ABSTRACT

BURLEYSON CASEY DALE. Environmental Controls on Stratocumulus Cloud Fraction
(Under the directiof Dr. SandreE. Yuter).

Marine stratocumulus clouds are widespread, low, optically thick, and persist for long
periods of time. Their high albedillows stratocumulus clouds to reflect large amounts of
incoming shortwave radiationderstanding the processes that lead to changes in
stratocumulus cloud fraction is critically importantcapturing the effects of stratocumulus
in global climate modls (GCMs) This research presents two analyses which seek to better
understand the governing processes that drive variability in the stratocthiopbesl

boundary layer system.

The diurnal cycle of marine stratocumulus in cktadped boundary layers is
examined using shipased meteorological data obtained during the 2008 VAMOS ©Ocean
Cloud-AtmosphereLand Study Regional Experiment (VOCAIREX). The high temporal
and spatial continuity of the ship data, as well as thda3lsample size, allows us toobe
the diurnal transition in degree of coupling of the stratocumtgipged boundary layefrhe
amplitude of diurnal variation was comparable to the magnitude of longitudinal differences
between regions east and west of 80°W for most of the cloud, suafiad precipitation
variables examined. The diurnal cycle of precipitation is examined in terms of areal
coverage, number of drizzle cells, and estimated rain rate. East of 80°W, the drizzle cell
frequency and drizzle area peaks just prior to sunriset ¥/8)°W, total drizzle area peaks
at 3:00 am, B hours before sunrise. Peak drizzle cell frequency is three times higher west of
80°W compared to east of 80°W. The waning of drizzle several hours prior to the ramp up of
shortwave fluxes may be relatedthe higher peak drizzle frequencies in the west. The
ensemble effect of localized subcloud evaporation of precipitation may make drizzle a self
limiting process where the areal density of drizzle cells is sufficiently high. The daytime
reduction in vertal velocity variance in a less coupled boundary layer is accompanied by

enhanced stratification of potential temperature and a buildup of moisture near the surface.



We also present an analysispaitternsof cloud fraction variabilityon a variety of
time scales ranging from seasonal to-dilbnal The goal of this analysis is to understand
which modes of variability, and thus the processes that drive variability on that time scale,
may be more or less important to capturing the total variations in tiacttbn. We
developed for marine regions of predominantly low cloud a novel method to separate infrared
brightness temperatures measured by geostationary satellites into cloudy and cloud free pixels.
The resulting cloud identification maps have a nagpatial resolution of 4 km x 4 km and are
available every 30 minutes from 20@810. Analysis of the low cloud frequency dataset shows
that the diurnal cycle of low cloud fraction within a given season and region unfolds in a very
regular manner. The largiediurnal cycles occur on the edges of the cloud déwke cloud
fractions are generally lowdrarge scale decreases in cloudiness overnight, such as those that
would occur with the formation of pocket$-open cells, occur infrequentlyotal cloud fration
at sunrise is on average only a few percent lower than the maximum that occurs overnight
whereagheaverage cloud breakup during the day is an order of magnitude larger. We show that
up to 50% of the total variance of cloud fraction on 30 minute s8oales can be explained solely
by thetime of day and day of the yedn order to improve simulation of stratocumulus within
GCMs models should be able to replicate the processes leading to variability on seasonal and

diurnal time scales.
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Chapter 1

Introduction

Marine stratocumulusloudtopped boundary layers ihe eastern subtropical oceans
form as a result of local coupling between the ocean and large scale subsidence from the
descending branch of the Hadley c&he high albedo and large spatial extent of
stratocumulus clouds make them a critical componegtafr t h6s net Thadi ati ve
presence or absence of clouds is not the direct result of one process or parameter, but rather is
an outcome determined by complex interactimm®nginterwoven processes acting on a
wide range of spatialnd temporal s¢as. The processespanfrom cloudaerosol
precipitation interactionacting onscales less than a meterglobal circulations whose
spatial extent is thousands of kilomet&gatocumulus clouds vary on temporal scales
ranging from nmutes to decadesh€& sheer number of dynamic interactions within the
coupled system make stratocumulus clouds both a chadtgagd an intellectually
stimulating topic to explorélhe coupled systemso presenta challenge for modelers

seeking to include stratocumulusetls in their simulations of thetal climate system.

This dissertation consists of two separate ana)yessssh of which addresses an
individual component of the cloutbpped boundary layer system. The twastsuse different
data sets to approach thblem The primarygoal of both chapters is the saint® attempt
to betterunderstand the governing processes that drive variability in the stratocumulus
toppedboundary layer systemA secondary objective is to provide a set of targets
distributions @ physical parameters tifie system, which can be usedrbgdel and
parameterization developers to evaluate and eventually improve the maddhege
climatologically important cloud€ach chapter is presented as a discrete unit that could
stand alonas a journal articleThis means that some components, notablyrineductory
materials overlap between chaptefs. al so use the plural O&éwebd to

contributions othe mauthorson the eventual papers



Chapter 2 presents a detailed analg$ the diurnal cycle of marine stratocumulus
clouds and precipitatiof.his material is from the final accepted version pkarreviewed
journal article that is currently in preurleyson et al. 2013)n Chapter 2] use shigbased
data from the WCALS-REX field campaign to attempt to answer a series of questions:

1) To what extent do kegomponents of the systevary across the diurnal cyGle

2) What is the drivingnechanisnthat forces diurnal variability?

3) In the cases where there is a diurnal cyabey Hoes the magnitude of the diurnal

variation compare to the wallocumented longitudin@gradient8

Chapter 3 seeks to isolate specific processes that exert the largest impact on
variability of stratocumulus cloud fractiam a range of time scale€Bhis chapter is built off
of a new and unique cloud identification methodology based on high resolution (both in
space and time) infrared brightness temperaturefaatageostationary satellitehis novel

dataset allows us to look at cloud fraction vatigbon sub-diurnal time scales.

Chapter 4 summarizes the findings of each piece of analysis and outlines a way
forward to expand and clarify new resultgiclude inAppendixB an additional analysis that
| have completed during my doctoral work tf@tuses on precipitatiovariability inthe
Lake Victoria region of eastern Africa. While not directly related to my primary topic of
study, the Lake Victoria analysis does give some insight into other prbjeonts been

involved with.AppendixB is also in the form of a draffournal article



Chapter 2

The Diurnal Cycle of Marine Stratocumulus Clouds and

Precipitation

2.1 Introduction

Large areas of marine stratocumulus clouds form over the subtropical open oceans to
the west of continents andiderneath the strong capping inversion associated with the
descending branch of the Hadley cell. Marine stratocumulus clouds are widespread, low,
optically thick, and persist for long periods of time. Their high albedo allows stratocumulus
clouds to refletlarge amounts of incoming shortwave radiation. The limited vertical extent
of stratocumulus (typical cloud tops ar km high) means they emit nearly the same
amount of longwave radiation as the underlying ocean. These combined radiative properties
haw a net cooling effect on the earthdés clim
effects of stratocumulus on largeale atmospheric circulations, climate models must
correctly reproduce the temporal and spatial variability of these clowdslless their
thickness and height. The radiative propertiesti@tocumulus remain poorly captured in
general circulation models (GCMs), constituting a major source of uncertainty in climate
simulations (Bony et al. 2006). Clowdpped boundary layerseanotoriously difficult to
simulate; the particular deficiencies of various global models have been assessed in
numerousstudies (e.g. Weare 1996; Bony and Dufresne 2005; Wyant et al. 2006). GCMs
often fail to capture the diurnal variation of importantgasses in the clodtpped
boundary layer system, such as the reduction of cloud fraction and likelihood of decoupling
during the afternoon (Abel et al. 2010, Medeiros et al. 2012).

Marine stratocumulus clouds exhibit a particularly strong diurnal cyedlause many
of the processes that drive turbulent mixing in ckbopbed boundary layers are radiatively
forced (Nicholls 1984; Betts 1990; Rogers et al. 1995). In contrast to continental boundary



layers, which are usually mixed from the bottom up, masiregocumulus cloutbpped

boundary layers are primarily turbulently mixed from the top down. Buoyancy flux in
stratocumulugopped boundary layers, the maximum of which occurs near cloud top, is the
primary source of turbulent kinetic energy (Moeng el882; Bretherton and Wyant 1997).
Parcels near the cloud top become negatively buoyant through a combination of evaporative
cooling from the entrainment mixing of warm dry air from the free troposphere and radiative
cooling (James 1959). The generationusbulent kinetic energy by sinking negatively

buoyant parcels serves to mix the boundary layer. During the day, some of thtoploud

cooling can be offset by shortwave heating, and the strength of the turbulent connection with
the moist subcloud layeirdinishes (Nicholls 1984; Turton and Nicholls 1987; Duynkerke
1989).

Marine stratocumulus have annual climatological cloud fractions near 70% in the
southeast Pacific (SEP) (Klein and Hartmann, 1993), and are able to persist for many hours
to days. Cloudgpersist through most afternoons when there is typically net radiative
warming. Turbulence connects (or couples) the cloud with the ocean surface and supplies the
cloud with moisture. Reduced turbulent mixing can cause the separation of the boundary
layeri nt o di stinct c¢cloud and subcloud | ayer s,
1987). In reality, the strength and depth of turbulent mixing in the stratocutopiosd
boundary layer exists in a continuum between fully coupled and fully decoMuke will
refer to the place in the continuum as being more or less strongly coupled. Reduced vertical
moisture flux into the cloud when the boundary layer is less strongly coupled means there is
less moisture to offset entrainment or sensible heatimgthencloud can evaporate. If
weaker coupling persists, the cloud fraction and albedo will decrease as the cloud thins and
eventually breaks apart (Betts 1990). Duynkerke (1989) showed that the decrease in the
degree of coupling between the cloud layenfithe surface layer can occur shortly after
sunrise and persist until sunset, implying that it takes very little solar heating to reduce the
strength of turbulent coupling.



In addition to cloud fraction and the degree of boundary layer coupling, cloud
thickness, precipitation, and liquid water path (LWP) also have a regular diurnal cycle.
Higher LWP reduces the incoming solar radiation that reaches the surface by modifying the
optical depth of the cloud, with thicker clouds absorbing and scattering ncoraiirg
radiation. Cloud thickness affects the generation of precipitation (Comstock et al. 2004),
which in turn removes liquid water from the cloud and can lead to mesoscale circulations that
contribute to the break up the cloud. We will show cycles inipitation and cloud thickness
and how they are related to the diurnal cycle of boundary layer decoupling.

In this study we document the diurnal variation of marine stratocumulus in the SEP
with the goal of better understanding the dominant processesotitadl these
climatologically important c¢clouds. The Vari a
(VAMOS) OceanCloud-AtmosphereLand Study Regional Experiment (VOCAIREX)
dataset allows us to examine the diurnal variation of multiple parameters of the
stratocumulugtopped boundary layer system simultaneously. To facilitate our understanding
of the complex and interrelated processes of the stratocumulus cloud system in the SEP, we
examine in concert a multitude of simultaneously measured data from VOREKSThe
VOCALS-REX data sets used here are from d¥aped instruments (de Szoeke et al. 2010
2012), each sampling for several weeks across a large cross section of the SEP (Wood et al.
2011). Aircraft studies of the diurnal cycle are limited by thatretly short and temporally
sparse nature of the aircraft data. In comparison, the VO&RAESshipbased data set
provides a robust diurnal signal. We build on previous work that shows the diurnal cycle in
turbulent mixing dominates variability in seveddlthe climatologically important properties
of stratocumulus clouds. Our analysis of the diurnal variability of precipitation identifies a
new component of the diurnal cycle, a decrease in precipitation in the western portion of the
VOCALS-REx domain bedre the sun comes up, that had previously gone undetected. The
observed diurnal cycle can serve as a potential target for future modeling studies attempting

to replicate variations in a stratocumutopped boundary layer system.



2.2 Data and M ethods

VOCALS-REXx data presented here were collected aboard the National Oceanic and
Atmospheric Administration (NOAA) research ship Ronald H. Brown (RHB). The RHB
traversed the 20°S parallel underneath the SEP cloud deck from Arica, Chile (70°W) to
85°W three sepate times during the course of the experiment. Specifically the two research
cruise legs from the ship were from 25 October to 2 November 2008 and 10 November to 2
December 2008. Along the way, the ship spent several days at each of two ocean buoys
mooredon the 20°S parallel near 75°W and 85°W. The distribution of sampling by the
scanning Gband radar (FigR.1) is representative of sampling by all of the other instruments
aboard the RHB. The RHB samples are temporally continuous and provide a robust pictu
of the diurnal cycle of the stratocumulus cloud deck. Blaiped data were gathered evenly
across the diurnal cycle (Fig.1). For this reason we limit our analysis to data obtained
aboard the RHB.

The RHB served as an instrument platform for numeotaservations of cloud
structure, precipitation, and thermodynamics within the marine boundary layer (de Szoeke et
al.201@ . Of ©primary importance to this study a
vertically-pointing W-band cloud radar (Moraet al. 2011; de Szoeke et al. 2819012),
vertically-pointing passive microwave radiometer (Zuidema et al. 2005), scanning Doppler
lidar (Grund et al. 2001), scanningb@nd precipitation radar (Ryan et al. 2002), laser
ceilometer, surface meteorologyater, and the rawinsondes launched every four hours
during the cruise. The RHB was outfitted with a scannifiga@d radar to observe light
precipitation forming in the shallow stratocumulus clouds. The radar has a wavelength of 5
cm, making it sensitive tmoderate drizzle and rain but not the clouds themselves (Ryan et
al. 2002). Details of the-Band radar scan strategy used during VOCAREX are given in
Appendix Aof Burleyson et al. (2013fhe2¢e m Hi gh Resol uti on Doppl e

measured backsttar intensity and radial wind velocity with 30 m resolution within 6 km of



the ship. The scan strategy for the lidar was a repeating 20 minute sequence that included

plan position indicator (PPI), randeeight indicator (RHI), and verticalgointing mods.

One prominent feature of the SEP stratocumulus deck is the gradual increase in
boundary layer depth westward from the South American coast in conjunction with warmer
underlying seaurface temperatures (Wood and Bretherton 2004; Leon et al. 2008mauide
et al. 2009; de Szoeke et al. 2012; etc.). In addition, atmospheric aerosol concentrations have
also been observed to decrease westward, resulting in a longitudinal gradient in cloud droplet
number concentrations (Bennartz 2007; Wood et al. 2008; Gandyé/ood 2010;

Bretherton et al. 2010). There is synoptic and interannual variability in the longitudinal
gradients of these properties, yet the gradients were observed most times during VOCALS
REx. Boundary layer depth and cloud droplet number concemtiaave both been shown to
interact with the clougerosolprecipitation processes in the stratocumulus clouds over the
SEP, resulting in longitudinal gradients in drizzle and cloud fraction (Wood and Bretherton
2004; Leon et al. 2008; Mechem et al. 20112)e time series of data from the ship (for
example Fig. 2 from de Szoeke et al. 2§)1dbes show diurnal, longitudinal, and synoptic
variability, with the dominant signals in the time series being the diurnal and longitudinal
patterns. To account for Igitudinal variability in our analysis of the diurnal cycle, we have
subdivided our results into two regions, east and west of 80°W, when sample sizes allow it.
Subdividing the data in this way isolates the effects of the longitudinal gradients in cloud
properties from the diurnal cycle. Throughout the paper, results shown in blue represent data
collected in the region east of 80°W (i.e. closer to the coast, higher aerosol concentration,
shallower boundary layer) and results shown in pink represent datafvB&stV (i.e. farther

from the coast, lower aerosol concentration, deeper boundary layer).

The relatively slow motion of the ship compared to the evolution time of the
atmosphere means that the RHB was subject to synoptic influences in the region (see
Toniazzo et al. [2011] for a discussion of the synoptic meteorology conditions in the

southeast Pacific during VOCALREX). Synoptic variability in key variables is smaller



along and north of 20°S compared to regions closer to the extratropical cyclorfetifaek

south. For example, the variability of inversion height associated with synoptic influences is
roughly +£ 0.2 to 0.4 km along 20°S compared te3:8 to 1.0 km along 30°S (Toniazzo et

al. 2011; their Fig. 21a). There is no reason to believahbatynoptic forcing will

systematically occur at any one time during the diurnal cycle. Rather, synoptic influences

will show up as small random perturbations on top of the mean diurnal cycle that comes from

31 days of data.

We examine both the mean amahrtiles of several variables to capture their
underlying distribution and avoid possible misinterpretation that may arise from taking
averages of a neGaussian distribution (Taleb 2007). The hourly mean values in our
analysis will be indicated by a haabold line, overlaid on a shaded region that indicates the
area between the $&nd 75' percentiles of the hourly distributions. While most of the
distributions appear to be qu&saussian, with the mean lying approximately in the middle
of the interqartile range, precipitation intensity and drizzle cell size are lognormal. All times
given have been converted to local solar time using the longitude at which the measurement

was made.

2.3 Results

2.3.1 Boundary Layer Mixing

We begin an analysis ofatdiurnal cycle by examining factors controlling the diurnal
variation of boundary layer mixing. Our analysis focuses on the diurnal cycle of boundary
layer mixing and stratification and complements recent studies of the diurnal cycle of
stratocumulus inhte southeast Pacific (de Szoeke et al. 2012; Painemal et al. 2013)2Fig.
shows a timéneight representation of the vertical profile of mean vertical velocity variance
measured from the NOAA HigResolution Doppler Lidar. Data were collected inriibute
windows when the lidar was in verticaippinting mode. The mean profiles were normalized

to the base of the cloud such that a height of 1.0 represents cloud base while 0.2 represents a



height that is 20% of the measured cloud base height. The datgweaditg controlled using
the signatto-noise ratio (SNR) to remove weak signals (SNR < 0 dB) and the downdrafts
associated with precipitation (SNR > 15 dB). Higher variance of the vertical velocities

indicates stronger turbulent mixing.

Consistent with anixing profile that is driven by tedown mixing (James 1959), the
strongest variance values are located at the base of the cloud and top of the subcloud layer
and variance decreases downward toward the surface. The diurnal cycle of boundary layer
mixing is evident both east and west of 80°W. Overnight mean profiles have higher vertical
velocity variance compared the midday values. Shortly after sunrise (~6:00 am) the variance
values decrease sharply throughout the depth of the subcloud layer as solgrdwstio
limit the generation of negatively buoyant parcels at cloud top. Vertical velocity variance
remains low throughout the day and begins to slowly increase again as the sun goes down
(~6:00 pm). Overall, turbulent mixing is somewhat stronger apgeatan the east (Fig.2a)
compared to the west (Fig2b). This is consistent with a boundary layer that is shallower
and more strongly coupled closer to the coast compared to further away. We believe the
anomalous values of vertical velocity variatetween 2:00 and 3:00 am west of 80°W are
likely an artifact due to a combination of the large variability of conditions at that time and

small sample size of the verticalbpinting lidar data.

One interesting feature of this analysis is the rate athwthibulence decreases after
sunrise compared to the rate at which it increases after sunset. There is a distinct decrease in
the mean vertical velocity variance profiles after 8:00 am in both the eastern and western
potions of the VOCALSREX domain. Thisndicates a sudden reduction in the overall
strength of the turbulent motions. The pace at which turbulence begins to strengthen after
sunset is much slower. Strong turbulent overturning is not present until roughi§:@@mem
in the east and after 9:@@n in the west. Because the generation of turbulence via longwave
cooling is amplified by the presence of cloud, this delay in the strengthening of turbulent

mixing could be due to the time after sunset that it takes for the cloud fraction to increase to



its overnight values. Previous work has shown that it takes several hours after sunset for

cloud fraction to recover to its overnight value (de Szoeke et al. 2012; their Fig. 8a).

We used the fodhourly VOCALSREX sounding data to construct mean profdes
potential temperature, water vapor mixing ratio, and horizontal wind speeds. In this case we
did not divide the data into east and west regions because of the smaller sample size of the
216 radiosonde launches. To account for thewast gradient in undary layer depth, we
normalize the height coordinate to the base and top of the cloud. The subcloud layer in each
sounding is divided into ten evenly spaced bins that span the height between 50 m above the
surface and the measured base of the cloudwahah the cloud five bins are evenly
distributed between the measured cloud base and cloud tog.Fighows the diurnal cycle
of average potential temperature between 50 m above the surface and the top of the cloud.
Where potential temperature is stent with height, the temperature gradient is neutrally

stable to adiabatic motions of unsaturated air parcels.

One salient feature of Fig.3a is the nearly isentropic layer (~290 K) formed shortly
after sunset (~6:00 pm) from the surface up halfwaydod base. Between midnight and
4:00 am, this nearly isentropic layer extends further upward to encompass the full vertical
extent of the subcloud layer. This indicates strong upward and downward mixing. Negatively
buoyant cloud parcels may descend taimhe surface without encountering a stable layer.
Likewise, positively buoyant subcloud parcels would encounter no strong stability
boundaries during their ascent to cloud base. The projection of this vertical overturning onto
the horizontal winds may ade the cause of the high wind speeds in the subcloud layer
overnight (Fig2.3c). The sun rises between the 4:00 am and 8:00 am sounding and there is a
1 K cooling throughout most of the subcloud layer, with the strongest cooling occurring in
the lowesthird of the subcloud layer. Cooling of the subcloud layer in the early morning
hours is likely a sign of radiatively cooled parcels from cloud top being mixed downward
into the subcloud layer. Evaporative cooling from drizzle could also be contributimg to

observed cooling. More importantly though, during this period around sunrise the vertical
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potential temperature gradient also begins to increase, indicating a stable layer between cloud
base and the surface. Between 8:00 am and noon a layer justchmloMbase becomes more
strongly stable, with a vertical potential temperature gradient greater than 1 K between cloud
base and the surface. Horizontal wind speeds on top of the stably stratified layer decrease
while remaining fairly steady within the nad layer extending upwards from the surface.

The increased stratification of potential temperature during the morning and afternoon would

inhibit the availability of surface moisture to the cloud.

To investigate the effect of increased stability on théstace, we calculated the
water vapor mixing ratios (g Ky using temperature and relative humidity data from the
soundings. We use water vapor mixing ratio as a conserved tracer to indicate the vertical
extent of moisture in the boundary layer. Surfacgperation rates are roughly constant
across the diurnal cycle (de Szoeke et al. A)H0 the diurnal variation in moisture content
near the surface is a function of the rate at which moisture is transported away from the
surface. The average water vapaking ratio profiles shown in Fi@.3b illustrate the
diurnal variation of the degree of coupling of the boundary layer. Drying in the layer
immediately beneath cloud base begins after sunrise and slowly extends downward toward
the surface. During theag a clearly defined moist surface layer forms when the cloud deck
is generally less well coupled with the surface. Moisture in the lower portion of the subcloud
layer increases in time after noon. The interface between the dry subcloud layer and surface
based moist layer creates a strong vertical gradient in water vapor mixing ratio. Water vapor
near the surface reaches its diurnal maximum (~9% lxg sunset. Vertical moisture
gradients decrease after sunset as moisture is again mixed upward awdefsuricce
resulting in a more evenly distributed moisture profile. This process allows the cloud to tap
into the reservoir of surface moisture resulting in a deeper stratocumulus cloud deck and

higher cloud fractions overnight.

The mean sounding datadinate a fairly regular daily transition in the degree of

coupling in the stratocumulispped boundary layer system. We can visualize one example
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of this transition using lidar data collected eh@v 2008 (Fig2.4a). The strongest

scattering of the lidabeam occurs within the cloud deck and during drizzle where signal
strength values upwards of 20 dB occur. Aerosols have weaker backscatter than cloud and
are present in varying concentrations from cloud base to the ocean surface. Aerosol
backscatter intesity is a function of number concentration and size of the scatterers. Higher
ambient relative humidity also increases the lidar backscatter by swelling hygroscopic
particles (Tang, 1996). From 4:00 am through 11:00 am, aerosols in the subcloud layer are
vertically wellkmixed and their corresponding backscatter intensity is roughly constant from
the ocean surface to the cloud base (Ep and2.4b). Shortly after local noon a cleaner

(lower aerosol concentration) or drier (lower relative humidity) lawidr lower backscatter

begins to appear below cloud base and grows downward to eventually encompass almost half
of the subcloud layer by sunset. The gradient in aerosol backscatter between the dirty and/or
moist neasrsurface layer and the cleaner andfoemdair above represents the top of the well

mixed surface layer during the period when there is a decoupled boundary lay2dig.

2.32 SurfaceVariables

Hourly 10 m surface air temperature values are shown ir2/Eig. As expected in a
cloudtopped marine boundary layer, the diurnal variation in air temperature is quite small
(less than 1°C both east and west of 80°W). Daily minimum values occur near sunrise,
followed by a gradual increase throughout the morning that peaks around local noam. The
temperatures after noon remain fairly constant for a period-@Rlours and then gradually
decrease in the overnight hours. The high cloud fraction of the stratocumulus deck and large
heat capacity of the underlying ocean play a significant raleeirmoderation of the daily
temperature cycle. A minimal temperature difference between the ocean and the lower
atmosphere (typically-2°C; Painemal et al. 2010) limits the exchange of sensible heat from
the ocean to the atmosphere (< 6 V¥ mle Szoeket al. 201@). The mean air and sea
surface temperatures in the western portion of the SEP stratocumulus domain are about 1°C

warmer than the eastern portion (Bretherton et al. 2004).
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Diurnal variation in neasurface dew point temperature is shown in Eigb. Dew
points have a diurnal minimum near sunrise, increase roughly linearly until just before
sunset, and then gradually drop. The amplitude of the diurnal variation is close to 1.5°C in
both the east and west, and its sinusoidal pattern followstth@mnperature from midnight to
noon, when the boundary layer is more coupled. When the boundary layer becomes less
coupled in the afternoon, the dew point temperature rises because of the increase in moisture
content of the near surface boundary layarfé&e moisture accumulates during the day
when the coupling with the cloud deck is weakest and decreases overnight due to stronger

vertical moisture fluxes away from the surface.

Near surface wind speed and wind direction distributions across the diyciebre
shown in Fig2.5c and2.5d. There is only a weak cycle near surface wind speeds. The
magnitude of the wind speed longitudinal gradient is larger than the diurnal variability. There
is a 2 m & difference in hourly mean wind speed between #st and west compared to a
1.2 m §' between maximum and minimum hourly mean wind speed in both the east and
west. Mean wind direction in the western portion of the VOCAREX domain shows little
diurnal variability while in the eastern portion there [®easistent backing of the near surface
winds from SE to ESE during the day. This change in wind direction is consistent with the
documented coastal meteorology patterns along the western coast of South America
(Garreaud and Munoz 2004).

The diurnal distthutions of downwelling shortwave and longwave radiative flux,
measured at Xinute intervals, are shown in Fg5e and?.5f respectively. The underlying
distribution of shortwave radiation has a positive definite cosine shape with a daily maximum
mean \alue near local noon in both the west (~800 V&) and east (~700 W ). Previous
studies have shown that the western cloud field tends to break up earlier and more often than
in the eastern region closer to South America (Bretherton et al. 2010). Géeifderquartile
range of shortwave radiation in the western portion of the domain indicates a less consistent

cloud field. Not surprisingly, downwelling longwave radiation is strongest and most
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consistent (~380 W 1) at night, when the cloud is thickestd most spatially coherent. The
afternoon minimum mean value and the larger interquartile range in both regions

(~360 W n?) are related to cloud break up. While the extrema of the mean diurnal cycle in
downwelling longwave radiation are similar throoghthe VOCALSREXx domain, the

range in the distribution increases slightly earlier and decreases slightly later west of 80°W.
This is consistent with a cloud deck that breaks up slightly earlier and reforms slightly later

in the west comparedtotheedsth i | e t he mean values of the
measurements are consistent with those from th8GC the limited diurnal sampling of the
aircraft data misses some of the subtlety of the diurnal cycle such as the increased variability

in thewestern half of the domain (Bretherton et al. 2010).

Sulfate is the dominant submicron aerosol species in the VOGHDSregion
(Jaeglé et al. 2011; Shank et al. 2012), and the diurnal variation in-hgse precursors
peaks overnight west of 78°W (M@ et al. 2011). Neasurface aerosol concentration
observations were made at the bow of the ship (~15 m above sea level) during VOCALS
REX. The neasurface concentrations of Aitken and accumulation mode aerosols, roughly
|l ess than and imgdiameer respectivdlyawere headured amlute
intervals. There is large ddag-day and weeko-week variability in the measured near
surface aerosol concentrations. The hourly means and interquartile ranges of these
concentrations are shown in Fj6a and2.6b. Aerosol concentration varies for some
individual days and is relatively constant for others. Consistent with previous work, we found
no robust or systematic diurnal cycle in aerosol concentrations (Tomlinson et al. 2007).
There was a longidinal gradient in aerosol concentrations with higher concentrations in the
east (e.g. Allen et al. 2011, de Szoeke et al. 2012). The measuntzare accumulation
mode aerosol concentration east of 80°W was ~50higher than in the west. In the Aitken
mode, a weak easd-west gradient of ~5000 cm® occurs only during the afternoon and
early evening. Whether the afternoon and early evening variation reflects changes in

formation or scavenging is unclear.
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2.33 Cloud Measurements

As with other varibles, variations in the base and top of the cloud are affected by the
diurnal cycle. During VOCALSREX several instruments were deployed to measure changes
of the height and depth properties of the cloud (de Szoeke et al. 2012). Fivesadivision
allows the diurnal variability to be compared with longitudinal variability. Diurnal variations
in the base of the cloud are shown in Rga. Shortly after sunrise the mean altitude of
cloud base begins to increase, rising approximately 200 m by noorhithieatastern and
western portions of the domain. After noon, the base of the cloud lowers until it reaches its
overnight value by sunset, at which point the cloud base remains fairly steady throughout the
night. One significant feature of the measuredidlbase heights is the distinct easist
difference. Cloud bases in the western portion of the domain are on average 200 m higher

than those closer to the coast.

The top of the stratocumulus cloud deck, Rigb, coincides with the height of the
subsidace inversion. Inversion base height was measured every four hours from the
soundings launched from the ship. In this study, the top of the cloud is estimated from the
inversion height from soundings, and interpolated from the soundings to every 10 minutes
This method of determining the stratocumulus cloud top height is consistent during both legs
of VOCALS-REX, and agrees well with the measurement from the vertipalhting W
band radar when it was available during the second leg. The strongesagiadient of
boundary layer depths manifests itself in higher cloud tops westward. Further west from the
coast, the height of the inversion is nearly 250 m higher than in the eastern portion of the
VOCALS-REx domain. Cloud top heights also show a significtumtnal variation.

Discounting horizontal advection in the boundary layer, the height of the subsidence
inversion will increase due to entrainment into the boundary layer of warm dry air from
above the inversion and decrease due to subsidence of airthboreersion. For @ours

from midnight through 10:00 am these two counteracting tendencies are balanced and the
cloud top height is fairly constant east of 80°W. Overnight the cloud top height increases to
its maximum altitude around midnight in theseand closer to 3:00 am in the west. As the
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cloud begins to break up after sunrise the rate of subsidence outpaces entrainment deepening,
causing the boundary layer to become shallower (Lewellen and Lewellen 1998). By 6:00 pm,
the mean cloud top west 0d8N has decreased nearly 150 m from its overnight value. In the
east, the decrease in cloud top height is between 75 and 100 m. A shallower boundary layer
persists until the cloud begins to recover near sunset and entrainment warming and deepening

is ableto overcome subsidence.

Overnight the cloud depth is nearly constant as a result of stationary cloud base and
top heights. Mean cloud depths are close to 300 m, with only slightly deeper clouds in the
western portion of the domain compared to the eastr Atinrise, increasing cloud base
heights combine with a steady cloud top to decrease the cloud depth by a factor of two by
early afternoon. The mean rate of thinning (~25 /) ks constant throughout the morning.

The cloud gradually thickens after 3:p6. The 9 hours it takes for the cloud to thicken (at
~15 m hi) to its nighttime value is somewhat slower than the time it takes to thin. These
rates are consistent with a boundary layer that takes longer to recouple than decouple (Fig.
2.2).

As southast Pacific stratocumulus are largely adiabatic (Zuidema et al. 2012), the
diurnal cycle of liquid water path (Fig.8a and2.8b) very closely resembles the diurnal
cycle in cloud depth. Liquid water path values are at times positively skewed suclethat th
mean is closer to the ¥%ercentile than the F5percentile. Further discussion of the liquid
water path characteristics for the region including diurnal and longitudinal gradients in
adiabaticity is given in de Szoeke et al. (2012) and Zuidema(@04R).

2.3.4 Precipitation

Drizzle frequently forms in shallow stratocumulus clouds as a result of collision and
coalescence of cloud droplets. When present, drizzle often organizes into discrete cellular
structures, with cloud tops over drizzlingleddeing slightly higher than the areal averaged
cloud top height (e.g. vanZanten and Stevens, 2005; Comstock et al. 2005, 2007). Drizzle
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formation, fallout, and cessation is dependent on many factors such as cloud base and top
height, cloud depth and lighwater content, clouderosol interaction, and boundary layer
turbulent moisture transport (e.g. Comstock et al. 2004, 2005; Zuidema et al. 2009). To
determine drizzle cell frequency and extent, we follow Comstock et al. (2007) and use an
algorithm desiged to look for contiguous regions of radar reflectivity greater than 5 dBZ.
This algorithm separates individual drizzle cells from the background cloud. Relaxing the
minimum reflectivity threshold to 0 dBZ, a commonly accepted threshold for drizzlesthat i
likely reaching the surface (Comstock et al. 2004), slightly modifies the drizzle cell size
distributions shown in Fig2.10, but does not otherwise affect our results. We used a
minimum cell area threshold of just over 0.5°%kmhich corresponds to eiggbontiguous

radar pixels. The diurnal mean values for the number of drizzle cells observed in each radar
scan as well as the cumulative drizzle area for regions both east and west of 80°W are shown
in Fig.2.9a and2.9b.

The diurnal maximum of cell counaind total precipitation area (F&j9a and2.9b)
is between midnight and sunrise when the cloud is thickest. During the nightpdredC
radar observed over three times the number of drizzle cells in the region west of 80°W than
in the region east of8W. The enhanced drizzle frequency in the west is consistent with the
deeper boundary layer, slightly higher LWP, and fewer cloud condensation nuclei in the
environment west of 80°W. Fig.9c shows the diurnal mean and distribution of areal
average raimates for both regions of the VOCALSEX domain. The areaverage rain rates
east and west of 80°W are broadly consistent with the gradients documented-b3be C
and CloudSat data (Bretherton et al. 2010). The cloud base rain rate for drizzling
stratoemulus clouds is proportional to the cloud depth and LWP (e.g. Comstock et al. 2004).
The hourly conditional rain rate (Fig.9d) is the average of raining pixels (those above a
rangedependent sensitivity threshold) for all hours in which the precipgatiea exceeded
100 knt (see AppendiXA of Burleyson et al. 201fr details). In the region west of 80°W,
the mean conditional rain rate was 6.5 mm baympared to 3.5 mm dayeast of 80°W.

The conditional rain rates for the east and west regionsséaeh very little diurnal
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variation. The diurnal variation of the areal average rain rates for a given region is primarily

related to variations in the drizzling area rather than changes in the intensity of drizzle.

The size distribution of all individualrizzle cell areas observed by théb@nd radar
during VOCALSREX (Fig.2.10) is highly skewed, and drizzle cells with areas < T km
outnumber cells of larger sizes throughout the diurnal cycle. The increase in the overall
number of drizzle cells overnigfFig. 2.9a) is related both to a large increase in the number
of smaller drizzle cells, and to more larger cells (broadening the cell area distribution). West
of 80°W the number of drizzle cells smaller than ¥ kearly quadruples from 6:00 pm to
3:00 an.

The extensive VOCALSREX radar data set provides a clear view of how drizzle
varies diurnally, but also brings to light an important contrast in the timing of precipitation
between the eastern and western portions of the VOEGRAESdomain. The timingf
changes in the mean total area of precipitation east of 80°W is closely tied to sunrise and
sunset. The total area oftand observed precipitation decreases from ~250td&m100
km?, from a radar coverage area of roughly 10,008, kretween 7:00 am dr9:00 am (Fig.
29b). This decrease in precipitation occurs as the cloud thins and turbulent moisture
transport begins to weaken after sunrise. The number of drizzle cells and the total drizzle area
remain small throughout the daynce the turbulent viecal moisture flux increases again
after sunset, the precipitation area increases to its overnight value. In contrast, west of 80°W
the maximum precipitation area occurs between 3:00 am and 5:00 am, and begins to decrease
before the sun comes up. In thregawn hours, the solar radiation has yet to reduce
turbulence generation and vertical moisture transport, so it cannot yet affect the cloud and
precipitation. The reduction in the number of drizzle cells, the total drizzle area, and the areal
average raimate is out of phase with the diurnal variations in cloud thickness, liquid water
path, and boundary layer turbulent mixing, indicating a different process limits drizzle in the
early morning hours in the western region of the VOCAREXx domain.
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We exammed several potential reasons for the decrease in precipitation between 3:00
and 5:00 am in the western portion of the domain. The cloud itself is generally persistent.
Fig. 2.7 shows that the cloud base, cloud top, and cloud depth in the western pbittien
domain are all roughly constant between midnight and 6 am. Liquid water path
measurements (Fig.8) have a higher mean (~150 ¢hand are more positively skewed
between 3:00 am and 6:00 am compared to the window between midnight and 3:00 am. The
i mpact of the fAupsidenceo wave, modeled by C
Rahn and Garreaud (2010; their Fig. 14), is inconclusive in the western portion of the
VOCALS-REx domain in the-® hours before sunrise. The free tropospheric substdenc
anomaly is either neutral or slightly negative (upward). Wood et al. (2009; their Fig. 5a and
6) found that the region west of 80°W should have a diurnal minimum in subsidence and a
higher mean liquid water path in the six hours before sunrise. Théirmas based on
European Centre for MediuRange Weather Forecasts (ECMWF) analyses and passive
microwave data. The modeling work of Wyant et al. (2010) showed LWP and cloud fraction
changed little due to the upsidence wave in the SEP stratocumulus deokhlhg the
higher liquid water paths associated with the upsidence wave would increase precipitation, in
contrast to the observed decrease in precipitation. Therefore we believe that the upsidence
wave is likely not the cause of the observed decregseaipitation in the early morning

hours over the western portion of the VOCAREX domain.

Another possible explanation for the early morning diminution of the number of
drizzle cells and the areal average rain rate west of 80°W is that the precipitgibcauses
a reduction in the vertical moisture transport by creating a stability boundary in the subcloud
layer (Bretherton and Wyant 1997). A majority of the drizzle from marine stratocumulus
clouds evaporates before reaching the surface and #pe®tion will drive cooling in the
subcloud layer (Comstock et al. 2004). Evaporative cooling of the subcloud layer can
generate a stable | apse rate beneath the bas
temperature profiles of Comstock et al. 2D@®nes et al. (2011) show that higher cloud base

and LCL height differences, a symptom of less coupled boundary layers, are correlated with
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times of heavier drizzle. This relationship was particularly evident in further from the coast

where heavier drize is most prominent.

A possible example of the near cloud base precipitatidnced stabilization is
shown in Fig2.11, where we compare two soundings launched roughly five hours apart on
23 November 2008 when the ship was near 85°W. Drizzle was wicihéy of the ship for
the entire time between the two soundings. In the 9:45 pm soundin@ (Hig), the
subcloud potential temperature profile is isentropic all the way up to the base of the cloud.
The subsequent sounding at 2:30 am (EitjLb), launched after persistent drizzle was in the
vicinity of the ship for many hours, shows a potential temperature profile that increases
upward from 0.9 km to cloud base at 1.2 km. This slight stability boundary could be enough
to inhibit vertical moisture trasport into the cloud and limit further precipitation.

It is our hypothesis that the total area of drizzle cells isliseiing. Vertical mixing
can be reduced by localized evaporative cooling and stabilization related to drizzle from
individual smalldrizzle cells even if a detectable cold pool does not form. The combined
effect of a high areal density of these small cells over time is to limit opportunities for new
cells to form. Only a subset of drizzle cells are strong enough to produce sufficientl
negatively buoyant air from evaporative cooling to yield surface cold pools and hence
opportunities for surface convergence and new cell growth (vanZanten and Stevens 2005;
Feingold et al. 2010; Terai 2011). We are not proposing that the entire dom#aéhbeo
stabilized by precipitation, which is unlikely given the areal average rain rates of 1.5 mm
day’ or less. Rather, the ensemble of cell local stabilization effects near cloud base, such as
illustrated by the soundings in F311, may yield a domaiwide phenomenon that
manifests as a statistical decrease in the number of drizzle cells, the total precipitation area,

and the areal average rain rates (F2g3.and2.10).

The drizzleinduced reduction in vertical mixing mechanism builds on previous

studies of drizzle processes in marine stratocumulus, namely Wang and Wang (1994),
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Bretherton and Wyant (1997), and Wang and Feingold (2009). This postulation also allows
that the upsidence wave may indirectly contribute to the noticeable precipitatimme dgc
enhancing the ability of the cloud to precipitate, thus speeding up the rate of subcloud
evaporative cooling and stabilization, which subsequently reduces the precipitation after 3:00

am. Untangling this sequence of events will require furtheystud

24 Conclusions

We used observations collected aboard the RHB during VOGJRESto investigate
diurnal variations in the marine stratocumulus cloud deck over the SEP. We use coincident
observations of boundary layer thermodynamics, cloud propatidsjrizzle to identify
processes that determine the state of the stratocutoydped boundary layer. The high
temporal and spatial continuity as well as the large sample sizes provided by the RHB data
allow us to resolve the diurnal transition in the réegof coupling of the stratocumulus
topped boundary layer. A conceptual schematic for the diurnal variation of marine
stratocumulus clouds, surface mixed layer depth, drizzle, and boundary layer mixing in the
SEP is shown in Fi®.12. This schematic cortements other conceptual models (e.g. Fig.

15 from Wood 2012; Fig 17 from de Szoeke et al. 2012) and is meant to capture the most

likely state of the boundary layer system over an ensemble of days.

To account for the eastest gradient in sesurface temerature, boundary layer
depth, aerosol concentrations, and cloud liquid water path, we divided our results into regions
east and west of 80°W. While there is some synoptic andtggaar variation, in general
the boundary layer in the western portiorited VOCALSREXx domain is typically warmer
and deeper with fewer aerosols than the region closer to the South American coast (de
Szoeke et al. 2012). The net result of these features is a cloud deck with higher bases and
tops in the west, but with a cloudi¢ckness only slightly deeper in the west compared to the
eastern portion of the domain (F&J7b and de Szoeke et al. 2012; their Fig. 5a). The

observed difference between cloud base and LCL heights, a proxy for the degree of turbulent
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mixing, was largem the west compared to the east (de Szoeke et al. 2012). The weaker
connection between the moist surface layer and the cloud deck, particularly during the
daytime hours, resulted in thinner clouds, a more broken cloud field, and an increase in the
mean ad variability of shortwave radiation reaching the surface. Total drizzle area and

conditional rain rates were both higher in the western region.

Our study is consistent with work that shows the diurnal variation in marine
stratocumulus clouds was largelsiven by variations in subcloud turbulent moisture
transport, which is strongly conditioned on vertical radiative flux divergence at cloud top
(e.g. Nicholls 1984; Turton and Nicholls 1987). Vertical profiles of vertical velocity variance
and potentialémperature and moisture show that the subcloud boundary layer-isiwedtl
at night and that the strength of turbulent mixing decreases strongly after sunrise. There is a
cooling in subcloud potential temperatures after sunrise and vertical gradidrésubtloud
potential temperature profiles increase, indicating an emerging stratification in the subcloud
layer. This deep cooling observed in the subcloud layer is consistent with a recent modeling
study over the VOCALSREx domain (Toniazzo et al. 201Byt occurs somewhat later than
the cooling generated in earlier simulations (e.g. Garreaud and Mufioz, 2004; their Fig. 3e).
In the late afternoon, when the boundary layer is most stably stratified, the potential

temperature is on average 1 K warmer atidlbase than at the ocean surface.

Vertical profiles of water vapor mixing ratio show that these stable layers are very
effective at trapping moisture near the surface &R). During the day, the cloud is subject
to solar heating, evaporation, andidgyvia entrainment of free tropospheric air with little
access to the surface moisture source. Thelsigpd data show significant cloud thinning as
well as a marked reduction in precipitation during the late morning and into the afternoon.
On average, more decoupled state persists until after sunset, when net cloud top radiative
cooling creates negative buoyancy. Overnight, the descent of the negatively buoyant plumes
is a source of turbulent kinetic energy and results in higher vertical velocitperighe

turbulence mixes all the way through the subcloud boundary layer and allows the cloud to tap
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the reservoir of moisture at the surface, resulting in a more evenly distributedraaber

profile.

A new and interesting result came from the obsermatfrom the scanning-8and
radar aboard the RHB which showed that drizzle peaked overnight in the west and around
sunrise in the east. Drizzle was reduced but still present throughout the day. The distribution
of drizzle cell areas shows that drizzleriest likely to be organized into small discrete cells,
with the most frequent drizzle cell area being less than?l lknthe western portion of the
VOCALS-REx domain, where areal averaged rain rates are higher, the number of drizzle
cells and total dridze area peak-3 hours before sunrise, coincident with the diurnal peak in
cloud top height in the west. This observation implies that vertical mixing in the boundary
layer may be reduced even before shortwave heating stabilizes the gygtessible
mechanism to account for the reduction of precipitation after 3:00 am is that the higher peak
areal density of drizzle cells in the west creates a large number of localized areas of subcloud
evaporation which together are sufficient to reduce the verticatun@iBux in the early
morning hours, making drizzle a sé&hiting process. In the future, we hope to use HRDL
data collected aboard the RHB to track the diurnal evolution of the surface mixed layer and
look for gradients in backscatter that could beaative of stable subcloud layers associated
with heavy drizzle. The timing and rate of drizebeluced stabilization of the boundary layer
has important implications for the simulation of stratocumulus. For example, Boutle and
Abel (2012) showed that thearealistic moistening and cooling of the subcloud layer due to
excessive drizzle production in the UK Met Office model was responsible for persistent

decoupled bias overnight.

With the exception of neaurface aerosol concentrations, rgarface wind geeds,
and conditional rain rates, every variable examined in this study displayed a strong and
persistent diurnal cycle. The magnitude of these daily variations is at least as large as the well
documented eastest gradient in stratocumulus propertiesural variation in most

parameters of this complex system can be directly linked to the presence or absence of deep
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boundary layer turbulent mixing. The observations collected aboard the RHB generally agree
with data collected from other observational folahs during VOCALSREX. Data from the

ship provide a valuable tool for validating future modeling efforts of the diurnal cycle. These
observations of the diurnal cycle can be used to test whether parameterizations of mixing and

clouds are capable of sinating decoupled boundary layers.
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2.5 Chapter 2 Figures

(@) Distribution in Space of C-band Radar Observations
150
' " [7] Sampled W. of 80°W Il Sampled E. of 80°W
4
> 100
[e]
T
e
o
=
85°W 80°W 75°W
(b) Distribution in Time of C-band Radar Observations
45
I ' Sampleﬁ W. of 80°W I Sampled E. of 80°W | I

Total Hours

0 6 am Noon 6 pm

Figure 2.1 Distribution of sampling in space (a) and time (b) of hours-bb@d radar data
collected aboard theHB. Data collected west of 8@/ is displayed in pink whereas data

collected easpf 8C°W is shown in blue.
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Vertical Velocity Variance East of 80°W
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Figure 2.2. Time-height profiles of the mean vertical velocity variance in the boundary layer

for the region east (a) and west (b) of 80°W using data from the verafiting Doppler

lidar. The profiles are normalized tive base of the cloud such that a height of 1.0 represents

the base of the cloud and a value of 0.2 represents a height that is 20% of the measured cloud
base height. Individual data points with a sigimahoise ratio greater than 15 dB are

removed to Init the influence of precipitation on the turbulence statistics.
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(a) Potential Temperature
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Figure 2.3. Four hour averages of the vertical profiles of potential temperature (a), water
vapor mixing ratio (b), and horizontal wind speed (c) from the soundings launched from the
RHB. The profiles use the local solar time and are normalized to the base and top of the
cloud to capture the relative heights of boundary layer mixing properties. The contour
intervals are every 0.15 K for potential temperature, 0.2 gfdagwater vapor miing ratio,

and 0.5 m s for wind speed.
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@) Scanning Doppler LIDAR Observations
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Figure 2.4. Time-height variation of rangeorrected backscatter intensity from a vertically
pointing Doppler lidar aboard tHeHB (a) and select RHI scans from tigar at 600 am (b)
and 600 pm (c) local tine. Data shown was collected on 2 Nov 2008 near 19.6°S and
74.8°W. We plotted the 1tinute blocks of verticalipointing data, obtained every 20

minutes, close together to make the figure easier to display.
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Figure 2.5.Hourly mean (solid line) and intguartile range (shaded region) of the near
surface air temperature (a), dew point temperature (b), wind speed (c), wind direction (d),
incoming shortwave radiation (e), and incoming longwave radiation (f) from an upward

pointed sensor, plotted as a funatiof local time for regions east and west ch80
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(a) Aitken Mode Aerosol Concentration
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Figure 2.6. Hourly mean and interquartile range of nearface aerosol concentrations for
aerosols smaller than 0.1 em diameter (rough
e m di a mehtyaccumglatianumgde; b) for regions east and west of 80°W.
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(a) Cloud Base Height (b) Cloud Top Height
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Figure 2.7. Hourly mean and interquartile range of cloud base heights measured by the laser
ceilometer (a), cloud top heights measured by interpolating the inversion height measured by
the saindings taken every four hours (b), and the resultant depths of the cloud (c) for regions

east and west of 80°W.
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(a) Observed Liquid Water Path
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Figure 2.8. Hourly mean and interquartile range of the observed liquid water path (a) and the
adiabatic liquid water path derived from ttleud base and height measurements (b) for
regions east and west of 80°W.
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Figure 2.9. Diurnal variation of the mean number of drizzle cells per scan (a), mean total
precipitation area per scan (b), mean (solid line) and interquartile rdragke(sregion) of
the hourly areahverage rain rate (c), and mean (solid line) and interquartile range (shaded
region) of the hourly conditional rain rate (d), derived from measurements from the scanning

C-band precipitation radar aboard the RHB

33



(a) Drizzle Cells Per Scan
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Figure 210. Distribution of drizzle cell areas for all precipitation observed during VOGALS

REX for the regions east (a) and west (b) of 80°W. The vertical axis is on a logarithmic

scale.
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(a) Boundary Layer Profile at 9:45 pm (b) Boundary Layer Profile at 2:30 am
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Figure 2.11.Boundary layer profiles of potential temperaturack lines) and relative

humidity (redlines) measured by consecutive atmospheric soundings launched at 9:45 pm on
22 November 2008 (a) and 2:30 am (b) on 23 November 2008. Horizontal dotted black lines
show the approximate boundaries of the cloud atithe the measurement was taken. The
soundings were launched from tRelBwhile it was stationed at roughly 20°S and 84.5°W.

Radar reflectivity for the corresponding times is shown in panels (c) and (d).
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Figure 2.12. Conceptual model showing the most coomstates of the stratocumulus cloud
deck over the diurnal cycle. Precipitation (solid dots), surface mixed layer depth (shaded and

dotted region), and turbulent mixing (circulating arrows) all vary regularly across the day.
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Chapter 3

Environmental Controls on Stratocumulus Cloud Fraction

3.1 Introduction

Marine stratocumulus clouds are low, liqyabdase clouds that play a critical role in
moderating global radiative balance by reflecting large amounts of incoming solar radiation.
Giventheirnetcooihg ef f ect on tManabe Bra Gttickldy $96&taitmamna t e  (
et al. 1992), it follows that accurately representing the physical characteristics of these
clouds, for example the spatial coverage of the cloud deck as a function of time, in general
circulation models (GCMs) is important. Current GCMs struggle to produce and maintain
stratocumulus in the right place at the right time; this despite increasing efforts and
awareness of their impact (Abel et al. 2010; Wyant et al. 2010; Medeiros et2jl. Rétent
studies evaluating climate models and climate system sensitivity and feedbacks have
identified cloudradiative effects, of which marine stratocumulus play a large role, as the
largest remaining source of uncertainty in climate model foreddsts/(and Dufresne 2005;
Wyant et al. 2006; Randall et al. 2007; Soden and Vecchi 2011).

Most of the variability of the radiative impact of stratocumulususto changes in
cloud fraction rather than variations in cloud depth, liquid water path, ad@(Béphens
and Greenwald 199George and Wood 2018g Szoeke et al. 2018atellite climatologies
of marine stratocumulus show a reduction in shortwaveréiaghing the surface of 0.631
W m? per 1% cloudiness increase (Hartmann 1992; Klein aarthitann 1993). The impact
of stratocumulus clouds being preseah be seen in the daily time series of shortwave flux
reaching the surface. InFig.lwe show a single dayds worth of
day (top panel) and a day in which the clsighificantly breaks up during the afternoon
(bottom panel). Variations in both longwave and shortwave radiative flux are tedriges

in cloud fraction Cloud breakup during the afternoon can be seen in the variations of
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longwave radiation reaching terface, which is primarily a function of cloud fraction. In

the example shown in the bottom panel the cloud completely breaks up around 11:00 am and
the downwelling longwave radiative flux is purely from water vapor in the atmosphere. T

key componenta this figure is the higher amounts of shortwave radiative flux recorded

during the afternoon in the case of a broken cloud figté. peak shortwave flux is ~200 W

m higher on the day when the cloud breakslnghe case of a broken cloud day (bottom

panel of Fig. 1), when the cloud reforms briefly in the afternoon the shortwave radiation
reaching the surface becomes depressed by as much-a88@W0 mi* compared to the

normal curve of incident shortwave radiative flux.

Failure to accuratelgimulatemarine stratocumulus cloud fractienot surprising
given the large number of physical processes that have been shown to modify cloud fraction.
Field campaigns like the East Pacific Investigation of Climate (EPIC; Bretherton et al. 2004)
andtheVariabii ty of the American MonGaudn Systemsaod
AtmosphereLand Study Regional Experiment (VOCAIREX; Wood et al. 2014 as well
as numerical simulations of stratocumulus have been used to identify specific processes that
can reduce or enhanceatocumulus cloud fraction. These include stability and inversion
strength (Klein and Hartmann 1993; Wood and Bretime2006; Zhang et al. 200®lyers
and Norris 2018 subsidenceZhang et al. 2009ylyers and Norris 2013jhe diurnal cycle
of subcloudurbulent mixing Turton and Nicholls 1987; Duynkerke 19&.tts 1990,
mesoscale circulations (Atkinson and Zhang 1996), drizzle (vanZanten and Stevens 2005;
Comstock et al. 2 Wood and Hartmann 200éearsurface outflow boundaries and
density currats (Feingold et al. 2M; Terai 2011; Wilbank2013), aerosols (Albrecht 1989;
Pincus and Baker 1994), boundary layer deptietherton and Wyant 199Wood and
Hartmann 2006Mechem et al. 2012), gravity waves (Allen et al. 2012), and many ofers.

summary ofthese processésgiven in Table 3.1.

The level of ar understanding of how these processes can impact cloud fraction

ranges from strong to open debate. An example of a high confidence relationship is the
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physical link betweentability andcloudfraction.Klein and Hartmann (1993) showed that
seasonal cycles in subtropical stratocumulus cloud fraction can be largely explained by the
seasonal variations in stabiliynd inversion strengthssociated with thatensityand

location of the subsiderdranch of the Hadlegell. The physical annection is

straightforward: amnversion such as those that are driven by subsidence and cap the
subtropical marine boundary layaxts to prevent moisture from detraining from the
boundary into the free tropphere (Hein and Hartmann 1993Stronger inversions also
reduced the rate at which dry air entrains into the boundary layer (Bretherton and Wyant
1997). The combined effect of these two processes altmistureto accruen the boundary
layer and cloudform as a resulfMyers and Norris 2013 Another example of a welklnown
physical relationship is the connection between the strength and depth of turbulent mixing in
the boundary layer and the diurnal cycle of cloud fracfianmton and Nicholls 1987

Duynkerke 1989; Burleyson et al. 2Q1Burbulent mixing acts to transport moisture

vertically from the moist neasurface layer into the cloydilly 1968; Nicholls 1984;Turton

and Nicholls 198y With a steady supply of moisturghich occursmore ofterat night

clouds persist against entrainment drying and cloud fractions are generally high. During the
daytime when turbulent moisture transport is weaker or nonexistent clouds are cut off from

their moisture supply and cloud fractions decrease as a (Bstth 1990)

Because stratocumuhigpped boundary layers are turbulently mixed from the top
down, he primary drivebehindvariations of the strengttnd depth of turbulent mixing are
changes in radiative divergence at cloud(fdigholls 1984; Bett 1990;Caldwell et al.
2005).Strong bngwave cooling is concentrated in the upper few meters of the cloud
(Nicholls and Leighton 198Stevens et al. 20@63Wood 2005a). Under @octurnalclear
dry troposphere with limited downwelling longwave radiatibe radiative flux divergence
at cloud top is 5®0 W m? (Nicholls and Leighton 1986; Siems et al. 1993; Wood 2005a;
Caldwell et al. 2005; etc.Bretherton et al. (2010) recorded longwave flux divergence as
high as 1@ W m? in the SE Pacific during VOCALREX. These values are higher than the

reported values in the other subtropical stratocumulusriemdicating the longwave
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generation of turbulence may be strongest in the SE Pacific. Longwave radiative divergence
at cloud topdrivesstrong localized cooling, with measured rates betv@e®# hr™,

concentrated very clog&0s ofmeterg to cloud top §lingo et al. 1982&\licholls and

Leighton 1986)During the daysome of this cooling can be offset by the absorption of solar
radiation(Nicholls 1984; Turton and Nicholls 1987; Duynkerke 1989; etép)to 15% of
incident solar rdiation can be absorbed by the cloud with the absorption divided roughly 50
50 between water vapor and liquid cloud drop{8tephens 1978a; Slingo and Schrecker
1982; Slingo 1989; Taylor et al. 1996; et&jven downwelling solar radiative fluxes at

noan greater than 800 W frin the subtropics, eveimited absorption within the cloud layer

is enough to offset much of the radiative flux divergence at cloud top (10% x 806 38t

W m). This means that it takes only modest amounts of shortwaveivadiak to offset
longwavecooling at cloud topPrevious work has shown that a reduction ingéageration of
negatively buoyant parcels that act to mix the subcloud @yeirs shortly after sunrise
(Duynkerke 1989 Shortwave heating rates within tbleud are dependent on the drop size
distribution and the vertical distribution of liquid water content but vary betwéeK ar’
(Stegphens 1978a)lf not balanced by longwave coolingetheating of the clouétom solar
absorptiorcan lead to the evapation of cloud water and in extreme cases the breakup of the
cloud (Betts 1990)

The driving forces behind seasonal and diurnal cycles of cloud fraction have been in
the literature for close to 30 yeamsd nodels simulating stratocumuhkispped bandary
layers shouldeekto reproduce these relationshipwever, in the past decaddditional
processes have been connected to cloudiness transitions, namely precipitation, or rather
aerosolcloud-precipitation interactions, and mesosqgalecessesuwch as gravity waveand
nearsurface density currents. Our understanding of these processes and how they interact
with stratocumulus cloud fraction has been budtn new dataets generated durirfigld
campaigns (EPIC and VOCALRex),from satellites (MMIS and CloudSat and the
computational power available to run largedy scal¢LES) simulations of cloudopped

boundary layerdMlany of these processes have been studiddregards to their relationship
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to pockets ofopencells (POCS Bretherton etill 2004;Stevens et al. 200ha&POCs are
mesoscale regions of opegllular cloud structures embedded witbr adjacent toegions

of closedcellularcloud fields The most important pisical characteristic of POCs their
low cloud fractionn comparisa to closedcellular regions, whiclallows more incoming
solar radiation to reach the surface. Given that stratocuroldudsare climatologically
important because of their role in modifying the global radiative balance, the change in
shortwave radiativllux associated with the formation of P@Gas generatembnsiderable

interest within the community

Wood et al. (2008) was among the first to attempt to quantify the frequency of
occurrence and environmental characteristics associated with P@&titor.In the two
cases studies presented in their paper, Wood et al. describe scenarios where cloud fractions
decrease from nearly overcast (100%) to less than 60%. In total they identified 23 POC
formation events in the SE Pacific within two months atiad The vast majority (> 80%) of
these cases formed overnigimd on short time scal@d/ood et al. 2008; their Fig. 40 The
nocturnaland rapidormation of POCs implies that the physical processes leading to their
development (or more cleariyleadirg to a reduction in cloud fraction within the POC
region) are not related to the diurnal cycle of cloud fraction that results from the daytime
reduction in turbulent mixing in cloutbpped boundary layerBOCs forming at nightould
modify the shortwaveltix the folloving day byremovingareas of cloudhat would

otherwise refleckomeshortwave radiation during the day

The question of what processes lead to POC formation has been actively pursued for
close to a decad&arly observational evidengminted to the role of precipitation, which can
act toremove aerosols argdabilize the subcloud lay#tusredudng vertical moisture
transporinto the cloudas being an important fact@tévens et al. 20058avicJovcic and
Steven2008; Wang and Feinggh2009. Comstock et al. (2007) showed that POCs have
both larger and more intensely drizzling cells compared to neighboring -celelér

regions. Later research built upon these observationeygulhesizedhat coalescence
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scavenging via precipitatn contributes to the formatiorand maintenancef opencellular
structures (Wood et al. 2011dhe net result of #seworks was the conclusion thdtizzle

is likely anecessary condition fdhe formation and maintenance of POCs. The community
wide dege for clarity of thes@rocesses directly deto the VOCALS project which took
place in 2008. The relationship betwesosolcloudprecipitationinteractionsand POCs
were the basis dfvo of the foumeteorologicahypotheseshat motivatd the VOCALS
program(Hypothese$i1lb and H1d; Wood et al. 2011a).

While results from VOCALS did shed some light on liedavior ofPOCs,
significant questions remain. The domingoestionis clearly stated in the VOCALS
overview paper that highlights the resutsd remaining questions from the project (Mechoso
et al. 2013): AThe frequency andchatatterired.t i ¢ i n
A full assessment of all triggering mechanisms for POC formation given realistic aerosols
and meteorology hasngtet b e e n In athampwlordsthe ichpodance of POCs
relative to other sources of cloud fraction variability has not been exan@iasd.studies of
individual POCsof which there were five sampled by thel80 during VOCALREX,
cannot answer thisugstion(Wood et al. 2011a/Vood et al. 2011b; Berner et al. 2013)

If POCs are frequent and climatologically important then, given the relationships
between a plethora of physical processes and POC formation, the list of processes that must
be adegately simulated in GCMs seeking to corredimulatestratocumulugloud fraction
grows significantlyOne could argue that a model would need to capture all of the processes
or parameters listed in Taldelin order to predict POC€orrectly simulatingany single
one of these processasd their relation to cloud fraction a GCMis a challenge. @ further
complicate mattersalmost allof these controlling processes can be linked to the others via
first order mechanisms so that they constantly modifig, are irturn modified by, each
other.Additionally, many of these processes ocouvaryon spatial scales that ate?
orders of magnitude smalltéran a typical GCM grid box (~100 km). This means that, with
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few exceptions, processes controlling tetcamulus cloud fraction need to be parameterized
in GCMs

Failure to properly parameterize stratocumulus physics leads directly to errors and
biases in GCMs (Medeiros et al. 2012). Some of these parameterizations, ékepiheal
cloud fractionL TS relationship proposed by Klein and Hartmann (1993) and implemented
by many including Miller (1997), can be fairly direct. Other relationships are more complex
and circuitous. Take for example the marine boundary layer moist turbulence scheme
developedy Bretherton and Park (2008), whiattemptgo identify and simulate the
presence of individual subcloud turbulent layers, each of which can be an order of magnitude
smaller than the vertical resolution of the model. More complicated still would be designing
a method to simulate the effects of drizizlduced outflow boundaries and density currents,
dozens of which may be occurring in a single grid box. It is highly unlikely that GCMs will

explicitly resolve these processes in tiear future

The expansieness of the list of processes which can influence stratocumulus cloud
fractionand the complicated parameterizations they requises aignificantproblem for
the community. With limited resources (time, personnel, computing, etc.) and a strong
impetws to actjn which direction should the efforts of the community be focustal?
manyof theseprocesses must we adequately simulate to produce accurate stratocumulus
cloud fractions? Will different stratocumulus regioaquire fundamentally different
pamameterizations®any previous studies have documented the imgagingular processes
or parameteren stratocumulus cloud fractigia good review is provided by Wo$a017).
However, enpirical evidence on the relative importance of different procés¥e€s,
diurnal andseasonatycles, precipitation, etcon cloud fraction is spars€his chapteris an
analysis of cloud fraction variability thaeeks to identify a subset of processes that have the
largest impact on stratocumulus cloud fraction. Bapeis to guide the development of
future parameterization schemes by whittling down the list to a few key variables.

Additionally, this workis amonghe first to examinén combinationcontrols on cloud
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fraction in each of the three main stratocumulusoreg(theNE Pacific, SE Pacific, and SE
Atlantic). Identifying the similarities and differences among environmental controls in each
region will help to determine if a single parameterization approach is appropriate in all three

regions.

One of the limiations in evaluating the relationshigshongvariousprocesses and
stratocumulus cloud fraction is the lack of an appropriate low cloud detection dataset to
capture cloudiness variability on an appropriate range of spatial and temporai scales
particulaty sub-diurnal frequenciesSome datasets, for example the International Satellite
Cloud Climatology Project (ISCCP; Rossow and Schiffer 1991) or the Climatic Atlas of
Clouds Over Land and Ocean (Hahn and Warren 2007), provide useful avenues to explore
variability on seasonal or longer timdSCCP data provides information amerage cloud
fractions over several hundred kilometers on time scales as small as three hours and as large
as seasonal means. Similatlye cloud atlas database provides mean di@aaion over
areas on the scale of 5° x 5°. These data products are widely used and can effectively capture
gross features of the seasonal and diurnal cycles of stratocumulus clouds as well as long term
trends in cloudiness$iowever, heir poor spatial molutions limit their effectiveness at

identifying mesoscaleloudiness transitionsuch ag?OCs.

In addition to the spatial resolution limitatigmsany of thecontrollingprocesses
thought to be important to stratocumulasyon weekly, daily, and hdy time scales. For
example, drizzle, density currents, and gravity waves have all been shown to have significant
diurnal cyclesand can appear and disappear in windowshsmaller than the three hour
averages availabia the ISCCP or cloudtlas datagse (Allen et al. 2012Wilbanks 2013;
Burleyon et al. 2018 Thefour-times dailycloud fraction estimates from tisen
synchronousModerate Resolution Imaging Spectroradiometer (MODIS; Platnick et al. 2003)
sensor aboard NASADO segross featuses of the diuindlcytled can cap
provides no information on time scales of a few heuPolarorbiting satellitesalsorequire

the stitching together of adjacent swaths to allow foorapleteviewing of the rather large
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stratocumulus cloud deck§he swath issue creates edge effects that can hamper cloud
identification and leads to a phasing of observation times between subsequent adjacent
overpasseslheir limited temporal resolutions restrict the utility of these commonly used
datasets in answiag the questions posed this chapter.

Visible imagery from geostationary satellites has a rapid updateatichéhe
necessary spatial resolutidmut does not work at nighthis limits the ability of visible data
to capture cloudiness transitiongch as POC formations which primarily occur at night
(Wood et al. 2008)Some previous studigior example de Szoeke et 2012, have used
surfacebased cloud fraction retrievals obtained during field campaigns. While these datasets
often have high teporal and spatialesolution andontinuity, they are by necessity time
limited and are only available in a single stratocumulus region. This means field campaign
data has limited usefulness in comparing and contrasting cloud fraction bedraviog

different stratocumulus cloud decks.

Analysisof cloudiness transitions this chapter is built primarily upcmnew cloud
identificationdatasetlerivedfrom geostationary observations of the infrared (IR) emission
of stratocumulus clouds. IR brightness paratures can be retrieved at any time of day and
the geostationary platform allows for a rapid update time and a homogenous field of view
all three subtropical stratocumulus ded&g converting the pixescale IR brightness
temperatures into cloudy drcloudfree pixels we can retrieve cloud fraction overnigtie
usethe4 km Global IR Datasdh.k.a. TRMM Ancillary Merged IR) from the Climate
Prediction Center, National Center for Environmental Prediction, and the National Weather
Service (Janowiaktal. 2001
http://www.cpc.ncep.noaa.gov/products/global_precip/html/READMIBe global IR
(hereafter mergetR) product merges data from multiple geostationary satellites (GOES,
METEOSAT, and GMS) into a spatially complete field of IR brightness tempesafrom
60°S to 60°N around the glola¢ 30 minute time resolutiofhe mergedR dataset allows

us to perform analysis of cloud fraction variability on short time scales, across the diurnal
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cycle, and to replicate the analysis in each of the subtraggiredbcumulus decks in the NE
Pacific, SE Pacific, and SE Atlantic.

The availability of IRbased cloud maps at night is a critical component of this study.
Not only do most POCs form overnight, but the juxtaposition of relevant processes overnight
credes an interesting set of natural experiments. It is well known that increased boundary
layer turbulence overnight is connected with increasing cloud fracegogsLilly 1968;
Nicholls 1984; Turton and Nicholls 198 However, precipitation, whichas astrong
maximum in areand areahverage rain rates/ernight, is thought to be associated with
decreasing cloudinegStevens et al. 2005a; Sandovcic and Stevens 2008; Wang and
Feingold 2009Burleyson et al. 20)3An additional parametérboundary &yer depth
which for a given location is maximized overnighs also associated withreegative
tendency in cloud fractioWood and Hartmann 2006; Mechem et al. 2082alyzing the
patterns obvernightcloud fractionchange thatresultfrom the supgposition ofthese
processes, one of which creates a tendency for cloud fraction to increase overnight and two
of which create negative tendencies, is an indirect way to gauge the relative importance of
each process. Every night at a given locationnsraaturenatural experimerib which our
IR cloud identification methodology allows us to recorddhta points at different times
during the experimeragnd shed light on theelativeimportance of the underlying process.
Answering the question of the rélae importance of various processes to cloudiness changes
overnight will go a long way toward diagnosing why models often fail to produce accurate

diurnal cycles of stratocumulus cloud fraction (ex. Wyant et al. 2010; their Fig. 11).

In the Data and Mébds sectionve outline of our method for converting the IR
temperatures intow cloud mapsWe discusamultiple ways in which we evaluate the
fidelity of our new product by comparing our results to previously used datasets on annual
and seasonal scalds.the results sectionve documenthe patterns associated with the
diurnal cycle of cloud fractioand the relative role of various environmental processes

Finally, we close by summarizing our findings.
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3.2 Data and Methods

3.2.1 Description of the Cloud Identification Methodology

Longwave emission from the atmospheatieuds, ground, and ocemimeasured by a
variety of geostationary amblarorbiting satellites managed by various national agencies.
Of these platformshe geostationary satellitpsovide a full disk view of emission over large
contiguous areas witlpdate time ranging from minutes to hourstilization or
combinationof thesegeosynchronous IBataetsis hamperedy the restrictions associated
with getting data from multiple agelesof various nationalitigssubtle differences in the
observation strategies and instrument characteristidgferent satellitesand the fact that
different sateltes view different areaground the glohélhe benefit othe mergedR
dataset is tht the legwork involved in combining multiple datasets, each of which has its
own unique characteristics, together has already been completed. The-iRedgéasetlso
provides a consistent view of infrared emission around the globe without requiring the
stitching together of differing fields of view fromultiple geostationary satellites or different

sampling swaths from a singbelarorbiting satellite.

ThemergedIR data is available every 30 minutes from February 2000 onward and
has a native spatieesolution of 4 km x 4 kmOne issue imeasuring emission from space is
the extinction of radiation as it travergbsough the atmosphefem the source to the
instrument. This is particularign issue at high viewing angles where radiation emitted is
more strongly attenuated after passing through longer paths of the atmosphere (Wark et al.
1962) ThemergedIR data product has ampiricalzenith angle correctiobuilt using
adjacent satellites whose field of view overlaps along the ddgeswiak etal. 2001) This
correction means the merg#g productis a consistent measurement across the full field of
view. The zenith angle correction also reduces the spatial discontinuities at the boundaries
between the fielslof view of neighboring satellitegntercalibration between satellites was

not performed initeversion of themergedIR product we useflVersion 1) butthe
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intercalibration effect ifikely an order of magnitude smaller than the viewing angle
dependence effecigyce and Arkin 1997).

Low cloud fraction, defined hette be the area fraction @farm clouds (T > 273 K),
in this study will be determined using a new method thapjdied tothe dataset aherged
IR brightness temperatures. IR brightness temperatures measured by saté¢figeaulative
emissions from both the cloud and the underlying ocean suBae¢ocumulus cloudsre
largely transparent tine outgoing longwave radiation from the underlying ocean surface
(Hartmann et al. 1992). This means the IR emission measurelddioly pixels is a
combination of the emission from the cloud and the ocBaibe usable as a cloud
identification tool, we must be able to classify whether the measured emission for a given
pixel is the combined emission from cloud and the underlyiegm¢a cloud is present
within the pixel) or is only the emission from the ocean surface (the pixel is cloud free). This
is made possible by the fact that low clouds and the ocean surface emit radiation at slightly
different temperatures. Looking at IR dininess temperatures from individual scenes over
the subtropical stratocumulus regions, it is possible to distinguish by eye areas pfaridud
cloud freepixels (left panel of Fig3.2). The distribution of IR brightness temperatures for a
single scenegflects the relative frequency of cloud (lower temperature mode) and ocean
(higher temperature mode) pixels (right panel of Big). By identifying the temperature
that separates the two modes (hereafter the separation tempeeatomeloud mask caoe
createdhe sceneEach pixel within the scene can be identified as either cloud or ocean by
comparing the IR brightness temperature of the pixel to the separation temperature, with
pixels with IR temperatures colder than the separation tempecés#ied as cloudand
pixels with IR temperatures warmer than the separation tempeciasgied a®cean

Cloud top temperature al85Tin the stratocumulus regions each vary slowly in both
space and time (de Szoeke et al. 2012). Hammimulated disbutions of IR brightness
temperatur@ver several weeks over a large area often show a more clearly bimodal

structure compared to distributions from single scenes (top panel &3Jjign this study,
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the IR brightness temperature distributionsareumulated over a movingwieek window
centered on a given day. The distributions are spatially aggregated in 3° x 3° (roughly 6800
km x 4 kmpixels) boxes that cover each of the subtropical stratocumulus regions. The
separation temperature betwebacloud and ocean temperature modes in each box and time
window is found in one of two ways. It is necessary to use two methods because in some
seasons and regions cloud fractions are sufficiently sughthatonly the lower temperature
cloud mode is prest or sufficiently low such that only the higher temperature ocean mode
is present. In these regiotie IR brightness temperature distributismo longer clearly

bimodal.

Method 1) In this more straightforward case, the distribution of IR brightness
temperatures is strongly bimodal, meaning there is a clear minimum in frequency between
the cloud and ocean surface modes (top panel oBEg.When this occurs, the sepaoati
temperature is defined as the temperature with the minimum frequency thit betwveen
the two modes in the daytime data distribution. The underlying premise is that the minimum
frequency between the two modes corresponds to the temperature that is least likely to be in
either the cloud ocloud freemode and thus most likely separate the two. The daytime
distributions are used because cloud fraction is most often minimized during tfieudan
and Nicholls 1987; Betts 1990; de Szoeke et al. 2@t2ating a more evident SST mode to
compare against. Implicit in the use of/lmme scenes to identify a separation temperature is
the assumption that SSTs do natysignificantly (more than-2 K) across the diurnal cycle
(de Szoeke et al. 2010Rainemal et al. 2010)

Method 2) A slightly different approach is required in regiovhereonly one of the
lower temperature cloud mode or the higher temperature ocean mode is present. These tend
to be regions of very high or very low cloud fractiolmsthese areaghe distribution of IR
brightness temperatures aggregated in spacéraachas a unimodal or weakly bimodal
distributioneven during daytime scen@sottom panel of Fig3.3). When this occurs, we first

take the derivative of the daytime IR brightness temperature distribution and then select the
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temperature warmer than thelder temperaturenode(in high cloud fraction regions where
mostly cloudy pixels are present) or colder than the higher temperature mode (in low cloud
fraction regions where mostly cloud free pixels are presenthich the derivative goes

closest to z®. This temperature is chosen in an attempt to isolatenieenodethat is

present in the IR brightness temperature distributibhis approach to identifying the
separation temperatureapplied only rarely within the stratocumulus regions usedign th

analysis.

Once a separation temperature is found for every box and every day, the time series
of daily separation temperatures for a given box is filtered to remove o(d#espoints in
which the separation temperature for a single day differs fhemunning two week mean
value by more than 2 Kgnd therinterpolatedn time to fill in gapsn time whereneither
method found a reasonable separation temperature (roudloof the time). The time
series for each 3° x 3° box is thesed to creata separation temperature mapdoery day
We usespatial interpolation betwedroxes to reduce horizontal discontinuitieshe
separation temperature found for adjacent bokbis creates a separation temperature map
that is smoothly varying in bopace and timé&nce we have a separation temperature map
for every day we can create a cloud map for all 30 minute scenes during that day by

identifying pixels colder (cloud) and warmer (ocean) than the separation temperature.

Our method of identifyingow cloudpixels is designed for regions in which cloud top
temperatures and sea surface temperatures are spatially homogeneous and both vary slowly
in time. The subtropical stratocumulus regions are therefore good candidates for the
application of this métodology. We restrict our analysis to areas where low clouds, mostly
stratocumulus but possibly cumulus, are the primary cloud &paugh method to identify
areas where the cloud type is predominalatly cloudsis to look at the frequency of ice
clouds(cloud top temperature colder than 273 K). The annual mean ice cloud frequency is
shown as black contours in the left column of Big0. Our analysis is based solely on data

collected in areawhere clouds with ice occless than 35% of the time.
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In addition to limiting our analysis to regions where ice clouds are infregoeniow
cloud fraction calculations are the area fraction of clouds Witbrightness temperatures
warmer than 270 K a conservativéhreshold for separatingouds colder thafreezing.
Only the low cloudfractionsare used in the quantitative portiof our analysis where we are
interested in low cloud variability. In addition to the low cloud masksalae create a total
cloud maskwvhich allows us to compareun cloud idenfication methodology against other
products that do not discriminate between low and high clouds (for example the MODIS total
cloud product). The total cloud masks are all pixels colder than the separation temperature
not just those warmer than 270 Rhetotal cloudmasks ar@ot used in the quantitative

portion of our analysis.

3.2.2 Evaluation of the Cloud Identification Methodology

The most direct qualitative method to evaluate the performance of the cloud
identification methodology is to compare wtbmasks from our product to Geostationary
Operational Environmental Satellites (GOES) visible albedo maps during daytime scenes. In
Fig. 3.4, we show one such comparison over the southeast Pacific from 1600 UTE on 11
October 2008. From a regional perspex(left column) our product captures the broad scale
features of the stratocumulus cloud deck, including theveest decrease in cloudiness and
the reduction in cloud fraction along the Peruvian coastline. The right column shows a
smaller 8.5° x 8.5°agion in which we can compare finer scale details of the cloud deck. Our
methodology picks up on the high cloud fraction characteristics of the closed cellular regions
in the southeast and northeast corners of the plot as well as many of the intrichedgies
within the open cellular region in the center of the frame. Our cloud map does not capture
some of the very fine scale features like the slight reduction in cloudiness between adjacent
cells in the closed cell regions. Comparing the raw brightieesgerature maps (top row) to
the GOES visible albedo plots (bottom row) leads us to believe that these subtle differences
are not an erroneous identification of cloudiness but rather are due to discrepancies in the
native resolution of the IR (4 km x 4 Rrand the GOES visible albedo datak(n x 1 k).
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The impact of theoarselR resolution is minimized in our analysis by only considering

cloud fraction variability on spatial scales much larger than an individual pixel.

We can also compare our cloudntiécation data with the MODIS cloud product,
which contains a numeric cloud fraction for each pixel that allows for a more quantitative
evaluation. The MODIS MODO06_L2 cloud product is a widely used dataset that provides
fractional cloudiness values foixgls with a 5 km x 5 km surface resolution during each of
thefour-timesdaily overpasses at roughl®:B0 amipm and 1:30amjm locally (Platnick et
al. 2003). Oneomplicationof this comparison method is that the MODIS product gives
fractional cloudines values for each km x 5 kmpixel. In contrastthe mergedR cloud
mask is a binary (either cloud or no cloud) value for &akin x 4 kmpixel. So despite the
fact that the pixel resolution of the two productsoigghly equala transfer standard muss
established teonvert the MODIS cloud fractiofor each pixel tabinary cloud maske
usedan iterative error minimization approach where we compared error statistics computed
using varying thresholds betweetl @ create a robust transfer stare@ threshold value
of 0.87had the smallest root mean squared error bettee ODIS cloud fractions and our
mergedIR cloud fractionsIn other words, mindividualMODIS pixel must be filled with
clouds that cover 87% of the pixel area (25 kbeforeour algorithm will likelyidentify the
associated mergd® pixel (16 knf) as being cloudywWhile evaluating our productev
compare oumergedIR cloud maskso the multispectrallODIS product byclassifyingall
MODIS pixels with fractional cloudiness gater tharD.87as cloud and all remaining pixels
as oceanThe transfer standard was designed to minimizéata error for the entire time
series and thus may not produce the right conversion for an individual Aceliteonally,
the MODIS cloudraction usedis the total cloud fraction meaning that it includes the
fractional cloudiness from both low (T > 273 K) and high (T < 273 K) clouds. To account for
this, when comparing against the MODIS product we do not filter our data to only include

pixels with brightness temperatures warmer than 270 K.
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An example of the twice daily MODIS cloud fraction values compared against the 30
minute mergedR cloud fractions is shown in Fi§.5. Here we compute cloud fraction in 3°
x 3° boxes for each of the stratmoulus regions for the time period betweedathuary and
11-January 2004. The boxes and time period selected are somewhat arbitrary and a similar
result is obtained for other times and ar@d® time series in Fi@.5 is an example of the
benefit of haung data at a 30 minute rather than fdumesdaily resolution, as the MODIS
product misses many instances of sizeable variations in cloudiness between subsequent
overpassed-or a large majority of the data points in these examples our cloud identificatio
methodology produces a cloud fraction withi2% percent of the MODIS value at each
overpass time. In a handful of instances during this time frame our product underestimates or
overestimates cloud fraction by-P0%. A closer look at the errors withime time series
from the NE Pacific is given in Fi§.6. Here we show the mergd® brightness temperature
(top row) and cloud mask (middle row) along with the associated MODIS cloud mask
(bottom row) for three different scenes from the time series iNEhPacific. The MODIS
pixels have been converted to binary cloud masks using the aforementioned 0.87 threshold.
The left column of Fig3.6 shows an example in which cloud fraction within the blue box is
10% higher for the mergel@® product compared to¢hMODIS product. The overestimation
appears to be due to misclassified cloud pixels within the broken cloudiness region in the
middle right portion of the blue box. The middle column of Bi§.shows a scene in which
the cloud fractions within the blue bonatched perfectly while the right column shows an
example of when the mergé® cloud fraction is 10% too low compared to the MODIS
value. In the underestimation example, it appears that the MODIS cloud mask identifies too

much cloud in the center of tivdue box.

We can accumulate statistics about the difference between the MODIS cloud fraction
and our mergedR product by doing a similar comparison for an extended period of time.
Fig. 3.7 shows the probability (left column) and cumulative (right caljeistributions of
difference values for the time period 268310 in multiple 3° x 3° boxes spanning each of

the stratocumulus regions. Here the boxes for each region span-arestgtadient along
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the latitude of highest cloud fraction in each regifime goal of distributing the boxes in this

way is to probe for a spatial bias in the cloud identification from the méRyddta. Each of

the error probability distributions in every region is roughly normally distributed with a large
mode centered at Q% he distributions are marginally positively skewed in both the NE

Pacific and SE Atlantic, which means our product tends to slightly underestimate cloudiness
in these regions. The merg#d cloud fractions are within +40% of the MODIS cloud

fraction &% of the time in the NE Pacific, 80% of the time in the SE Pacific, and 70% of the
time in the SE Atlantic. Examples of what a #0% error looks like are shown in FI§6.

The area between the™ &nd 84 percentiles, corresponding to-#/standardi e vi at i on ( @
for a normal distribution, is between.3% and +23.4%rror in cloud fractionn the NE
Pacific,-7.9% and +5.9% in the SE Pacific, afld5% and +25.7% in the SE Atlantic.

Because the lines for each of the 3° x 3° boxes in each regiornheasame shape and
significantly overlap with each other, we conclude that there is no measureable spatial bias in

the cloud identification methodology within a given region.

We can probe for other biases in the merfedloud identification methodolodyy
looking at error characteristics for different categories of environmental conditions. In Fig.
3.8, we show the frequency of differences between the MODIS and m#Rgedud
fractions conditioned on the MODIS cloud fraction. For any given MODIS claddién (x
axis), the frequency of differences is tightly clustered around 0%. The mean difference (black
line) for any observed MODIS cloud fraction is #0%. This tells us that the mergtl
cloud fraction methodology performs well at the full rangeliderved cloud fractions.
Finally, we can separate the difference distributions into categories from only the day (left
column of Fig.3.9) and night (right column of Fig3.9) MODIS overpasses. Consistent with
the lack of bias for any given MODIS cloudétion, there are no significant differences in

the shape or skewness of the error distribution for day or night overpasses.

We further examine the possibility of spatial or relative cloudiness biasas

mergedIR product byaggregating the cloud msjrom individual scenes into annual,
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seasonal, and diurnal means and compgaagainst the MODIS producthe annual mean
MODIS cloud fraction is shown in the left column of F8jL0 for each of the subtropical
stratocumulus regions. Here again we ag@y87 cloudiness threshold to each pixel before
aggregating the individudODIS swaths. The corresponding annual mean metgedoud
fraction is shown in the right column of Fi§y10. The mergedR cloud fractions are taken
only from the 30 minutenergedIR scene closest to the MODIS overpadsmparing the
datasets in this wayemonstratethat our product captures the spatial structure and annual
mean cloud fraction in the areas where the dominant cloud type is low Sliomaficant
differences onlyccur in norstratocumulus regionshere our methodology was not
designed to work for example within the Intertropical Convergence Zone (ITCZ) in the NE

Pacific region

In addition to compositing the cloud masks on annual scales we can also examine the
seasonal and diurnal mean cloud fractions in each region. We show theotabsi®DIS
and mergedR cloud fraction for each season (Juhay-August, Septembedctober
November, DecembelanuaryrFebruary, and MarcApril-May) in all three regions in Figs
3.11-3.13 We are again applying the 0.87 fractional cloudiness threshold to the MODIS data
and masking out regions with high ice cloud frequency. The mdRypdoduct is able to
capture variability in the seasonal amplitude of cloud fraction in egobrras well as the
significant changes to the shape and structure of the cloud deck for each season. The diurnal
composites in Fig3.14 show similar frequencies of cloud during the day and night
respectivelycompared to the MODIS product. As with thesm@al composites, the merged
IR cloud maps are able to replicate the changing shape of the cloud deck across the diurnal

cycle.

3.3.3 OtherLimitations

The annual mean cloud fraction plot also shows significant differences between the
two products nortlof 25°N in the NE Pacific region. In the annual mean meigecloud

fraction image (top right panel of Fig.10) there is a clear arc along the northern edge of the
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stratocumulus field beyond which our cloud fraction valuesatieeablylower than the

MODIS values. Examining the underlying brightness temperatnite mergedR product

in this region shows similar shaped arcs of brightness temperatures in the same location. One
example of this is demonstrated within the teal box in Eith. We beliee these errors are
associated with the zenith angle correction applied to account for erroneously cold values at
high viewing angles. This correction is built into the base meligdatightness temperature
product. The degradation of data quality in amghere the zenith angle correction is
apparentlynot performing well leads to uncorrectable errors in our cloud identification
algorithm and an erroneous estimation of cloud fraction in this region. For this reason data
from this area are removed from @uralysis This area in the northern region of the NE

Pacific stratocumulus deck is the only obvious example of bad data quality in any of the three

regions examined.

3.2.4 Environmental Variables

We use multiple measures to characterize the state entvironment at different
times in order to judge the impact of different physical processes on stratocumulus cloud
fractiors. The key processes/parameters described imtraguctionwill either be explicitly
represented (ex: precipitation) or captutieebugh a proxy variable (ex: representing
boundary layer depth via cloud tppessurg The details of each dataset are provided in
Table3.2 Lower tropospheric stabilitLT'S; Klein and Hartmann 1993s calculated using
ERA-Interim reanalysis data fno the European Centre for MeditlRange Weather
Forecasts (ECMWR2009. Reanalysis data is available every 6 hours with a surface
resolution of 0.7° x 0.7°.

LTS 7061 ddo (3.1)
In addition to the reanalysis data, we wsaud top temperature and cloud top pressure
eitherof which can be used as pgofor boundary layer depthfrom the MODIS
MODO6_L2 cloud productCloud top temperature is available from the multispectral
retrieval algoithm outlined by King et al. (2003). Data is available during both night and day
at pixetevel resolutionCloud droplet number concentration (CDNC), a proxy for aerosol
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concentrations within theloudlayer, is calculated following Bennartz (200The CDNC
algorithm uses estimates of cloud effective radius and optical thickness from the MODIS
sensor. Because the estimation relies on measurements of cloud effective radius it is available
only during the dayThe CDNC retrieval is performed only whpixel scalecloud fraction

and liquid water content are relatively high (80% and 30°gempectively). The algorithm
yields cloud droplet number concentration with uncertainty less than202zle is

identified using thempiricaldetection method of Milleand Yuter (2013)The drizzle
detectionalgorithmuses 89GHz passive microwave brightness temperature measurements.
After screening out clouds with ice in them, drizzle is found by detecting local maxima in
emission energy measured against a clioeebackground temperature and comparing them
to empirically defined thresholds. This method can determine pixelsoalerence of heavy
drizzle, roughlyequivalent to liquid water pattfsWP) larger than 200 g i over large

areas and can be applied unifity in all of the marine stratocumulus regions.

3.3 Results

3.31 Annual MeanLow Cloud Fraction

Examining the annual medow cloud fraction from the merged product (ight
column ofFig. 3.10), several similarities and differences are apparent arth@ngegions.
The SE Pacific has the highest annual meancloud fractioni both in the highest value for
any pixel and in the area of high cloud fractions. Annual mean cloud fractions are similar in
the NE Pacific and SE Atlantic (60- 70%). The annuahean cloud fraction plots in Fig.
3.10can also be used to examine the spatial structure of the stratocumulus cloud deck in each
of the subtropical regiongn every region the maximum cloud fractions are located a short
distance offshore of their respiet continents to the east. This westward displacement is
associated with coastal gradients in sea surface temperaalatise humidityand
boundary layer depth (Neiburger et al. 1961; Wood and Bretherton R@4s and Norris
2013. The distance offeore varies somewhat by regibrirom closest to shore in the SE
Pacific to furthest offshore in the NE Pacific. In the SE Pacific, the stratocumulus deck
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shows the well documented westward decrease in cloud fraction associated with deeper
boundary layerfurther west of the South American continent (Wood and Bretherton 2004;
Leon et al. 2008; Zuidema et al. 2009; de Szoeke et al. 2012). A similar but weaker
relationship holds in the SE Atlantic, which has a westward decrease in cloud fraction as well
as asharp negative gradient along the southern (roughly 20°S) and northern (roughly 10°S)
edges of the cloud field. The shape of the stratocumulus cloud deck in the NE Pacific shows
very little relationship to the contours of the west coast of North Amerfealack of shape

to the stratocumulus deck in the NE Paaifiay be related to the larger distance from shore
(roughly 10° west and south) compared to the two southern hemisphere regaihs.

regions the highest cloud fractions are located in the cehtke cloud decland d¢oud

fraction cecrease gradually toward the edgebthe clouddeck

3.32 Seasonalyclesin Low Cloud Fraction

The seasonal medow cloud fraction for each of the regions is shown in Bid6. In
the NE Pacifiqtop row of Fg. 3.16), the highest stratocumulus cloud fractions occur during
March-April-May and the lowest during SeptemiiéctoberNovember. The amplitude of
the seasonal cycle is roughly-18%, a value that is in agreement with previous work by
Wood (2012). Intergtingly, the shape of the cloud deck is consistent among seasons as is the
location of maximum cloudiness. The same cannot be said for the B aicidle row of
Fig. 3.16) which showssignificant seasonalariationsin the structure and location of the
stratocumulus cloud deck. The amplitude of the seasonal cycle is dependent on location but
ranges from upwards of 50% along the Peruvian coastline to as little as 5% offshore of
northern Chile. Closer to South America, cloud fraction peaks inJulgdugust but is
maximized in SeptembéctoberNovember further offshore. The biggest change in SE
Pacific stratocumulus cloud fractions during the peak season (Sept@ctober
November) is a 1015° westward expansion of high cloud fractions which can &e lsg
comparing cloudiness between seasons along a given la@2@tgfdr example). The largest
seasonal variation ilow cloud fraction of any of the three regions occurs in the SE Atlantic
(bottom row offig. 3.16), where cloud fractions range from gter than 90% during the
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peak season (Septemi@ctoberNovember) to less than 40% during the minimum season
(March-April-May). As in the SE Pacific, peak season spatial patterns in the SE Atlantic are
most notable for the westward expansion of the claak dvhich spans out past 159W
SeptembeOctoberNovember Stratocumulus clouds remdargelyconstrained between

10°S and 20°S during all seasonke increased amplitude of the seasonal in the southern
hemisphere regions is consistent with previouskveamd may be related to the close

proximity to continents on the eastern edge of the stratocumulus cloud deck (Richter and
Mechoso 2006; Wood 2012).

In the SE Pacific and SE Atlantic tepatial patterns associated with geasonal
cycle of low cloud faction closely follows the variability and spatial structure of lower
tropospheric stability (shown as contours-ig. 3.16). This is consistent with previous work,
notably Klein and Hartmanri993;their Fig. 13), which showed the seasonal mean
stratocumulus cloud fraction was linearly related to thean seasonatability for the region.
Interestingly the NE Pacific stratocumulus deakhich has the lowest amplitude seasonal
cycle,only weakly follows the contours of LTS during any seasoifrig. 3.17, we recreate
Fig. 13 from Klein and Hamann (1993) using the mergéRl cloud identification method to
get cloud fractions and ECMWF reanalysis to calculate stability. The best fit line utilizing
our data (solid black line iRig. 3.17) closely resemblethe best fit line from Klein and
Hartmann (dotted gray line iRig. 3.17). The correlation between LTS and low cloud
fraction in all regions combinad 0.86 using our data and was 0.88 in the Klein and
Hartmann data (which included additional regionstadtocumulus cloudsis shown in
Fig. 3.17, the NE Pacific (squares) regions has the weakest relationship between stability and

low cloud fraction.

3.33 Interannual Variability in Low Cloud Fraction

The physical connection between stability, whiglacombinedfunction of sea
surface and free tropospheric temperatures, and low cloud fraction also creates a pathway

through which interannual variability in large scale circulations can manifest itself in
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interannuabariationsof low cloud fraction. Oa obvious candidate for causes of
perturbations on interannu@tine scales is the El NiASouthern Oscillation (ENSO). ENSO,
which has avell-documentedmpact on sea surface temperatures in the Pacific, varies on
time scales 08-7 years Klein and Hartman (1993) found a decrease in the annual mean
low cloud fraction in the SE Pacific of about 5% per 1 K change in S3iestop panel of
Fig. 3.18 shows thaleviation of themonthly mean low cloud fracticinom the mean annual
cyclein the NE Pacific (bluéine) and SE Pacific (green linapdthe Nifio 3.4Index
anomaly(black line;Trenberth 199) The bottom panel dfig. 3.18 shows the relationship
between the Nifio 3.4 Index anomaly and the deviation of lower tropospheric stability from
the mean annual cle. In the SE Pacifi@a positiveENSO indexs associated with warmer
SSTs(andcorrespondingingly &ower stability. This should in turn result in depression of
low cloud fraction compared to the mean valkikein and Hartmann 1993The time series
shows that this relationship does hold for some time frafmed-2003 through 20@), but is
out of phase for others (20through 2010). Astrongerelationship holds in the NE Pacific
where, with the exception of the year between-2066 and mie2007, a pasive value of
theNifio 3.4 Indexanomalyis associated witla decrease in low cloud fractiand a
negativeNifio 3.4 Index anomalis associated with a decrease in low cloud fracfidrese
time series show that ENS&@nimpact low cloud fraction in theubtropical stratocumulus
regions via a modification of SST and stability, but that the relationship is not perfect and
other sources of variability occasionally decrease the strength of the relatidissiis.
consistent with a recent study from Myersl &orris (2013), which showed that the
connection between stability and cloud fraction on interannual time scales can be

overwhelmed by other influences.

3.34 Diurnal Cyclesin Low Cloud Fraction
3.3.4.1 Areal Patterns

The mearow cloud fractionover all seasonat night (6:00 pm to 6:00 arthe two

left columrs) and during the day (6:00 ain6:00 pm;the tworight columrs) is shown for all
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regions in Fig3.15. As expected, all of the subtropical stratocumulus regions show a
significant decrease icloudiness during the day. Previous work has showndhatgiven
location,this decrease in cloud fraction is associated with a daytime reduction in subcloud
turbulent mixing which supplies moisture to the cloud (Turton and Nicholls 1987; Betts

1990; Buleyson et al. 2013 Meanlow cloud fraction in all regions is roughly 9% lower
during the day compared to overnight. The largest decrease in cloudiness occurs on the edges
of the cloud field An example of the mean diurnal transition in cloudinesticavn inFig.

3.19. Here we show the hourly mean cloud fraction measured during the season of minimum
cloudiness. These transitions are best viewed as a movie (and will be included as an
electronic supplement in the paper), but are shown here as stagiesnThe corresponding
images for peak and minimum season diurnal cycles in all three regions are given in
Appendix A.The maps shown iRig. 3.19 are a representative example of the variability at

other times and in other regions.

The images irfrig. 3.19 show that the mean diurnal cycle evolves in a very structured
way. Total cloud fraction for the region is maximized between-3:00 am(roughly
sunrise)and reaches a diurnal minimum betw&d0-5:00 pm. In between the peak and
minimum times cloudings gradually decreases from the edges of the cloud field toward the
center. Regions of low cloud fraction on the edge of the cloud deck break up earlier than
regions of higher cloud fraction closer to the center. Cloud fractions at the center of the cloud
deck remain above 60% throughout the day. A3t66-5:00 pm cloud fraction gradually
increases in time back to its diurnal peak value just before sunrise. Cloudiness increases

slowest in the regions of low cloud fraction on the edge of the cloud deck.

The patterns evident in the spatial structure of the mean diurnal cycle indicate that
cloud decrease is more likely and occeaslier in the dayn regions of low cloudings. This
is consistent with previous studies (Rozendaal et al.; 1@ et al. 195). This could
result from a positive feedbagkherdoy regions of low cloud fraction create conditions more

favorable to cloud break u@ne possible cause of a positive feedhadhtosely linked to the
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diurnal transition in subcloud turbulence. The atigie cooling at cloud top strongly

dependent on the liquid water content and thus, for a given regiomrajsarional to cloud
fraction (Nicholls and Turton 1986). Having clouds present creates a source of longwave
cooling andthe potentiato creae negatively buoyant parcels that act to mix the boundary
layer. Since cloud fraction is closely tied to the supply of moisture to the cloud deck via
turbulent mixing, lower cloud fraction regions that produce weaker or more intermittent
turbulent overturing can more easily be disconnected from their moisture source. The
opposite would be true in the high cloud fraction region at the center of the cloud deck where
negatively buoyant parcels are produced at a higher rate and turbulent coupling pemsists for
larger part of the dayJnder this positive feedback, low cloud fraction regions would
experience cloud breakup earlier in the day as less shortwave heating would be required to
offset longwave cooling at cloud top.

3.3.4.2 Rates of Charg

The uniquebenefitof having a cloud identificatiomethodology that workat 30
minute resolution is the ability to look at higher freque(ioye scales of a few hours)
changesd the cloud deck. Ae dataset allows us to examine facets of the diurnal cycle that
hawe previously gonenresolvedvith lower tempaoal resolution datasets. In Fig.20 we
show the distribution dbw cloud fraction across the diurnal cycle during the péstk (
column and minimum ijght columr) cloudiness season for each regibhe goalof looking
at the peak and minimum season separately is to remove one source of vairitislity
annual cyclg from our analysis of the diurnal cyclkdditionally, we calculate the rate of
change between subsequent scenes and plot the distributiaseft#tesig. 3.21. Thelow
cloud fraction time series used in these plots are calculatedlboéthe 3° x 3 boxes
shown in the right column of Fig.10.

Starting in the peak season in the NE Pacibp (eft panebf Fig. 3.20), the mean

low cloud fraction decreases during the day from its peak value just over 70% at sunrise to a
diurnal minimum of 55% aroun800 pm.Mean doudiness increases after 3:00 pm until it
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reaches its nocturnal steady state vatube early morning houréooking at tie

distribution of the rate of change lofv cloud fraction inFig. 3.21, the breakup of the cloud

field (shown as negative rates of change) can be seenya®rO0 am in the mean value.
This is consistent with the idea that it takes very little dodating to offset longwave

cooling and induce decoupling in the subcloud layer (Duynkerke 1B8®.00 am low

cloud fraction in the NE Pacific is decreasing more than 90% of the Tineemaximum rate

of decreasingloudinessroughly 4% ht* in the peakseasonpccurs between 9:00 am and
12:00 pm, after which cloud fractions are still most often decreasing but at a slower rate.
Between 6:00 pm and midnight Iasdoud fraction is decreasiranly 10% of the time.
Comparing and contrasting thiariationsof cloudiness during the pealeit columr) and
minimum ight columr) seasons of cloudiness shows that the same general patterns persist
no matter the season. Despite lower cloud fractions (the mean is roughly 10% lower while
the mode decreases by as mucB@%) compared to the peak season, the rates of change of

cloudiness are similar between seasons.

Diurnal distributions of cloud fraction for the SE Pacific are showthermmiddle row
of Fig. 3.20. Consistent with Fig3.16, peak season cloud fractiomse higher than in the NE
Pacific. The overnight mean and mode are both greater than 90% and the mean cloud fraction
during the afternoon stays al@¥0% The width of the cloud fraction distribution is also
smaller than in the NE PadafiCloud fractionsess tharv0% are rarely observed overnight
during the peak season. As in the NE Pacific, the mean and mode cloud fragiioiho
decreasshortly after sunrise. A much larger diurnal cycle of cloudiness is observed during
the minimum season comparedtite peak cloudiness season in thePaEific. Qzernight
mean and ma cloudfractions are greater than 70%ut the cloud deck during the
minimum season routinely breaks up to less than 50% coverage during the afternoon. These
combined features require oluhigher rates of increasing and decreasing cloudinadact
that is reflected in the distributionsig. 3.21. On average, cloud fraction decrease$%y
hr' between 0:00 am anchoonand increases 426 hr' between 7:00 pm ardidnight

Both of hese represent the highest mean values measured during any region or season.
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Like in the SE Pacific, a very smaliurnal cycle occurs during the peak season of
cloudiness in the SE Atlantibgttom row offFig. 3.20). During the peak seasdmetmode of
the cloud fraction distribution varies by less than 15% across the diurnal cycle. Consistent
with the patterns ifrig. 3.16, the differences in the cloud fraction distribution between the
peak and minimum seasons in the SE Atlantic is the largest of déing rfgionsin the
minimum seasorhe highest mode of clouddaction tops out at just abov@% in the early
morning hours and there are very few instamfedoud fraction greater thar®%. Mean
cloud fraction drops below 40% during the afternoon.

Thediurnal evolution of total cloud fraction the sitropical stratocumulus regions
unfolds in afairly regular and predictable manner. Subtle differences in the patterns are
observed amongst the regions or seasons, but on the whole the direction atddesghi
the change are similaConsistent with previous work (Turton and Nicholls 1987; Klein et al.
1995; Rozendaal et al. 1995; etc.), the diurnal minimum in cloud fraction occurs near 3:00
pm. One interesting pattern present in all three regionsaisttie maximum rate at which the
cloud deck breaks up occurs just before or at local solar noon. This corresponds to the time
when shortwave radiative flux is also maximized. After noon but before 3:00 pm the cloud
generally continues to break up but al@ver rateThis suggests that the rate which the
cloud deck as whole breaks up is strongly tied to shortwave radiatve he diurnal
variability in turbulent mixing is driven by variations in the netucldop radiative flux
(longwave cooling shortvave heatingNicholls 1984. Variations in longwave cooling
during the day can come from changes in cloud fraction, cloud thickness, or cloud top height.
That cloud break up maximizes with the maximum shortwave flux implies thedtehef
change of clod fractionis mostly driven by changes in the incoming shortwave heating
rather tharvariationsin longwave coolingEvidence for this can be seen in the rate at which
cloud fraction increaseduring the afternoon (after 3:00 pm) comparedfter sunset.

Between 3:00 pm and sunset the rate at which cloud fraction increases accelerates (becomes
faste) in time. By contrast, étween sunset and midnigbt,when the cloud fraction closes

in on 100% thus limiting the potential for further increases, the tathiah cloud fraction
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increases in time is largely constant in all regions and sed®ecause of these relationships
it is apparent that the rate at which the stratocumulus cloud deck as a whole increases or

decreases in time is strongly dependent emtagnitude of thehortwave radiative flux.

3.3.4.3 Net Changes

Another interesting component Big. 3.21 is the near complete lack déta points
showingdecreasing cloudiness overnigiitincreases in cloudiness during the.dayall
regions and sesans negative rates ofiange between 6:00 pand midnightoccur less than
10% of the timeDecreasing cloudiness occurs slightly more often betweenight and
6:00 am but the rate of decaseis much smaller thathat observed during the day. We
explore these patterns in more detail ing$-ig} 22-3.24 wherewe show the frequency
distribution of thethreehour change in cloud fraction-gxis) conditioned on the starting
cloud fraction at a particular time-gxis). In contrast td-ig. 3.20, thedatashowvn here are
the distributions oindividual values calculated for each 3° x 3° baxher than the total
cloud fraction over all boxes combinethe data are not separated by seagba.patterns
shown in these plots are generally consistent among regpote discussion of these

patterns applies to dthreeregions unless otherwise stated.

In thethreehour window beginning at sunrise (top left paneFfs.3.22-3.24), the
mean (dotted line) and mode (darkest color) chamg®udinesss negativan all regions.
The greatestegative change occurs when cloud cover at dawn is h{bkéwveen 25% and
75%). When thecloud cover approaches 100% at dawn the decrease in the early morning
hours is smaller than when there is broken cl@udimilar patterris seen in the next two
windows between 9:00 am and noon and between noon and 3:00 pm. Consistent with the
results shown ifrig. 3.20, the mean change in cloud fraction becomes positive in the
window between 3:00 pm and 6:00 pm (top right panéligs. 3.22-3.24). In thethreehours
after sunseliow cloud fractionin all regionsis rapidly increasing inime. In the remainder of

the overnight windows (bottom row) cloud fraction is increasing in time for all values of
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starting cloud fraction. The only exdem is for the highest starting cloud fractions (right

edge of xaxis), where the cap of cloud fraction at 100% limits the possibility for increases.

The gross patterns shownRigs.3.22-3.24 are consistent with thesultsshown in
Fig. 3.20 and withprevious work (Turton and Nicholls 1987; Klein et al. 1995; Rozendaal et
al. 1995) The benefit of analyzing the data in this vimghat it provides more evidence for
the repeatabilityof cloud fraction changes during the day amdight In any given dgtime
window, cloud fractions are increasing in time in just over 10% of the boxes and times
observed. This can be seen by looking at the top solid hvigich indicates the 90
percentile of the distributioh and its relationship to the 0% change li@&ernight around
10% of the boxes have cloud fractions that decrease in time. When cloud fraction does
decrease overnight it does so only marginaligost often much less than 20% in dhsee
hour window. These patterns are particulahdentin the & Pacific and SE Atlantic

regions.

We can examine at the net result of cloudiness changes during the day by looking at
the cloud fraction in a given 3° x 3° box at sunset compared to the cloudiness in that box at
sunrise (Fig3.25). Similarly, the tothchanges overnight can be seen by looking at the cloud
fraction at dawn as a function of the cloud fraction at sunset3Fg). Cloud fractions at
dawn are the average cloud fraction from 5:00 am to 6:00 am while cloud fractions at dusk
are the averagdoud fraction between 5:00 pm and 6:00 pm. The interpretation in each of
these plots is that given some starting position on4es what is the probabilityfo
observing a given cloud fraction twelve hours |§jeaxis)? Starting irFig. 3.25, for dl
cloud fractions at dawn greater than3@b6 (depending on which region you examitie)
mean cloud fraction at duskadwvayslower. All threeregionsshow a resistance to charye
the extreme ends of theaxis. When cloud fraction at dawn is low (dags than 30%i} is
very likely to remain low throughout the ddsor cloud fractions at dawn greater than 90%,
themode of cloud fraction at dusk also greater than 90%trong signals of increasing

cloudiness overnight are seerfig. 3.26. For allpossible cloud fractions at duke mean
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valueby the followingdawnis alwayshigher. The greatest gain in the mean cloud fraction is
associated with lower starting cloud fractions, which can increase by as much as 40%
overnight.The mode (darkest coloof the distribution shows that cloudindssquently
increases all the way to 100&&en cloud fractiomt dusk iggreater than 20%.

The distribution of cloud fraction changes overnight showiign3.26 also strongly
reflects the low probability of olesving net decreases in cloud fraction overnight. In the SE
Pacific and SE Atlantic the lower black line (which indicates tHepEdcentile of the cloud
fraction at dawn distribution), hugs tightly to the silver line which diagonally transects the
figure. This means that roughly 10% of the time series observed showed a decrease in
cloudiness overnight. This value is slightly larger for high starting cloud fracticalsthree
regionsand forall cloud fractions at dusk in the NE Pacifi® help with iterpretation, we
show the frequency of positive and negative changes overnight conditioned on the cloud
fraction at dusk in Fig3.27. The blue line shows the frequency of any negative change
overnight. As inFig. 3.26, the frequency of negative changegmght is between 120%
for all starting cloud fractions less than 80% in the SE Pacific and SE Atlantic. Slightly
higher frequencies are observed in the NE Pacific. This figure also shows the frequency of
cloudiness decreases greater than 10% (cyandimegreater than 20% (green line). Cloud
fraction decreases overnight larger than 10% occur less than 10% of the time in the SE
Pacific and SE Atlantic and less than 15% of the time in the NE P&ifefinal way of
visualizing these changes is showrfig. 3.28 where we show the probability (top panel)
distribution and cumulative (bottom panel) distribution of cloud changes overnight for the

NE Pacific (blue lines), SE Pacific (green lines), and SE Atlantic (red lines).

The data showthat cloud fration is very unlikely to decrease overnigimd when
cloud fraction does decrease overnight those changes are most ofteM&nfaild no
evidence that large scale clearing of cloudiness witlgiven 3° x 3° area is routinely
occurring Within the SE Rcific and SE Atlantic, ove8 years of datasingall of the time

series in 8 boxes, a t@al sample size greater than,@30 data pmtsin each regioncloud
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fractions decrease more than 30% from their starting value at sumg@%o0f the time To
account for cases where cloud fraction has a net incasaightbut shows a large

decrease before the sun comes up we can la@k»xa8° boxesvhere cloud fraction goes

above 90% at any point during theght but is broken at sunris@f all boxesin which cloud
fraction at any point during the night goes about $6%re than 37,000ase each in the SE
Pacific and SE Atlantic), these regicersd up with a cloud fraction lower than 60% at
sunrisebetween 12% of the timeMeasuring the changes in clouddtion overnight is a

way to gauge the relative importance of boundary layer mixing, precipitation, and boundary
layer depthThe distribution of net overnight cloud fraction changeggestshat the

increase in turbulent mixing overnight overwhelmsrbgative tendencies from increased

precipitation and deeper boundary lay@rgast majority of the time

This is a significant result because it puts into context the relative rBl@G8in
modifying stratocumulus cloud fractiortdere we are using titerm POG to describe an
event whereghe environmentransitions from a high cloud fraction into a relatively lower
cloud fraction We make no attempt to actually classify the mesoscale organization within the
observed cloud field. We use the overnighdrode in cloud fraction as a proxy for POC
formation. Examining individual cases where cloud fraction decreases significantly
overnight, we can find clear examples where POCs are forming. There are also many
examples where POCs that had already formed #elv&tto a neighboring 3° x 3° box.
Many of the cases are also transitions that are not related to POCs. These include regions
where the edge of the cloud deck moves over a given region overnight or frontal clearing of
the cloud deck which leads édargedecrease overnight. So of all the data points where
cloudiness decreases overnight, POCs are only a compQhestifying everytime series
where cloud fraction decreasegernight asa POCthusoverestimatethe frequency of
POCs. The vast majority (>8%) of POCs are thought to forovernight (Wood et al. 2008;
their Fig. 10). In the two cases studies presented in their paper, Wood et al. describe
scenarios where cloud fractions decrease from nearly overcast (100%) to less than 60%.

Analysis of our mergd-IR cloud fraction time series shows that suelmsitions rarely occur.
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The overwhelming tendency for cloud fraction to increase and remain high overnight means

that POCs likely represent outlier behavior in the cltagped boundary layer system.

POCshave generated interest within the community because overnight changes from
high cloud fraction closed cellular organizations to low cloud fraction open cellular
organizations could go on to impact the net radiation reaching the surface during the day. So
the question remains, even though POCs appear to be occurring relatively infrequently, could
they have a sizeable impact on thénaeliative budgetia their impact on cloudiness the
following day. Analysis of the daytime changes in cloud fractions shatsongendency
for cloudiress to decrease during the day. Because gfrég®ns in which cloud fraction
decreases overnight are likely to maintain a reduced cloudiness state during fig.day (

3.25). We can use the time series of merffetloud factions to analyze this by looking at
cloud fraction distributions at later points during the day conditioned on the cloud fraction
value at dawn (Fig8.29). What this figure shows is that, given the relatively constrained
rates of change during the ddlye largest determinirfgctorin cloud fraction at any given
point during the day is the value of cloud fraction at deReagions with lower starig cloud
fraction will allow more radiation to reach the surface during the idawever,Fig. 3.26
showsthat broken clouds at dawn are much more likely the result of a scenario where cloud
fractions were increasing overnight but did not become completely overcast. For example,
for a starting cloud fraction at sunset of 30%, the mean cloud fraction by ltheifgl dawn

is less than 70% for all three regioS&enarios in which cloud fractions decreagernight

from 100% at sunset to 70% at sunraeely occur Thus low cbud fractions at dawn are

most likelya result of cases in which cloudiness was inéngasvernight but did not reach

overcast conditions.

Fig. 3.25 shows the overall trend of decreasing cloudiness during the day no matter
the starting cloud fraction. The impact of POKe transitions in cloudiness overnigtdn be
put intocontextrelative to themagnitude to these normal daytime decreases. I'8RB8@. we

show the distribution of cloud fraction at dusk compared to the maximum value at any point
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during the day (top panel) and the distribution of cloud fraction at dawn compared to the
maxmum value at any point overnight (bottom panel). The goal of measuring these
distributionsis to judge the relative areas of decreasing cloudiness during the day compared
to the night. The daytime distribution (top panel) shows frequent decreases afietsud
greaerthan30%. The mean value in all regions is betweet32%. This means on an

average day, cloud fraction by sunset is roughly 30% lower than its maximum value at any
point during the day. By contrast, the maximum decrease ever observed lovisrB8@p6 in

the NE Pacific and roughly 15% in the SE Pacific and SE Atlantic. On average, cloud
fractions at sunrise are only a few percent lower than their maximum value overnight and the
vast majority of cloud fractions at sunrise aggialto their maxmum value overnightThe

data shows that the maximum decreaseeirtloudiness overnighdver observed equal to

the meardaytimedecrease that occurs on any giday. This, combined with the relative
infrequency of POCIike cloudiness transitions orgght, strongly suggesthat modelghat

fail to capture diurnal patterns in cloud fraction (for exaniplgyant et al 2010; their Fig.

11) aremore likely to be missing the basediatively forceddiurnal variability in turbulent
mixing andits relatbnship to cloudiness rather than outlier behavior like POC formation.

3.35 Environmental Characteristics When Cloud Fraction Decreases Overnight

To shed some light on what may be causing the rare cases of cloud fraction decreases
overnight we can exame the environmental conditions present when tkasesccur. In
this analysis we use the environmental data described in section 3.2.4. In the case of using
MODIS data, we use the nighttime overpass (~1:30 am) that covers the 3° x 3° box where the
decease occurs. While using a single swath that samples the environment for a brief moment
in the middle of the night might not capture the full variabilitggant in the environment, it
can give a general idea about the state of the environment

The spatl structure of the probability of observing a decrease in cloudiness

overnight could reflect the underlying cause. All three subtropical stratocumulus regions
have significant spatial variability in precipitation, boundary layer depth, aerosol
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concentrabns, and stability. Most of these vary longitudinally with increasing precipitation
and boundary layer depth and decreasing aerosol concentrations and stability further from the
coast Wood and Bretherton 2004; Leon et al. 2008; Zuidema et al. 2009 pe&eSet al.

2012; etg. We show the spatial structure of the probability of observing a decrease in
cloudiness overnight in Fi@.31. Within a given region there are only weak spatial

gradients. In all three regions the probability of decreasing closgliseslightly higher along

the edges of the cloud field compared to the interior. Given that cloud fraction gradually
decreases from peak values in the center of the cloud deck to lower values along the edges
(Fig. 3.10), this means that losv cloud fracton regions on the edges of the cloud deck are
slightly more likely to observe a net decrease overnglt evident in this figure is the

higher probabilities of observing a net decrease in the NE Pacific compared to the two
southern hemisphere regiofi$is is consistent witkig. 3.28.

We show the annual variability of overnight decreases in the top rows oBR3gs.
3.34. In the SE Pacific theighest frequency advernight decreasexcursduring JuneJuly-
August, where a net decrease occurs bai28£25% of the time. Most of these net
decreases are quite small. The probability of observing a large decrease (more than 20%) is
less than 5%t any point during the yedDdata from the SE Atlantic also show an annual
cycle with a broader peak that spdrom April through September. The annual cycle of
decreasing cloud fraction overnightin the SE Pacific and SE Atlanticdicates that a net
overall decrease is most likely to occur during the peak season of cloudiness within each
region. This is constent withFig. 3.27, which showghat net decreases occur more
frequently when the cloud fractions at dusk are greater than®@08@tnight decreases
these scenarios are most often small chand@st§-20%; Fig. 3.25.

We show the distribution @nvironmental characteristics during periods in which
cloud fraction decreases overnight in the bottom rowsgy. 3.32-3.34. Starting with
precipitation (bottom left plots), the distribution of the area fraction of heavy drizzle is

virtually identicalfor time series in which cloud fraction increases, decreases, and decreases
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significantly overnightOne thing to point out in this figure is the high probability of

observing little to no drizzle even in areas where cloud fraction decreases ovdinig)ht.

result is significant with regards to the VC
necessary condition for the formation and maintenance of pockets of open cells (POCs)
within stratocumul us Tbdcombithesl méryeilR oclaud feational . 201
and drizzle frequency datasatslicatethat drizzle is not a necessary condition for large

decreases in cloud fraction on 3° x 3° scales.

In contrast withdrizzle area, the cloud tapmperaturén regions where cloud
fraction decreases more th&020% overnight has a distinctly different distribution than
regions where cloudiness increases. Cloud tops are generally lower (eigperaturgin
regions of significant overnight decreadeswer cloud top heights overnight could be found
in regins of cooler boundary layers or stronger subsidence. A more likely explanation is that
the lower cloud tops result from reduced turbulence in the boundary layer. Cloud tops
increase in height overnight via entrainment deepeihingholls 1984 ;Bretherton ad
Wyant 197; Lewellen and Lewellen 1998; gtcStrong turbulent overturning that results
from net radiative cooling at cloud top creates turbulent eddies that imping¢hapon
inversion at cloud tapThese eddies lead to the entrainment of warmeraair the free
troposphere and the eventual deepening of the boundary layer. Higher cloemhpepatures
during times when cloud fraction decreases overnight dmaila sign of weaker turbulence
thatsimultaneouslyrevents the boundary layer from deepermiagrnightand reduces cloud
fraction In this way lower cloud tops could be a symptom rather than a cause of reduced

cloudiness overnight.

3.36 Environmental Sensitivity Tests

The net distributions of environmental conditions for different scenafibei@asing
or decreasing cloudiness overnight indicated that cloutetoperaturenight be a useful
discriminator for identifying regions likely to experience a RPX€ decrease in cloudiness.
There is value in lookingt thesalistributions but doingso does not fully leverage the
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benefit of having a cloud map available every 30 minutesaR® advantage of the high
temporal resolution data we performed an additional set of analyses in which we used the
environmental conditions measured during theMOS over pass as an i
then tracked the cloud fraction evolution in the subsequent hours. This is a unique way to
examinethe sensitivityof cloud fractionto changes in each of the environmental parameters

we are interested in.

In Figs.3.35-3.40we show the distribution of cloud fraction chamge period of a
few hours after the MODIS overpass conditioned on the value of drizzle area, cloud top
temperaturgand lower tropospheric stability. Cloud fraction and the environmentallesi
were measured in the 3° x 3° boxes showhign 3.10. We classified the environmental
variables measured at the time of the MODIS overpasgantdifferent percentile bins
based on their distribution over all eight years of dedaexample, if aloud top
temperaturef 280 K is measureavithin a given boxve would classify that value into a
percentile of cloud topemperaturdy comparing the value @0 Kto the full range of
cloud toptemperature measured within that baduring all 1:300 anMODIS overpasses
from 2003201Q Analyzing the data in this way allows us to see the evolution of the cloud
field in times whereloud toptemperaturefor example, is relativellrigh or low for a given
region Cloud fraction is tracked for a period of otieree, and five hours after the overpass.
After five hours (~6:00 am) the sun comes up and the system is modified by shortwave
heating and the sensitivity to initial conditions measured at ~1:30 am losesSialte2some
of the sensitivities are subthe also show the data density diagrams with the total
distribution of cloud fraction change from all times subtracted out. This shows the deviation
from thebaseline distribution®r a given set of initial conditions.

In all of the panels ifrigs.3.35, 3.37, and 3.3 the distribution of cloud fraction
changes after one, three, and five hours are is tightly clustered around 0% with the mode of
each distribution being slightly positive. Physically, this means that cloud fraction in these

regions is mostkely to be changing very little between 1:30 am and sunrise. This is
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consistent with Fig3.21 and reflects the fact that by 1:30 am cloud fraction in a lsmgset

of the data has increased to near 100%, thus limiting the possibility of further positive
increases. The distribution of cloudiness changes five hours after the MODIS overpass is
more diffuse than one hobut is still slightly positive

Subtle changes in the distribution of cloudiness changes can be $egs 835,
3.37, and 3.3, but trese changes are made more apparent by subtracting out the total
distribution of cloud fraction changes for all times (F§86 3.3, and 340). The
sensitivity to drizzle area is shown in the top pandéligé.3.36, 3.3, and 340. Data from
all threeregions show that at lower percentile drizzle areas there is a slightly increased
probability of observing cloudiness decreases within the next five hours. This signal is
stronger one hour after the MODIS overpass compared to three or five hours. At higher
percentile drizzle areas there is actually a decrease in the probability of negative cloud
fraction changes and a slight increase in the frequency of weakly positive or neutral
cloudiness changes. These patterns are contrary to what would be expaweteifvere
routinelyassociated with the brealp of clouds. The drizzle sensitivity plots seem to
indicate thatloud fractions must remain higm order to maintain high drizzle areas. This
result added to the evidence that there was little drizzlemfesl in times of decreasing
cloudiness overnighturther serves to cast doubt on the claim that drizzle is a necessary
condition for POGike cloud break up. Cloud fraction sensitivity to stability is shown in the
bottom rows ofigs.3.36, 3.3, and 340. The dominant signal is a slight increase in the
frequency of decreasing cloudiness for low stability values and a slight decrease in the
frequency of decreasing cloudiness for high stability values. This signal is weaker compared
to the drizzle sensitity plots and the exact nature of the sensitivity varies by region.

Cloud fractionappears to be more sensitteechanges in the value of cloud top
temperature¢hanto changes irither drizzle area or stability. This is consistent with the fact
that dstributions of cloud topemperaturare different in scenarios where cloud fraction

increases, decreasasiddecreasesignificantlyovernight. In all three regionghe lowest

75



percentiles of cloud tofgmperaturécorresponding toelativelyshallow clads), are

associated with a sizeable increase in the frequency of cloud fraction decreases. Similarly, for
environments where cloud té@mperature corresponds to a hpggrcentile(relativelydeegr

clouds) there is a decrease in the frequency of closslidecreases and a slight increase in

the frequency of neutral events. As with drizzle area and stability, the strength of these
relationshipsveakengover time. In the SE Pacific, there is a slight increase in the frequency

of cloud fraction increases fioone to three hours after the MODIS overpass for shallow
clouds (low cloud topemperaturgercentiles)Combined withmore commorcloud fraction
decreases for the same conditions, this would indicate that cloud fraction is more variable in
cases where ald tops are anomalously loiwhe environmental sensitivity tests in the NE

Pacific have no strong signals associated with any of the variables.

3.4 Discussion

The results presented in this chapter point to a system in which cloud fraction varies
in a fairly regular manner on seasonal and diurnal time scedegut the seasonal and
diurnal cycles into contextve use a multivariate polynomial regression to create a simple
model of cloud fraction that depends only on the time of day (diurnal cycleharmhy of
year (seasonal cycle). By creating a separate model fol3éacB°®box there is an implicit
dependence on location as well. We use this simple model to predict the cloud fra@@ion at
minuteintervalsin all of the boxesn each of the subtragal stratocumulus region$he
empirical model used time of da){; rounded to the nearest hour) and day of y¥ar (
rounded to the nearest 10 days) as indepeineariables and the mergHel cloud fractions
(Y) asthedependent variabl&V/e used Matlads fipolyfitno function, which isbased orthe
leastsquaresegresiontechnique, to calculate the coefficie(i) for each prameter and
fipolyvalnb to evaluate thenodel and create the time series of predicted cloud fracibes.
regression model used 4 8rder polynomialvhich was sufficiat to capture the sireave

like curves of the diurnal and seasonal cydlés.tested models up to & Brder polynomial
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but the added complexity onlyarginally improved the fitThe geneal form of thethird

order polynomial regression is:

®w 0 O 0 6w o6 o6 0
0 O O6ww 4aiit
(3.2)

The distributions of the difference between the predicted cloud fraction and the
measured mergekR cloud fraction for every 30 minute time period from 2@3 0are
shown in Fig.3.41 The errors vary somewhat by region, wiitle smallest net error occurring
in the SE Pacific and the largest in the NE Pecithe total variance explaindyy the simple
mode] built only from the time of day and the day of the yeaequal to the squared
correlation coefficient betweegredided and measured cloud fraction time sefffeg. 3.42).
In some portions of the SE Riacand SE Atlantic the modeixplairs up to 50% of the total
variance ircloud fractionon 30 minute time scaleNaturally, hemost variance is explained
in regionswith large seasonal or diurnal cyciescloud fraction This means that less
variance is explained in locations where the seasonal cycle is small (most of the NE Pacific
and off the coast of northern Chile in the SE Padfig; 3.16) or the diurnal cyd is small
(high cloud fraction regions which have a smaller amplitude diurnal csed€ig. 3.19 for
an example The most variance is explained in the SE Atlantic which has the largest
seasonal cycle of low cloud fractiohRig. 3.16). When looking on longerrie scales, for
example the monthly mean cloud fractiop,to 90%of the total variance is explained by the

seasonal and diurnal cycles (Table 3.3).

Numerical nodels are sometimes evaluated against observations to examine their
ability to produce accuta diurnal cycles of cloud fractioeX. Abel et al. 2010; Wyant et al.
2010; Medeiros et al. 2012n Fig. 11b of Wyant et al. (20186hown here in the left panel of
Fig. 3.42), the authorsompare observations of tdeurnal cycleof cloud fraction to alues
calculated by various GCM$he cloudfraction observationésolid black line)n their plot
arefrom a climatologyby Ghate et al. (2009vho calculatedloud fractionusing a point
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measurement of longwave radiative fliu@m a radiometer stationexh an oceanographic
buoy located at 85°W and 20%odel cloud fractions (colored and dotted lines) were
calculated in a 1° x 1° box centered on the bidyant et al. use this comparison to show
that very fenGCMscome close to producing cloud fractiamsar observed values any
point in the diurnal cycléeWe can evaluate our simple empirical model by replicating their
comparisonlin the rightpanelof Fig. 3.43, we show the same baseline climatoladgloud
fraction(black line) calculated from the mgedIR clouddatasetThe cloud fractions are
calculated over the same 1° x 1° box used by the mod®dsbox, centered at 85°W and
20°S, is in a region where roughly 20% of the total variamc80 minute time scalés
explained by the seasonal andrdal cycle.In addition to the base diurnal cycle
observations, we show the mean cloud fraction predicted asirgmpiricalmodel The
simple prediction systemoreclosely resembles the mean diurnal cycle from observations
(the black linein either pankg thanany of the fullycoupled GCMsThe close resemblance
between the empirical model and the observations showsdasbnaand diurnal cycles go
a long way toward capturing tld®minantbehavior of the cloudopped boundary layer

system.

Comparimg the NE Pacific plots to those in the southern hemisphdtigi.42, we
see thatiurnal andseasonatycles explaira smaller portion of the total variance in the NE
Pacific. This result is consistent with the patterns observed in the rest of thigcha
Stratocumulus clouds the NE Pacifihhave the smallest seasonal cy#tay. 3.16), the
widest distribution of cloud fraction across the diurnal cyElg.(3.20), and the largest
number of examples where cloud fraction decreases overnigh8(&iy.However, the
subtropical stratocumulus region in the NE Pacific has similar annual mean values of LTS
and estimated inversion strength (Wood and Bretherton 2006) and shows the same
relationship between stability and cloud fraction and between boulag@rydepth and cloud
fraction as the SE Pacific (Wood and Hartmann 2006).
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So why do stratocumulugopped boundary layeim the NE Pacific behave so
differently?One majodifference between stratocumulus in the NE Pacific and those in the
SE Pacific ighe latitude at which they foriiiKlein and Hartmann 1993; Wood and
Hartmann 2006; Wood 2012 he stratocumulus cloud deck in the NE Paddienscloser
to the northern hemisphere storm tréeén the two southern hemisphere stratocumulus
regions The nathern and southern hemisphere storm tracks as well as the ITCZ show up as
increased variability in the plot seasonal standard deviatsaf the 700 hPa vertical
velocity from the ECMWEF reanalys(&ig. 3.44). In the NE Pacifiche stratocumulus cloud
deck iswithin 10° latitude otkitherof the northern hemisphere storm track (December
JanuaryFebruary or Marctpril-May) or the ITCZ (Junduly-August or September
OctoberNovember)n all seasonsBy contrast, the southern hemisphere storm track remains
more than 10° latitudsouth of the stratocumulus deck in the SE Pacific and SE Atlantic in

all seasons. The ITCZever approaches the cloud decks in the southern hemisphere.

Our results are consistent with previous investigators and we concur witltitae
increased synoptic variability in the NE Pactfmused by proximity to the ITCZ and the
northern hemisphere storm tragsulsin larger deviations from the base seasonal and
diurnal cyclesPrevious work hashown that synoptic variabilityn thesubtropicscan lead
to variations instability (George and Wood 201®pundary layer depth (Toniazzo et al.
2011) andhe formation of POCEAllen et al. 2012 The interaction can take the form of
cold air advectionfronts crossing through the regionraesoscale disturbances such as
gravity wavegenerated by synoptic systems Anecdot al ly, examining a
cloud fraction movies at a time you can find many examples of frontal boundaries moving
through the NE Pacific cloud deck. Also assbed with these features is a much higher
occurrence of ice clouds in the NE Pacific compared to the SE Pacific or SE Atlantic (left
column ofFig. 3.10). Ice clouddormingon top of the stratocumulus cloud deck would
modify the radiative balance at clotap by trapping or reflecting much of the outgoing
longwave radiation. This could lead to scenarios in wthiehgeneration of the negatively

buoyant parcels at cloud top that act to mix the subcloud layer is diminished overnight
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Further examination ohe interaction between synoptic processes and stratocumulus in all

regions is required before any decisive conclusions can be made.

3.5 Conclusions

Patterns of cloud fraction variability in each of the three subtropical marine

stratocumulus regionsedocumented using a new cloud identification dataset. We

developedor marine regions of predominantly low cloadovel method to separate

infrared brightness temperatures measured by geostationary satellites into cloudy and cloud

free pixels. The resiiftg cloud identification maps have a native spatial resolution of 4 km x

4 km and are available every 30 minutes from 2P0B0. This unique dataseft marine

stratocumulus regiorelows us to examine cloud fraction variability tbome scales of a few

hous, in all three regions, and across the diurnal cyldie key results from our analysis

using this dataset are summarized below. These results are synthesized with the results from

the previous chapter in the conclusions and future work chapter.

ConfirmatoryResults:

1)

2)

3)

Seasonal mean cloud fractioneach of the three regioissstrongly correlated
to seasonal mean lower tropospheric stabikig(3.17). In the SE Pacific and SE
Atlantic, the spatial structuie seasonal medow cloud fractios very closely
resembles the spatial patterns in stabiltig(3.16). [Klein and Hartmann 1993;
Klein 1997; Wood and Bretherton 2Qdyers and Norris 2013
There is interannual variability in low cloud fraction and lower tropospheric
stability in all three reigns. In some, but not all, years the variability is in phase
with the expected changes from the El Nifio Southern OscillfFign3.18).
[Klein and Hartmann 199X lement et al. 2009Vood 2012
Cloud fraction variability in the NE Pacific is larger thiwe two southern
hemisphere regions and is less stromylyen byannual and seasonal cycl&sgy
3.20; Fig. 3.27; Fig. 3.42). This may beelated tahe proximity of the cloud deck
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to the northern hemisphere storm track and the ITg. 8.44). [Klein and
Hartmann 1993; Wood and Hartmann 2006; George and Wood 2010; Toniazzo et
al. 2011

New Results:

1)

2)

3)

4)

The diurnal cyclef low cloud fractionwithin a given seasoandregion unfolds

in a very regular manner. Total low cloud fraction begins to decreaséy sifter
sunrise and continues to decrease until roughly 3:00RN3.20). The
maximumrate at which the cloud deck brealfs occurgust before or at local
solar noorn(Fig. 3.21). The rate of change of cloud fraction is closely tied to
incoming shortave radiative flux

The largest diurnal cycles and earliest timelofid break up occuwn the edges
of the cloudfield where cloud fractions are in general loWf€ig. 3.19 and
Appendix A). Thiscould be indicativef a positive feedback through whiatw
cloud fraction regions create conditions more favor&iieloud breaklp.

Cloud fractiors within a given 3° x 3box arevery likely tohave a net decrease
during the day and net increasevernight Fig. 3.25-3.26). Deviations from
these trendsccu relatively infrequently, particularly in the SE Pacific and SE
Atlantic. Localized decreases in cloud fraction greater than @@8night, such
as those that would resd@itom the formation of POCsccur less than 5% of the
time in the SE Pacific and SKlantic (Fig. 3.28). In the SE Pacific and SE
Atlantic, a3° x 3°region that saw cloudiness increase above 90% at anly poin
during the night has only a 1 59 chance of having a cloud fraction lower than
60% at sunrise.

In the SE Pacific and SE Atlaa, over eight years of data, the largest fractional
decreasén total low cloud coveovernigh (~15%in both regionswas smaller
than the mean amount tital cloud breakup that occurs on any given (326

in the SE Pacifiand 35% in the SE AtlandicThe mean amount of cloud breakup
overnight is an order of magnitude smaller than the mean decrease in cloudiness
observed during the daf#ig. 3.30).
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5) Cases where cloud fraction does decrease overnight are more likely to occur on
the edges of the cloudkdk and during the peak cloudiness sedBban 3.31 and
Figs.3.32-3.34).

6) The distribution of the area fraction of heavy drizzle is similar on nights where
cloud fraction increases, decreases, and decreases significantly ov@tigght
3.3-3.34). Manyof the cases where cloud fraction significantly decreases
overnight have little to no drizzle present. Tigygestshat drizzle inota
necessary conditiofor cloud breakup overnighDrizzle aredas not strongly
correlated with changes in cloud friaect on time scales of a few hours.

7) For a giver3° x 3° box doud top temperaturdsgave a tendency to be
anomalously warme(shallower clouds) on nights in which cloud fraction
decreases overnigffigs.3.32-3.34). It is not clear if this is a cause osudt of
low cloud fractions. The deepening of the boundary layer overnight via
entrainment could be suppressed in low cloud fraction scenarios thus creating
lower cloud tops.

8) We were able to explamp to50% of the total variance of cloud fraction
(calculted on 30 minute time scales inX33° boxes) with an empiricahodel
that only took into account the time of day and day of the (f@gr3.42). More
variance was explained in regions with larger seasonal and diurnal cycles and less
variance was explaed in the NE Pacific compared to the SE Pacific or SE
Atlantic.
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3.6 Chapter 3 Tables

Table 3.1.A simplified summary of some the processes which have been demonstrated to
modify stratocumulus cloud fraction (CF).

Process/Parameter Impact Modified By

Boundary layer winds,
Concent-CEt §j precipitation, shortwave
radiation, boundary layer
mixing
Boundary layer temperatur
- shortwave radiation,
Dept-BFy Z tropospheric subsidence,
boundary layer mixing
Boundary Layer Coupledi CF y Sh_o_rtwgve radiation,
. , : precipitation and outflow
Mixing Decoupled CF Z . .
boundaries, winds
Stronger Inversioi C F Tropospheric subsidence,
L 4 boundary layer tempature,
Weaker Inversiofi CF 7
sea surface temperature
Boundary layer depth and
Precipitation Preci piCGrRti4 gravity waves, aerosol
concentrations, boundary
layer mixing

Cloud Condensatior
Nuclei Concentratior

Boundary Layer
Depth

Inversion Strength
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Table 3.2.A summary of the data sources to be used in my analysis

Var i akhk | npu Nat'. Spat|[Tempo|lTempo
D aat Spat |
(Prox Cover|lResol |Cover
Prod{(Resol
Mer g ¢
Feb0O
et B gn 4 knBOASI 30 ml to
g De-2 0 1
Temp
MODI |
Aerosoll Lew3®
Concent| Eff edq On.CGSe-Z)OO
. 5 km Dai |
(Cl oud Radi 5 ko Gl ob ~1: 30 t o
Numbe and I(‘)CaAu-gOJ
Concent| Opt.
Thi ck
Boundalnfr‘ Twi c
Layer ' Dai l|{Sp200Q
(Cloud AnNd| 5 kmgiopl “1:3 to
Vi si 5 kn
Temper : am/ p|Au-g 01
Emi s g
and Pr | oc 4
InversECNIWF
Streng ERA ) 02z, 19809
(Lowe 0. 7A Gl ob| 122,
I nt e Curr
Tropos Reana 18Z
Stabi l
Twi ¢
Precipipél\é;slfz s m Dai ||Sed00
(Dri z Pass Km Gl ob| ~1:3 to
Detect MW ammp|Au-g 01
| oc &
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Table 33. The variance explained by the seasonal and diurnal cycles from a simple empirical

model Cloud fractions are calculated the 3° x 3° boxes shown kig. 3.10.

30 MinbDaily We e k | Mont h

Cl oud Cl oudMean C|Mean C

Fract Fraco Fract Fract

NE Paoc Mean = 11%| Mean =20% | Mean =22% | Mean = 38%
Max =19% | Max=60% | Max =72% | Max = 88%

SE Pad Mean = 32%| Mean =33% | Mean =45% | Mean = 60%
Max =63% | Max=71% | Max =83% | Max = 90%

SEAt | a Mean = 33%| Mean =36% | Mean =51% | Mean = 70%
Max =51% | Max=60% | Max =76% | Max = 88%
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3.7 Chapter 3 Figures

Surface Radiative Flux on a Mostly Cloudy Day
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Figure 3.1.Time series of shortwave (red lines) and longwave (blue lines) radiative flux
reaching the surface on a mostly cloudy ¢(tap panel; from 12Nov 2008 near 75°W and
20°S) and on a day when the cloud completely breaks up during the afternoon (bottom panel,

from 23Nov 2008 near 83°W and 21°S). Data were collected aboaRHBa&luring

VOCALS-REX.
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Merged-IR Brightness Temperature

16-Nov 2008 14:00 UTC Brightness Temperature Distribution
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Figure 3.2. Infrared briditness temperatures over the southeast Pacific stratocumulus deck at
1400 UTC on 18\ovember 2008 (left) and the bimodal distribution of brightness

temperatures for the scene (right).
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Figure 3.3. Two examples of the accumulated brightness temperastréodtions in 3°x3°

boxes over the southeast Pacific. The top panel shows an example of a region well offshore
where the cloud fractions are lower and the distribution of daytime temperatures more
bimodal. In contrast, the distributions shown in thedsatpanel come from an area closer to
the coast where cloud fractions remain high even during the day, resulting in a mostly

unimodal distribution of brightness temperatures.
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Figure 34. In the top row are brightness temperatures from the rddRyeataset over the
SE Pacific at 1600 UTC on 4Qctober 2008. The middle row contains the corresponding
total cloud map generated using the new cloud identification methodology. The fiRrged
cloud map can be compared with the GOES visible albedo simave bottom row. The
right column shows the 8.5° x 8.5° region that is outlined in blue in the left column.
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Brightness Temperature
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NE Pacific [129°W:126°W,21°N:24°N]
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Figure 35. MergedIR (lines) and MODIS (diamonds) total cloud fraction for 3° x 3° boxes
in each of the stratocumulus regions for theqeebetween 4danuary and tlanuary 2004.
MODIS pixels with fractional cloudiness greater than 0.87 are classified as cloud in the raw

MODIS swaths before calculating cloud fraction to create a more direct comparison.
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Figure 3.6. An example of sceneghere the mergetR cloud identification method
overestimates cloud fraction by 10% compared to the MODIS total cloud fraction (left
column; 4January 2004 at 10:00 UTC), is a perfect match (center coludam@ary 2004 at
09:30 UTC), and underestimatesal cloud fraction by 10% (right column:Jnuary 2004

at 22:00 UTC). The top row shows the mergledrightness temperatures while the merged

IR and MODIS cloud masks are in the middle and bottom rows respectively.
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NE Pacific - Probability Distribution NE Pacific - Cumulative Distribution
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Figure 3.7. Distribution of the diference between the MODIS and mergBdotal cloud
fraction (left) and the cumulative frequency of the difference (right) for multiple 3° x 3°
boxes spanning an easest gradient from 21°N to 24°N in the NE Pacific, 21°S to 18°S in
the SE Pacific, andaES to 12°S in the SE Atlantic. Distributions are collected from roughly
5000 MODIS overpasses between 2003 and 2010.
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Figure 3.8. Data density diagram showing the frequency of occurrence of a differences
between the MODIS and mergéRl total cloud faction conditioned on the value of the
observed MODIS cloud fraction in the NE Pacific (top left), SE Pacific (bottom left), and SE
Atlantic (bottom right). Darker colors indicate more frequent occurrences. The solid black

line in each plot indicates theean difference for a given MODIS cloud fraction.
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NE Pacific - Day NE Pacific - Night
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Figure 3.9. Distribution of the difference between the MODIS and meiifetbtal cloud

fraction during daytime overpasses (left column) and nighttime overpasses (right column) for
multiple 3°x3° boxes sning an easwest gradient from 21°N to 24°N in the NE Pacific,

21°S to 18°S in the SE Pacific, and 15°S to 12°S in the SE Atlantic.
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MODIS Merged-IR
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Figure 3.10. Annual mean total cloud fraction from the MODIS cloud product (left) and

from the mergedR cloud identiication method (right) in the NE Pacific (top row), SE

Pacific (middle row), and SE Atlantic (bottom row). Contours in the left hand column are the
frequency (%) of cloud top temperatures colder than 273 K. The miRgeata is taken

only from times of a&orresponding MODIS overpass (i.e. the 30 minute scene closest to the
MODIS overpass). Boxes in the right column show the 3° x 3° boxes in which low cloud

fraction was calculated for the time series analysis in the remainder of the paper.
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Figure 3.11. The mean MODIS (top row) and mergkl (bottom row) total cloud fraction

for each of the four seasons (columns) in the NE Pacific. MODIS pixels with fractional
cloudiness greater than 0.87 are classified as cloud in the raw MODIS swaths before
calculatingcloud fraction to create a more direct comparison. The mdRjeldta is taken

only from times of a corresponding MODIS overpass (i.e. the 30 minute scene closest to 1:30
am/pm). The solid line indicates regions of mergediata without the zenith angle

correction error and where cloud top temperatures colder than 273 K occur less than 35% of
the time.
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Figure 3.12. As in Figure 3.1 but for the SE Pacific.
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Figure 3.13. As in Figure 3.1 but for the SE Atlantic
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