

to isolate turbulent motions from mesoscale fluctuations. In Fig. 2.4, measurements from

the cloud-level flight leg of the RF08 POC are shown to illustrate the observed changes

in cloud, drizzle, and vertical wind speed across the POC-to-OVC transition. Figure 2.4b

shows that w′2 is intermittent in the POC. Long stretches of very low w′2 are interrupted

by short bursts of elevated w′2, which are associated with cumulus clouds. Although there

are fluctuations in w′2 in the overcast region, the values are generally high. Cloud level w′2

also gives an indication of how much turbulence is available to entrain air from the FT. The

much lower values of cloud-layer w′2 within POC regions compared to surrounding overcast

regions with similar inversion temperature jumps suggest that the entrainment rates over
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the POCs are much smaller than in the surrounding overcast regions, as found with LES

[Berner et al., 2011].

2.5 Clouds and precipitation

2.5.1 Cloud macrophysics

A defining difference between the POC and overcast regions in a satellite image is the differ-

ence in cloud fraction. For cloud fraction estimates we use the upward-pointing Wyoming

Cloud Lidar to detect overlying cloud during the C-130 subcloud flight legs. Cloud fraction

in overcast regions are nearly 100 %, while on average, the POC regions have more variable

cloud fraction between 56 % and 83 % (Table 2.3). The all-sky mean LWP can be higher

or lower in the POC than in the OVC region, but the relative standard deviation of LWP

(the ratio of the standard deviation of LWP to its mean, both given in Table 2.3), tends

to be larger in the POC. This, together with enhanced decoupling, is an indicator of more

cumulus-like convection within the POC [Jones et al., 2011].

These differences in cloud structures also manifest themselves in the precipitation rates.

The mean precipitation rates are higher in the POCs than in the surrounding OVC regions

(Table 2.3). POC radar reflectivities are also more broadly distributed. The column-

maximum radar reflectivity (Zmax) is plotted against the fraction of columns with reflectivity

greater than that value in Fig. 2.5a. The broader distribution in the POC is evident from the

shallower slope of the POC cumulative distribution, compared to the OVC. In particular,

there is a much larger fractional coverage of strong drizzle> 10 dBZ for all POC cases.

This contrast is consistent with statistics of the distribution of reflectivities within open

and closed cell stratocumulus observed previously over the SEP with shipboard cloud radar

[Comstock et al., 2007] and over the global oceans with CloudSat [Muhlbauer et al., 2014].

Terai and Wood [2013] found that precipitation at lower elevations is a better indicator

of cold pool formation than the occurrence of precipitation at cloud base (where the column-

maximum reflectivity is observed). Similarly, by examining the reflectivity at 250 m (Z250)

in Fig. 2.5b, instead of the column maximum (Zmax), we find that reflectivities greater

than 0 dBZ occur on average 10 % of the time in POCs compared to only ∼ 1.5 % of the
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and drizzle (qD – green) water mixing ratio; (b) 21 s running vertical wind variance (w′2); (c) 1 Hz
vertical wind speed (w – gray) and 21 s mean w (black); (d) cloud (orange – Nd) and drizzle (green
– ND) drop number concentration; and (e) precipitation rate R, based on 10 s averaged drizzle
drop size distributions. In the POC segment of the flight leg, active clouds, defined as cloudy and
drizzling data with w′2≥ 0.1 m2 s−2, are shaded in dark gray. Quiescent clouds, defined as cloudy
and drizzling data with w′2< 0.1 m2 s−2, are shaded in white. The clear regions in the POC, where
liquid water mixing ratios measured by the CDP or the PVM did not exceed 0.03 g kg−1, are left
unshaded.



19

−30 −20 −10 0 10 20 30
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Z
max

 (dBZ)

cu
m

ul
at

iv
e 

pr
ob

ab
ili

ty

 

 

RF06
RF07
RF08
RF09
RF13

POC
overcast

a

−30 −20 −10 0 10 20 30
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

Z
250

 (dBZ)

cu
m

ul
at

iv
e 

pr
ob

ab
ili

ty

 

 

RF06
RF07
RF08
RF09
RF13

POC
overcast

b

Figure 2.5: (a) The cumulative probability of column-maximum radar reflectivity Zmax

greater than the abscissal value for overcast (red) and POC (blue) regions. The mean
distribution are shown as bold lines, while individual flight legs are shown as thinner lines
with markers. Radar reflectivities from all level flight legs are used to make the distribution.
(b) Same as Fig. 5a, but for radar reflectivity at 250 m.



20

time in the OVC region. Among the different precipitation characteristics, this best dif-

ferentiates the POC precipitation from the OVC precipitation. The reflectivities at 250 m

are likely influenced by the amount of subcloud evaporation between the cloud base and

250 m. Therefore, the higher occurrence of> 0 dBZ precipitation at 250 m in the POC may

reflect lower cloud base heights in the POCs rather than a difference in the drizzle drop size

distributions.

The macrophysical signatures of the cloud and precipitation properties in POCs all point

to more vigorous convection and correspondingly patchier and heavier precipitation within

the POC than the surrounding overcast region.

2.5.2 Cloud microphysics

We now consider the cloud microphysical properties in the POCs. Consistent with previous

POC observations [Petters et al., 2006, Sharon et al., 2006, VanZanten and Stevens, 2005,

Wood et al., 2011a], all five of the POC cases examined here show cloud droplet number

concentrations (Nd) decrease by more than a factor of eight from the OVC region (Table 2.4).

Whereas the mean cloud-layer Nd inside the POCs has a range between 4 and 13 cm−3 across

cases, the Nd in the surrounding OVC region range from 52 to 207 cm−3, further showing

that POCs can persist when surrounded by a wide range of microphysical environments. In

the surrounding OVC, the case-to-case variations in Nd are highly correlated (r= 0.98) with

the variations in subcloud PCASP aerosol concentrations (Na). In the POCs, the relative

changes in Nd is much more spatially variable than in OVC clouds, and Nd is at least a

factor of three lower than the subcloud Na. As we discuss below (Sect. 2.5.3), this is due

to dramatically lower Nd in “quiescent” stratocumulus clouds than in the “active” cumulus

clouds that bring up the subcloud-layer aerosol. Despite this, the mean subcloud Na is

correlated to Nd in the POCs (r= 0.76). We use a w′2 threshold of 0.1 m2 s−2 as a means

of distinguishing between the quiescent and active clouds inside the POC, except for the

daytime case RF13, where the overall cloud-level vertical wind variance is low and hence

where a threshold of 0.03 m2 s−2 is used.

The horizontal-mean cloud water mixing ratio (qc) drops drastically inside the POCs
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(Table 2.4), due in part to a lower cloud fraction. In contrast, the horizontal-mean drizzle

water mixing ratio (qD) at least doubles inside the POCs, such that in all five POC cases

the mass of water in the drizzle mode is larger than that in the cloud mode; remarkably,

the qD/qc ratio is at least twenty-fold larger in the five POCs than in the OVC regions. The

increase in the estimated precipitation rate from the surrounding OVC region to the POC

is not as large as that in qD.

This apparent discrepancy is explained by the distinct size distribution of cloud and

drizzle drops in the POC (Fig. 2.6). If we examine the cloud and drizzle drop size distri-

butions measured by the CDP and 2DC in Fig. 2.6, we note a large increase in the drizzle

drop concentrations in the POCs. Because the increase mainly occurs in the size range of

smaller drops (30µm< 100µm), the larger concentrations in the POC do not contribute to

large differences in the precipitation rate. The increase in the number of large cloud and

small drizzle drops (15µm< 100µm) is curious and may be related to the very low Nd and

different cloud types in POCs.

2.5.3 Active vs. quiescent clouds

A closer examination of the clouds found in POCs reveals two general types of clouds:

thinner, stratiform, quiescent clouds and cumulus-like active clouds [Wood et al., 2011a].

We use a w′2 threshold of 0.1 m2 s−2 as a means of distinguishing between the quiescent and

active clouds inside the POC, except for the daytime case RF13, where the overall cloud-

level vertical wind variance is low and hence where a threshold of 0.03 m2 s−2 is used. Here

we calculate the w′2 as the 21-s running mean w′2. In the RF08 example (Fig. 2.4), one

can see lower Nd, lower vertical velocities, and consistently elevated drizzle drop number

concentrations (ND) in the quiescent clouds than in the active clouds. Table 2.5 quantifies

and summarizes differences between the active and quiescent clouds in the POC regions,

averaged for each of the five cases. Note that unlike Table 2.4, all of the listed variables

are only averaged over cloudy portions of the flight leg. Although there are uncertainties

in taking area estimates from one or two cloud-level flight legs, we find that across all POC

cases, the quiescent clouds make up most of the observed clouds in the POCs. The cloud
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droplet number concentration Nd is consistently lower within the quiescent clouds than in

the active clouds, the latter having mean Nd on the order of 15 cm−3. RF07 is an apparent

exception, but active clouds were rarely sampled on this flight, with only 2 km of the flight

leg sampling active clouds. The ratio between qc and qD differ between the two regions,

much like the change in ratio between overcast and POC clouds; in active clouds, qc and qD

are comparable, whereas in quiescent clouds, qD is far greater. Nonetheless, it is important

to note that the qD in both active and quiescent clouds of the POC is far greater than in

the overcast clouds. The high qD is likely to increase the accretion and self-collection rates

in POCs. Table 2.5 shows, however, that in each POC case higher qD in quiescent clouds

does not always translate to higher precipitation rates, which are estimated from the in

situ 2DC-measured drizzle size distribution averaged over the appropriate cloud type. As

in the POC-overcast comparison, this discrepancy exists because much of the drizzle mass

difference resides at the smaller sizes, which have a smaller influence on precipitation rate.

2.6 Aerosol

2.6.1 Accumulation-mode aerosol

Some of the macrophysical difference between the overcast and POC cloud characteristics are

attributable to differences in inversion structure and LCL height. Many of the microphysical

differences, such as differences in Nd, are attributable to the low accumulation-mode aerosol

concentrations (Na) in POCs. The POC subcloud-layer Na of ∼ 30 cm−3 (Table 2.4), as

measured by the PCASP, are much lower than the typical 25–75th percentile range of 70–

220 cm−3 [Allen et al., 2011] in the 80◦W region during the VOCALS-REx time period.

Na in the surrounding overcast regions range between 64 and 330 cm−3 across the five

cases, similar to the REx-mean distribution near 80◦W, and are well-correlated with Nd

(Table 2.4). The cases (e.g., RF08) with higher Na in the overcast region are related to

hook features associated with localized offshore aerosol transport in the free-troposphere

and boundary layer, described by George et al. [2013]. The subcloud Na in the POC is

uncorrelated with Na in the surrounding overcast and shows remarkable small variation

(24–40 cm−3) across the five POC cases. If we extend the comparison to other previously
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observed POC cases [Sharon et al., 2006, Petters et al., 2006, Wood et al., 2008], the

similarity in subcloud Na still holds (Table 2.4). Spatially, across the overcast-to-POC

transition, subcloud Na gradually decreases over tens of kilometers across the transition

(Fig. 2.2), whose gradients across the transition vary from case to case. Even within the

POC, Fig. 2.2 and Table 2.4 show that subcloud Na can spatially vary by more than 25 %.

Whereas we have mostly examined data collected during the level flight legs to exam-

ine horizontal gradients in Na, we use both the profiles and level flight legs to examine

the vertical distribution of Na (Fig. 2.7). In the RF06 case, Wood et al. [2011a] noted a

layer of ultraclean air in the POC region where mean PCASP aerosol concentrations are

considerably lower than 10 cm−3. We find that an ultraclean layer exists in all of the other

POC cases examined during VOCALS. The ultraclean layers typically extend from roughly

the stratocumulus cloud base height to the inversion base, with a broad range of thick-

nesses (from 200 m for RF06 to 700 m for RF07). The concentrations in the ultraclean layer

also vary from case to case, ranging from the very clean RF09 case, where a 400 m layer

with concentrations< 1 cm−3 was observed, to the more polluted RF08 case, where con-

centrations mostly hovered around 5 cm−3 and those concentrations< 1 cm−3 were rarely

observed. Concerning the structure of the ultraclean layer, with the exception of RF08, the

vertical gradient in aerosol concentration is sharper at the inversion compared to the more

gradual change from relatively well-mixed subcloud layer to the ultraclean layer.

2.6.2 Aitken-mode aerosol

Whereas Na is much lower in the POC at all heights, the same is not true for concentrations

of smaller aerosol particles. Past shipboard measurements [Kollias et al., 2004, Petters

et al., 2006, Tomlinson et al., 2007, Wood et al., 2008] reported an increase in the number

of Aitken-mode aerosols in the very clean regions of the POCs, suggesting that the low

aerosol concentrations in the POC allow for the nucleation of Aitken-mode aerosols. Their

growth to accumulation-mode sizes may potentially provide a source of cloud condensation

nuclei (CCN) in the POC [Kazil et al., 2011]. The Aitken-mode aerosol concentration is

estimated from our C-130 observations as the difference between total aerosol concentrations



25

for particles with diameter> 10 nm (CN) and those from the PCASP (> 100 nm). From our

observations of the five POC cases, no clear picture of enhanced or depleted Aitken-mode

aerosols emerges. Subcloud Aitken-mode aerosol concentrations in the POC only increase

for three of the five cases (RF06, RF08, and RF09; Table 2.4), and their concentrations do

not correlate with subcloud Na. We also find that except for the daytime RF13 flight, the

concentration of Aitken-mode aerosols decreases in the ultraclean layer, where we expect

the highest nucleation rates due to low aerosol surface concentrations. It must be noted

that four of the POCs were sampled during the night, when photochemical production

of nucleation mode precursor gases is absent. Whereas the processes that determine the

sources and sinks of accumulation-mode aerosols appear to have a clear vertical structure,

the Aitken-mode aerosols appear to be modulated by a variety of processes that are not as

well constrained across different POC cases.

2.6.3 Accumulation-mode aerosol budget in POCs

Although we should entertain the possibility that the relatively small variation between

cases in POC subcloud Na is coincidental, it certainly warrants attention. The similarity

across different POCs indicates that the source and sink balance of accumulation-mode

aerosols somehow gives rise to relatively constant concentrations. Such a stable equilibrium

at low aerosol concentrations is suggested by the modeling study of Baker and Charlson

[1990]. The small spread between cases is surprising given that the observations are strongly

suggestive of a surface source of aerosols and that mean surface wind speeds vary between

5 and 11 m s−1 between cases. Surface aerosol fluxes from sea-salt flux parameterizations

are strong functions of wind speed [e.g., de Leeuw et al., 2011].

If we assume that the primary source of aerosols in the POC is indeed the ocean surface,

then a steady-state CCN concentration in the POC subcloud layer (Ns) can be estimated

with the equation:

Ns = N+ +
F

MCu
, (2.1)

where N+ is the CCN concentration just above the subcloud layer, F is the surface source

of CCN-sized aerosols, and MCu is the entrained mass flux into the subcloud layer from
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above, that keeps the surface layer partially coupled to the cloud layer in the POC. This

must equal the cumulus mass flux out of the subcloud layer. In other words, the surface

flux of CCN is balanced by the mixing of CCN-depleted air into the top of the subcloud

layer.

We may obtain estimates of N+, F , and MCu to verify whether this balance equation

applies to the observed POC cases. N+ is estimated as the mean PCASP aerosol concentra-

tion from the below cloud flight legs. F is estimated using the sea salt flux parameterization

from Clarke et al. [2006], integrated over the same size range as that sampled by the PCASP.

The 10 m mean wind speed (u10) that is needed for the calculation is estimated from the

mean wind speed measured in the subcloud legs and assuming a log-wind profile with a

surface roughness of 1.86× 10−4 m [Wood et al., 2011a]. Because the parameterized aerosol

flux has a dependence of u3.41
10 , an order of magnitude difference in fluxes exists between the

low and high wind conditions (see Table 2.6).

The cumulus mass flux (MCu) can be estimated from examining the water balance at

the top of the subcloud layer. If we assume that the upward moisture flux in the cumulus

clouds is balanced by precipitation rates, then MCu can be estimated as

MCu =
R500

∆q
ρ, (2.2)

where R500 is the precipitation rate at 500 m, ∆q is the moisture difference between cloudy

and clear parcels at the top of the subcloud layer, and ρ is the air density, which we assume

to be 1 kg m−3. The precipitation rate at 500 m is chosen, because this is the approximate

height of the LCL (Table 2.3), which typically coincides with the height of the top of the

subcloud layer. The estimated cumulus mass fluxes, reported in Table 2.6, range between

1.0 and 2.8 cm s−1.

Except in RF09, the estimated F/MCu is much smaller than the observed Ns−N+, in-

consistent with the balance (Eq. 3.1). There are several possible reasons for this discrepancy,

in addition to the simplicity of the budget in Eq. 3.1. First, determining an appropriate N+

is made difficult by the vertical gradient in Na at the top of the subcloud layer, as evident

in Fig. 2.7. Rather than decreasing abruptly at the top of the subcloud layer, Na gradu-

ally decreases upward into the cloud layer. Second, we have neglected any other sources
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of CCN-sized aerosols, such as the growth of Aitken-mode aerosols to accumulation-mode

sized particles. Third, other budget terms such as losses from precipitation scavenging of

aerosols in the subcloud layer could be significant. What we can say from the values in

Table 2.6 is that F/MCu can easily vary by more than a factor of four, and their variations

do not correlate with Ns or Ns−N+. We are therefore left without an explanation to why

the subcloud Na in POC varies so weakly across different POC cases.

2.7 Non-POC cases

Two cases of cloud breaks which may appear as contenders for POCs, but which are excluded

from our definition of POCs, are examined here. The first case of cloud break-up sampled

during RF02 (18 October) and shown in Fig. 2.8a was sampled to the south of a hook-like

cloud feature of enhanced Nd from the transport and entrainment from the free troposphere

of anthropogenic aerosols [George et al., 2013]. Despite the break in the cloud to the south of

the hook feature, we do not identify this feature as a POC, because it lacks the microphysical

change (a substantial increase in effective radius at its edges) that we associate with POCs.

In situ observations show that instead of a decrease in accumulation-mode aerosols, there

is a subsequent increase in subcloud Na from ∼ 200 to ∼ 300 cm−3 to the south. Likewise,

the Nd increases from ∼ 100 to ∼ 200 cm−3 (not shown). From the C-130 observation

alone, however, we cannot determine the reason for the cloud break-up to the south. We do

find that the inversion at approximately 1000 m around 83◦W is anomalously low, and the

decrease in cloud cell size to the south in the satellite visible imagery hints at a lowering

of the inversion height to the south that might mean a lowering of cloud top heights to the

south.

The second case (Fig. 2.8b) corresponds to western edge of the stratocumulus cloud deck

observed during RF04 (23 October), where large drizzle rates were observed. High radar

reflectivities (> 10 dBZ), representing heavy drizzle, cold pool formation, and an increase in

cloud effective radius towards the edge of the cloud deck were observed in daytime satellite

retrievals of this case, but no open cellular convection was observed beyond the edge of the

overcast clouds, excluding this case from our definition of POCs. We also do not observe a

decrease in Na to the west of the break up, although a decrease of aerosols in the clear region
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Figure 2.8: (a) C-130 subcloud flight track from RF02 (18 October 2008 16:50 UTC) is
overlaid on GOES-10 infrared satellite imagery taken at the same time. As in Fig. 2.2, the
top right panel shows the in situ PCASP aerosol concentrations at ∼ 150 m. The bottom
right panel shows the WCR reflectivity with the flight altitude indicated in bold black and
the WCR/WCL-derived cloud top height and cloud base height indicated in gray. (b) Same
as (a) but for a subcloud flight track from RF04 (23 October 2008 10:20 UTC).

is not part of the definition of POCs in this study. This suggests that higher precipitation

rates at the edges of overcast clouds do not always indicate that the strong aerosol–cloud–

precipitation interactions that we observe in POCs are the cause for the break-up in the

clouds.

2.8 Discussion and conclusions

Five pockets of open cells (POCs) sampled during VOCALS-REx by the NSF/NCAR C-130

are comprehensively compared with their surrounding overcast regions. Free tropospheric

water vapor and temperature, sea surface temperatures, inversion height, and near-surface

winds were not found to differ appreciably in the POCs compared with the surrounding
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overcast stratocumulus areas, and are not very different from the REx-mean conditions in

the sampled regions. This latter fact indicates that POCs can be maintained under typical

large-scale meteorological conditions found over the Southeast Pacific.

A consistent feature of POCs is the presence of heavy drizzle rates (> 10 dBZ) and

associated cold pools, which are largely absent in the surrounding overcast regions. All five

of the observed POCs also contain both active, cumuliform and quiescent, stratiform clouds.

Active clouds associated with cumulus-like convection, make up a smaller proportion of the

cloud cover (CF< 25 %) in the POC and have larger cloud droplet number concentrations

(Nd) and larger cloud water mixing ratios (qc). Although collision-coalescence rates are

expected to be high in the active clouds, their comparatively high Nd (20 cm−3) suggests

that active clouds loft relatively aerosol-rich subcloud-layer air to the cloud layer. They

detrain some of this aerosol into surrounding quiescent clouds, which cover more of the

POCs and are characterized by very low Nd (< 10 cm−3) and high drizzle water mixing ratio

(qD). We cannot determine from these observations whether quiescent clouds are spatial

extensions of active cells, as in the trailing stratiform region of larger mesoscale convective

systems, are remnants of decaying active clouds, or are formed in situ. Snapshots of POC

cloud fields from LES studies of Berner et al. [2011] and Kazil et al. [2011] suggest that

quiescent clouds are spatial extensions of active cumulus clouds, but a closer examination

of the time evolution of quiescent clouds will be necessary to resolve this issue.

The efficiency of the in-cloud coalescence scavenging in cleaning out accumulation-mode

aerosols in POCs is most evident in the apparently omnipresent ultraclean layer observed in

all five POCs. The presence of the ultraclean layer, combined with the low values of vertical

velocity variance in the cloud layer within the POC and increased aerosol concentrations at

lower altitudes, also strongly suggests that the surface source of accumulation-mode aerosols,

and hence of cloud condensation nuclei, is more important than a free tropospheric source.

In addition, we find that the spread of mean subcloud-layer accumulation-mode aerosol

concentration (Na) in the POCs is remarkably narrow, with a mean value (∼ 30 cm−3)

that is close to values found in previously studied cases from other locations and times

[Sharon et al., 2006, Petters et al., 2006, Wood et al., 2008]. This mean value appears to be

insensitive to Na in the surrounding overcast region, suggesting that the factors controlling
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the aerosol budget in the POC are independent of those in the surrounding overcast.

The factors that determine the Na budget in the POC subcloud layer in the simple

aerosol budget of Eq. (3.1) are quantified in Table 2.6. We find that our simple budget

calculation does not shed light on explaining the narrow range of observed subcloud Na in

POCs. Instead it leaves us with a puzzle as to how the narrow range of Na exists when

the surface source of aerosols can differ by more than an order of magnitude. Because

high resolution cloud resolving model studies with interactive aerosols also show similar

accumulation-mode aerosol concentrations in the subcloud layer [Kazil et al., 2011, Berner

et al., 2013], further modeling studies with variable surface source functions may help shed

light on whether there is indeed a physical explanation for the similarity.

Finally it is important to state that while this study informs the mechanisms involved

in POC maintenance, it does not inform the mechanisms by which POCs form. Previous

modeling studies have looked at the transition from closed-cell to open cell convection

mediated by cold pool formation [Wang et al., 2010], cloud-aerosol interactions [Kazil et al.,

2011], or high liquid water path [Wang et al., 2010, Berner et al., 2013]. Observational

studies have noted the possible role of gravity waves [Allen et al., 2013] or larger cloud

droplet sizes [Wood et al., 2008] in POC formation, but widespread observational data

is still lacking, largely because POCs preferentially form overnight [Wood et al., 2008].

A concerted effort to combine satellite retrievals and regional models will likely be necessary

to pin down the key factors that contribute to POC formation; in a future paper, we will

present a satellite-based study of the evolution of the five VOCALS-REx POC cases prior

to the in situ aircraft observations.
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Table 2.3: Similar to Table 2.2 but for boundary layer thermodynamic and cloud macrophysical properties.
The lifting condensation levels (LCL) from the SC legs are reported here. Cloud fraction (CF) is based on the
WCL cloud detection from the subcloud legs (1 Hz resolution). The decoupling parameter ∆z is the mean
height difference between the cloud base height and the LCL. ZmaxR are segment means, and therefore
include drizzling, as well as non-drizzling portions of the legs (1 Hz resolution).
a Estimated from flight-mean C-130 data taken between 77.5 and 82.5◦W across eleven research flights.
b Inferred from de Szoeke et al. [2012].
c VanZanten and Stevens [2005].

Case Region ∆z LCL CL w′2 CF SC LWP ZmaxR

(m) (m) (m2 s−2) (%) (g m−2) (mm d−1)

RF06 POC 343 480 0.17 56 251± 238 4.3

OVC 89 829 0.69 100 173± 86 2.6

RF07 POC 781 605 0.05 75 27± 25 5.8

OVC 255 950 0.52 100 166± 79 2.1

RF08 POC 545 619 0.09 80 110± 81 5.0

OVC 299 968 0.67 100 131± 107 0.6

RF09 POC 429 532 0.08 73 107± 194 1.7

OVC – 845 0.37 – 137± 62 1.3

RF13 POC 372 419 0.03 83 215± 206 2.8

OVC 517 569 0.12 100 59± 39 0.3

Mean

20◦ S 80◦W 309± 147a 840± 60b 0.53± 0.14a 90± 4b 81± 10b 0.3–2.3a

DYCOMS II

VS05c POC 0.42± 0.03

OVC 0.32± 0.03
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Table 2.4: Similar to Table 2.2 but for cloud microphysical and aerosol properties. Aerosol concentrations
are filtered for possible drizzle shattering events.
a Estimated from leg-mean C-130 data taken between 77.5 and 82.5◦W across eleven research flights.
b Inferred from Allen et al. [2011].
c VanZanten and Stevens [2005].
d Petters et al. [2006].
e Sharon et al. [2006].
f Wood et al. [2008].

Case Region Nd ND CL qc CL qD SC Na CL Na SC CN CL CN

(cm−3) (L−1) (g kg−1) (g kg−1) (cm−3) (cm−3) (cm−3) (cm−3)

RF06 POC 10± 13 275± 264 0.06 0.11 32± 18 1.7± 4.7 137 80

OVC 94± 21 12± 7 0.31 0.03 103± 25 – 145 –

RF07 POC 4± 3 316± 128 0.03 0.08 29± 9 1.1± 1.8 140 80

OVC 67± 29 44± 95 0.34 0.04 74± 20 – 195 –

RF08 POC 13± 12 251± 217 0.06 0.09 40± 13 22.0± 11.4 383 261

OVC 208± 75 4± 4 0.27 0.00 324± 166 – 636 –

RF09 POC 6± 11 171± 143 0.02 0.05 24± 12 6.1± 12.2 307 214

OVC 52± 20 25± 33 0.14 0.02 65± 9 – 207 –

RF13 POC 8± 8 270± 232 0.04 0.06 37± 11 4.2± 3.9 177 316

OVC 94± 62 40± 22 0.26 0.02 90± 13 – 247 –

Mean

20◦ S 80◦W 133± 57a 0.09–0.29a 0.00–0.04a 70–220b – 300–480b –

DYCOMS II

VS05c POC 55± 16

OVC 70± 17

P06d POC 30± 15 40

DECS

S06e POC 20 ∼ 10

OVC 40–60 ∼ 50

W08f POC ∼ 20–50

OVC ∼ 100–300
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Table 2.5: In situ measurements of cloud and drizzle properties of active and quiescent clouds observed
across the five POC cases. A w′2 threshold of 0.1 m2 s−2 is used to categorize cloud measurements as either
active or quiescent, except for the day-time flight RF13, where a threshold of 0.03 m2 s−2 is used. All
active and quiescent values are averaged over in-cloud measurements, defined as measurements for which the
combined liquid water mixing ratio from CDP and 2DC is greater than 0.03 g kg−1 or the PVM liquid water
content is greater than 0.03 g kg−1.

Case Cloud Length Fraction w′2 Nd ND qc qD Rinsitu

(km) (%) (m2 s−2) (cm−3) (L−1) (g kg−1) (g kg−1) (mm d−1)

RF06 Active 32.5 14.6 0.70 21 280 0.29 0.22 24.0

Quiescent 78.2 35.1 0.03 5 272 0.05 0.22 15.1

RF07 Active 2.0 3.3 0.17 5 233 0.07 0.09 3.5

Quiescent 24.4 40.6 0.04 5 323 0.06 0.19 9.3

RF08 Active 14.6 22.5 0.18 19 213 0.12 0.15 11.5

Quiescent 23.6 36.3 0.05 9 274 0.08 0.16 7.9

RF09 Active 5.2 4.3 0.55 26 49 0.15 0.02 2.1

Quiescent 37.4 31.2 0.03 3 188 0.03 0.15 8.6

RF13 Active 32.0 15.1 0.06 15 214 0.16 0.11 5.9

Quiescent 52.5 24.8 0.01 4 307 0.06 0.16 9.9
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Table 2.6: Aerosol budget values. Values relevant to the aerosol budget of Eq. (3.1) are
listed. Measured values include, PCASP-sized aerosols from subcloud (Ns) and below cloud
(N+) flight legs and ∆q, the mean difference in water (vapor + cloud) mixing ratio between
cloudy and clear conditions measured in below cloud legs. The surface aerosol flux (F ) of
PCASP-sized aerosols is estimated from the subcloud leg-mean wind speed (see Table 2.2)
using the parameterization from Clarke et al. [2006]. POC-mean precipitation rate (R500) at
500 m is estimated from the radar reflectivity at 500 m using the Z–R relationship proposed
by Comstock et al. [2004] (R (mm d−1) = 2.01Z0.77). The cumulus mass flux MCu is
estimated using the relationship in Eq. (3.2).

Case Ns N+ Ns −N+ F R500 ∆q MCu F/MCu

(cm−3) (cm−3) (cm−3) (×103 m2 s−2) (mm d−1) (g kg−1) (cm s−1) cm−3)

RF06 32 16 16 230 2.2 0.9 2.8 8.1

RF07 29 18 11 70 2.8 1.2 2.7 2.6

RF08 40 23 17 62 2.7 1.1 2.8 2.2

RF09 24 20 4 49 0.8 0.9 1.0 4.8

RF13 37 12 15 13 1.5 0.8 2.2 0.6
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Chapter 3

MICROPHYSICAL PROCESSES IN POCKETS OF OPEN CELLS

The previous chapter addressed the measurable boundary layer and cloud differences

between the POC and the surrounding overcast region. In POCs, the cloud drop num-

ber concentrations, drizzle drop concentrations, and droplet size distributions all suggest

the strong influence of microphysical process rates in enhancing drizzle production and in

cleaning out the cloud condensation nuclei (CCN) sized aerosol particles. This chapter con-

cerns itself with inferring the microphysical process rates in POCs based on the measured

drop size distributions in order to compare the process rates between the POC clouds and

clouds found in the overcast region. The microphysical process rates concerned here are

the rates at which the cloud and drizzle drops collide and coalesce with each other, namely

autoconversion, accretion, and cloud droplet self-collection.

3.1 Introduction - estimating microphysical process rates in POCs

In the previous chapter we identified several common aspects that differentiate the POC

boundary layer from the boundary layer of surrounding overcast regions. The most consis-

tent difference between the POC and overcast boundary layer is the low accumulation-mode

aerosol concentration in the POC ranging from 24 to 40 cm−3 in the subcloud layer, com-

pared to 65 to 324 cm−3 in the overcast region. In the cloud-layer of the POC, accumulation

mode aerosol concentrations can be as low as 1 cm−3. This low concentration leads to much

lower cloud droplet number concentrations (Nd) in the POC. Because reduced Nd has been

associated with higher precipitation rates [e.g., VanZanten and Stevens, 2005, Comstock

et al., 2004, Terai et al., 2012] and indeed precipitation rates are higher in POCs (Table

2.2), it logically follows that we expect higher drizzle-forming collision-coalescence rates in

the POC. The occurrence of radar reflectivities >10 dBZ (roughly corresponding to precip-

itation rates >10 mm d−1) are also far more prevalent in the POC (Chapter 2). We also
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find that the ratio of drizzle water mixing ratio (qD) to cloud water mixing ratio (qc) in-

creases an order of magnitude in the POC. More specifically, droplet size distributions (as

in Fig. 2.6) reveal a very distinct increase in the number of small (< 100µm) drizzle drops.

Even within the POC, there are distinct differences in microphysics between active and

quiescent clouds (Table 2.5). Except for the RF06 case, the number of drizzle drops (ND)

is particularly high in quiescent clouds, compared to active clouds. In this chapter, the

collision-coalescence processes in the POC are examined using the droplet size distributions

measured aboard the C-130 through application of the stochastic collection equations to

understand why we observe these microphysical differences in the POC.

The collision-coalescence of cloud and drizzle droplets are normally categorized into four

microphysical processes: autoconversion (collision of two cloud droplets to form a drizzle

drop), accretion (collection of a cloud droplet by a drizzle drop), self-collection of cloud

droplets (collision of two cloud droplets to form a bigger cloud droplet), and self- collection

of drizzle drops. The self-collection of drizzle drops will not be included in the following

analysis. To differentiate these processes, we need to define a threshold radius that differ-

entiates cloud from drizzle drops. We choose a threshold of 25µm, because it is the same

threshold used by the bulk parameterization of Khairoutdinov and Kogan [2000], which is

commonly used in many cloud resolving and larger scale models. By differentiating the

collision-coalescence processes in the analysis, we are able to compare the rates calculated

from the stochastic collection equation (SCE) with those calculated from bulk cloud micro-

physical parameterizations, in the same vein as Wood [2005] and Gettelman et al. [2013].

This will allow us to test whether bulk cloud microphysical relationships are adequate to

capture the microphysical processes taking place inside the POC.

Modeling studies of POCs in large eddy simulations incorporating interactive aerosol mi-

crophysics have attempted to keep track of the sources and sinks of aerosols and water [Kazil

et al., 2011, Berner et al., 2013]. For example, Berner et al. [2013] reported how autoconver-

sion (Au) and accretion (Ac), among other sources and sinks, contributed to the evolution of

boundary layer CCN concentrations. In their simulation of POC-like clouds, accretion was

found to be the dominant contributor to drizzle mass production, as well as the dominant

sink for CCN-sized aerosols [Berner et al., 2013]. However, due to the computational costs
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of using bin-microphysics, these studies employ bulk microphysical parameterizations to

treat drizzle formation and impacts on aerosols. Because the bulk schemes are constructed

to apply to clouds in typical drizzling conditions, and not specifically to POCs, where Nd is

extremely low, it is unclear whether they capture process rates in POCs. We will address

whether this is the case by comparing process rates calculated using bin microphysics with

those calculated using bulk microphysics.

The data available to us constrain the questions and scope of our investigation. From the

C-130 flights, we have measurements of cloud and drizzle drop size distributions (DSDs) from

the CDP and 2DC probes, described in Chapter 2. Figure 2.6 provides one such example.

These measurements were taken from the level flights legs, flown at cloud-level, typically

200 m below the cloud top. Although this provides us with continuous and consistent

measurements of cloud measurements taken at one level, it does not provide us with much

information about how DSDs vary with height in the POC and overcast clouds. Saw-tooth

profile legs flown in the POC and overcast boundary layer may provide this information,

but an examination of the saw-tooth legs shows that due to large horizontal variability in

the POC clouds and the lack of cloud sampling, information on the vertical profile cannot

be obtained in the POC.

Although there have already been a number of both observational and modeling studies

on POCs, some questions remain unanswered and are addressed in this chapter. For exam-

ple, what are the rates at which collision-coalescence removes CCN from the POC region?

Are the removal rates substantially higher within the POC compared to neighboring over-

cast regions? What processes actually dominate precipitation formation and CCN removal?

The current chapter is organized such that Section 3.2 provides the methods of how DSDs

and the SCE solver by Bott [1998] are used to estimate microphysical process rates. Section

3.3 covers segment-mean process rates. Section 3.4 compares the process rates calculated

using the Bott scheme with bulk parameterizations of Khairoutdinov and Kogan [2000].

Section 3.5 examines the sensitivity of the process rates to the length scales over which

DSDs are calculated. Section 3.6 employs a simple parcel model to determine whether the

DSDs of quiescent clouds can be obtained from the evolution of active cloud DSDs purely

through collision and coalescence. Section 3.7 provides a summary and conclusions to the
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chapter.

3.2 Droplet size distribution and stochastic collection equations

To estimate the rate at which cloud drops are converted into drizzle drops (both mass and

number) and the rate at which aerosols are lost to collision-coalescence from autoconversion,

accretion, and self-collection, we calculate the stochastic collection equations (SCEs) using

a Linear Flux Method solver based on Bott [1998] as described by Wood [2005] and Wood

and Hartmann [2006].

The SCE calculates how the DSDs evolve, based on the probability that two drops of

different size collide and produce a larger drop. Applied to a size distribution, the equation

takes the form

∂n(x)

∂t
=

∫ x1

x0

n(xc)K(xc, x
′)n(x′)dx′ −

∫ ∞
x0

n(x)K(x, x′)n(x′)dx′, (3.1)

where n(x) is the concentration of drops with a mass of x, xc = x− x′, K(xc, x
′) is the

collection kernel describing the rate at which a drop of mass xc is collected by a drop of

mass x′, x0 is the mass of the smallest drop considered, and x1 = x/2. The collection kernel

K(i, j) takes the form

K(i, j) = E(i, j)π(ri + rj)
2 |vT (ri)− vT (rj)| , (3.2)

where E(i, j) is the collision efficiency, summarized as the likelihood that two drops

collide and coalesce given that their paths intersect, ri and rj are the radii of drops with

mass i and j, and vT (r) is the terminal fall velocity of a drop with a radius of r. As noted

by citetwood2005, the collision efficiencies are based on those reported by Hall [1980], Davis

[1972], and Jonas [1972].

Unless otherwise noted, process rates are calculated on measured DSDs averaged over

10 seconds of data, which is equivalent to calculating process rate estimates every 1 km of

horizontal flight. Because drop counts in the first three bins of the 2DC (radius < 43.75 µm)

are not included due to quality control, a gap between the CDP and 2DC measurements

exists. This poses a problem because the cutoff radius distinguishing cloud drops from
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drizzle drops lies at 25 µm. Therefore, the concentration of droplets between the CDP and

2DC measurements are inferred by interpolating the concentrations between the CDP and

2DC concentrations. The interpolation scheme uses the last 3 CDP bin concentrations and

first available 2DC bin to do a linear fit in log-log space. The linear fit provides interpolated

concentrations in five bins equally spaced in log-space between the last CDP bin and first

2DC bin. Because the CDP has a smaller sampling volume than the 2DC, in calculating

the linear regression, the CDP and 2DC measurements are weighted by the total number of

counts that go into calculating the concentrations in each bin. When no counts are available

for either the CDP or 2DC measurements to produce an interpolation, the concentrations

in the gap are considered to be zero. An example of the interpolated DSDs based on the

measured DSDs of RF08 is shown in Fig. 3.1.
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Figure 3.1: Droplet size distribution from RF08, where the gap between the the CDP and
2DC measurements are interpolated to provide a continuous size distribution. The cyan
and blue lines indicate averages in the POC, whereas the magenta and red lines indicate
averages from the overcast.

To estimate the process rates from the incloud flight legs, the following steps are taken.

First, a 10-s-averaged DSD is calculated based on the CDP and 2DC measurements. Then,

the measurement gap is interpolated to form a continuous DSD. Using the Bott SCE solver

and using a threshold size of 25 µm, the mass and number autoconversion rate and accretion

rate are calculated, in addition to the number loss rates due to self-collection of cloud drops.
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3.3 POC-to-overcast transition and segment-mean process rates

Figure 3.2 plots the microphysical process rates calculated during the incloud flight leg

of RF08 (same flight leg as that plotted in Fig. 2.4), along with the cloud and drizzle

bulk microphysical properties as measured by the CDP and 2DC (cloud droplet number

concentration Nd, drizzle drop number concentration ND, cloud water mixing ratio qc, and

drizzle water mixing ratio qD). If we examine the mass conversion rate from cloud to

drizzle due to autoconversion (Au) and accretion (Ac), we can see that Ac dominates the

mass conversion rate in both the POC and overcast clouds. The difference between the

two process rates increases considerably in the POC, where Ac appears to be two orders of

magnitude higher than Au. We also notice that there are considerable gaps in Au in the

overcast clouds where there are continuous cloud measurements. These gaps occur where

qD is nearly zero. As a result, there are scant drizzle counts for the DSD interpolation

scheme to help fill in the concentrations of cloud drops around the 25 µm cutoff. This is

one limitation of this method of trying to estimate process rates (especially Au) from the

measured DSD.

Shifting our focus to the Nd loss rates, we also incorporate the self-collection of cloud

droplets in these calculations. When we incorporate self-collection into the comparison, we

find that self-collection dominates the loss rates of cloud drops in the overcast clouds. Once

substantial drizzle forms, such as in the POC clouds, accretion starts to dominate cloud

droplet loss rates. From this flight transect alone, it is not clear though that cloud droplet

loss rates are substantially higher in the POC. Subsequent sections will address whether

cloud drop loss rates are indeed higher in POCs.

We continue the analysis by examining the segment-mean process rates from inside and

outside the POCs from the five POC cases (RF06, RF07, RF08, RF09, and RF13). The

autoconversion and accretion rates can be quantified in two ways, by tracking the mass

budget of water or by tracking the number budget of the cloud and drizzle drops. Whether

we examine the mass or the number budgets depends on the role of drizzle that we are

interested in learning. If we are more interested in the rate of production of rain, then the

mass budget is important. If we are more interested in the loss rate of aerosols through
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collision-coalescence, then the cloud droplet number budget is important.

We first examine the segment-mean mass conversion rates in Fig. 3.3a, where the mass-

conversion rates of accretion (Ac) are plotted against those of autoconversion (Au). The

open circles indicate segment-mean rates found in the overcast section, while the filled circles

indicate segment-means from the POC section. Circles are colored by the POC case. Au in

the overcast region range from 10−11 to 1.5×10−10 kg m−3 s−1, while ranging from 5×10−11

to 10−9 kg m−3 s−1 in the POC. Although the conversion rates overlap in the two areas, Au

is higher in the POC than in the neighboring overcast in every case. The same can mostly

be said of Ac, except for RF09, where the Ac in the overcast region are higher than in

the POC. Ac across cases and regions are also about two orders of magnitude higher than

Au. This indicates that the precipitation from clouds in and around POCs are produced

primarily by accretion. Height dependence of Au and Ac exist [Wood, 2005], but given

the height dependence estimates that we present below, it is unlikely that Au dominates

production of rain in these clouds.

We now examine the number conversion rate in Fig. 3.3b and 3.3c, where the segment-

mean number-conversion rates of accretion are plotted against those of self-collection (3.3b)

and autoconversion (3.3c). Unlike Fig. 3.3a, the number-conversion rates are plotted on

a linear scale. It is important to note that whereas accretion, autoconversion, and self-

collection all lead to the loss of cloud droplets, only autoconversion increases ND. As in

the previous plot, we find that loss rates due to accretion dominate those of autoconversion

(Fig. 3.3c) as well as self-collection, regardless of region (POC vs. OVC) or case. Accretion

loss rates range in the order of 10 cm−3 h−1, while self-collection loss rates range are of

order the 1 cm−3 h−1, and autoconversion loss rates of order 0.1 cm−3 h−1. It is important

to note that these values are in-cloud loss rates, based on the measurements at one level

and are not representative of boundary layer-mean loss rates. Whereas the mass conversion

rates were generally higher in the POC than in the overcast region, the number loss rates

are not consistently higher in the POCs. In RF09, RF13, and one of the legs from RF06, the

loss rates in the overcast region are higher than in the POC. Contrary to what is expected

from the simple explanation that aerosol concentrations are lower in the POC due to higher

loss rates, a consistent picture of higher loss rates in the POC does not emerge from this
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Figure 3.3: Estimated segment-mean rates of (a) mass conversion of cloud into drizzle water
due to accretion and autoconversion, of (b) cloud number losses due to accretion and self-
collection, and of (c) cloud number losses due to accretion and autoconversion. Open circles
indicate segment means from the overcast section, while filled circles indicates means from
the POC section of the in-cloud flight legs. Circles are colored by the POC case.
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comparison. Part of this may be due to lack of cloud sampling. However, this can largely

be understood by distinguishing between the conditions necessary to form POCs and those

necessary to maintain POCs. All of POC cases here were sampled by the C-130 after the

POC features had formed, hence we are examining to process rates that maintain POCs.

Once the aerosol concentrations are reduced during the initial formation of POCs, the loss

rates in the POC do not need to be higher than in the overcast region to maintain the low

aerosol concentrations.

From this comparison, it is also unclear why ND is much higher in the POC than in

the overcast (see Table 2.4). From Fig. 3.3c, we not only can estimate the cloud drop loss

rates, but can also estimate the production rate of drizzle drops. Given that the number

concentration of drizzle drops is at least twenty times higher in the POC than in the overcast,

we would have expected higher number conversion rates in the POC. It is possible that there

is a different height dependence of conversion rates in the POC and overcast regions, but

there are insufficient cloud profile transects exist to address this possibility. Therefore, we

are left with a puzzle from the in-cloud flight leg observations of droplet size distributions.

In Fig. 3.3c, we found the cloud droplet number loss rates are not consistently higher

within the POC despite larger drizzle water mixing ratios within the POC. The loss rates

in the POC may sometimes be lower than in the overcast region by there being fewer cloud

drops in the POC. Therefore, although loss rates may be lower in some of the POCs, the

timescales over which cloud droplets are all collected in the POC would always be lower

due to low Nd. By combining the number loss rates in Fig. 3.3b and 3.3c we estimate the

cloud drop loss rate in POCs and in the overcast region by quantifying Ṅd/Nd against the

insitu-derived precipitation rate from each segment (Fig. 3.4). Color and filled conventions

of the data follow previous two figures.

As expected, the rate of complete removal of the cloud drops is consistently higher in the

POC. Based on these observations, the time scale of complete removal in the POC is on the

order of fifteen minutes to an hour. In contrast, the time scale in the overcast region is 2+

hours. We can compare our results with a CCN-loss rate parameterization from Wood and

Hartmann [2006], based on the same methods used in this analysis, but with a different set

of aircraft data. We notice that the parameterization does well in predicting the removal
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Figure 3.4: Estimated segment-mean rate of complete removal quantified as Ṅd/Nd plotted
against the segment-mean precipitation rate. Color and filled conventions of the circles
follow previous figure.

rates in the overcast clouds. However, we find that the removal rates in the POCs lie

substantially above the line, indicating that the clean-out rate in the POC is quicker than

that inferred from the precipitation rate based parameterization of Wood and Hartmann

[2006]. This discrepancy is likely due to the choice of the coefficient for the mean collection

efficiency (E0) in the parameterization of Wood and Hartmann [2006]. Although further

work is necessary to verify this, given the wide distribution of POC DSD, E0 is likely higher

in the POC compared to that of typical drizzling stratocumulus. This is likely due to the

shift of the peak of cloud droplet concentrations to larger radii, where the collision efficiency

with the collector drops is higher. To test this possibility, a closer inspection of which drop

size ranges contribute to the total collision-coalescence loss rates will be necessary.

3.4 Comparison with bulk microphysics parameterizations

The results above are computed using the measured DSDs. The computational costs of

running a bin microphysics scheme in large eddy simulation are high, and therefore, many

studies of POCs using such models have employed bulk microphysics schemes to represent

drizzle formation [e.g., Berner et al., 2011, Kazil et al., 2011, Berner et al., 2013]. Here,

we assess how well the process rates from the Khairoutdinov and Kogan [2000] (KK00,
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hereafter) bulk microphysics scheme compare with the process rates that we estimate from

DSDs.
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Figure 3.5: Cloud level estimates from RF08 of (a) autoconversion rates based on the Bott
SCE-solver (blue) and the KK00 bulk parameterization (red); (b) accretion rates based on
the Bott SCE-solver (blue) and the KK00 bulk parameterization (red). Process rates are
calculated based on 1 km averaged drop size distributions and their bulk properties.

Figure 3.5a and 3.5b show Au (Fig. 3.5a) and Ac from RF08 (Fig. 3.5b). Process rates

calculated using the bulk KK00 formula are shown in red, while those calculated using the

droplet size distribution are in blue. Apart from a few instances, especially for Au inside the

POC, the process rates agree quite well. The very good agreement in the Ac is especially

reassuring, given that Ac dominates both drizzle formation and cloud drop loss rates in the

POC.

Fig. 3.6a and b show how well the bin and bulk microphysical process rates agree in

terms of segment means across the five POC cases. Whereas Ac between the SCE and KK00

parameterization agree very well, the KK00 Au are biased higher by approximately three

to four times the SCE values. Surprisingly, this positive bias of KK00 accretion values is

not unique to the POCs, but also appears in the overcast clouds. A similar comparison was

done by Wood [2005], where Ac and Au from the SCE were compared to those calculated

using the KK00 parameterization. For the set of data examined by Wood [2005], the KK00

tended to overestimate Au at rates < 10−9 kg kg−1 s−1. Our results are fairly consistent with
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Figure 3.6: Comparison of SCE-based and KK00-based segment-mean rates (a) autocon-
version and (b) accretion. Color and filled conventions of the circles follow previous two
figures.

those of Wood [2005], although the bias appears to exist across all rates. This is curious

given that the range of Au estimated from the aircraft observation lies within the range over

which the KK00 parameterization was developed. A comparison with process rates from

other VOCALS incloud legs will be necessary to verify whether the overcast and POC drop

size distributions are unique to result in a large overestimation by the KK00 Au.

3.5 Scale dependence

Because autoconversion and accretion are not linear functions of qc, qD, and Nd, we might

expect that the length scales over which DSDs are averaged over to calculate the process

rate to affect the segment-mean process rates that we calculate. When using the DSDs

to calculate the process rates, we are constrained by two factors. First, if we take too

large of a length to produce the DSDs, then we may miss cloud-scale variations in qc, qD,

and Nd, leading to an underestimate of process rates [Larson et al., 2001]. On the other

hand, if we choose too short of a segment to average over, we might not accumulate enough

measurements of cloud drops, especially those with low concentrations, to create an accurate

size distribution over which autoconversion and accretion rates may be calculated.

In the analyses of previous sections, DSDs were calculated every 10 seconds (1 km). We
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test the effect of length scale on the segment-mean Au and Ac that we calculate by comparing

segment-mean Au and Ac when we calculate the process rates over 5 seconds and 40 seconds.

The comparison is shown in Fig. 3.7 (Au in Fig. 3.7a and Ac in Fig. 3.7b). We notice that

both Au and Ac are rather insensitive to the choice of averaging length for the DSD (from

5-40 s). For Au, averaging the DSDs over 40 s leads to slightly lower rates, compared to

when they are averaged over 5 seconds. This lends confidence that the process rates that we

previously using 10 s-averaged DSDs are not heavily dependent on the choice of averaging

length. On the other hand, given the scales over which qc and qD vary in the flight leg (see

Fig. 3.2) if we tried to average the DSDs over 20 km or longer, we may start to see larger

differences.
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Figure 3.7: Comparison of SCE-based segment-mean rates of (a) autoconversion and (b)
accretion for averaging lengths of 0.5 and 4 km. Color and filled conventions of the circles
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3.6 Limitations to method

There are a number of limitations to our method in trying to compare microphysical process

rates in POC and overcast clouds. One issue that we are unable to tackle is the issue of

spatial heterogeneity of the clouds that asks to what extent our analysis is able to capture

the true distribution of cloud microphysical process rates when we miss many of the clouds

in the POC segments of the flight. One issue that we attempt to address here is one of the
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vertical distribution of hydrometeors, and hence, of process rates. As mentioned earlier,

sampling limitations inhibit us from examining the vertical distribution in POC clouds.

However, we can examine the vertical structure of accretion and autoconversion rates in

stratocumulus more generally by expanding the data to all VOCALS cloud profiles flown

by the C-130.

The vertical cloud profiles from the C-130 aircraft data are combined and the Au and

Ac, based on 10-second averaged DSDs are calculated, much like the in-cloud level flight

legs. After the cloud top and cloud base are determined using a 5-s-smoothed liquid water

content cutoff of 0.01 g m−3 to define cloud, the data are normalized such that the cloud

bottom is assigned a height of zero and the cloud top unity. Then the Au and Ac values

are binned into twenty height bins. Finally, the process rates are normalized by the profile-

mean process rate. This allows us to examine how the height in cloud at which the aircraft

samples affects the inferred process rates. Fig. 3.8 and 3.9 show the vertical structure

of the mass conversion and number conversion rates from autoconversion and accretion,

based on the VOCALS aircraft data. Each blue line is an individual profile, while the bold

black line indicates the median and thin black lines indicate the 25th and 75th percentile

values. As was found by Wood [2005], process rates increase with height. Accretion shows

a wider distribution in what the vertical structure can look like from cloud to cloud, while

autoconversion has a tighter distribution.

In the context of our observations of POC and overcast clouds, the aircraft generally flew

roughly 200 m below the cloud top, which corresponds to about 1/2 to 2/3 height within the

cloud. According to Fig. 3.8 and 3.9, this corresponds to roughly the profile mean accretion

and autoconversion rate. It also corresponds to roughly 2/3 of the maximum accretion and

half of the maximum autoconversion rate. Although we may expect POC clouds to have a

different structure, this analysis shows that the process rates obtained from the level flight

legs are not too different from the profile mean process rates.

3.7 Active vs. quiescent clouds

In this section, we attempt to reconcile the microphysical properties of the quiescent clouds

of POCs by employing a parcel model. As the name implies, quiescent clouds are defined as
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Figure 3.9: As in Fig. 3.8, but for the number conversion rate.
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clouds in the POC that have very low turbulence [Wood et al. 2011]. In Section 2.5.3, we

define quiescent clouds as cloudy areas in the POCs where the vertical wind variance is less

than 0.1 m2 s−2. Apart from covering a larger fraction of the POC area, quiescent clouds are

characterized by lower Nd, lower qc, and relatively high qD compared to active clouds. The

formation of quiescent clouds is still not well understood, but they are hypothesized to either

be spatial extensions of active clouds or remnants of once active clouds [Wood et al., 2011a].

Another possibility is that quiescent clouds form in situ independent of active clouds.

Here, we will test the general hypothesis that quiescent clouds are spatial extensions of

hydrometeors detrained from active clouds, as shown in the schematic of Fig. 3.10. We

run various experiments with a parcel model with bin-microphysics to determine whether

we can obtain the high concentration of small drizzle drops that are frequently observed

in quiescent clouds, purely from collision-coalescence. In subsequent experiments, we will

allow condensation to shift the droplet size distribution, because general ascent or cloud

top cooling can lead to condensational growth of existing drops. Aerosol activation is not

considered here but is not expected to be important for the drop size range being considered.

droplet size distributions

active quiescent

Figure 3.10: Schematic of quiescent cloud as a spatial extension of an active cloud and how
drop size distributions evolve with air flow.

The observed DSD in active cells are used to initialize the model, and we examine how

the DSDs evolve in a parcel model. The questions we hope to answer are, can we use a

simple parcel model to see how the DSDs evolve over time? Do they approach the DSDs

seen in quiescent clouds?
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3.7.1 Experiment: No sedimentation

In these first experiments, we allow all the drops to stay within the box while the bin micro-

physics scheme of Bott [1998] allows bigger drops to collect smaller drops. The simulation

is run out for 10 min. These experiments do not allow even the largest drizzle drops to

sediment. Therefore, we are just examining the effect of collision-coalescence if the drops

were not to sediment.

The results from a simulation initialized with the mean DSD of the active clouds mea-

sured during one of the RF06 cloud-level legs are plotted in Fig. 3.11. Following the

evolution of Nd, qc, and qD, the bin model captures the general decrease in Nd and qc and

the increase in qD that is observed when comparing active and quiescent clouds. Because

the qc+qD is conserved in these simulations, it is not really surprising that we see an increase

in qD accompanying a decrease in qc.

What the simulation fails to capture is the increase in ND that we observed from the

2DC measurements of quiescent clouds. Across the 25-50µm size, the number concentrations

decrease throughout the simulation. Because there is drop sedimentation, the loss is either

due to collection by larger droplets or self-collection of similar sized particles. Looking at

the droplet mass distribution (Fig. 3.11b), it appears that both mechanisms are at work. In

terms of autoconversion, accretion, and drizzle-drop self-collection, the self-collection loss

rate of smaller sized drizzle drops outweighs the number increase from autoconversion.

As one would expect, very large droplets stay in the box and grow in this simulation,

which seems unlikely unless very strong updrafts exist. The number of drops > 100µm

consistently increase throughout the simulation. This means that droplets in the smaller

range are collecting similar-sized or smaller drops to populate the larger sizes. One must be

careful about trying to do eyeball budgeting with these plots, because they are in log-scale.

3.7.2 Experiment: With sedimentation

In this set of experiments, we allow the droplets to sediment at their terminal velocity vT

out of a layer with prescribed thickness (100 m in our case). This is analogous to having a

homogeneous layer cloud with sedimentation at the cloud base.



53

a b

c

1 min
2 min
3 min 
4 min
5 min
6 min 
7 min 
8 min 
9 min
10 min

intial active DSD
model DSD @ 10 min

Figure 3.11: Results from 10 min long parcel model simulation where the drop size distri-
bution (DSD) is allowed to evolve by collision coalescence alone. (a) The active cloud DSD
used to initialize the model (green) is plotted alongside the quiescent cloud DSD (red) and
the DSD from the simulation taken every minute. (b) The initial mass size distribution
(green) and the final mass size distribution (blue). (c) The evolution of cloud droplet num-
ber concentration (top), where circle at time 0 indicates observed the concentration in the
active clouds, as measured by the CDP and the circle at 10 min indicates the concentration
in the quiescent clouds. The evolution of drizzle drop number concentration (middle), where
circles are similar to top plot, but from 2DC measurements. The evolution of cloud (blue)
and drizzle (red) water mixing ratio.

Similar to Fig. 3.11, results are plotted in Fig. 3.12. As in the no sedimentation exper-

iments, we find that Nd and qc decrease through the simulation. We also see a substantial

decrease in qD, mainly coming from a decrease in drops >70µm. The decrease in qD reduces

the drop in the qc peak (∼12µm) in these simulations. However, we still see a decrease in

the drizzle drops in the 25-80 µm sizes. This is indicative of either sedimentation of those

drops or self-collection in that region.
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Figure 3.12: Similar to Fig. 3.11 but for results from 10 min long parcel model simulation
where the drop size distribution (DSD) is allowed to evolve by collision coalescence and
droplets are allowed to sediment out of a 100 m layer.

3.7.3 Experiment: Updraft

The updraft allows some particles to stay lofted within the layer without falling out. In

the following experiments, three updraft speeds are used (0.15, 0.3, and 0.6 m s−1), which

correspond to vT for drops with radii 37, 55, and 90µm.

Results from a simulation with an updraft of 0.3 m s−1are plotted in Fig. 3.13. If we

add an updraft to the sedimentation simulations, then we see an increase in drop concen-

trations for droplets smaller than 100µm. Whereas concentrations decrease across all radii

for droplets in the sedimentation simulation, there are instances where concentration of

middle sized drops (60-100µm) can grow if we include the updraft. In the 0.6 m s−1 updraft

simulations, the increase in drops with radii > 100µm increases and comes closer to the no

sedimentation simulations.

Either way, there is no increase in the small drizzle drop range or a maintenance
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that leads to the increase in the 2DC number concentrations. An examination of the

0.15 m s−1simulation does not show an increase in the area of interest. It just allows the

drops with radii >50µm to fallout more easily.
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Figure 3.13: Similar to Fig. 3.11 but for results from 10 min long parcel model simulation
where the drop size distribution (DSD) is allowed to evolve by collision coalescence, the
drops are allowed to fall out of a 100 m layer but are held up by an updraft of speed
0.3 m s−1.

3.7.4 Experiment: Condensation included

In this set of experiments, condensational growth of drops is included in the simulation.

For the initial set, supersaturation is set to 0.04 %, which is the supersaturation reported

by Austin et al. [1995] in their study examining the condensation of large cloud drops and

small drizzle drops by radiative cooling.

Results to the experiment are shown in Fig. 3.14. With the addition of supersaturation

to the 0.3 m s−1 updraft, the most striking feature is the decrease in cloud droplet concen-

trations of small droplets (< 10µm). Because they are small, they move rapidly up in size
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over 10 minutes. The peak in cloud droplet mass also does not decrease as rapidly as when

condensation is ignored. This feature is partially evident in the number size distribution,

but more easily seen in the mass distribution. At larger radii, the difference is not as evident.
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Figure 3.14: Similar to Fig. 3.11 but for results from 10 min long parcel model simulation
where the drop size distribution (DSD) is allowed to evolve by collision coalescence and
condensation (supersaturation of 0.04 %), the drops are allowed to fall out of a 100 m layer
and are held up by an updraft of speed 0.3 m s−1.

3.7.5 Experiment: Supersaturation as a function of updraft and condensation

For these experiments, the MATLAB ode45 ODE solver is used to balance the condensation,

droplet growth, and supersaturation equations to run the condensation with variable super-

saturations (SSs). The equations that are balanced with the ODE solver can be found in

Appendix A. The fixed variables are updraft speed and starting temperature and pressure.

The results for an experiment with an updraft speed of 0.15 m s−1 are plotted in Fig.

3.15. As in the fixed supersaturations case, the smaller cloud droplets start to drop off

precipitously as the supersaturation pushes the drops to larger sizes. There is no activation
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to from new cloud drops in these experiments, so we just see a decrease in the smaller

drops. Because there are only so many drops, the drops are being scavenged out by collision-

coalescence and drop out of the layer, allowing relatively high supersaturations to develop.

Especially for the lower drop concentrations, the supersaturation can get as high as 0.25 %

(RF07) when the updraft speed is just 0.15 m s−1 or 0.5 % (RF07) for 0.3 m s−1. This

suggests that unactivated aerosols will start to activate, such that there are little to no

interstitial aerosols that are left. The kinetic effect or the size dependent supersaturation

are not included, so it is likely that the supersaturation would be even higher if these

processes were included. High enough supersaturations can be reached within the updrafts

of cumulus clouds or even in the slow ascent (cooling) of quiescent clouds that we turn

interstitial aerosols into cloud droplets, and they get scavenged by collision-coalescence

processes.

The second effect of the high supersaturations in these simulations is to shift the peak

of cloud droplets towards larger radii. Whereas the 0.06 % supersaturation runs did slightly

shift the cloud droplets to larger radii, the peak in the cloud drop mass distribution did

not shift. In simulations where the updraft was only set to 0.15 m s−1, the peak shifts from

16.3 to 17.9µm. This may seem like a small difference, but the shift spills a large amount

of mass into the 25µm range, which initially lay in the valley between the cloud and drizzle

drop masses.

3.8 Summary and conclusions

This chapter utilizes the measured droplet size distributions (DSDs) from the CDP and

2DC probes to estimate the microphysical process rates that control drizzle formation and

CCN loss in the POC and neighboring overcast region. These values may be used to

allow comparisons with large eddy simulations of POCs to verify whether precipitation is

formed in the same way. Based on the analysis, accretion dominates autoconversion in both

drizzle water formation, as well as the loss of cloud droplet number concentrations (Nd),

which poses as a large sink for CCN-sized aerosols. In the overcast clouds, self-collection

of cloud droplets is the dominant process by which Nd is reduced. Getting these process

rates correctly will be important if models wish to accurately capture the aerosol-cloud-
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Figure 3.15: Similar to Fig. 3.11 but for results from 10 min long parcel model simulation
where the drop size distribution (DSD) is allowed to evolve by collision coalescence and
condensation, the drops are allowed to fall out of a 100 m layer and are held up by an
updraft of speed 0.15 m s−1. The supersaturation is interactive and depends on the cooling
rate from the updraft and the condensational growth rate of cloud drops.

precipitation interactions in POCs. Preliminary comparisons between LES and estimated

loss rates from the aircraft measurements suggest loss rates from the observations are much

higher. Part of the discrepancy may lie in the comparison between column-loss rates and

incloud loss rates at the level of the flight leg. Closer inspection is necessary.

The time scale at which all cloud droplets can be completely removed by collision-

coalescence, or the removal time scale, in the POCs is under an hour, and much shorter

than in the overcast clouds. If we assume that cloud droplet number concentrations do

not drastically change over time, this means that replenishment rates of cloud droplets

have to be high (∼ 10 cm−3 h−1) to keep up with the loss rates. The removal time scales

in overcast are longer, roughly 2 hours. Because the POC-to-overcast boundary does not

change drastically over time, this means that replenishment rates in the overcast clouds
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also have to keep up with the high loss rates due to self-collection of cloud drops. If we

assume that the typical lifetime of a parcel stays in the cloud is approximately 15 min

[Feingold et al., 2013], then the fraction of cloud drop number that is lost is approximately

one-eighth. Therefore, continued replenishment of cloud droplets due to activation at the

cloud base of overcast clouds does not appear to be a substantial issue. For all the analyses

presented, the lack of vertical structure is a limitation that inhibits generalization to POC-

wide loss rates of cloud drops, but in typical drizzling stratocumulus clouds, examining the

in-cloud measurements to infer process rates is found not to be an issue that leads to huge

overestimation or underestimation of process rates.

Finally, a parcel model with bin microphysics is used to test whether quiescent cloud

DSDs can be obtained purely from collision-coalescence and condensation of active cloud

DSDs. The quiescent cloud DSDs cannot be obtained from these experiments, leaving us

with a puzzle as to how such high concentrations of small drizzle drops are formed and exist

in quiescent clouds. On the other hand, we find that given typical stratocumulus updraft

speeds (0.3 m s−1), because of the low Nd in POC clouds, supersaturations can reach as

high as 0.5 % in the cloud, allowing the activation of even smaller aerosol particles. This

may be an important aspect in maintaining the ultra-clean cloud layer.
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Chapter 4

PRECIPITATION SUSCEPTIBILITY

4.1 Introduction

General circulation models and weather forecast models are increasingly incorporating pro-

cesses by which aerosols can affect cloud properties. The effects of aerosols are represented

in various ways, including impacts on cloud radiative properties and cloud microphysi-

cal processes. However, comparisons of the radiative forcing of aerosols between satellite

retrieval-based estimates and global models show large disagreement, with models predict-

ing a larger cooling effect of aerosols [Quaas et al., 2009, Boucher et al., 2013]. Part of

the discrepancy may exist because global models inaccurately represent how precipitation

depends on the cloud droplet number concentration [Wang et al., 2012].

Attempts to constrain the integrated effect of aerosols on the cloud radiative properties

from observations have been confounded by covariances between meteorology and aerosol

conditions [Mauger and Norris, 2007, George and Wood, 2010, Gryspeerdt et al., 2014].

Although efforts have been made to use conditional sampling of meteorology to isolate

only the aerosol effect, concerns still exist [Gryspeerdt et al., 2014]. Another approach

to constrain the effect of aerosols on clouds is to examine the intermediate processes that

connect aerosol changes to cloud changes [Sorooshian et al., 2010].

In the cloud lifetime hypothesis proposed by Albrecht [1989], whereby increases in aerosol

concentrations lead to increases in cloud lifetime, a crucial part of the argument hangs

on the suppression of precipitation due to increases in aerosol concentrations. Our study

attempts to constrain the strength of this precipitation suppression using the precipitation

susceptibility metric of Feingold and Siebert [2009]. Because studies currently disagree on

how susceptibility varies with cloud LWP liquid water path (LWP) [Sorooshian et al., 2009,

Jiang et al., 2010, Terai et al., 2012, Mann et al., 2014], we also examine the cloud LWP

dependence. The precipitation susceptibility metric SR, proposed by Feingold and Siebert
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[2009], quantifies the fractional decrease of precipitation rate (R) due to a fractional increase

in aerosol or cloud droplet number concentration (N), defined as

SR = −
(
∂lnR

∂lnN

)
macro

. (4.1)

Initial studies examining the precipitation susceptibility in parcel models, satellite re-

trievals, and large eddy simulations of cumulus cloud fields noted that the susceptibility

initially increases with increasing cloud LWP, reaches a peak value, and then decreases at

higher LWP [Feingold and Siebert, 2009, Sorooshian et al., 2009, Jiang et al., 2010]. At

the same time, steady-state simple models, aircraft observations, and ground-based cloud

radar retrievals have found that susceptibility monotonically decreases with increasing cloud

LWP [Wood et al., 2009, Terai et al., 2012, Mann et al., 2014]. Part of the difference lies

in what aspect of precipitation is examined. As was noted by Terai et al. [2012], the sus-

ceptibility metric can be applied not only to the mean precipitation rate R, but also to

the precipitation fraction f (analogous to the probability of precipitation - POP) and the

precipitation intensity I (the precipitation rate of clouds that are precipitating). When the

susceptibilities of the three variables were examined in aircraft measurements, Terai et al.

[2012] found that SR ≈ Sf + SI and both SR and Sf decreased with increasing LWP, while

SI stayed constant. Because Sf and SPOP are the same in construction, we will henceforth

refer to SPOP to stay consistent with previous studies [Wang et al., 2012, Mann et al., 2014].

Susceptibilities of all three aspects of the precipitation will be examined in this study.

Even before the susceptibility metric was introduced in the literature, general circula-

tion model (GCM) studies noted that changes in the autoconversion rate in GCMs led to

changes in the strength of the aerosol indirect effect [Rotstayn and Liu, 2005]. Subsequent

studies examining experiments where the microphysical process rates are perturbed have

found the same response [Golaz et al., 2011, Wang et al., 2012, Gettelman et al., 2013]. Fur-

thermore, they have suggested that an overestimate of the contribution of autoconversion to

precipitation formation in GCMs may have led to overestimates in the aerosol indirect effect

calculated within GCMs [Rotstayn and Liu, 2005, Wang et al., 2012]. The overestimate of

the contribution of autoconversion has been argued to be due to the diagnostic treatment of
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precipitation in GCMs, where the rain water is not carried over between model time-steps,

but is instead diagnosed at every time-step [Posselt and Lohmann, 2008, Gettelman et al.,

2013].

The magnitude of the precipitation susceptibility metric and the strength of aerosol

indirect effect in GCMs were both examined by Wang et al. [2012] and found to correlate,

such that models with strong precipitation susceptibilities also exhibited large changes in

cloud radiative properties. In calculating the susceptibility, the authors used SPOP . Based

on the high SPOP calculated in the default version of the Community Atmosphere Model

ver.5 (CAM5) compared to the SPOP calculated from satellite retrievals, they argued that

the aerosol indirect effect within CAM is likely overestimated [Wang et al., 2012].

In this study, we examine a different set of satellite retrievals, focusing on marine strati-

form clouds over the tropical and subtropical Pacific to calculate the precipitation suscepti-

bility. Then we use a simple column model based on the diagnostic precipitation treatment,

used to diagnose the precipitation in low-level stratiform clouds in CAM, to determine

whether we obtain a similar behavior and value of the susceptibility. Finally, we exam-

ine the microphysical processes and their relative importance within the diagnostic model

to determine whether the relative importance of process rates in the model leads to the

observed behavior in the susceptibility. Section 4.2 introduces the various methods to cal-

culate susceptibility, the CloudSat and MODIS combined dataset, and the simple diagnostic

model used in this study. Section 4.3 presents the susceptibilities from the CloudSat and

MODIS retrievals, and any sensitivity to parameter choices. Section 4.4 presents the sus-

ceptibilities from the diagnostic model, any sensitivity to parameter choices, and compares

them to those calculated from the satellite retrievals. Section 4.5 compares the satellite and

model susceptibilities and assesses the ability of the column model to accurately capture

the dependence of precipitation on cloud droplet concentrations. Finally in Section 4.6, we

present a discussion and our conclusions.
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4.2 Methods

4.2.1 CloudSat and MODIS combined dataset

The satellite retrievals used in this analysis are of warm cloud properties analyzed by Kubar

et al. [2009] (K09, hereafter) and Wood et al. [2009]. They pertain to twelve months of

CloudSat and MODIS retrievals of cloud LWP, effective cloud droplet number concentration,

and radar reflectivity (September 2006 February 2007 and September 2007-February 2008)

between 30◦S and 30◦N and between 100◦E and 70◦W, mostly consisting of clouds over the

tropical and subtropical Pacific Ocean and Gulf of Mexico. K09 found that the relationship

between precipitation and cloud properties were insensitive to the months used. Given the

strict criteria to screen for stratiform clouds whose microphysical retrievals are less affected

by cloud edges and heterogeneities [Zhang and Platnick, 2011], the cloud types analyzed here

are low-level, marine, stratiform clouds. Of all MODIS-detected clouds in the region and

during the time period, 21 % of them are included in this analysis (K09). The MAC06S0

version of the MODIS/Aqua level-2-cloud subset and the CloudSat 2B-GEOPROF data

are used. Cloud liquid water path (LWP) is retrieved using the cloud optical thickness

(τ) and effective radius (re) (K09). Effective cloud droplet number concentration (Neff) is

estimated assuming the clouds are adiabatic using the method of Bennartz [2007] (K09).

Because accurate estimates of Neff cannot be made around broken clouds, data is included

only if the MODIS retrievals recorded a cloud fraction of 100 % in a rectangle with sides of

5 km along the satellite track and 15 km across the satellite track. The column maximum

reflectivity is used to infer the presence of drizzle and to estimate precipitation rate. A

reflectivity threshold of -15 dBZ is used to distinguish precipitating from non-precipitating

clouds [Comstock et al., 2004, Kubar et al., 2009, Terai et al., 2012], and a Z−R relationship

from Comstock et al. [2004], based on warm stratocumulus clouds, is used to estimate

precipitation rate from the column maximum reflectivity.

The analysis is constrained to warm, marine, stratiform clouds with optical depth greater

than 3 (K09) due to MODIS retrieval uncertainties when clouds are thin or broken [Zhang

and Platnick, 2011]. Thus, we are not considering the response of cumulus precipitation

to aerosol concentrations and exclude thin clouds in the analysis or the response of mid-
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latitude stratocumulus clouds, a large proportion of which have been found to precipitate

as well [Leon et al., 2008, Muhlbauer et al., 2014]. However, unlike previous precipitation

susceptibility studies of marine stratocumulus [Terai et al., 2012, Mann et al., 2014], we

examine clouds over a wide geographic area with different ranges of aerosol and meteo-

rological conditions. Because our retrievals of LWP and Neff require sunlight, we restrict

ourselves to examining clouds and precipitation observed ∼13:30 local, while acknowledging

that diurnal differences in precipitation exist and that 13:30 is near the diurnal minimum

of marine stratocumulus cloud cover [Leon et al., 2008, Burleyson et al., 2013].

4.2.2 Diagnostic model

The column diagnostic model used in this study has fundamental elements of the diagnostic

treatment of precipitation described by Morrison and Gettelman [2008]. The diagnostic

treatment allows the representation of precipitation given typical GCM time steps (∼20 min)

without the need to consider the Courant criterion for droplet sedimentation [Ghan and

Easter, 1992, Morrison and Gettelman, 2008]. The fundamental equation of diagnostic

precipitation assumes that the fallout of precipitation is balanced by the production of

precipitation by autoconversion (Au) and accretion (Ac) at each level, such that the following

relationship holds

d (vqR)

dz
= Au +Ac, (4.2)

where qR is the rain water mixing ratio, v is the mass weighted mean fall velocity of

rain, and z is the height coordinate.

As in Morrison and Gettelman [2008], Au and Ac are represented by the Khairoutdinov

and Kogan [2000] parameterization based on bulk cloud and rain properties

Au = Aqc
2.47Nd

−1.79 (4.3)

and

Ac = B (qcqR)1.15 , (4.4)
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where A = 7.42 × 1013 (kg m−3)−1.47, qc is the cloud water mixing ratio, Nd is the cloud

droplet number concentration, and B = 67 (kg m−3)−1.3. The model runs from the top of

the cloud and follows down the sedimentation of the rain in the cloud. At the top level,

qR at the first grid level (qR,1) is formed solely from autoconversion over the time step ∆t,

such that

qR,1 = Au∆t. (4.5)

For all other grid levels below the first one, we discretize Eq. 4.2 so that it applies to

each grid level of our column model and obtain the following relationship for qR at each

grid level i:

qR,i = qR,i−1 +
∆z

vi−1

(
Aq2.47

c,i N−1.79
d + 67 (qcqR)1.15

)
, (4.6)

where ∆z is the geometric grid level thickness, the subscript i indicates variables at grid

level i and subscript i − 1 indicates variables in the grid level above level i. The mass-

weighted mean fall velocity of rain v is obtained from an empirical fit of the drizzle droplet

size distribution, which gives us the relationship between fall v and qR,

v = 10.11q0.25
R . (4.7)

Consistent with the microphysics scheme used in CAM5, a modified mid-point method

is used to determine estimates of vi−1 (pers. comm. Hugh Morrison). In contrast to the mi-

crophysics scheme in CAM5, only qR is diagnosed, and the rain drop number concentration

(NR) is not. A sensitivity study was conducted in which both NR and qR were diagnosed;

this did not change the susceptibilities. For each set of experiments, we assume that Nd is

constant with height, which observations show to be a good estimate in stratiform clouds

[Wood, 2005], and that the cloud water profile is adiabatic and hence increases linearly with

height [Pawlowska, 2003]. Although we conduct sensitivity experiments where the cloud

water profile is changed, in the base case, the cloud LWP is controlled by increasing the

depth of the cloud. The largest ∆z used in the standard simulations is 10 m. Each simula-

tion run is initialized with a particular Nd and cloud LWP profile. The precipitation rate
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at the cloud base is used for calculating all susceptibilities.

We also conduct runs with the stochastically-peturbed microphysics, wherein autocon-

version (Au) and accretion (Ac) process rates are perturbed by a log-normally-distributed

coefficient whose width depends on the ratio between the bulk and bin-estimates of Au

and Ac based on aircraft in situ measurements taken during the VOCALS Regional Ex-

periment [Mechoso et al., 2014]. For a particular simulation, for example, the perturbed

autoconversion rate Au,p at each level will take the form

Au,p = XAuAu, (4.8)

where XAu is the coefficient XAu∼exp(N(0,(σ2
Au))), σAu is the geometric standard error

derived from the VOCALS measurements, and Au is the unperturbed autoconversion rate.

The geometric standard error of the bulk-estimate from the bin-estimate is used to construct

a log-normal distribution with a geometric mean of 1 from which the coefficient is chosen

randomly for each simulation run. For both process rates, the same coefficients XAu and

XAc are used throughout a simulation.

Based on the aircraft observations, the geometric standard error of Au (σAu) is 2.47 and

0.79 for Ac (σAc). Then the diagnostic model is run 1000 times for a given set of cloud LWP

and Nd conditions with varying combinations of uncorrelated coefficients.

4.2.3 Susceptibility metric

The parameters that go into calculating the susceptibility can vary from study to study. For

example, instead of the aerosol concentration N , the aerosol index (AI) [Nakajima et al.,

2001] or the cloud droplet number concentration Nd, as is the case for this study, may be

used. Susceptibilities are typically calculated in bins of cloud LWP to minimize the effect of

LWP in contaminating the susceptibility estimates. A couple methods exist to calculate the

susceptibility in each LWP bin, whether using linear regression in log-log space and using

the slope to calculate susceptibility [Sorooshian et al., 2010] or binning the data by N or

Nd, calculating the bin-mean N and R to calculate the susceptibility [Terai et al., 2012,

Wang et al., 2012, Mann et al., 2014]. Most of the susceptibility calculations in this study
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are made by taking linear regression of the bin-mean Nd and R in bins of Nd, but the tercile

log-difference method of Terai et al. [2012], in which the log-difference in the means of the

bottom and top terciles of N are used to calculate the susceptibility, is also used to show

that they give nearly identical susceptibility values.

4.3 Results: Satellite susceptibility

4.3.1 Susceptibility with -15 dBZ

Before calculating the susceptibility, the satellite data are first binned according to LWP and

Neff values. Because there are approximately 400000 CloudSat shots used in the analysis

and we divide the data into ten bins of LWP and ten of Neff with relatively equal number of

shots, each bin of given LWP and Neff contains approximately 4000 shots, ranging from 1200

to 5500 (middle 90th percentile of 3090-4660). For each of the ten LWP bins, susceptibilities

are calculated by taking the linear regression of the bin-mean precipitation metric R, POP ,

or I against the mean Neff . We use a threshold of -15 dBZ, as in previous studies, to

determine drizzling and non-drizzling clouds. We find that SR equals approximately 0.6 at

low LWP and slightly decreases to 0.5 with increasing LWP (Fig. 4.1a). This is in contrast

with other observational studies of stratocumulus, which found that susceptibility decreased

by a factor of two to four with increasing cloud LWP [Terai et al., 2012, Mann et al., 2014].

Note the large error bars for the susceptibility values at low LWP. These error bars are the

95 % confidence intervals in the slopes calculated by linear regression. Feingold et al. [2013]

found that in their parcel model simulations, susceptibility was not just a function of LWP,

but also of Nd, suggesting that the susceptibility is not linear across all Nd. That is what

we find in our dataset, which we will expand on in Sect. 4.5.

If we break down SR into SPOP and SI , as in Terai et al. [2012], we find that SPOP

decreases with increasing LWP (Fig. 4.1b), whereas SI increases with increasing LWP. As

in [Terai et al., 2012], SR ≈ SPOP + SI . The decrease of SPOP with increasing LWP agrees

with previous observational studies [Terai et al., 2012, Mann et al., 2014], but the increase in

SI does not [Terai et al., 2012]. The negative SI values at low LWP are particularly difficult

to explain in the context of our current understanding of how cloud droplet number con-



68

centrations affect warm rain processes. What Fig. 4.1 implies is that at LWP < 150 g m−2,

increased cloud droplets reduces frequency of precipitation (positive SPOP ), but increases

intensities (negative SI). To verify whether this is an artifact of the method by which we

calculated susceptibility, we use the tercile log-differencing (TLD) method, used by Terai

et al. [2012], to calculate the susceptibility in Fig. 4.1d, and still find similar behaviors for

SR, SPOP , and SI . Using the TLD method, the data is binned into terciles of N and then

the log-differences in the mean N and R between the upper and lower terciles are used to

calculate the susceptibility.
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Figure 4.1: a) Susceptibility of mean precipitation rate (SR) as a function of LWP, based
on the satellite data and calculated using linear regression on Neff -binned data. b) Suscep-
tibility of probability of precipitation (SPOP ) as a function of LWP, based on same data
and method. c) SR, SPOP , and susceptibility of precipitation intensity (SI) as a function
of LWP, based on same data and method. d) SR, SPOP , and SI , based on same data, but
using the TLD method to calculate susceptibilities [Terai et al., 2012].
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4.3.2 0 dBZ threshold

Previous studies have examined the susceptibility using a different precipitation threshold

than the -15 dBZ that we have used [Sorooshian et al., 2009, Wang et al., 2012, Mann et al.,

2014]. We examine how changing the threshold changes our results. In Fig. 4.2, we plot the

susceptibility as a function of LWP if we use a minimum threshold of 0 dBZ. Increasing the

minimum threshold leads to SI of near zero values across all LWP, and SPOP values mostly

represent SR values. Although the SPOP at low LWP values decrease as a result of changing

the threshold, we find that the overall SPOP values at higher LWP (>150 g m−2) remain

little changed. If anything, we have an increase in SPOP . This is mostly in agreement with

Mann et al. [2014] who examined the sensitivity of results to changing thresholds and found

little change, although Jiang et al. [2010] and Terai et al. [2012] found that susceptibilities

are sensitive to choice of threshold.
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Figure 4.2: a) SR, SPOP , and SI as a function of LWP, as in Fig. 1c, but using a threshold
of 0 dBZ to distinguish precipitating clouds. b) Same as a), but using the TLD method
[Terai et al., 2012].
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4.3.3 Regional differences

We acknowledge that Neff and LWP are not the only controls on precipitation rate. L’Ecuyer

et al. [2009] found that if they further binned their data by the lower tropospheric stability,

in addition to LWP and aerosol index (AI), the proxy they used for aerosol concentra-

tion, they found that the probability of precipitation for clouds with LWP> 500 g m−2 were

greater in stable conditions, regardless of high or low aerosol conditions. We have tried

to account for stability regimes by exclusively analyzing marine stratiform clouds, but our

susceptibility results may still be affected by mixing different lower tropospheric stability

(LTS) regimes. Therefore, we examine the susceptibility metric in different regions of the

tropical/subtropical Pacific and Gulf of Mexico to examine whether the behavior of the

susceptibility varies by region. This will also allow us to examine whether the negative SI

values at low LWP are found across all regions, or whether it is a signal that grows out of

including a particular region in the basin-wide analysis.

In Fig. 4.3, we examine SR, SPOP , and SI in seven regions, which largely correspond

to regions identified by K09. We have not examined the ITCZ and SPCZ, where deep

convective clouds dominate. The far southeast Pacific area is modified from that defined

by K09 to encompass the area sampled during VOCALS-REx [Mechoso et al., 2014]. These

seven regions encompass different aerosol and meteorological regimes. For example, due to

continental influences, the Asian coast has a much higher mean Neff and also a higher LWP,

compared to the remote SEP (K09). Similar to the susceptibility that we calculated from

all of the data, the susceptibilities here are calculated from binning the data in each region

by LWP and Neff and calculating the susceptibility using linear regression. Instead of the

100 total bins of (LWP, Neff) used to calculate the susceptibility in the total data, the data

in each region are binned into 25 total bins of (LWP, Neff) such that the same number of

shots exists in each bin.

In Fig. 4.3, there is a wide range of values and behaviors of SR, SPOP , and SI , which

highlights how susceptibilities estimated from measurements made in one region will not

necessarily agree with those from a different region. At the same time, however, consistent

behaviors do appear. For example, SPOP across all regions decreases with increasing LWP.
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The value of SPOP is lowest in the two most polluted regions (Gulf of Mexico and Asian

coast). This behavior is consistent with future discussion in Fig. 4.7a, where SPOP appears

to decrease for low LWP and high Neff . In addition, it appears that SI increases with

increasing LWP. Whether the increase is large and at what LWP that increase occurs varies

by region. Furthermore, at low LWP, SI is statistically indistinguishable from zero at low

LWP. SR has the most diversity across the regions, and appears to largely be determined by

the addition of SI and SPOP behaviors, as in the Gulf of Mexico, where the increase in SI is

larger than the decrease in SPOP at low LWP, leading to an increase in SR with LWP. We

are therefore left with strong confidence in the universal decrease of SPOP with increasing

LWP, but the behavior and value of SR is more variable across regions and dependent on

the behavior and value of SI .

We expect the susceptibilities calculated over the VOCALS southeast Pacific region to

agree with susceptibilities calculated by Terai et al. [2012]. Because the geographic regions

over which they are calculated are the same, this provides a rough comparison of what

different observational platforms can have on the susceptibility values. First, SR values

from Fig. 9 of Terai et al. [2012] agree with the values found in the southeast Pacific in

Fig. 4.3. The sharp decrease in SPOP with increasing LWP is also observed in both results.

However, the increase in SI with increasing LWP, found in Fig. 4.3, is not found in the

results of Terai et al. [2012]. Particularly, although the SI values at LWP ∼ 200 g m−2 agree

between the two estimates, at LWP < 100 g m−2, the satellite data here suggest an SI ∼

0, whereas, the results of Terai et al. [2012] suggest an SI of 0.5 that stays constant with

increasing LWP. Although not shown in Terai et al. [2012], we should note that SI slightly

increases (0.5 to 0.7) with LWP in the range of LWP that they examined. Part of this

discrepancy between the satellite and aircraft retrievals may be due to sampling differences

between the satellite and aircraft radar. Comparisons between the satellite and aircraft of

reflectivities as functions of LWP and Nd will be necessary to better understand why this

discrepancy exists.
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Figure 4.3: a) SR, SPOP , and SI as a function of LWP in seven different ocean basins:
Asian coast, northeast Pacific, far northeast Pacific, Gulf of Mexico, equatorial cold tongue,
VOCALS southeast Pacific, and remote southeast Pacific (adapted from Kubar et al., 2009).

4.4 Results: Diagnostic model susceptibility

4.4.1 Susceptibility with stochastic physics

100 sets of 1000 simulations of the column model are run, each initialized with the mean

cloud LWP and cloud drop number concentration corresponding to each of the bins of

the satellite data. The autoconversion and accretion rates are stochastically perturbed as

described in Sect. 4.2. The susceptibility is then calculated, as with the satellite data, for

each of the ten LWP bins using standard linear regression in log-space. This allows us

to compare the susceptibilities for similar clouds between the satellite and column model.

Using a threshold of 0.14 mm d−1, which according to the Z − R relationship of Comstock

et al. [2004], corresponds to a reflectivity threshold of -15 dBZ, SR, SPOP , and SI are
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calculated and plotted as a function of LWP in Fig. 4.4. SR decreases as a function of LWP,

from a value ∼1.3 at 60 g m−2, decreasing to a value of ∼0.4 at 420 g m−2. If we decompose

SR into SPOP and SI , we find that they are generally additive, such that SR ≈ SPOP + SI

and that SR decreases mainly because SPOP decreases. SI , on the other hand, maintains a

relatively constant value across the range of LWP examined. If we do not set a threshold

of 0.14 mm d−1 to calculate susceptibility, we find that we get nearly identical values of

SR, whereas SPOP = 0 in that case. Because a minimum detection level for precipitation

exists for all observations of precipitation, we find that defining a threshold provides a

more consistent comparison of susceptibilities between the satellite retrievals and diagnostic

model.
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Figure 4.4: SR, SPOP , and SI as a function of LWP, based on the stochastically-perturbed-
physics column model simulations and calculated using linear regression on Neff -binned
data. The error bars in Sx represent 95 % confidence intervals of the regression slope. The
error bars in LWP represent the range in LWP used in the diagnostic model. The range of
LWP and Neff and precipitation threshold used in this figure are the same as that used for
Fig. 1c.

4.4.2 Model sensitivity studies

To explore the sensitivities of our results to model configuration, we first examine how the

susceptibility changes if we run the diagnostic model without stochastic variations in the
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autoconversion and accretion rates. SR as a function of the LWP is shown in Fig. 4.5a. The

susceptibility value starts with a value of approximately 2 and decreases steadily until it

has a value of approximately 1 at a LWP of 420 g m−2. Compared to SR from the runs with

perturbed physics, the values are generally much higher. No minimum threshold was set for

the precipitation rate in Fig. 4.5a and SPOP = 0, because each combination of LWP and Nd

only results in one particular precipitation rate. Therefore, we can get a decrease in SR with

LWP, without invoking stochastic variations in the microphysical process rates. However,

the decrease in SR occurs at much higher LWP compared to what we see in Fig. 4.4 and

the relative decrease is smaller.

We also examine how SR responds if we perturb the cloud water profile, the number of

grid levels, and σAu and σAc used to constrain the stochastic variance in the autoconversion

(Au) and accretion (Ac) in the model. We examine the sensitivity of the susceptibility to

changes in the cloud water mixing ratio (qc) profile in Fig. 4.5b. In all the previous analyses,

we have assumed that qc increases linearly with height (adiabatic cloud). We find that SR

varies by ∼ 0.4 depending on whether we assume that qc is constant with height or whether

it increases quadratically with height. SR systematically decreases as the qc profile becomes

more uniform with height. We define that the cloud of thickness 1000 m has a LWP of

1000 g m−2 for each profile shape and use the corresponding coefficient to produce the qc

profiles of clouds with other LWP values. Therefore, while the LWP values do not change

with different profile shapes, the corresponding cloud thickness does.

In Fig. 4.5c, we perform a sensitivity test where we reduce the number of vertical grid

levels of the column model from the default 100 levels to 10 and 3 levels and calculate the

susceptibilities. The susceptibility increases as we reduce the number of grid levels. SR for 3

levels is 2.1, compared to 1.3 for 10 and 100 levels in the lowest LWP bin, whereas they are

indistinguishable for the highest LWP bin. This is important to note, considering that the

vertical grid levels of most GCMs is on the order of 500 m. Indeed Ghan and Easter [1992]

noted that the vertical spacing used by current GCMs can cause errors in precipitation

rates. The reason for this increase may be due to the increased use of limiters and increased

importance of the top grid level, where autoconversion is the only process, in determining

the susceptibility.
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Finally in Fig. 4.5d we examine how sensitive our susceptibility values are to varying

σAu and σAc that we calculated from the aircraft observations. Although we find that SR

is largely insensitive to varying σAc (halving only resulted in a change of SR of 20 % at

most), SR is highly sensitive to halving σAu. We can see that SR for the lowest LWP bin

more than doubles from 1.3 for the default σAu to 3 if we halve σAu. Not surprisingly, the

largest SR values are found if we halved both σAu and σAc, although the changes are not

additive. The increase in SR for the case where both σAu and are halved is largely due to

a dramatic decrease in the mean precipitation rate at higher Neff values. If we examine the

SR without the 0.14 mm d−1 minimum threshold, we see that the increase is not as dramatic

(the maximum SR increases to 2 instead of 3). The implications of this strong sensitivity of

our susceptibility values to σAu is that the agreement between the susceptibilities obtained

from the satellite and the diagnostic model may be coincidental. Overall, we find that

susceptibilities of clouds < 200 g m−2 are especially sensitive to parameter choice.

4.5 Results: Satellite and model comparisons

4.5.1 Susceptibility as a function of LWP and Neff

As we mentioned in Sect. 4.3, the logR vs. logN relationship, especially at low LWP, is

not linear. As a result, we see particularly large error bars in the susceptibility values at

low LWP in Fig. 4.1a. To examine the variation in susceptibility as a function of Neff , in

addition to LWP, we calculate the susceptibility for each LWP and Neff bin by using three

consecutive Neff bins, rather than the full range of Neff , to calculate the susceptibility. We

might expect large uncertainties in the susceptibilities that we calculate from the slopes

calculated from a linear regression of only three points, but this method allows us to better

see whether there are systematic changes in susceptibility with Neff . In previous sections

we have found that satellite-derived SI is negative for clouds with low LWP (Fig. 4.1)c) and

that the SPOP behavior in satellite data and diagnostic model agree. We can examine both

of these issues in more detail by considering how susceptibility varies with N .

SR (Fig. 4.6a) and SPOP (Fig. 4.6b) are plotted as a function of LWP and Neff from

the satellite data. For comparison, SR (Fig. 4.6c) and SPOP (Fig. 4.6d) from the diagnostic
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Figure 4.5: a) SR as a function of LWP for simulations where autoconversion and accretion
rates are not perturbed. b) SR as a function of LWP for sensitivity experiments where
the shape of qc profile is perturbed from the default adiabatic profile (blue) to constant qc
(magenta) and quadratically-increasing qc (black). c) SR as a function of LWP for sensitivity
experiments where the number of grid levels is reduced from 100 (default blue) to 10
(magenta) and 3 (black) levels. d) SR as a function of LWP for sensitivity experiments where
standard deviations σAu and σAc that control the variance allowed in the autoconversion
and accretion rates is changed from the regular variance (blue) to halving σAu (magenta),
halving σAc (green), and halving both σAu and σAc (black).
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model with stochastically-perturbed microphysics is also shown. In the satellite data, we

find that SR is highest at low LWP and low Neff and decreases with increasing LWP and

Neff , such that susceptibilities are zero or slightly negative in low-LWP/high-Neff and high-

LWP/low-Neff clouds. This largely follows the behavior of the SPOP . The drop off of SPOP

at higher Neff at low LWP likely explains why the SPOP values in the Gulf of Mexico and

off the Asian coast in Fig. 4.3 are lower than the more remote regions. As can be inferred

from the plots of SR and SPOP , SI is negative in low-LWP/high-Neff clouds and positive in

high-LWP/high-Neff clouds (not shown).

If we compare the satellite susceptibilities with those from the diagnostic model, we

find a different pattern. In the diagnostic model, both SR and SPOP are highest in low-

LWP/high-Nd clouds and decreases with increasing LWP and decreasing Nd. SI , on the

other hand, does not have a discernible pattern, where values are mainly around 0.5 (not

shown). Whereas SPOP in the diagnostic model appears to largely have the same value and

behavior as that observed in the satellites, its dependence on Neff is very different. On the

other hand, the susceptibilities in high-LWP/low-Nd clouds agree between the satellite and

model.

4.5.2 Probability of precipitation (POP) values from model and satellites

Although our SPOP values from the satellites and diagnostic model agree well (Fig. 4.1b and

Fig. 4.4), this agreement does not equate to model POP agreeing well with those estimated

from the satellite retrievals. We examine a direct comparison of POP between the satellite

observations and model in Fig. 4.7. The model tends to overestimate POP, especially for

clouds with LWP < 200 g m−2. This is analogous to studies that have found that GCM

precipitation tends to be too frequent and light [Stephens et al., 2010]. Because the actual

precipitation rate determines the role of precipitation as a sink of water, care must be taken

when examining the susceptibility values and trying to infer what it implies about the effect

that aerosols have on precipitation-mediated cloud properties.
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Figure 4.6: Susceptibility as a function of LWP and Neff calculated from linear regression
of three adjacent Neff bins. SR (a) and SPOP (b) from the satellite data are shown in the
top row. SR (c) and SPOP (d) from the column model are shown in the top row.

4.5.3 Process rates and susceptibility

Although the precipitation rates from the diagnostic model overestimate the probability of

precipitation, we can use information on the process rates within the model to examine what

aspects of the model lead to the simulated susceptibility. In addition to the fall velocity

v of precipitation, autoconversion (Au) and accretion (Ac) are the two main microphysical

processes that determine the rain water mixing ratio at cloud base, and hence the cloud base

precipitation rate. Previous studies have suggested that the proportion of autoconversion

and accretion rate within the clouds determine the behavior of susceptibility with increasing

cloud LWP [Wood et al., 2009, Terai et al., 2012, Feingold et al., 2013]. Autoconversion

has a strong sensitivity to the cloud droplet number concentration (Nd), while accretion

is not explicitly dependent on Nd (see Eq. 4.3 and 4.4). The argument follows that with
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Figure 4.7: Probability of precipitation (POP) as a function of cloud droplet number con-
centration (Neff or Nd) from satellite retrievals (a) and from the diagnostic model (b). Each
line corresponds to the relationship in a particular LWP bin.

increasing importance of accretion in precipitation formation, autoconversion plays a smaller

role in precipitation formation and the sensitivity of precipitation to Nd weakens, leading

to a decrease in susceptibility. Examining, the accretion-to-autoconversion ratio (Ac/Au) in

Fig. 4.8, we see that the highest Ac/Au ratios are found at high LWP and high Nd, when in

Fig. 4.6c, we found the lowest susceptibility values is at high LWP and low Nd. Therefore,

we find that although the Ac/Au at first glance appears to be a good predictor of SR, the

relationship between Ac/Au and SR is not straightforward. Compared with Ac/Au values

estimated from VOCALS incloud profiles reported by Gettelman et al. [2013], we can see

that the model generally underestimates the ratios. The profile estimates also do not show

the general shift in Ac/Au with LWP and Nd as seen in the model. It is also important to

note the difference in the areas of highest and lowest Ac/Au between Fig. 4.8 and Fig. 4a

of Feingold et al. [2013]. The highest value of Ac/Au in the diagnostic model is found at

high LWP and high Neff values, while in the Feingold et al. [2013] study with parcel models,

it is found at high LWP and low Neff values. These differences exist because of different

model assumptions. The parcel model assumes that precipitation formation occurs in the

upward moving parcel while the column model assumes precipitation formation is balanced

by drop sedimentation and accumulates lower in the cloud. The difference leads to different

processes being important in different types of clouds. It is likely that the parcel model,
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where precipitation formation occurs over a single convective event, is more applicable to

cumulus clouds, whereas the column model, which is based on the steady state assumptions

balancing precipitation formation and loss, is more applicable to stratiform clouds.
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Figure 4.8: (a) The column-mean accretion-to-autoconversion ratio (Ac/Au) as a function
of LWP and Nd in the diagnostic model. (b) The same Ac/Au from the model, but with
column-mean Ac/Au estimated from VOCALS incloud profiles [Gettelman et al., 2013].
Note the change in the color bar scale in (b).

4.6 Discussion and conclusions

In this study we use satellite retrievals and a simple diagnostic model to examine the

precipitation susceptibility metric in marine stratiform clouds. Starting with the results that

we find most confidence in, we find from the combined CloudSat-MODIS satellite dataset

that the susceptibility of probability of precipitation (SPOP ) decreases with increasing cloud

LWP. This decrease in SPOP is in agreement with previous observations [Terai et al., 2012,

Wang et al., 2012, Mann et al., 2014]. The value of SPOP is ∼1 at low LWP and decreases

with increasing LWP. The magnitude is much larger than the values found by Wang et al.

[2012], robust regardless of choice of region, and weakly sensitive to choice of dBZ threshold.

The SPOP values are largely in agreement with Mann et al. [2014], who also found that their

SPOP values were higher than those reported by Wang et al. [2012]. Although Wang et al.

[2012] also used satellite retrievals to calculate SPOP , differences in the dataset exist. We
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speculate the difference largely arises from the use of AI and Neff as aerosol proxies, but

further studies will be necessary to determine whether this difference explains the difference

in the SPOP . The difference might also exist due to different types of clouds (cumulus vs.

stratocumulus) that are examined, as suggested by Feingold et al. [2013].

We find that the decrease in SPOP is not just present in the satellite data, but that the

simple diagnostic precipitation model predicts a decrease in SPOP with increasing LWP as

well. We find that the values of SPOP calculated from the diagnostic model also agree with

those from the satellite dataset. The trends in SPOP and SR from the diagnostic model are

insensitive to model parameters, such as number of grid levels or the variance parameter

used to constrain the scatter in autoconversion and accretion rates in the perturbed physics

runs, but their magnitudes are sensitive. With a decreasing number of vertical grid levels

and decreasing value in the variance parameter for autoconversion, both SPOP and SR

increase. Although the model cannot help constrain the susceptibility values expected in

the GCMs, it helps to inform what type of behavior we would expect of the susceptibility

if we solely consider how the diagnostic precipitation treatment affects susceptibility.

From the simple diagnostic model, we are also able to examine whether accretion-to-

autoconversion ratios are critical in determining how susceptibility changes with increasing

LWP. Previous studies have speculated a tight relationship between the two [Wood et al.,

2009, Terai et al., 2012], although an LES study of cumulus cloud fields found otherwise

[Jiang et al., 2010]. We find that although the decrease in susceptibility with LWP in the

diagnostic model is accompanied by an increase in the accretion-to-autoconversion ratio in

the perturbed physics runs, simulations with stripped down versions of the model show that

susceptibility can remain constant with increasing LWP, even when there are large increases

in the accretion-to-autoconversion ratio. The increase in the accretion-to-autoconversion

ratio may be a necessary condition for the susceptibility decrease, but it is not a sufficient

condition.

Because of remaining discrepancies between the observation and model, we also find, with

somewhat reduced confidence, that SR slightly decreases with increasing LWP (Fig. 4.1a).

We find this when we calculate SR using data taken from all the examined regions, which

largely encompass the tropical and subtropical Pacific. In a regional breakdown of SR,
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there exists a more pronounced decrease with increasing LWP in some regions, while a few

others show a peak at intermediate LWPs. Certain behaviors, however, are shared across

all regions. First, SPOP decreases with increasing LWP in all regions. Second, SI slightly

increases with LWP before reaching a plateau in most regions. Consistent with results from

Terai et al. [2012], SPOP and SI are largely additive to produce SR in all regions. The

difference in SR, SPOP , and SI values across different regions is not surprising, given that

we find that susceptibility varies with LWP and Neff . SPOP values are highest at low LWP

and low Neff , but decrease towards zero at high LWP and low Neff and at low LWP and

high Neff (Fig. 4.6). This pattern does not show up if we examine the susceptibility in the

diagnostic model with perturbed physics, in which SPOP is highest at low LWP and high Nd

and decreases both with increasing LWP and decreasing Nd. This shows that although the

diagnostic model is able to capture the satellite-observed SPOP with increasing LWP, it does

not simulate the adequate processes to accurately capture the aerosol-cloud interaction. We

come to the same conclusion when we compare the actual POP values as a function of Neff

in the satellite retrievals and model outputs (Fig. 4.7).

Finally, we are left with a couple of questions that cannot be addressed in the scope of

this study. First, we cannot explain the negative SI values that we find at low LWP when

we examine the satellite data over the entire domain. No regional areas exhibit significant

negative SI and the negative values are substantial only in the far northeast Pacific and

equatorial cold tongue regions. The more pronounced negative SI in these two regions might

be attributable to the large proportion of low LWP clouds, as is suggested in Fig. 2b of K09.

Indeed, an examination of SI as a function of LWP and Neff , as in Fig. 4.6 show that SI is

negative at low LWP and high Neff . The distribution of LWP and Neff , however, does not

completely explain regional differences, because the VOCALS southeast Pacific region also

includes a large proportion of low LWP clouds. So the aggregation of data might explain

the negative SI values when we examine the satellite data over the entire domain, as was

similarly found by McComiskey and Feingold [2012].

Second, we find that there is increasing agreement in how SPOP varies with LWP and

that the values appear to be on the order of ∼1 at LWPs near the minimum needed to

generate stratocumulus precipitation, decreasing to zero at much higher LWPs. However,
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we have not addressed whether SPOP is a useful metric that can differentiate models with

strong aerosol-cloud interactions from those with weak aerosol-cloud interactions. The three

GCM study of Wang et al. [2012] suggests that SPOP is a useful metric to distinguish the

strength of aerosol indirect effect. The large eddy simulation study of Lebo and Feingold

[2014] suggest that the relationship between SPOP and cloud response depends on whether

stratocumulus or cumulus regimes are examined. Further studies are necessary to diag-

nose why SPOP values distinguish cloud responses better than SR as Wang et al. [2012]

had found, and how it varies with models of varying complexities. Because precipitation

susceptibility is an easier metric to measure in the current climate, compared to the total

response of clouds to aerosol perturbations, if a physical mechanism can link strong pre-

cipitation susceptibilities to cloud responses in models, the susceptibility can indeed be a

useful metric that helps to constrain the existing uncertainty in aerosol-cloud interactions

among GCMs.
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Chapter 5

CONCLUSIONS AND FUTURE WORK

5.1 Summary

In this dissertation a variety of observations, from in situ and remote sensing aircraft mea-

surements to satellite cloud and precipitation retrievals, and a variety of simple models were

employed to investigate the physical processes in stratocumulus-topped boundary layers.

In characterizing pockets of open cells (POCs) in Chapter 2, it was found that POCs

form within a wide variety of large scale meteorological and aerosol conditions, and no

particular large scale condition appeared to constrain where POCs were observed by the

C-130. This finding lends support to our understanding that POCs are largely maintained

by the reinforcement of processes that are internal to the boundary layer and the clouds

that form within it. We also found that despite the variety of conditions in which they are

observed, they all share particular properties, such as the preponderance of high precipita-

tion rates, the existence of an ultraclean layer, and a narrow range of accumulation-mode

aerosol concentrations in the subcloud layer.

In examining the cloud microphysical processes in Chapter 3, the rates at which cloud

water mass is converted into drizzle water mass and the rates at which aerosol concentrations

are reduced through in-cloud collision-coalescence properties were quantified. A compari-

son of autoconversion and accretion revealed that accretion rates are nearly two orders of

magnitude higher than autoconversion rates in shifting cloud water to drizzle water. When

evaluating the influence on collision-coalescence loss rates of cloud drops, it was found that

accretion also dominates autoconversion in reducing cloud droplets number concentration,

and that self-collection of cloud drops is more important than autoconversion. Although the

reduced aerosol concentrations within the POC might suggest higher cloud droplet number

loss rates in the POC, this was not always observed. Instead, because the cloud droplet

number concentrations are lower in the POC, the time scales at which all cloud droplets
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may be collected are much shorter in the POC. A series of experiments conducted with a

parcel model with bin microphysics also showed that due to the reduced cloud droplet num-

ber concentrations in the POC, fairly high supersaturations (∼0.4 %) can be reached with

pretty low updraft speeds (0.15 m s−1) even in the middle of the cloud. This can potentially

lead to the activation of more interstitial aerosols and may be important in achieving the

very clean conditions of the ultraclean layer.

Finally, examining the precipitation susceptibility metric in a wide variety of marine stra-

tocumulus using satellite retrievals in Chapter 4 revealed an increasing agreement among

observations that the susceptibility of the probability of precipitation (SPOP ) decreases with

increased cloud liquid water path (LWP) and that the mean susceptibility has a value of

approximately 1. A comparison between the susceptibilities calculated from the satellite

retrievals and those from a column model with the diagnostic treatment of precipitation

showed that they both agree in the behavior of SPOP with LWP. Examining the suscep-

tibility as a function of not only LWP but also cloud droplet number concentration (Nd)

revealed that susceptibility is also a function of Nd. These can lead to discrepancies amongst

different estimates of susceptibilities calculated from stratocumulus with different ranges of

LWP and cloud droplet number concentrations.

5.2 Remaining questions and going forward

A series of questions and puzzles arise from the results presented above. First, we are

unable to sufficiently explain why the subcloud accumulation-mode aerosol concentrations

in the POC have such a narrow range, when compared to the variety of concentrations in

the overcast region surrounding the POCs. A balance between sources and sinks appears

to exist at such concentrations of accumulation-mode aerosols, but the exact mechanisms

that maintain this balance were not identified. Because large eddy simulations (LES) of

POC-like features also show similar aerosol concentrations in the subcloud layer, a series of

experiments with LES where surface wind speeds are varied or where surface source rates

of accumulation-mode aerosols are altered will be necessary to address this question.

Whereas the conditions in which POCs exist and are maintained have been identified

in Chapter 2 and 3, the way in which they form and the conditions that lead to POC
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formation have not been addressed here. Painter [2012] examined satellite retrievals of

LWP and Nd to address this question. Although conditions favoring heavy drizzle appeared

to tie formation mechanisms of all five POCs, Painter [2012] found that POCs do not form

under one particular condition and that a variety of conditions may induce the heavy drizzle

necessary to initiate POC formation. Although the LES work of Berner et al. [2013] showed

that certain boundary layer conditions can lead to the transition of clouds from closed-cell

to open-cell, a large-domain simulation will be necessary to test whether POC formation

can be simulated with observed meteorological and aerosol conditions and whether POCs

are features that can be forecast with much skill.

Although the microphysical process rates have been estimated from the observed droplet

size distributions in POCs and the surrounding clouds, what has not been done here is a

close comparison between the process rates and DSDs of the C-130 observations and those

obtained from the LES. For example, early comparisons between precipitation rate and bulk

drizzle water mixing ratios showed that the observations and LES do not agree. Since then,

changes have been made to improve the representation of drop fall velocities within the LES,

so further comparisons will be useful to verify whether the observations and LES agree now.

These sensitivities and differences will be important if we are interested in identifying and

mapping out the boundary layer conditions in which POCs are able to form.

LES may also be employed to extend the comparison between active and quiescent

clouds. A preliminary examination of the LES fields suggests active and quiescent clouds

form within the LES POCs as they do in observations. This provides a useful avenue to

address the questions on their formation, maintenance, and role in maintaining the POC

boundary layer characteristics.

Questions also arise from our susceptibility work. First, satellite retrievals reveal neg-

ative susceptibility of precipitation intensity (SI) at low LWPs. This runs counter to our

understanding of how cloud droplet number concentrations influence precipitation rates.

The possibility exists that data aggregation is leading to these negative SI values (analo-

gous to what McComiskey and Feingold [2012] found with ACI) and that retrievals biases

exist at low LWP, where MODIS cloud retrievals of effective radius are less reliable. Sam-

pling the data by meteorological context and more investigation into the conditions in which
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negative SI are possible will be necessary to tackle this puzzle.

Another issue that remains unresolved after this susceptibility study is the discrepancy

between the behavior of susceptibility found by Sorooshian et al. [2009], Jiang et al. [2010],

and Duong et al. [2011] and the behavior found by Wood et al. [2009], Terai et al. [2012],

Mann et al. [2014], and Chapter 4 of this study. Given that the first set of studies focused

on cumulus precipitation and the second set, on stratocumulus precipitation, it is likely

that the precipitation formation mechanisms in the two types of clouds are different such

that they lead to different susceptibility behaviors. Feingold et al. [2013] imply that the

timescales at which precipitation forms is a likely explanation for the discrepancy, but their

study did not take into account the vertical distribution and development of precipitation.

Finally, while the susceptibility metric appears to be a useful metric to compare the

sensitivity of precipitation to aerosol perturbations in a variety of observations and model

outputs, it would be even more useful if it is able to differentiate models with high sen-

sitivity of clouds to aerosol perturbations (high ACI) from those that have low ACI. The

modeling study of Wang et al. [2012] appears to indicate that this is the case, based on

their comparison of three general circulation models (GCMs). On the other hand, Lebo

and Feingold [2014] indicate that these relationships may differ with the cloud regime that

is examined. Again, further investigation is necessary to test whether susceptibility can be

used as a metric to constrain the aerosol indirect effect in GCMs.

The ultimate goal of this series of work is to constrain the effect that aerosols have on

determining the observed cloud properties. Advances in understanding the aerosol-cloud-

precipitation interaction will be necessary as an increasing number of GCMs and weather

forecast models incorporate processes that involve the interaction between aerosols, clouds,

and precipitation. Much work remains to help bridge the understanding from observa-

tions with those of large scale models using a combination of simple models and complex

cloud resolving models and to identify useful diagnostics that can help improve the models’

representation of subgrid processes.
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Appendix A

COLLISION EFFICIENCIES AND EQUATIONS OF
CONDENSATION SCHEME IN PARCEL MODEL
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Figure A.1: The collision efficiencies used in the stochastic collection equation solver, based
on Hall [1980], Davis [1972], and Jonas [1972]. Note that the color bar is in log-scale.

Condensation in these experiments is conducted by shifting the distribution by dr/dt at

each one of the bins i. In these experiments, the curvature term and the solute term are

not included, because I have only used a one-way advection of drops. The equations driving

the condensation shift of drops are:

dr

dt
=

1

r
G (S − 1) , (A.1)

G =

[
ρwRvT

esDv
+
ρwL

kaT

(
L

RvT
− 1

)]−1

, (A.2)

∆r =
dr

dt
∆t, (A.3)
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r2
i−1

(S − 1) , (A.7)

dχ

dt
=

4πρw
3ρa

∑
i

r3
i

dNi

dt
, (A.8)

where

• r is the radii of drops

• S is the ambient saturation ratio

• ρw is the density of water

• Rv is the gas constant for water

• T is the temperature

• es is the saturation vapor pressure of water

• Dv is the vapor diffusivity

• ka is the thermal conductivity of air

• L is the latent heat of vaporization of water

• g is the standard gravity
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• Rd is the gas constant of dry air

• ρa is the density of air

• cp is the specific heat at constant pressure

• p is the ambient pressure

• ε = 0.622

• Ni is the number concentration of drops over a given size range



105

Appendix B

CLOUDSAT/MODIS COMBINED DATASET AND LOCATION
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Figure B.1: The location of every 20 data points from the total CloudSat/MODIS combined
dataset and the associated (a) LWP and (b) Neff retrievals are shown.
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