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During the past five years, a series of researalses in the areas of the southeast
Pacific stratocumulus regimes have provided ungleced observations of boundary
layer, cloud, and drizzle structures over an aezgely unexplored previously. These
cruises started with the EPIC 2001 field experinfelibwed by cruises in a similar area
in 2003 and 2004 (PACS/Stratus cruises). The sagfdom these three cruises provides
a sufficient data set to study the variability atowg over this region. This study
compares observations from the 2004 cruise witse¢habtained during the previous two
cruises. Observations on the ship provide inforomatbout boundary layer structure,
fractional cloudiness, cloud depth, liquid watetthpaand drizzle characteristics. Our
evaluation indicates more strongly decoupled bogndyers during the 2004 cruise
than the well-mixed conditions that dominated thaud and boundary layer structures
during the EPIC cruise, and the highly variableditbons — sharp transitions from solid
stratus deck to broken-cloud and clear-sky periodscountered during Stratus 2003.
Diurnal forcing and synoptic conditions are beiransidered as factors affecting these
variations. Statistical characteristics of the mabwysical boundary layer and cloud
properties are extracted and compared using the &day periods that the research
vessels remained stationed at the location of 2883V during each cruise. The choice

of this domain allows for the elimination of theasjpl variability due to different ship



tracks. These results are discussed and summarakan outlook for future work and

research programs is provided.
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Chapter 1 — Introduction

1.1 Motivation

During the last two decades, marine stratocumellmsds have been the center-piece
of many theoretical/modeling studies (e.g., Gardeand Munoz 2004; Bretherton and
Wyant 1997) and field experiments (e.g., Albredrale1988; 1995b). This type of cloud
is mainly observed at low levels over the easta&ta sf the subtropical oceans, where the
conditions (cool surface waters — warm, dry airssdibg aloft) favor the creation of a
sharp temperature and moisture inversion that tdagdviarine Atmospheric Boundary
Layer (MABL) and leads to the trapping of the clewat its top (Klein and Hartmann
1993). Both surface-based cloud climatologies {l@nd Hartmann 1993) and satellite
studies (Ramanathan et al. 1989) have clearly atelic the impact of boundary layer
clouds on the global radiation budget; their hi¢jledo results in a substantial decrease
of the amount of solar radiation reaching the otsanrface, while their low altitude
corresponds to a small temperature difference kmtvadoud-top and the ocean surface
that results in little change in thermal radiatiemitted to space. Although the role of
stratocumulus clouds in affecting the radiationabhak by cooling the ocean was
recognized through early studies (e.g., Randadl.e1984), the growing need of a more
accurate representation in the Global Climate Mod&CMs) has engaged many
scientists in the pursuit of a better understanaihgheir radiative, microphysical and
dynamical properties, the thermodynamic structdrdh® MABL, and the climatological

variability of the respective areas (e.g., Stewatrad. 2003).



One of the most prevalent stratocumulus cloud sléckhe world is located over the
subtropical southeast Pacific, extending about 1@0ffshore from the Equator to the
latitude of central Chile (25-30°S) (Klein and Haann 1993). In addition to the large
latitudinal extent, the interaction with El Nino418bern Oscillation (ENSO) and the
special morphology of the western South Americantioent (e.g., the presence of
Andes) also contribute to the unique character lagt importance of the SE Pacific
stratocumulus regime (Li and Philander 1996).

In this study, data collected during three redearaises form the basis for exploring
clouds and boundary layer structures in this clarsgnsitive area. The main objectives
are to develop an extensive description of martregaumulus macroscopic properties,
examine their temporal (diurnal, seasonal and amtemal) variability in association with
the evolution and variability of the MABL thermodymic structure, and investigate the

effect of large-scale dynamics.

1.2Background on Climate Research Programs and Field ¥periments

The stratus cruises are a very small componerd tdrge ongoing international
research effort to better describe, comprehend @edict the world’s climate. The
international interdisciplinary research programQiimate Variability and Predictability
(CLIVAR), under the auspices of the World ClimateesRarch Program (WCRP),
investigates the physical and dynamical processdbld climate system that occur on
seasonal, interannual, decadal and centennial soakes. One of the three major

CLIVAR science foci is the seasonal-to-interannuediability and predictability of the



Global Ocean-Atmosphere-Land System (GOALS; 199820 which replaced the
Tropical Ocean - Global Atmosphere (TOGA) progrdrag85-1995). CLIVAR is further
organized into regional panels, one of which is\faeiability of the American Monsoon
Systems (VAMOS) that focuses on the climate of Ameericas. VAMOS consists of
various regionally-oriented science projects; thgget currently associated with the SE
Pacific area is called VAMOS Ocean-Clouds-AtmospHeand Study (VOCALS). The
main scientific issues that VOCALS plans to addnestude: the investigation of the
temporal and spatial scales of cloud-topped boyntser - South American continent
interaction; the examination of regional and seakorterannual feedbacks between
stratocumulus clouds, surface winds, upwelling, stalacurrents and Sea Surface
Temperature (SST); a focus on feedbacks of SE iPadiud-topped boundary layer
properties on the overall tropical circulation aBNSO; and the evaluation of the
climatic importance of aerosol-cloud interactiodm Intensive Observations Period
(IOP) for VOCALS is scheduled for the fall of 2007.

The US CLIVAR office coordinates major particigmtiin this international research
effort, being primarily responsible for the climatenitoring programs in the American
continent and the surrounding oceans. A major pmoglaunched several years ago by
US CLIVAR, the Pan-American Climate Studies (PAQ8Yvided the context for more
specialized monitoring projects and field experitseon these areas. As a result, the
beginning of the ZLcentury coincided with the first ever US CLIVARogess study: the
East Pacific Investigation of Climate (EPIC) praes in the Coupled Ocean-
Atmosphere System (1999-2004), which lead to theCE®OL1 field experiment (Weller

1999). The second leg of the EPIC field campaigs am extensive stratocumulus study



(Bretherton 2004), taking place in October of 2@dH revealing the complex structure
of the stratocumulus-topped boundary layer in thi#repical SE Pacific. This first major
interdisciplinary field study in the area succeededeparate significant oceanographic
and atmospheric objectives, proved that their coation is crucial to the sustained
effort to fully comprehend the ocean-atmospheretliseractions of the region, and set
the path for the SE Pacific field experiments titofw.

An important role in EPIC long-term monitoring ayed by the Stratus Ocean
Reference Station (Stratus ORS) that was launahéictober 2000 at the geographical
location of 20°S, 85°W by the Woods Hole Oceanolgi@pnstitution (WHOI) Upper
Ocean Processes (UOP) group. The recovery andcegpént of the Stratus ORS buoy
was one of the primary objectives of the EPIC 28batocumulus cruise (hereafter EPIC
2001). Thereafter (with an exception of 2002), #ep campaigns to maintain and
replace the buoy have been providing atmosphesiearehers with the necessary means
to deploy remote sensors and other instrumentatiohconduct observations to improve
our knowledge of the various processes associaliidtine SE Pacific stratus deck. The
Stratus 2003 (Kollias et al. 2004) and Stratus 2(®2rpetzoglou et al. 2005) research
cruises served as part of the PACS/EPIC enhancetitarinog and process studies
implementation schedule, and provided — in comimnatith EPIC 2001 — a unique data
set by capturing most of the properties that arelfimental for studying and analyzing
the complex features of stratocumulus clouds andBM#n the subtropical SE Pacific.
These measurements also allow stratocumulus ighjisn to be compared to the better-
studied stratocumulus of the Northeast Pacific, dodthose sampled in a less

instrumented Chilean cruise off of central Chilé&datober 1999 (Garreaud et al. 2001).



1.3 Scientific Objectives

The main focus of the thesis is to describe theesl variability of stratocumulus
properties over the southeast Pacific and impraweuaderstanding of the physical and
dynamical processes that lead to the generatiomtemance and dissipation of marine
stratocumulus clouds. Under this context, the $jgedcientific objectives to be

addressed in this study are:

I. Compare the evolution of measured and derived MABH cloud parameters along

the three different cruise tracks; describe andaaxphe associated variability.

[I. Extract the climatological means and varianceshefliasic cloud properties of the
subtropical SE Pacific stratus deck as well as rttean profiles of the MABL

thermodynamic structure.

Properties such as fractional cloudiness, cloudktiess, drizzle occurrence and
liquid water path (LWP) play a substantial rolethe lifecycle of marine stratocumulus
and their statistical characteristics are essefdiatealistic climate model simulations.
Furthermore, mean profiles of the thermodynamic alyshamical variables (e.g.,
potential temperature, mixing ratio, wind speed action) can provide baseline
boundary layer structures for testing models araluating the effect that structure may

have on boundary layer cloudiness (Albrecht e1@95a).



lll.  Understand and evaluate the observed patterns ah steucture and variability by
attempting to isolate some of the physical and dyoal processes that govern the
complex ocean-atmosphere coupling in the regionhaglklight the interconnection

between MABL cloud properties, surface meteoroleggables and radiative fluxes.

There are still many open issues regarding ourerstanding of the interactions
between the basic features that lead to the gemerahaintenance and dissipation of
stratocumulus clouds (e.g., Albrecht et al. 199Badcesses, such as cloud-top radiative
cooling, entrainment of dry air above the inversimmo the cloud layer, in-cloud
circulation and turbulent mixing, and drizzle fortima and evaporation beneath the cloud
layer interact in a complex manner that makesfiitcdit to draw final conclusions on the
kind and extent of influence that each one indigijuimposes on the lifecycle of stratus
clouds. We attempt to test and evaluate previossnagtions and hypotheses regarding
some of these processes.

The role of the large-scale ocean and atmosphin@amics on influencing the
MABL structure and variability is also examined.ef@limate Diagnostics Center (CDC)
web interactive plots allowed us to obtain the wagl SST and Sea Level Pressure (SLP)

patterns, the atmospheric pressure systems evoleiio



Chapter 2 — Data Sets and Analysis Procedures

2.1Domain Setup

The ship track during each of the three cruiseteuonsideration is shown in Fig.
2.1. Table 2.1 also provides a useful context wagpect to significant dates and times of
each route. During EPIC 2001 and Stratus 2003rdkearch vessels followed similar —
but not identical — paths, while the Stratus 20fidse had a completely different route.
The EPIC 2001 cruise started from the Galapag@dsl, where the NOAA research
vesselRonald H. Brown (hereafter called th&rown) was stationed for a few days
following the first leg of the field campaign. Fraims point, theBrown steamed west on
October 9 to 95°W and then south along the remaiotithe TAO buoy line into the SE
Pacific stratocumulus regime. After stopping fopagximately 6 days (October 16-22) at
the location of the Stratus ORS buoy, Br@wn reached the port of Arica in northern
Chile, on October 25. For Stratus 2003, the UNOESearch vessdRoger Revelle
(hereafter called th&evelle) departed from Manta, Ecuador on November 11.rAdte
short southwesterly course, the ship continuedhstureach the WHOI buoy, where it
remained for about 5 days (November 15-20). Theserconcluded with a 3-day easterly
route to Arica, similar to th&rown path during EPIC 2001. For Stratus 2004 however,
Arica was the starting point. ThHg¥own headed west along the 20°S line, until it reached
the Stratus ORS location, where it remained statidior 5 days as well (December 11-

16). After a short westerly route until 90°W, thepsfollowed a southeasterly route into



the southernmost part of the stratocumulus regintecancluded the trip in Valparaiso,
Chile on December 24, after a short southerly gehalong the coast of central Chile.
Although the cruise paths followed by tBeown in 2001 and 2004 and tiRevelle in
2003 are quite different in general, there is sight overlap in domains for crucial
comparisons between the three field experiments. mibst important of these domains
seems to be the Stratus ORS location (20°S, 85Are the ships were stationed for 5
to 6 days on each cruise. This study plans to focuthis location and take advantage of
the unique 3-cruise dataset, to study and compareldy-to-day evolution of the cloud-
topped boundary layer and attempt to extract thassital characteristics of the basic
cloud properties. The transect along 20°S from t6585° W is also common with all
three research cruises, and could be ideal foystgdhe evolution of the MABL in the
transition from the deeper-ocean cold waters tcctisstal warmer regime. The temporal
lag of the three cruises (October 2001 — NovembéB82- December 2004) allows us to
extract a monthly variability regarding the aforemtioned properties, and seek signs of

interannual variability, always under the conteixthe influence of large-scale dynamics.
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Figure 2.1: The routes that tBeown and theRevelle followed during EPIC 2001 (blue),
Stratus 2003 (red) and Stratus 2004 (black). Tmewapoints to the location of the
Stratus ORS buoy (20°S, 85°W).

Table 2.1: Time schedule for the 3 stratus cruises.

EPIC 2001 Stratus 2003 Stratus 2004
Cruise period (dates) Oct. 9-25 Nov. 11-24 Dec. 5-23
Cruise period (Julian days) 282-298 315-328 340-358
Buoy period (dates) Oct. 16-22 Nov. 15-21 Dec. 11-16
Buoy period (Julian days) 289-295 319-325 346-351
Exact time of arrival (at the buoy) (Oct.) 15.955 (Nov.) 15.781 (Dec) 11.1801
Exact time of departure (Oct.) 22.330 (Nov.) 21.375 (Dec.) 16.250
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2.2 Instrumentation onboard

The EPIC 2001, Stratus 2003 and Stratus 2004 nedseauises were collaborative
efforts among various institutions and universitiés extensive suite of instruments was
deployed onboard the research vessels for makingsunements of boundary layer
clouds, thermodynamic structure, surface fluxes apdr-surface meteorology. The
remote sensors that were used in each cruise amdréspective products are briefly
described in Table 2.2. All three cruises inclu@dedeilometer, a 3-channel microwave
radiometer and an 8.6-mm Doppler cloud radar (aghathe latter suffered a component
failure early in the Stratus 2004 cruise — seei@e@.4). Surface meteorology, turbulent
and radiative flux measurements (Fairall et al. 7)98s well as aerosol spectrometer
measurements provided a near surface complemehése remote sensing instruments.
Rawinsondes were also launched during the thrdé &rperiments providing a high
resolution vertical profile of the MABL thermodynastructure. During EPIC 2001 the
frequency of the sounding launches was relativagi k8 per day), compared with that in
Stratus 2003 (4 per day) and Stratus 2004 (4 perwdid the exception of 6 per day
while at the ORS location). The 2001 and 2004 esuiaso included the operation of the
C-Band Radar onboard tlBzown and a 915-MHz wind profiler, while a new very high
resolution but low sensitivity 3.2-mm Doppler clotatiar was only used during Stratus

2004.



Table 2.2: A list of the remote

and the respective products.

11

sensing instrumesrboard theBrown and theRevelle

Remote Research Technical
. e Product
Sensor Cruise Specifications
* - — i h
FMCW Stratus 2004 94 G_Hz (3.2_mm) First three moments of the
radar vertically pointing Doppler Spectrum
MMCR** 35-GHz (8.6 mm) — First three moments of the
All three : -
pulse radar vertically pointing Doppler Spectrum
Brown C- EPIC 2001, 5.6-GHz (5.4 cm) — Reflectivity and
Band radar Stratus 2004 Scanning radial velocity
Wind EPIC 2001, i Time-height profile of wind
Profiler Stratus 2004 915-MHz (32.8 cm) speed/direction
Ceilometer All three Lidar (Vaisala CT-25K) Time-height profile of
cloud base
Microwave Al three 3-channels: Column integrated liquid
Radiometer 20.6, 31.6, 90 GHz and vapor amounts
* Frequency Modulated Continuous Wave
** Millimeter Cloud Radar

2.3 Data Availability and Processing

The University of Miami Radar Meteorology Group (BWIG) participated in the
Stratus 2004 experiment and was primarily respémsibr the preparation of the
deployment, data collection and preliminary procesof the FMCW Doppler cloud
radar. We were also actively involved in the opgeratind data collection of many of the
other instruments onboard tiBeown. Our participation in the cruise provided us with
immediate access to the Stratus 2004 data. ThefdaaEPIC 2001 and Stratus 2003
were kindly provided by Dr. Chris Fairall, of theatibnal Oceanic and Atmospheric

Administration (NOAA) Earth System Research Labomat(ESRL) Physical Sciences
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Division (PSD) — formerly known as Environmentalchaology Laboratory (ETL), —
who had the actual command of the atmosphericipait three cruises.

The first task of this study was to acquire previously-described data set and
perform the necessary quality control. The datéectdd during EPIC 2001 and Stratus
2003 were provided to us after being subject térat-level” processing; the “raw” data
files generated directly from each instrumentasgstem during the collection procedure
had been converted to easier-to-read file formats,(text or NetCDF files). We applied
similar processing procedures to the “raw” datasfibbtained during Stratus 2004. All
the data from the three cruises were then checleduality and coherence. The few
bugs and errors detected were corrected accordimgly majority of the data collected
during EPIC 2001 and Stratus 2003 did not revegl@articular defects, since they had
already been subjected to quality control and @siog by the scientists involved in the
respective field campaigns.

The unprecedented 3-cruise data set has beerathedne of this study. The choice
of the regional domains for the analysis was byieféscribed and evaluated in section
2.1. Objective | is addressed using cruise-comeatihe-height cross-sections of the
respective properties and profiles. The time petlwt the ships were stationed at the
Stratus ORS location (20°S, 85°W) is used primdadlythe accomplishment of objective
Il, so that the spatial variations associated Witk different routes of each cruise are
excluded. Emphasis is given to the observed diwyelk of some cloud properties, and
the possibility of monthly and interannual vari@tiis examined. Composite time-series
plots, time-height profiles, histograms etc. aredoiced and used for the comparison and

description of the 3-cruise retrievals of the aforentioned properties and features.
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Various techniques are used in order to bettemndisish between the different MABL
structures observed in the SE Pacific stratocumrdgsne. For instance, the soundings
classification followed by Kloesel and Albrecht 88 and Yin and Albrecht (2000) is
proved very useful for our analysis.

The Vaisala sounding systems (RS-80 sondes in HRPB90 sondes in Stratus 2003,
RS-92 sondes in Stratus 2004) provided profilemiperatureT), pressureR), relative
humidity (RH), and horizontal wind speed and direction. Theadabm each of the
rawinsonde data sets were then used to calculatentpd temperaturedy, virtual
potential temperaturé)y), equivalent- and saturation equivalent potenéaiperaturete
and 6 respectively), and mixing ratio)( These parameters were calculated using the
methods described by Bolton (1980). To obtain agraye sounding from each data set
for the needs of extracting mean and variance thdymamic profiles (see Chapter 4),
we used two different approaches. The first onkudex linear interpolation of the initial
(raw) sounding data — obtained at variable heighkiels — to new vertical bins with a
height increment of 10 m. Mean and standard denatalues were then calculated for
each bin for both measured and derived quantifies approach allows for an objective
guantitative comparison of the vertical MABL prefil sampled during the three cruises,
but limits the analysis with respect to the invensicharacteristics. To maintain the
structure of the inversion in the composite sougsli non-dimensional height scale was
used, following Albrecht et al. (1995a); using thproach, the height)(is normalized
with the inversion base height;)(of each sounding to give a nondimensional vdrtica
coordinatez/z. The estimation of the inversion base height fache sounding was

performed objectively, using theparameter described in Yin and Albrecht (2000)réno
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elaborate description is provided in section 3/3)erage soundings were then obtained

by using vertical bins with a nondimensional heigistement of 0.01.

2.4 Technical Difficulties

Since the MMCR component failed on th® day of the Stratus 2004 cruise, an
alternative way to estimate the cloud-top heigh#s wonsidered by using the 915 MHz
wind-profiler reflectivity. These data provide therersion height (boundary layer depth)
using a technique developed by Chris Fairall andidsh Otto of NOAA/ETL. The
enhanced profiler reflectivity results from Bragtattering due to the large temperature
and moisture jumps that characterize the sharpimgppversion of the SE Pacific
boundary layers. This procedure gives an inversieight estimate even if there is no
cloud present; but this should not be a major gnoblsince we are mostly interested in
the time-height evolution of cloud top. Moreovergiatinction should be made between
the base and the top of the inversion layer. Inptiesence of stratus clouds the cloud top
closely matches the inversion-base height. Howekerwind-profiler technique is based
on identifying the maximum Bragg scattering resgitifrom the temperature and
moisture inversion jumps, thus giving estimateslotid-top that lie within the inversion
layer and not exactly at the inversion base. Téisvident in Fig. 2.2, which shows a
comparison of the wind-profiler inversion-heighttiesmtes with the heights of the
inversion base and inversion top derived from tbangings using the:-parameter

methodology (see section 3.3).
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Stratus 2004, Sonde-derived Inversion heights: Base (red) and Top (black) & Wind profiler-derived BL height (blue)
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Figure 2.2: Comparison of inversion-top (black sgsa— dashed-dotted) and inversion-

base (red circles — dotted) heights from soundiagainst wind-profiler-derived BL
height (blue stars).

Another instrument problem affects ceilometer datan the Stratus 2004 cruise.
The ceilometer appears to have been operatinglatee sensitivity after theé"6day of
the cruise. A deterioration of the optical fiberathcarries the signal to the detector
prevented the instrument of detecting many clouaisnd daytime when sunlight may
contaminate the optical returns (see Appendix, Rit). Fortunately, when clouds are
detected, the cloud base height is accurate. Afegful examination of all the daily plots
of backscatter coefficient and cloud base heigbtcancluded that the problem is limited
between the hours 14:00 and 22:00 UTC (8:00 toQL&xGal time) from December 11 to
the end of the cruise. The apparent malfunctiors s influence substantially the time-
height profile of cloud base, but it makes parttioé data unusable with regard to

estimating fractional cloudiness and cloud basksstss.
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Figure 2.3: Analysis procedure followed for extmagtaccurate cloud-fraction estimates
for the time periods affected by the ceilometerforadtion during Stratus 2004pper
panel: The initial (uncorrected) hourly estimates oflaeieter-derived cloud fraction are
plotted against the respective hourly-averagedeglof incoming longwave radiation
(part of the NOAA/ETL air-sea flux system measuratag Data points corresponding to
intervals affected by ceilometer malfunction arerked with red colorMiddle panel:
Same as before, but only including “problem-freatadpoints with cloud fraction values
less than 95%. The linear least-squares fit istgdotwith a straight line, and the
respective equation and correlation coefficient al displayedLower panel: The
linear fit is used to estimate the cloud fractioalue for the affected data points,
identified before (also red colored).

To compensate for the afore-mentioned malfunctiod the consequent gap in the
daily ceilometer data, incoming longwave radiatisrused as a surrogate for fractional

cloudiness. Fig. 2.3 represents the analysis proeetbllowed for making accurate
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estimates of the Stratus 2004 cloud fraction. Tipygeu panel of Fig. 2.3 shows the initial
(uncorrected) scatterplot between ceilometer-ddriveurly cloud-fraction estimates and
hourly averages of the downwelling IR flux, as meaad by the NOAA/ETL air-sea flux
system. The hourly intervals affected by the cedten malfunction are plotted with a
different color (red), and correspond to data poinith high IR flux- (370-400 W/R)
but low cloud fraction values (lower than 50%). $&eadata points as well as the data
points that correspond to cloud fraction valueshargthan 95% are excluded from the
linear least-squares regression, used to extraet ajpproximate linear relationship
between the two properties (i.e. zenith cloud faamctind incoming longwave radiation).
Totally overcast conditions, associated with clduattion greater than 95%, form a
different regime with respect to emitted longwaweeliation, and their addition to the
least-squares regression would create a bias teethdt. The linear least-squares fit can
be seen in the middle panel of Fig. 2.3; the cati@h coefficient (~0.85) indicates that
this fit accounts for approximately 72% of the aace. This linear equation is then used
to approximate cloud fraction for the time peridtlat the ceilometer was working on
reduced sensitivity (Fig. 2.3, lower panel).

The corrected cloud fraction values account for5%¥.of the total hourly cloud
fraction estimates (99 and 360 respectively, ovepan of 15 days — December 6-20).
However, the fact that the linear fit explains 72#f6the variance adds considerable
uncertainty to our results. To evaluate this uraety, the methodology described above
was applied to the EPIC and Stratus 2003 obsenatithe respective scatterplots, linear
fits and correlation coefficients are shown in FEAgt. The similar correlation coefficients

between the Stratus 2003 and Stratus 2004 anabsidts substantiate the use of the
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Stratus 2003 observations for evaluating the acguod our approximation technique.
Thus, hourly cloud fraction estimates were repredutrom the IR flux measurements
through least-squares regression and comparedthathespective zenith cloud fraction
values measured from the ceilometer for the er@iratus 2003 observational period.
This comparison revealed that over 75% of the myced cloud fraction estimates were
within 20% difference of the initial ceilometer-dexd values. Further, the average cloud
fraction value for the entire cruise period was affected at all by the approximation
technique. These results validate the use of thatust 2004 corrected cloud fraction

estimates for the rest of our analysis.
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Figure 2.4: Surface longwave radiative flux as eagate of zenith cloud fraction for

EPIC (upper panel) and Stratus 2003 (lower pariie linear fits are plotted with

straight lines, and the respective equations aneledon coefficients are also displayed.
Values of cloud fraction greater than 95% have lwe@tuded to improve the linear fits.



Chapter 3 — Boundary Layer Structures and Cloudines

3.1Introduction

In this chapter the temporal and spatial variabiit the various boundary layer and
cloud properties during each of the three reseangises and the differences between the
existing three years of observations are highligh®@irectly-measured parameters as
well as Value Added Products (VADSs) are being coexsd in this section of the analysis
and include: cloud base height and zenith fracticf@diness, derived with the use of
ceilometer data; cloud top height and drizzle o@nre from radar data; cloud thickness
from a combination of ceilometer and radar datapmial temperature, mixing ratio,
inversion strength and thickness, wind speed aretitiibn from the soundings; radiative
(incoming Solar and Infrared) and turbulent (selesdnd latent heat) fluxes, SST and
surface air temperature, from the instruments ohetbiin the NOAA/ETL flux suite;
LWP from the microwave radiometer data.

The observed cloud and boundary layer parameterc@npared among the three
cruises through cruise-composite time-height pesfil which also allow for the
examination of the characteristics of each crueggasately. The differences in domains
associated with the latitudinal and longitudinali@hility of boundary layer structure and
cloudiness are also described to provide a spagiapective to the temporal variability.
The diurnal cycle of some of the key propertiegy.(efractional cloudiness, drizzle
occurrence) is then examined, mainly with the Udeisiograms. The final section of the

chapter explores the vertical layering structurehaf boundary layer in the subtropical
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SE Pacific stratocumulus regime; the charactessifahe inversion layer are studied and
analyzed to better comprehend the moisture and dwktange processes between the
boundary layer and the free air above, and exahomethese processes affect cloudiness

and drizzle occurrence.

3.2 Cruise-Composite Mapping of Basic MABL Properties

3.2.1 Moisture Structure and Cloud Boundaries

During all three cruises, a wide range of clouchdittons were encountered that
included extensive periods of complete cloud colesken-cloud and clear-sky periods.
A closer look at the data reveals qualitative défeces in the MABL structure and cloud
conditions from year to year. A well-mixed stratouuus-capped boundary layer was
observed throughout the entire EPIC 2001 cruisetf®rton et al. 2004). The fact that
few broken-cloud and nearly no clear-sky periodsaweported is confirmed by the very
high cruise-averaged ceilometer derived zenith ctldraction value (almost 92%).
Conditions differed, however, during the Stratu®2@ruise (Kollias et al. 2004). The
MABL structure was occasionally characterized bg #irong capping inversion and
often well mixed vertical thermodynamic structuteserved in 2001, but there were also
days — especially at the ORS location — with maexeertical gradients of potential
temperature and mixing ratio. This was reflectedhim cloud coverage, with a reduced
average cloud fraction (about 82%) with respedE®dC 2001, and the rare presence of

decoupled layers with shallow cumuli clouds, whiaére not observed before. Although
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most of the general features observed in 2003 s present during Stratus 2004, the
analysis of the data collected during the thirdisguin the subtropical SE Pacific
stratocumulus regime reveals further differences iateresting features with respect to
the previous field experiments. The boundary layes relatively well-mixed in the
beginning of the cruise (westerly route towards@rS location), with rather thin clouds
and a good correspondence between LCL and clowd Basditions changed drastically,
however, while the ship was stationed at the buwmation; the boundary layer started
deepening significantly and strong gradients ofgerature and moisture built up. These
conditions persisted throughout the southeastaslyrse towards the South American
coast and maintained a “decoupled” boundary layar deveral days, that was
characterized by very high and relatively thinneatscumulus clouds and the formation
of a second cloud base of cumuli clouds rising thestratocumulus.

The MABL mixing ratio structures from the rawinst@s launched during the three
cruises are shown in Fig. 3.1. The cloud boundaaies the lifting condensation level
(LCL) are also displayed. The three panels of Big.clearly demonstrate the differences
between the boundary layer and cloud structuretucag during the three observational
time periods and constitute a point of referencettie complexity and variability of the
SE Pacific stratocumulus regime. A goal of thisdgtus to accurately document and
explain the observed variability in terms of laggale dynamics and boundary-layer
processes, and to address the issue of whethemathability is mostly driven by large-
scale dynamics and atmospheric (or even oceanicilation or it is entirely due to

internal MABL dynamics (Rozendaal and Rossow 2003).
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An unexpected feature observed during Stratus 200% significant height increase
of the sharp inversion that capped the MABL while Brown remained stationed. The
inversion height was about 1.2 km at the beginoihthe 2004 buoy period (same levels
as EPIC 2001 and somewhat lower than Stratus 2008)ts gradual increase resulted in
an all-year ORS-location high of 1.7 km about thdegs later — a value that remained
almost constant for the remaining two days of teaqa. After the ship left the WORS
station and headed southeast, the height of thersion increased even more, extending
to 1.8-1.9 km, before decreasing to a minimum (~80)ear the coast (lower panel of
Fig. 3.1). These larger boundary layer depths igreficant given that, during EPIC 2001
and Stratus 2003, such a pronounced deepening eofbtdundary layer was not
encountered and the maximum inversion heights gbdedid not exceed 1.5 km. A
smaller-scale deepening of the boundary layer ak& tplace in the beginning of these
two cruises and seems to be associated with thihesbu route towards the mooring
location and into the stratus deck; it is worthimgtthat both times the inversion base
height increased from about 1 km at the equataniahs to about 1.4 km at the buoy
location. During the 2001 and 2003 buoy periodsyéweer, the boundary layer actually
became somewhat shallower with the course of tiimam 1.4-1.5 km upon the arrival at
the ORS station in 2003, the boundary layer depttrahsed gradually to about 1.1 km
three days later, deepened again during the faligwivo days by about 200 m and
remained approximately constant at 1.3 km until ¢éimel of the cruise, including the

easterly route to Arica (middle panel of Fig. 3.1).
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EPIC 2001, Mixing Ratio (Rawinsondes), Cloud Boundaries and LCL
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Figure 3.1: Time-height mapping of mixing ratiqg/kg) from the soundings launched
during EPIC 2001 (upper panel), Stratus 2003 (neiquinel) and Stratus 2004 (lower
panel). The cloud boundaries and the LCL are alsplaled. The cloud top (red) is
retrieved from the MMCR for EPIC and Stratus 200&ile for Stratus 2004, it is
approximated by the inversion base height, derivech the wind-profiler reflectivity.
The cloud base (black) is derived from the ceil@neind the LCL (blue) from surface
met data. All estimates are 10-min averaged oraligeinterpolated from a higher
resolution, with the exception of the hourly avesagnversion base height. The periods
when the vessels were stationed at the WHOI buB35(285W) are bounded by black
vertical lines, while white segments indicate rmgsor bad sounding values.
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The upper panel of Fig. 3.1 also shows that theanméaily inversion height is
lowering slightly with time during the EPIC buoyrpel, although the dominant effect is
a pronounced diurnal cycle, as described in Bratheet al. (2004). Some signs of a
similar diurnal variability in the inversion heightin be seen at the moisture structure
observed in 2003 and 2004 (middle and lower paokelg. 3.1), although the cycle is
weaker and much more irregular. This could be alytiattributed to the reduced
frequency of rawinsondes launches during 2003 &@#.2The cloud base height does
show a strong diurnal variability during Stratus02 in contrast to the EPIC
observations that showed a pronounced diurnal ayclaversion height/cloud top and
almost no cloud base diurnal variability. Brethar&d al. (2004) point out, however, that
they were expecting most of the cloud thicknessatians during EPIC to come from a
varying cloud base rather than inversion heightati@mns, based on prior observations
(e.g., Minnis et al. 1992) and modeling studiesg.(eBougeault 1985). Further
assessments and a mechanism for explaining thevelosdiurnal variability of cloud
base will be explored in chapter 4. Further, soimih® gaps observed in the cloud base
retrievals of Stratus 2004 (especially after Decemhk3) are mainly due to the
malfunctioning of the ceilometer during the daytjmmed are not necessarily associated
with the non-existence of clouds (see section 2.4).

Fortunately, the ceilometer malfunction did ndeef the representation of the cloud
base height increase during the boundary layeredeeg observed after December 13.
These features also highly correlate with the oaset gradual intensification of strong
vertical gradients of the boundary layer moistunel significant divergence between

LCL and cloud-base height, indicating that the sold layer remains “decoupled” for
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several days. During this time the stratus clouds gartially disconnected from the
surface temperature and moisture fluxes (Brethedad Wyant 1997; Wood and
Bretherton 2004). This decoupling during the 2004se appears to begin the third day
that theBrown is stationed at the buoy location and is actualiypanced during the
southeasterly route that was followed afterward® @ecoupling also seems to result in a
decrease of the cloud thickness and the intermifiegsence of shallow cumuli clouds
below the high stratocumulus cloud base. Signaisf are indicated by the ceilometer
cloud base estimates (black dots near 600-800theifower panel of Fig. 3.1). The daily
ceilometer backscatter intensity and cloud basghtbeivere compared with FMCW
reflectivity data, revealing that some of the leawvél cloud-base returns correspond to
drizzle, while the rest are associated with low alus clouds. Examples of these plots
are shown in the Appendix (Fig. A1 and A2).

Another spatial domain of interest comesnf the similar easterly route that the
Brown and theRevelle followed after leaving the WHOI buoy during EPI@daStratus
2003 respectively. This transect along the 20°@lfgrfrom the ORS location (85°W) to
Arica, Chile (~70°W) is repeated in Stratus 2004 €héer the 20°S transect), but in the
opposite direction, since Arica was then the depart and not the ending — point for the
Brown (unlike EPIC and Stratus 2003 that were initiatedquatorial areas — see Fig.
2.1). During the EPIC transect, the boundary ldyeromes somewhat shallower. More
specifically, one day after the departure from bley, the inversion height dropped to
the lowest value of the entire period of observati¢~850 m at 80°W), but then slightly
increased again and remained around 1 km for thmireng two days of the cruise.

During this period, the boundary layer was evenenaell-mixed than the southerly
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transect and the buoy period, the LCL and clouc: basre more coherent and matched
even better than before, but the clouds were thidne to the lower inversion heights.

The respective transect in Stratus 2003 was claraetl by a constant inversion base
height of approximately 1.3 km, as we mentionedierarand an interchange between

weak and moderate vertical gradients of temperatndemoisture, similar to the previous

days of the cruise. The mixing ratio values recdrdaring the Stratus 2003 transect are
much higher (~ 8-10 g/kg) than the respective 20£iod (~ 6-8 g/kg). The same applies

for the 2004 transect (beginning of Stratus 200¥);boundary layer remains well-mixed

throughout, but with very high moisture content (22g/kg). After a gradual decrease

during the first two days of the cruise, the inv@msbase rises again to reach 1.2 km at
the beginning of the buoy period.

Another notable feature in Fig. 3.1 is the higbisture content above the inversion
observed at certain time periods in all three esisgn order to get a better view of the
upper level moisture, the relative humidity (RHpfiles up to 10 km are shown in Fig.
3.2. Layers of dry and moist air can be seen dekegnvith time during all three cruises.
This feature, which seems to be more pronounc@®@i and 2004, may be attributed to
the persistent subsidence over this region (Braiheet al. 2004). The area of the SE
Pacific that the cruises were held is part of teecgnding branch of the local Hadley
Cell; this is consistent with relatively high medownward vertical motion (subsidence)
in the mid- and lower troposphere, and possiblydiscent of layers with high moisture
content, originating from the deep convection ttetes place over the Intertropical
Convergence Zone (ITCZ). Another possible sourciefupper-level moisture could be

the deep convection forming over the Amazon and gheounding areas of South
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America, rising high above the Andes and beingdfiemed over the SE Pacific area
through westward-propagating upper- or mid-tropesighRossby waves (Bretherton et
al. 2004). A sign of this circulation pattern coblel the unexpected high moisture content
of the upper-level air masses located close tcSihigth American coast, as indicated in
Fig. 3.2 from the high relative humidity valuesweén 4 and 10 km during the 20°S
transect in all three cruises.

The moist air above the MABL during the initialydeof the EPIC cruise is possibly a
manifestation of the deep convection over the exgistareas (the EPIC cruise was
initiated at the Galapagos Islands and the firshdog shown in the upper panels of Fig.
3.1 and 3.2 was released approximately at 2°S, 958nortunately, the middle panels
of Fig. 3.1 and 3.2 are not suitable for evaluatthg existence of equatorial deep
convection — if any — during Stratus 2003, since finst sounding in the cruise was

launched when thRevelle had already reached 10°S, 85°W.
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Figure 3.2: Time-height mapping of relative hunmydiRH (%) from the soundings
launched during EPIC 2001 (upper panel), Strat@8{éiddle panel) and Stratus 2004
(lower panel)Dashed lines indicate the period when the shipstatsoned at the WHOI
buoy; white segments indicate missing or bad soundalues.
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3.2.2 Air Temperature Profiles and SST

The evolution of potential temperature during theeé research cruises — for the
lower 2 km of the troposphere — is illustrated iig.F3.3. As expected, the potential
temperature structure for all three cruises isattarized by the strong capping inversion
that was presented and described before with thelthe respective mixing ratio plots.
The boundary layer temperature during EPIC dematestran almost uniform profile
after theBrown moved away from the equator, although some dewiatcorresponding
to colder surface temperatures can be seen thraughe cruise. The more pronounced
of these cold-air periods takes place on the aadyning (0200 local time) of October
19, and is accompanied by a very high moistureeasdnfior the entire boundary layer
(relative humidity is 100% from 300 to 1300 m — $ég 3.4). The EPIC boundary layer
temperature structure is not encountered duringti&r2003 and Stratus 2004 that were
characterized by stronger vertical potential terapee gradients. This characterization is
in good agreement with the three moisture strustaiescribed in the previous section,
and is yet another indication of the close intacacbetween temperature and moisture
fluxes within stratocumulus-capped boundary layefFee EPIC boundary layer is
generally colder compared with the 2003 and 20G=d fiexperiments; potential
temperature had a cruise average of 290.2 K (~176C)the lowest 1 km of the
atmosphere, while this value was higher for Str2@3 (290.9 K — 17.8°C) and Stratus
2004 (291.7 K — 18.5°C). This is in response tcabmost equivalent variation in SST

during the respective periods (mean SSTs for EMftatus 2003 and Stratus 2004
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Figure 3.3: Time-height mapping of potential tengpere 6 (K) from the soundings
launched during EPIC 2001 (upper panel), Strat@8Zéiddle panel) and Stratus 2004
(lower panel)Dashed lines indicate the period when the shipstatsoned at the WHOI
buoy; white segments indicate missing or bad sowndalues.
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Figure 3.4: Characteristic sounding from the EPidise, released on October 19, 2001
while theBrown was stationed at the ORS location.

were 19, 19.9 and 19.4°C respectively; the lowdnevdor the 2004 SST cruise average
can be attributed to the spatial domain of theseruwhich was further south relative to
the previous field experiments), as well as in adance with the monthly climatology
(the cruises were held in successive months — @ctty EPIC 2001, November for
Stratus 2003 and December for Stratus 2004, — cay¢ine period from austral mid-

spring to early summer).



32

The cruise track SSTs shown in the three panelBignf 3.5 for the three cruises
respectively, seem to be consistent with the tealpord spatial climatology of the area.
The low SSTs (~18°C) recorded on October 10 (200%) after theBrown left the
Galapagos Islands to reach 95°W are associatedhatho-called “cold tongue” (Pyatt et
al. 2005) — conspicuously cool waters about 1000nkde, extending westward from the
South American coast along the equator into thérakeRacific. After theBrown started
moving south along the 95°W line and exited theaapé the cold tongue, the SST
demonstrated a sharp increase of about 4°C in ays (2°C at 8°S, 95°W on October
12) and then gradually dropped again during thehs@astward route that ended at the
WHOI buoy location (~19°C at 20°S, 85°W on Octobd&).1This route was also
characterized by a gradual increase of the se@maperature difference as a result of the
surface air temperature fThereafter) dropping at a faster rate compared thighSST;
the sensors onboard tfBown recorded almost the same values for SST agndoif
October 12, compared to the sea-air differencesbofit 2°C observed four days later at
the beginning of the WHOI buoy period (Fig. 3.5pap panel). This rapid change is
probably due to the stronger cold-air advectiont tbharacterizes the core of the
stratocumulus regime around the WHOI buoy locatioompared with the advection
rates observed in the areas south to the equatan@r95°W (trade-cumulus regime).
The large sea-air temperature difference was magdathroughout the EPIC buoy
period, ranging approximately from 1-3°C and bewnignarily modulated by fluctuations
of Tair, while SST varied slightly between 18.5 and 199€ry low values of T (~15°C)
were recorded on two specific events: the firsktplace from 1400 UTC on October 18

to 1400 UTC on October 19 and the second from @8@200 UTC on October 21. Both
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Figure 3.5: Evolution of SST (blue) and Surface Ramperature F; (red) during EPIC
(upper panel), Stratus 2003 (middle panel) andt&ra004 (lower panel), as recorded
from the NOAA/ ETL air-sea flux system. Dashed $inedicate the period when the ship
was stationed at the WHOI buoy.
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events induced very high values of sea-air tempegatifference (~4°C), and seem to be
associated with moistening and cooling of the lo&@® m of the boundary layer (see
upper panels of Fig. 3.1 and 3.2 respectively)jgaificant decrease in LCL and its

partial decoupling from the stratocumulus cloudeb@gpper panel of Fig. 3.1).

Although the sea-air measurements, collected ®rdispective domains of the 2003
and 2004 field experiments demonstrated a relgtisehilar variation with track to that
observed during EPIC, some differences were ndtbd. southward route marking the
initial days of Stratus 2003 is accompanied by adgal drop in SST, equivalent to the
one associated with the EPIC period of October @& 2hbwever, the initial SST andyT
values recorded in Stratus 2003 were close to 243, much higher than the respective
values at the departure of tBeown from the Galapagos Islands in 2001. Although the
latitude was the same, the absence of a pronounesdifestation of the cold tongue in
2003 seems to be associated with longitudinal iffees. SST and Tair decreased
rapidly as theRevelle steamed away from the warm equatorial waters terehe cool
stratus region of the subtropical SE Pacific, withir difference remaining at quite low
levels (0-1°C) compared with the sea-air tempeeatifference recorded during the
respective EPIC route. The SSTs during the Stra@@3 WHOI buoy period varied
between 19 and 20°C, and showed enhanced diurmabily compared with the
respective periods in 2001 and 2004. This shouldtbéuted to the broken-cloud or
clear-sky periods observed at the buoy locatia203, especially just after the solar flux
maximum (Kollias et al. 2004). Events like thoseing the EPIC buoy period associated
with low values of F; that result in a large sea-air temperature diffeeewere observed

during the 2003 buoy period as well (November B5ahd 20), and correlated well with
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higher values of temperature and relative humithitthe lower boundary layer. The sea-
air temperature difference was on average muchlen{@1°C) than during EPIC.

The 2004 buoy period was characterized by an appeigly constant SST
(~19.5°C), and surface air temperatures very closthis value and at times slightly
larger than that. One event of a sudden rise,pailthe end of December i&sulted in
the minimum sea-air temperature difference obseoredll cruises (-1.5°C) and should
be further investigated. An expected decrease i &8l T — with their difference
rising gradually — marked the southeastward antvaad routes of Stratus 2004, while
the path along the Chilean coast that concludedcthise was characterized by even
lower SSTs but higher surface air temperaturedieative of the coastal upwelling and
the land effects influencing the ocean and boundaygr temperatures. Moreover, the
20°S transect, common with all three cruises, sdenfie dominated by increasing SST
and T, as we move eastward closer to the coast. Thigide®st both on the ending part
of Stratus 2003 (November 22-24, 2003) and théainiart of Stratus 2004 (December
6-8, 2004), while the concluding days of EPIC (eto22-25, 2001) are characterized
by an extremely pronounced SST ang Variability and cannot fully support the pattern

observed in the two later cruises.

3.2.3Wind Speed and Direction

The structure of the zonal and meridional windarfrthe radiosondes launched

during the three field experiments are shown irsF&6 and 3.7 respectively. In all three

cruises the winds are consistent with climatologyth quite strong southeasterlies
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prevailing in the lower 3 km of the tropospherentedfeatures, however, shown in Figs.
3.6 and 3.7 indicate variability of note. FirstetBPIC and Stratus 2003 pre- and post-
buoy periods are accompanied by episodes of wedkwesterlies above the inversion.
The EPIC episodes occurred during the periods @ctdl4-16 (theBrown traveled
southeastward from about 15°S, 90°W to 20°S, 858w October 22-25 (thBrown
moved eastward along the 20°S transect), and wete gronounced with northwesterly
winds persisting at levels higher than about 1 kroughout the entire periods, as seen in
the upper panels of Figs. 3.6 and 3.7. The EPIQIwinucture at heights above 3 km
(graphs not shown here) reveals that these eveatsparadic subsiding extensions of a
persistent northwesterly flow aloft (above 4 kmoto the altitude of the inversion
layer. Similar mesoscale variability accounts foe tess pronounced event of November
15-16 (theRevelle was moving along the 85°W line from 15 to 20°&gttwas shorter in
duration and extended down to the 2-km level oftycontrast, the episode of weak
westerly winds observed during November 23-25 (20a8sect) is independent of the
upper-level flow and seems to be related with lanehltced synoptic variability.

Another feature observed in the upper and middieelsaof Fig. 3.7 is the weak
northerly flow characterizing the layer betweenntl 2 km right after the beginning of
the two cruises: the EPIC event occurs on Octoleduting the southward route of the
Brown (from 2 to 8°S along 95°W), and the Stratus 20@@ne on November 13 when
the Revelle was located at about 10-11°S, 85°W. The flow orvévober 13 is further
characterized by a weak westerly wind componentbagrved in Fig. 3.6. These events

are suggestive of the so-called shallow meridiariadulation; southerly trades in the
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Figure 3.6: Time-height mapping of zonal wind spdeiin the soundings launched

during EPIC 2001 (upper panel), Stratus 2003 (neiquinel) and Stratus 2004 (lower
panel). Positive winds are to the East. Dashed lineicate the period when the ship was
stationed at the WHOI buoy; white segments indigaising or bad sounding values.
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MABL and a low-level return flow from the ITCZ atdhe MABL (Zhang et al. 2004).
Provided that the Stratus 2003 event is indeedcadsd with the shallow meridional
circulation cell and is not linked to some kindsyhoptic perturbation, it may very well
constitute the southern- and easternmost recotti®mortherly low-level return flow,
since all previous observational evidence of thisvfwas found in a domain of the
eastern tropical Pacific bounded to the south anthe east by the 8°S and 95°W lines
respectively. This assessment ambiguity notwitltitayy both events imply enhanced
moisture advection — at the height of the MABL tefrom the ITCZ into the northern
edge of the subtropical southeast Pacific stratodusnregime, and could influence low-
level cloudiness in the area (Zhang et al. 2004) aAnatter of fact, increased moisture
content can be seen right above the boundary thyemg both time periods (October 11,
2001 and November 13, 2003) that the low-levelhety flow was observed (see Figs.
3.1 and 3.2). Thus, it would be interesting to ifathe source of the specific
observation, especially for the EPIC period thahssociated with very high values of
mixing ratio/relative humidity above the MABL.: isadvection of ITCZ-originated moist
air due to the upper branch of the shallow meridi@irculation, or deep convection over
the areas south of the equator, as we mentionédraarsection 3.2.17?

The profile of wind direction in the lower 3 km thfe atmosphere during Stratus 2004
was the most invariant among the three cruisesngtsoutheasterlies were predominant
in the MABL from the beginning of the cruise tilig point that th&rown reached 26°S,
80°W on December 20, while above the inversionsiigtheasterly flow interchanged at
times with winds originating from the east or thmtheast (December 9-11, December

16-20). This trend of winds blowing more from ttese(rather than the southeast) above
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the MABL was occasionally observed during EPIC &tichtus 2003 as well, as seen in
the upper and middle panels of Figs. 3.6 and 3. hotable feature in the 2004 field
experiment is the southerly/southwesterly flow tblaaracterized the MABL during the
eastward route towards- and the southward routggaioe Chilean coast (December 20-
23). This flow is likely to be a manifestation dfet low-level jet off the west coast of
subtropical South America; the existence of this jas been suggested by several
observations in the past (e.g., Rutllant 1993), itaustructure and dynamics were just
recently addressed by Garreaud and Munoz (2005hgu$Quick Scatterometer
(QuickSCAT) surface wind data. According to thestagtudy, this jet is characterized by
an elongated area of maximum wind speed (~8-10 inéfecentral Chile, which has a
cross-shore width of about 500 km (76°-72°W) arathes a maximum extent and most
poleward position (29°-37°S) from November to Feloyu The analysis of the three-
dimensional structure of a well-defined event irtdber 2000 using observed and model-
derived vertical wind profiles revealed that thé gere resides at the MABL top and
actually slopes towards the coast as the boundger lgets shallower. The Stratus 2004
dataset seems to provide further evidence to tleeiqus assessments; the apparent
southerly jet event during December 21-23, whenBitevn traveled from about 26° to
32°S along the 72°/73°W lines, is very pronouncdth waximum winds (12-14 m/sec)
occurring indeed at or slightly above and below lib&ght of MABL top. In addition to
the evaluation of the low-level jet spatial and pemal distribution, Garreaud and Munoz
(2005) found a correlation between the jet eventsiacreased cloudiness in the region
downstream of the maximum winds along the coastfarttier offshore, as well as an

interconnection of such events with the strengtigif the subtropical anticyclone over
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the SE Pacific. These findings could play a cruc@k in the understanding and
interpretation of the observed Stratus 2004 boynldger structure and cloudiness, since
the respective cruise period is associated withtigesanomalies of the SE Pacific

anticyclonic circulation, as well as with enhanaddudiness in the proximity of the

WHOI buoy location despite the existence of peesistiecoupling.

Figs. 3.6 and 3.7 also reveal a distinct differeap®ng the three cruises regarding
the strength of the southeasterlies that prevaiethe lower troposphere. The sharp
pressure gradients, forming as a result of the medth anticyclonic circulation over SE
Pacific during Stratus 2004 (graphs not shown hee®m to be primarily responsible for
the strong trade winds observed in and above thé8M#roughout the cruise. From
December 10 to December 20, zonal and meridionadswvere constantly higher than 8-
9 and 5-6 m/sec respectively, and similar valueevebserved above the MABL during
the 20°S transect and the WHOI buoy period (Decembg&l and December 12-16
respectively). Such high wind speeds were not eeserduring the previous field
experiments. There were, however, a few — relatigblort — time periods through the
duration of EPIC and Stratus 2003 that indicategtdike structure associated with
strong zonal or meridional winds: October 12-140@0 while theBrown was traveling
southeastward from 8°S, 95°W to about 15°S, 90°\# Wwigh meridional winds at and
above the MABL top, and October 19-22 (2001) anddviober 17-19 (2003), while at
the buoy location with strong zonal winds coverithg entire extent of the boundary
layer. Another notable feature is that winds in&EBnd Stratus 2003 are stronger in the
MABL than above, although the temperature and mwstnversion does not directly

reflect to the wind structure in any of the cruises
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3.2.4 Radiative and Turbulent Fluxes

Surface radiative and turbulent fluxes are amomrgpitocesses that greatly influence
the vertical structure of stratocumulus-capped damy layers and are coupled to the
cloud cover and lifecycle. Time series of surfamsoiming solar and IR fluxes measured
continuously from the NOAA/ETL air-sea flux systeduring the three cruises are
displayed in Fig. 3.8 and the respective recordstioface latent heat (LH), sensible heat
(SH) and virtual heat (VH) fluxes are shown in RBP.

Both incoming shortwave and longwave radiation destrate a rather expected
variability throughout each cruise, as they aremprily modulated by fractional
cloudiness. During periods with overcast skies,|Bxlux ranges from 390 to 410 W/m
while the maximum (noontime) solar flux varies beém 600 and 800 W/ As
expected, clear-sky periods are associated withcestl incoming longwave radiation
(310-320 W/mM) and much higher noontime solar fluxes (1100-1208n?). Values in
between correspond to broken-sky periods. This gjfaralues for both longwave and
shortwave radiation provides a rough estimate efititensity of the radiative forcing
associated with the SE Pacific stratocumulus cldeck, and highlights the importance
of an accurate representation of these cloudseimatiative transfer schemes of regional
and global climate models.

The EPIC and Stratus 2003 events associated witleased drizzle occurrence and
sea-air temperature difference, moistening and imgobf the lower levels of the
boundary layer, and partial decoupling between l20d cloud base (see section 3.2.2),

correspond to relatively low values of incoming flRx as well as increased shortwave
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radiation that is indicative of a possible reductia cloud cover. This will be further
assessed in the following section.

The surface turbulent fluxes are primarily modulatey the sea-air temperature
differencevariations and the winds. The SH flux is tied te ®ST-T; evolution, thus is
characterized by relatively high values during EfeIC cruise and significantly lower
values during Stratus 2003 and 2004. Actually rmtient periods in the later cruises are
associated with negative values of SH flux. LH #axexhibit much higher values (in
W/m?) than SH fluxes in general, although their contign to the VH flux (or buoyancy
flux) is limited. Fig. 3.9 clearly shows that theH\flux closely follows the SH flux
evolution. There is a pronounced diurnal cycle ole=s# in the LH flux evolution during
the first half of EPIC 2001, which should be furtievestigated. LH fluxes exhibit large
variability in Stratus 2003, especially during tiéHOI buoy period, in contrast to
Stratus 2004, when the LH flux values range betws@and 150 W/Mmthroughout the

cruise.
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Figure 3.8: Incoming longwave (blue) and shortwéreel) radiation during EPIC (upper
panel), Stratus 2003 (middle panel) and Stratugl Zl@dver panel). Dashed lines indicate
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3.2.5 Fractional Cloudiness, Drizzle Occurrence and LWP

The investigation of the relationship between i@l cloudiness, drizzle occurrence
and LWP requires detailed analysis of measuremiats the ship-based active and
passive sensors. Millimeter wavelength Doppler radave high temporal and spatial
resolution, extreme sensitivity and high velocitgsolution. Due to their short
wavelength, millimeter radars are capable of detgatery small droplets with diameters
of 5-10 microns. Furthermore, millimeter radars dnaarrow beams that result in small
sampling volumes. As a result, these radars prosiaellent resolution in space and in
time (e.g., Clothiaux et al. 1995; Kollias et abl0OP). The ceilometer backscatter can be
used to estimate the height of the cloud base avtdbmporal and spatial resolution of 15-
30 s and 15 m respectively. Combined observatioosn fthe MMCR (35-GHz,
NOAA/ETL) and the ceilometer are used for the estal of cloud boundaries and
morphology in this study.

Fig. 3.10 shows the time-height mapping of MMCRewvity during the EPIC 2001
and Stratus 2003 cruises. As we mentioned eadiection 2.4), there are almost no
available radar data from the NOAA/ETL MMCR for th®tratus 2004 cruise.
Complimentary observations from the UMRMG 94-GHz GW radar along with
ceilometer observations are used to extract infoomaon the cloud fraction and drizzle

occurrence during this cruise.
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The data illustrate the variability of marine simbccurrence over the length of the
two cruises. There are periods of continuous clomerage, especially during the EPIC
2001 cruise, and clear-sky periods, especiallyndutine Stratus 2003 cruise. The cruise-
averaged cloud fraction was about 92% and 82% fICE2001 and Stratus 2003
respectively (80% for Stratus 2004). The preseriaadar returns below the ceilometer
cloud base indicates drizzling periods. During ER@1, the cloud top exhibits large
diurnal variability (150-200 m) while the cloud leashows less diurnal variability,
although the range of variations is still 800 t®Q0n. Drizzle was observed frequently
during nighttime and early morning hours, whencloeid layer was thick and contained
high values of liquid water. During Stratus 200% striking feature is the presence of
extensive periods of clear skies especially atbihey location. Furthermore, the cloud
base height exhibits higher variability, and thé&zle occurrence was lower. In both
cruises, the cloud base rises during the early mgrhours and soon after the marine
stratus cloud thins or dissipates.

Radar reflectivity was used to extract the hourtizzle occurrence during each
cruise. The threshold value used to identify dazsl maximum radar reflectivity in the
column greater than -10 dBZ (Frisch et al. 1995H)e classification allows the
calculation of the hourly drizzle fractional covgea which is defined as percent of
profiles that contain drizzle (according to theleefivity threshold) within each hour.
Figs. 3.11 and 3.12 show the time series of hoestimates of cloud and drizzle fraction

during the three cruises.
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Figure 3.11: Hourly estimates of zenith-point fracal cloudiness from the ceilometer

for EPIC 2001 (top), Stratus 2003 (middle) and tB8&004 (bottom). During Stratus
2004, the daytime cloud fraction values were adpigaising the observed downward

longwave radiation (blue circles). The uncorreatallies are also displayed (red dots).
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EPIC 2001, Drizzle occurrence (from MMCR - hourly estimates)
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Figure 3.12: Hourly fractional drizzle occurrenaar EPIC 2001 (top), Stratus 2003
(middle) and Stratus 2004 (bottom). Drizzle is defl as MMCR (for EPIC and Stratus
2003) or FMCW (for Stratus 2004) radar profiles ihgvmaximum (column-integrated)
reflectivity greater than -10 dBZ.
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The indication of a possible reduction in cloud eéoduring the characteristic EPIC
(October 18-19 and 21) and Stratus 2003 (Novembgfi9 and 20) buoy period events,
as mentioned in the previous section, is verifiedFig. 3.11; Indeed the respective
periods are accompanied or followed by reducedcclsaction (as measured by the
ceilometers). In addition, extensive drizzle alsmws during or before these periods
(Fig. 3.12), implying a mechanism of marine staatii cloud dissipation that has been
proposed by many studies in the past (e.g., Allir&é&89); Drizzle evaporates below
cloud base, and the resulting evaporative coolitadpiizes the boundary layer and
inhibits surface turbulent fluxes from reaching theud layer. As a result, the cloud base
rises and the clouds get thinner or even dissipataling to broken-sky areas and
reduced cloud cover.

The EPIC 2001 cloud fraction values show littlerar sign of diurnal variability.
Overall, overcast conditions were observed, wittydafraction of drizzle occurrence
during the nighttime. The drizzle fraction exhibdairnal variability with a maximum
during nighttime. The Stratus 2003 and Stratus 200dd fraction temporal evolution is
different with a much stronger diurnal cycle. DgriStratus 2003, extensive clear-sky
periods were documented by the MMCR and the ceilemwhile the research vessel
was stationed at the WHOI buoy. During this perjod. November 17-19, 2003), the
cloud fraction remains below 100% during nighttirire Stratus 2004, the cloud fraction
oscillates from 100% during the nighttime to muotvér values during the daytime and
particularly near the solar maximum period. Durthg same cruise the lowest drizzle
fraction is observed. Comparing all three cruisegelatively high cloud fraction is

observed during EPIC 2001, despite the high niglettdrizzle occurrence. Although



52

drizzle is thought to have a stabilizing effecttba MABL, the MABL during EPIC 2001
maintained a well mixed state and the clouds pesithroughout the cruise.

The liquid water path is another important cloudafale. The LWP is proportional of
the cloud depth. Typically through the cruises, witee cloud thickness exceeds 200-250
m and the LWP exceeds 200 {§/mdrizzle formation is favorable. Accurate
measurements of LWP are of fundamental importancehie retrieval of the radiative
properties (e.g., optical depth) of clouds. Durthg EPIC 2001 and Stratus 2003 cruises
the NOAA/ETL microwave radiometer is used to reteghe LWP from the observed
brightness temperatures at 21 and 31 GHz. Theavetrof the LWP is suspect to biases
and errors introduced in the physical retrievalumgertainties in the radiative transfer
model and uncertainties related to calibrationdma et al. (2005) describe a technique
used for the correction of the microwave radiomateasurements during the EPIC 2001
cruise. A similar correction technique was applieda reduced portion of the Stratus
2003 data set (November 18-23). Fig. 3.13 showstieected 10-min averaged LWP
time series during the two cruises, kindly providedus by Dr. Zuidema. During EPIC
2001, at the buoy location, the LWP was dominated btrong diurnal cycle that was not
apparent in the cloud fraction time series forsame period from the ceilometer. This is
consistent with a diurnal variation in cloud deplire to the cloud top variability. The
maximum LWP values reach or exceed 300°giaring nighttime, when the stratus deck
has maximum thickness and drizzle droplets form. aWeuld note that the amount of
liquid water distributed in drizzle size dropletsvier exceeds the 10% of the total cloud
liquid water content. During daytime, the LWP draps30-50 g/m. The same range of

LWP values is observed during the Stratus 2003serualthough, the signature of a
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strong diurnal cycle is interrupted by the preseotextensive time periods with clear

skies.
EPIC 2001, Microwave Radiometer LWP, Corrected physical retrievals
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Figure 3.13: Top: EPIC 2001 time series of LWP froine microwave radiometer
onboard theBrown. Values were retrieved at 10-min intervals frone tborrected

brightness temperatures, following Zuidema et 20086). Bottom: Time series of the
physically retrieved (black) and the adiabatic ealblue) of LWP for the Stratus 2003
period of November 18-23. Data were kindly provithgdDr. Zuidema.
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3.3Diurnal Variability

Strong surface fluxes and cloud top IR coolingtheeprimary mechanisms that keep
the MABL well mixed and maintain the marine stratiexk near the top of the boundary
layer during nighttime. During daytime, the absmnptof solar radiation near the cloud
top partially offsets the IR cooling and thus reeliche turbulence kinetic energy that
promotes vertical mixing and supplies the strateskdwith moisture. As a result, the
cloud layer can patrtially thin or completely evegterleading to clear-sky periods (e.g.,
Miller and Albrecht 1995; Wood et al. 2002). Thisirthal cycle of cloud coverage and
drizzle occurrence in the SE Pacific is the focdistios section. The diurnal cycle
signature is often disturbed by synoptic and lssgale features such as inertia-gravity
waves (Bretherton et al. 2004), and fluctuationshm subsidence rate at the top of the
MABL.

Using the cloud- and drizzle-fraction hourly estiesareported in the previous section
we construct the diurnal cycle of cloud and drizzéeurrence for the three cruises (Fig.
3.14). In general, drizzle occurrence seems to gamnally in accordance with fractional
cloudiness in all three cruises. As we discusselieeathe EPIC 2001 diurnal cycle of
cloud and drizzle amount is relatively weak comgangth the subsequent cruises. The
highest values of cloud and drizzle fraction aresesbed during the night and early
morning hours. Cloud fraction values remain remilkdnigh (above 90%) almost for
the entire day, i.e. from early evening (1700 Iaoak; LT) to late morning (1000 LT).

Even at local noon cloud fraction does not dropWwe80%. Drizzle occurrence shows
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EPIC 2001, Diurnal cycle of cloud fraction (blue) and drizzle occurrence (red)
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Stratus 2003, Diurnal cycle of cloud fraction (blue) and drizzle occurrence (red)
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Stratus 2004, Diurnal cycle of cloud fraction (blue) and drizzle occurrence(red)
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Figure 3.14: Diurnal cycle of cloud (blue) and dle (red) fraction during EPIC 2001
(top), Stratus 2003 (middle) and Stratus 2004 ¢oo)t A -10 dBZ reflectivity threshold
is used in the MMCR/FMCW data for the retrievaltioé drizzle fraction. The corrected
ceilometer data are used for extracting the Str2®@g cloud fraction diurnal cycle.
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higher diurnal variability than cloud fraction dogi the EPIC cruise, with a distinct
maximum at 0500 LT (44%) and a minimum at local m¢8%). During Stratus 2003,
the cloud and drizzle fraction demonstrate highern@l variability. The maximum
values of cloud and drizzle fraction are observe@680 LT (98% and 48% respectively)
and the minimum values are observed right afteallooon (60% and 1% respectively).
Stratus 2004 is also characterized by pronounagthali variability in cloud fraction with
higher values during nighttime and lower during tdag compared with Stratus 2003.
The maximum cloud fraction value was recorded ab@00RT (93%), whereas the
maximum in drizzle occurrence was recorded a fewrshearlier (30% at local midnight).
The lowest cloud fraction values also occurred 2Q01and 1300 LT (60%), when the
clouds had no drizzle in or below the cloud lay@nizzle occurrence during Stratus 2004
shows a different diurnal variation compared withtton the earlier cruises; this may be
attributed to the difference in boundary layer ctinees and cloud regimes between the

three research cruises.

3.4Inversion Layer Characteristics

Across the MABL capping inversion layer, the poigntemperature increases and
the mixing ratior decreases rapidly with height. These change® amdr across the
capping inversion are generally much larger thandanges observed from the surface
to the base of the capping inversion, and thushatalifficult to detect with the use of a

proper thermodynamic property-based gradient teglenacross the vertical structure of
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the MABL as it is documented by the soundings.Hhis study the parameteris used
(Yin and Albrecht 2000) that is given by:

_ p0r 06
ﬂ—ﬂap o’

wherep is the pressure level (mb), afids a parameter given by:

p= 0.6089
(1+0.608)

The parametefis used to convert the gradient of the mixing ratidhe same units
as the gradient of the potential temperature. idtudy, the parametgris estimated for
each sounding available and time-height mapg afe produced for each cruise (Fig.
3.15). Beforeu is estimated, a low pass filter is applied to thefie of the potential
temperature and mixing ratio to remove spuriousct$f and outliers. The inversion layer
is clearly indicated by a local maximum @f (values from 0.5 to 2.5). Using a
subjectively-selected threshold value (0{0.3), the upper and lower boundaries of the
capping inversion were retrieved (as the nearaghtethat corresponded to a value of
1=0.3 above and below the maximum value, respegjiabng with the corresponding
values of potential temperature and mixing ratibug, using this methodology, the
gradients o) andr across the inversion and the inversion strengtte welculated. The
retrieved MABL capping inversion base shows grege@ament when compared against
the retrieved cloud top from the MMCR. Typicab values for all three cruises were
between 5 and 15 K. The gradient of the mixingordti across the inversion varies

between -2 and -8 g/kg.
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Figure 3.15: Time-height mapping of the parametérom the soundings during EPIC
2001 (top), Stratus 2003 (middle) and Stratus 2@@tom). Dashed lines indicate the
period when the ship was stationed at the WHOI budyte segments indicate missing
or bad sounding values.
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In addition to the gradients of potential tempematand mixing ratio, the physical
thickness of the capping inversion was estimataague same technique. On average,
for all three cruises the physical thickness of itheersion was between 50-200 m. The
larger values of inversion thickness were obseiadng the EPIC 2001 cruise with a
large number of soundings that show thickness gahigher than 100 m. During the

Stratus cruises the thickness was between 50-100 m.



Chapter 4 — Buoy Period Observations

4 .1 Introduction

Chapter 3 provided a descriptive and comparatieg/\of the boundary layer, cloud
and drizzle evolution throughout each cruise. Terapand spatial similarities and
differences between the three cruises were addre$beee domains were mainly taken
into account, namely the southward route that nthtke beginning of the EPIC and
Stratus 2003 cruises, the period that the shipe w&tioned at the Stratus ORS location
(20°S, 85°W), and the 20°S transect from the bumation to the coast of Northern
Chile. The 5 to 6-day buoy periods provide an oppoty to focus on the observations at
a specific geographical location and eliminate spatial variability arousing from the
different ship tracks. Thus, it appears to be thestnsuitable domain for giving a
climatological perspective to the current study;favors the extraction of average
thermodynamic and dynamical profiles (from the sbngs) as well as an estimate of
mean- and standard deviation values of most magsigdd properties associated with

boundary layer structure and cloudiness in the &éfie.

4.2 Mean and Variance Thermodynamic Profiles

Mean vertical profiles for the MABL thermodynamindadynamical variables were

constructed from the soundings launched during=fREC (October 16-22), Stratus 2003

(November 16-21) and Stratus 2004 (December 11WIIDI buoy periods (Figs. 4.1

60
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and 4.2), following the analysis techniques desttilm section 2.3. Geometric height is

used in Fig. 4.1, in contrast to Fig. 4.2 thatlsited using height scales normalized by

the inversion base height.
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Figure 4.1: Mean profiles derived from the soundifepunched during the 3 WHOI buoy
periods: EPIC (blue) [6 days, October 16-22], $8£003 (red) [5 days, November 16-
21] and Stratus 2004 (black) [5 days, December@]1Hach variable is noted at the top

of each subplot.



62

8(K)
2 .
L5pe-
1t
0.5
0 I H i i | I i i i
285 290 295 300 308 310 315 90 295 300 35 30 35

Bes (K) rghy)

i i i i 0 i i h i i ;
300 303 310 315 320 325 300 310 320 330 340 350 360 370

Wind Spd ()

ZIZ0
—

Figure 4.2: As in Fig. 4.1, but using height scatesmalized by the height of the
inversionz.

The temperature structure is quite similar for theee composite soundings, and
shows the typical characteristics of a stratocuswpped marine boundary layer
(nearly well-mixed in the subcloud layer and maidtabatic in the cloud layer; a strong
capping inversion with an exponentidlprofile above the inversion). The differences
observed seem to be consistent with the chang88ih The mean SSTs are 18.6, 19.2

and 19.5°C for the EPIC-, Stratus 2003- and Stra@s} buoy periods respectively (see
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Table 4.1 in section 4.4). The differences in S&fes reflected in the boundary layer
temperatures; the Stratus 2003 buoy-period bounidger is about 1-2°C warmer than
EPIC, and the boundary layer during the StratusA2@@y period is even warmer by
about 0.5-1°C (Figs. 4.1 and 4@profile).

The difference in boundary layer regimes encoudte@ing the three buoy periods
(section 3.2.1) is mostly reflected in the compmsitixing ratio soundings. The EPIC
composite sounding is fairly well mixed, showingyoa very small gradual decrease in
mixing ratio from the surface to the inversion basght. The Stratus 2003 buoy-period
sounding is moister than EPIC, especially in theeloboundary layer. From the surface
to about 500 m, mixing ratio decreases slightlyhwiteight similarly to the EPIC
sounding, but above 500 m it demonstrates a higeerease rate, which is indicative of
the partially decoupled conditions observed intéently during the 2003 buoy period.
The same structure is observed in the Stratus 200%osite sounding as well, although
this sounding is even moister and more decouplad 8tratus 2003 (Figs. 4.1 and 4.2,
profile). Both 2003 and 2004 soundings are chariatite of the existence of a second
cloud base (shallow cumuli clouds) below the stratoulus. The base of the cumuli
clouds is marked by the transition layer in the wamposite soundings. The height of
this layer is at 0.35 z/zwhich corresponds to a geometric height of 500Tks is
consistent with the respective heights measurethioNE Pacific stratocumulus regime
during the First International Satellite Cloud Cditology Project (ISCCP) Regional
Experiment (FIRE; 1987), and the Atlantic stratocilus-to-cumulus transition regime
that was the focus of the Atlantic StratocumuluanBition Experiment (ASTEX; 1992)

(Albrecht et al. 1995a). A further conclusion falimg Albrecht et al. (1995a) is that the
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height of the transition layer does not scale l®ydbpth of the boundary layer, since the
detailed structure of the transition layer is nagerved in the composite soundings. The
middle and lower panels of Fig. 3.1 show that ti@ | calculated by surface values of
temperature and mixing ratio, closely matches tb@ht of the transition layer. In
addition, a surface layer of about 50 m is indidateall composite soundings.

The variations in mixing ratio profiles are alsmsistent with the changes in SST,
since the relative humidity near the surface resegfatively constant (Figs. 4.1 and 4.2,
RH profile). The relative humidity profiles below 500 (height of the transition layer for
the Stratus 2003 and 2004 buoy periods) are sirfolathe three boundary layers with
relative humidity increasing with height from a mmmum of about 73% near surface.
Above 500 m, however, relative humidity for the d&iiis 2003 buoy period is
substantially lower than that of the EPIC soundengy this difference is about 10% (88
and 98% respectively) at the height of the stratadus cloud layer (1000-1100 m).
Although the Stratus 2004 composite sounding shmwee enhanced decoupling than
Stratus 2003, the mean relative humidity of thetettumulus cloud layer is higher
(~93%), indicating a fairly solid cloud layer degpthe persistent decoupling and the
higher cloud bases.

The composite soundings in Fig. 4.1 show mean wdimdctions consistent with
climatology, with winds in the lower 3 km blowingoim the east-southeast in all three
buoy periods (see also section 3.2.3). The soytlwerhponent of boundary layer winds
is slightly stronger in Stratus 2003 compared VERIC, and becomes even stronger
during the 2004 buoy period, especially for the doviboundary layer. The composite

wind speed soundings are consistent with an eatéecription of the cruise-track wind
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field evolution (section 3.2.3). The EPIC and 2tsa2003 buoy periods are characterized
by an identical wind speed profile, with winds dioait 7-8 m/sec in the boundary layer
that weakened above the inversion. In contrasinguhe Stratus 2004 buoy period, the
mean winds were consistently 3-4 m/sec strongertlier entire lower tropospheric
profile. Although these conditions are consideradofable for enhanced turbulent
mixing within the boundary layer that would nornyatesult in well-mixed temperature
and moisture soundings, the extensive period aduged conditions does not show such
influence. However, these strong winds may haveeodéd entrainment of dry air above
the inversion into the cloud layer, which could gibl/ explain to some extent the
significant inversion height increase during theateis 2004 buoy period described in the
previous chapter. Another contrasting feature @t tthe strong winds characterizing
Stratus 2004 are not accompanied by an enhancevhém¢ surface buoyancy fluxes or
colder advection due to smaller sea-air temperadifferences during this cruise. This
will be further investigated in the following seari

The inversion structure is well preserved by thalisg technique used in this study
(Fig. 4.2) following Albrecht et al. (1995a). Thetpntial temperature profiles above the
inversion show the characteristic exponential peothat was often observed in our
individual soundings (graphs not shown here). Teixponential profile creates a
difficulty with respect to the identification of éhinversion top, which can be overcome
with the use of the mixing ratio non-dimensionabfpes. According to those, the
inversion top is between 1.1 and 1.2; #tw all three buoy periods, and these non-
dimensional heights correspond to about 1400 nEflC and Stratus 2003 and 1600-

1700 m for Stratus 2004, as seen in Fig. 4.1. TRECHENnean inversion-top height is in
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good agreement with the respective value includefable 4.1 (mean and std inversion
variables were calculated with the use of parametewhereas the Stratus 2003 and
2004 mean inversion-top heights seem to be undeasid by about 100 m in the same
table. A discussion of the sensitivity of thesecakdtions to the choice of the threshald
value will follow in section 4.4. The highest ingern strength (as indicated iy and
Ar) is observed in EPIC, and the lowest in Stratu332@his is consistent with both the
geometric-height and non-dimensional soundingselkag with the mean values shown
in Table 4.1. The inversion thickness (i.e. diffexe between inversion-top and
inversion-base heights) is at the same levelshi®BPIC and Stratus 2004 buoy periods,
while Stratus 2003 maintained a thinner inversion.

The variability of the boundary layer structure casated with the composite
soundings is illustrated by the standard deviapoofiles shown in Fig. 4.3. The small
standard deviation values in the boundary layerpared with those above the inversion
indicate the strong influence of the surface lagerthe boundary layer structure. As
expected, the highest variability is associatech wlite inversion layer. In general, the
three observational periods demonstrated simileabgity with slight differences below
and above the inversion. This could be indicativéhe weak influence of the Stratus
ORS location by synoptic-scale systems. For thepé&ature profiles, Stratus 2003
showed the most variable conditions in the bound&ygr, which is consistent with our
former description in section 3.2.1, and Stratu842®@as the least variable. The Stratus
2004 buoy period was the most variable with resgethe inversion layer temperatures,

which can be explained by the significant and rapadindary layer deepening, also
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Figure 4.3: As in Fig. 19, but showing standardiaon profiles.

described in section 3.2.1. In contrast, EPIC teatpees showed the most variable
conditions above the inversion. The moisture pesfilindicate a rather different
variability structure between the three buoy pesjodith Stratus 2003 moisture values
having the highest standard deviations for thererndw-tropospheric profile and EPIC

being the least variable. Comparing our temperaancestandard deviation profiles with
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the respective profiles from the San Nicolas Isldndng FIRE — analyzed by Albrecht
et al (1995a), — we observe that similar variapiltharacterizes all profiles in the
boundary layer, whereas above the inversion theERpRofiles have larger variances
compared with the EPIC/Stratus profiles. These elavgriances during FIRE were
believed to be introduced by synoptic and mesoseal@bility (Albrecht et al. 1995a).

EPIC showed the highest variability in the boundager wind structure, whereas above

the inversion Stratus 2003 was the most variable.

4 .3Mean Wind and SST fields

In addition to the SST, another important factofeaing boundary layer
temperatures in the subtropical SE Pacific stratadus regime is temperature advection
from the mean wind. To study this effect, meanaxefwind and SST fields were plotted
from NCEP reanalysis data (Kalnay et al. 1996)tfar entire spatial domain sampled
during the three field experiments. The 5- or 6-dagan SST and wind vector
composites, shown in Figs. 4.4-4.6 for the thregylperiods respectively, were provided
by the NOAA-CIRES Climate Diagnostics Center (CDByulder, Colorado (CO), from
their Web site at http://www.cdc.noaa.gov. Thesatsphlso allow for a comparison of
our data sets with NCEP reanalysis data. For tbatilon surrounding the WHOI buoy,
the NCEP reanalysis mean SST, surface wind spegdiznal direction values (Figs. 4.4-
4.6) show good agreement with the respective medima&tes from the three buoy

periods described in the previous section (Fify.asd Table 4.1).
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The mean southeasterly wind direction, in assamiawith the observed SST fields,
suggests that the area around the Stratus ORSioloceat characterized by cold
temperature advection. The SSTs to the southeabedDRS location are colder during
the EPIC buoy period — compared with the respegereods in Stratus 2003 and 2004, —
but this is consistent with climatology, since EREok place in mid-spring, i.e. in a
colder period for the Southern Hemisphere compandd the late spring occurrence of
Stratus 2003 and early summer occurrence of St204. This is also verified by the
CDC 5-day SST anomaly plots (graphs not shown hé@ie eddy-like features close to
the Chilean coast, observed in all three SST plotay reflect localized upwelling/
downwelling areas or may be due to the low gridapaiesolution of the NCEP
Reanalysis data.

Using the netcdf data files provided by the CDC,cakculated the advective term of

the surface temperature budget equation, given by:

(OT j _ 0T aT
—| =-uU—-v—.
ot ). ox ody

For these calculations, we used the mean zafpar(d meridionaly) wind components,
estimated by the buoy-period mean values of wireetdl/) and direction¢) (Table 4.1)
using the equations:

u=Vcos@)

v=Vsin(@).
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Figure 4.4: Daily mean composites of SST (top) smdace wind vector (bottom) from
NCEP Reanalysis data for the 6-day EPIC buoy Pdfmtiober 16-22). Images provided
by the NOAA-CIRES Climate Diagnostics Center (BaldCO) from their Web site at
http://www.cdc.noaa.govl he transparent squares indicate the Stratus|@da8on.
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Figure 4.5: As in Fig. 22, but for the 5 days of tBtratus 2003 buoy period (November
16-21, 2003). Images provided by the NOAA-CIRESn@lie Diagnostics Center
(Boulder, CO) from their Web site http://www.cdc.noaa.gov
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Figure 4.6: As in Fig. 22, but for the 5 days of tBtratus 2004 buoy period (December
11-16, 2004). Images provided by the NOAA-CIRESn@lie Diagnostics Center
(Boulder, CO) from their Web site http://www.cdc.noaa.gov
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The zonal and meridional temperatui@ gradients were estimated with the use of grid-
point SST values. The NCEP Reanalysis data, prdvide CDC, had a resolution of
~1.9° in both latitude and longitude (each degrelatitiide and longitude corresponds to
a distance of about 111 km). The reference gritMpaias chosen as the closest to the
WHOI buoy location (20°S, 84.38°W), and the zomaé(idional) gradient was estimated
with the use of the SST and longitude (latituddjedence between the reference grid-
point and the grid-point located at 77°W (25.7°®e have to note that the calculations
are highly sensitive to the choice of grid-points, the distance from the WHOI buoy
location that is used to estimate the SST gradidrtie choice of the specific latitude
(25.7°S) and longitude (77°W) is substantiated g tistance (600-800 km) that a
typical southeasterly wind of 7-10 m/sec travelghimi a day. Further, the weekly
Reynolds’ SST analysis and the monthly reconswuctused to extract the daily SST
values through linear interpolation, induces noghgéle uncertainty to the NCEP
Reanalysis SST data.

This methodology provided temperature advectiorueslof -1.82, -0.55 and -
0.35°C/day for the EPIC, Stratus 2003 and Stra@@gl buoy-periods respectively. Thus,
the EPIC buoy period was characterized by signmitigacolder advection compared with
the other two field experiments. Moreover, the mtlicold advection during the Stratus
2003 and 2004 buoy periods could possibly explha \tery low sea-air temperature
difference and the resulting near-zero sensibleé Aaa values, observed during the

respective periods (see sections 3.2.2 and 3.2. 4 able 4.1).
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4.4Summary - Averages and Standard Deviations

Table 4.1 includes mean and standard-deviationegafor the MABL, cloud and
drizzle properties used in this study from the sbogs, ceilometer, radars and air-sea
flux system data. The period that the researchel®sgere stationed in the proximity of
the ORS location is again considered as the terhpw@raging domain. This table
summarizes the description followed in chapters@ 4, and could be a good reference
for scientists and researchers that focus thenliesuin the SE Pacific stratocumulus
regime or intend to compare this regime with otheras dominated by stratocumulus
clouds around the world. This information couldoalte used as baseline boundary layer
and cloud structure for building and evaluating eledas well as for testing boundary
layer parameterizations.

The buoy-period soundings are used for the catlicoul of the means and standard
deviations of all temperature, moisture and windapeeters for the surface- (1000 mb),
inversion- and above-inversion (700 mb) levelshaitgh the threshold valug=0.3) —
that was used to calculate the inversion top arse Ib@ights in section 3.4 — allowed for
an accurate representation of the inversion layes-height evolution (Fig. 3.15), it did
not provide very accurate estimates of the inversiariables when compared with the
mean thermodynamic profiles of Fig. 4.1. A widegarof values was tested, guel0.15
gave the most accurate results compared with tlemgeometric-height thermodynamic
profiles of Fig. 4.1 and the mean cloud-top heiggdmated by the radars (Table 4.1).
This value still induces some differences (e.g,dhes discussed in section 4.2 between

the observed mean cloud-top heights from Fig. Ad the mean cloud-top heights from
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Table 4.1 that were calculated with the use ofitlparameter). However, this value best
compensates between the mean thermodynamic mopstofiees shown in Fig. 4.1 and

the radar-derived cloud-top estimates; a higheuesalould give results closer to the
radar cloud-top heights and significantly differdndm the values seen in Fig. 4.1,
whereas a lower value would have the opposite effdee sensitivity of the inversion

variables estimation to this threshold valueuaghould be taken into account in future
studies that plan to utilize similar methodologyoudy estimates/averages of the
ceilometer and radar data, and 5-min averageseodithsea flux system data were used
before extracting the buoy-period means and standawiations for the respective

properties. The mean EPIC cloud-top height was @m&nreduced by 100 m to account
for the reduced height resolution of the MMCR thasulted in an apparent

overestimation of this height (Kollias, personahwounication). The same correction
was applied earlier in Fig. 3.1. Further, the wprdfiler technique, used to compensate
for the malfunctioning of the MMCR during the Strat2004 experiment, appears to

slightly overestimate the inversion-base/cloudtiemht (see also Fig. 2.2).



Table 4.1: Buoy period statistics.
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EPIC Stratus 2003 Stratus 2004
Mean  Sd Mean  Sd Mean  Sd
TemperatureT (K) 289.1 0.6 290.4 0.6 291.6 0.3
Pot. Tempd (K) 289.1 0.6 2904 0.6 2916 03
Vir. Pot. Temp4, (K) 290.6 0.6 2921 06 2934 03
Eq. Pot. Tempé, (K) 3133 1.6 3177 27 3208 2
(Sl‘gg’(‘f;b) Sat. Eq. Pot. Temp (K) 3215 1.8 3259 2 3299 1.1
Mix. Ratior (g/kg) 8.5 0.6 9.6 1 10.2 0.8
Rel. Humidity (%) 74.4 6.5 76.9 8 76.1 6
Wind Speed (m/sec) 7.7 2.2 6.8 1.7 9.7 1.3
Wind Direction (°) 119 14 121 17 129 9
TemperatureT (K) 283.7 0.6 283.1 11 285.2 1.2
9 Pot. Temp# (K) 3141 06 3134 1.2 3157 1.3
"E Vir. Pot. Temp4, (K) 314.3 0.7 313.6 1.1 316.1 1.3
8 Eq. Pot. Tempé, (K) 317.9 28 316.2 1.8 3225 4.2
700 mb Sat. Eq. Pot. Temple (K) 350.1 2 348.1 3.9 3559 4.7
Mix. Ratior (g/kg) 11 0.8 0.8 0.6 2 13
Rel. Humidity (%) 9.6 6.5 7.4 6.3 15.9 10.2
Wind Speed (m/sec) 4.5 2 4.8 2.2 6.4 25
Wind Direction (°) 140 60 155 85 120 16
Inversion Base Height (m) 1218 105 1208 152 1403 3 16
Inversion Top Height (m) 1403 123 1311 166 1521 168
Inversion InversionAd (K) 10.5 25 7.1 2.4 9.6 11
InversionAr (g/kg) -5.9 1.2 -4.5 1.9 -5.2 2.3
Inversion shear (m/sec) -0.78 1 -0.5 1.3 0 15
Ceilometer Cloud Base Height (m) 922 88 953 230 1104 185
Zenith Cloud Fraction (%) 94.1 - 66.1 - 86.5 14.9
Fader Cloud top Height (m) 1255 113 1233 184 1474 170
Drizzle Occurrence 42.9 34 22.3 33.2 10.6 18.2
Radar-Ceilometer = Cloud Thickness (m) 341 118 276 142 323 134
SST (°C) 18.6 0.1 19.3 0.2 19.5 0.1
SST-T,r (°C) 1.6 0.6 0.6 0.5 0.1 0.3
Surf. Sea Spec. Hume, (9/kg) 131 0.1 13.6 0.2 13.9 0.1
Olsea-Olair (9/KQ) 4.1 0.6 3.3 0.9 35 0.6
A"é))slgtaeri'“x Surf. Incom. Solar flux W/ | 223 323 288 377 202 281
Surf. Incom. IR flux (W/rf) 383 17 364 30 393 10
Sensible Heat Flux (W/f 14 7 2 5 2 3
Latent Heat Flux (W/f) 99 19 68 27 83 19
Virtual Heat Flux (W/m) 21 7 7 5 4 3




Chapter 5 — Discussion and Future Work

5.1 Summary

Ship-based observations of marine stratocumulusdslaluring the EPIC 2001 and
the Stratus 2003 and 2004 cruises have been usstddyp the variability of the MABL
and clouds in the SE Pacific. The EPIC 2001 fietgeziment was the first attempt to
study marine stratus clouds in this regime using-based instrumentation (Bretherton et
al. 2004). During the Stratus 2003 (Kollias et2l04) and Stratus 2004 (Serpetzoglou et
al. 2005) cruises new observational data sets afnmatratus clouds were collected.
Here, the observations from these three cruisesised to document the structure and
variability of the MABL, clouds and drizzle, andgwide a cohesive description of their
differences and similarities. We anticipate tha findings presented will help in the
design of future field programs (e.g., VOCALS 2Q0Furthermore, the systematical
comparison among the three cruises will provide emcbhmark for the modeling
community (e.g., Large Eddy Simulation (LES)), wéemodelers can test their
parameterization schemes and representation ohenatratus clouds for a variety of
MABL, surface and large-scale forcing conditionsnt® of the main features observed
during the three cruises are summarized below.

The EPIC cruise provided an unprecedented datafs8E marine stratocumulus
clouds that had been previously sparsely observsdah resolution and detail. During
EPIC 2001, the MABL was well mixed, resulting in @mLCL variability. The cloud

fraction was very high - nearly no clear sky pesiadere observed with high nighttime
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drizzle occurrence and drizzle rates (Comstock.20®5). Drizzle evaporation resulted
in measurable cooling and moistening of the sulttllayer as observed by the surface
met instruments and the soundings. Despite theiligilon of the boundary layer
induced by the evaporation of drizzle, the MABL ntained a well mixed vertical
structure that helped maintain the cloud layerat8# clouds with cloud thickness greater
than 250 m had drizzle below the cloud base. Anstrdiurnal cycle in cloud thickness,
cloud top height and LWP of marine stratocumulus wacumented at the WHOI buoy
location. Overall, the EPIC 2001 observations ofingastratus revealed an omnipresent
stratus deck, with little or no transition to otiMdABL regimes such as broken clouds
and decoupled conditions. These conditions wer@bserved on the subsequent cruises.

The Stratus 2003 cruise provided another dataseétAdBL, clouds and drizzle in the
SE Pacific. During the Stratus 2003 cruise, mo@enadrtical gradients of potential
temperature and mixing ratio that overlap with pési of small cloud fractional
coverage, decoupled layers and shallow cumuli dowgre observed. Furthermore,
during Stratus 2003 the LCL varies substantiallyhwiime in conjunction with MABL
variability. Large periods of clear skies were etved at the WHOI buoy location,
especially during the solar flux maximum. The stsabbserved at the buoy location
during Stratus 2003 revealed a different pictuoenfthe one captured during EPIC, with
sharp transitions from solid cloud deck to brokemali, and large vertical gradients of
thermodynamic properties (e.g., mixing ratio andwal potential temperature) in the
MABL.

During the Stratus 2004 cruise, the observed MA8bud, and drizzle structures

showed similar features with those observed int&r2003. However, the presence of
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decoupled conditions in the MABL was more pronowuhd2ecoupled conditions are first
observed during the third day that tBeown is stationed at the buoy location and persist
during the southeasterly route that Brewn followed afterwards. The decoupled MABL
conditions resulted in decrease of the cloud thesknand the intermittent presence of
shallow cumuli clouds below the high stratocumutlsud base. Another interesting
feature observed during Stratus 2004 was the étevat the MABL capping inversion.
Although the Stratus 2004 composite sounding showere enhanced decoupling than
Stratus 2003, the mean relative humidity of thatestumulus cloud layer was higher,
indicating a fairly solid cloud layer despite thergistent decoupling and the higher cloud
bases.

The previous discussion is indicative of the thaldgerent regimes of boundary layer
structure and cloudiness that characterized theS?BRIC research cruises conducted so
far in the remote southeast Pacific area. Althougimy detailed features observed during
these cruises can be attributed to particular symagrale disturbances, there were
several characteristics of the MABL, the cloud stuwe, and the occurrence of drizzle

that were documented and compared in all thresesuiThese include:

* Cloud boundaries, cloud fraction, drizzle occureeaad LWP exhibit strong diurnal
cycle with maximum values during nighttime and miom near the local noon time.
Typical cloud thickness was between 150 and 300nchthe thickest clouds were
observed during EPIC 2001. The buoy-period-averagedd fraction was high for
EPIC (94%) and Stratus 2004 (86.5%), but signifigatower for Stratus 2003

(66%).Drizzle occurrence was substantially redushathg Stratus 2004.
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The depth of the MABL capping inversion is betw&nand 150 m, with an increase
of potential temperature across the inversioA®E 6-9 K, and a decrease in mixing
ratio ofAr = 4-5.5 g/kg.

Typical measured sea-air temperature differencedatween 0 and 2°C. EPIC was
characterized by large sea-air temperature diftmeri~1.5°C), in contrast to Stratus
2003 (~0.5°C) and Stratus 2004 (0°C). This was dueduced cold-air advection in
the proximity of the WHOI buoy location during tlser cruises.

In accordance with the observed sea-air temperditfexrences, the highest sensible
and latent heat fluxes were observed during EPIC12®9 and 14 W/Mmbuoy-
averaged values respectively). Lower values wesemied during Stratus 2003 and
2004 (2 and 68 W/frand -1.8 and 83 W/nrespectively).

Near-surface (1000 mb) relative humidity valuesenatound 75% on average for the
three cruises and the mixing ratio was betweend8l@g/kg near the surface.

The wind direction during all three cruises wasatreely persistent from the
southeast (129 and the wind speed at the surface (1000 mb) wh8 ih/sec on
average for the three cruises. Stratus 2004 wasctieaized by stronger winds that
resulted from the enhanced anticyclonic circulationing the same period. Evidence
of the low-level jet off central Chile (GarreauddaMunoz 2005) during Stratus 2004
as well as possible indications of the shallow dienal circulation (Zhang et al.
2004) during EPIC and Stratus 2003 were documeimedhe observed wind

structures.
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* Mid-troposphere moisture features were observedthgy soundings in all three
cruises. These features propagate downward anti thaclayer above the capping

inversion.

A noticeable feature during all three cruises - thas not mentioned earlier — was
the patchiness and clustering of drizzle cells.impuEPIC 2001, the scanning C-band
radar was used to map the mesoscale organizatmd(Qlkm) of the drizzle events
(Comstock et al. 2005), although smaller scale adlity within these mesoscale
structures was observed as well. The horizontarexf these drizzle cells as observed
by the vertically pointing radar was between 2 &nkin. Such individual drizzle cells
were observed in larger mesoscale clusters irr@abes. This organization was observed
under overcast conditions (EPIC 2001), broken wsraioud conditions (Stratus 2003)
and decoupled conditions with two distinct cloudsdm (Stratus 2004). This hints the

presence of a mesoscale convection organizatioadddd in the larger-scale dynamics.

5.2 0utlook and Future Work

The persistence of marine stratus through the gedrtheir extensive coverage makes
these shallow marine clouds a significant compoméribhe earth radiation budget. The
systematic analysis and comparison of the shipebabservations of clouds and MABL
properties provided a wealth of information for aidthal modeling and field studies.
The documentation of the temporal and spatial ity of the MABL and clouds in the

SE Pacific is an important step in understandimgghysical processes that contribute to
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the formation, maintenance and dissipation of nearistratocumulus. Radiative,
microphysical and dynamical processes are coupieal inanner that complicates their
representation in numerical models. These prose®sg., turbulence, entrainment) act
at small scales and the details of the physics goakern cloud lifecycle and drizzle
formation are little understood. These processesd bt be well observed and understood
before an improvement in the parameterization ofimeastratus clouds in Global
Climate Models is achieved.

Our current understanding of the stratocumulus-edppoundary layer in the SE
Pacific comes from the well-explored dataset olet@induring the EPIC 2001
Stratocumulus study; due to the lack of additiooladervations up to the end of 2003,
scientists — naturally — drew many conclusions tasdy on the particular dataset. The
EPIC field experiment and its findings will alwappe a milestone for the SE Pacific
stratocumulus regime that had been previously eegots very limited observations with
in-situ instrumentation. Nevertheless, parametéanaschemes, model evaluations and
general assessments based exclusively on thesagénthay be valid only for specific
cases/time periods and may not hold for the ermdomain of boundary layer-cloud
interactions all-year round. For instance, prioth® Stratus 2003 research cruise (Kollias
et al. 2004), the well-mixed conditions observewtighout the EPIC study were thought
to be the primary mode of the boundary layer stmécin the area during the Southern
Hemisphere spring months. The 2003 and 2004 crtheegh revealed many differences
and a far more complex picture with respect to ERIC findings, especially for
boundary layer structure and evolution, even fer game spatial domains (WHOI buoy

location) and for adjacent months (October-Novenibecember). This highlights the
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need for more in-situ observations and enhanceditarorg of the SE Pacific cloud-

topped boundary layer, as well as the need foryarsabf data from all research cruises
already conducted in the area for boundary-layeleud- and precipitation-related

studies. Additional case studies with the use & thlatively new datasets would
definitely help to better constraint and explaine tllocumented variability that

characterizes boundary layer structures and clegdim the area.

Some of the results obtained in this study canikectlly correlated to satellite data
for the SE Pacific area or model parameterizatimmsboundary layer structures and
processes. A deeper analysis of the data shouddreven more interesting features, and
could be used for evaluating specific satellite dueis and boundary-layer model
simulations. Moreover, this dataset, including ¢hseccessful observational periods over
the span of four years, can be a reference pomthi® SE Pacific stratocumulus and
could be ideally used for various intercomparisanith the better-studied stratus and
stratocumulus clouds of the NE Pacific.

During the cruises, the air-sea flux system anctbk temporal-resolution soundings
provided adequate description of the MABL structamed evolution. However, the
millimeter wavelength radars used on board thearebevessels as part of the cloud
observation systems were not compensated for sbijpomand often saturated in the
presence of heavy drizzle events (Ghate et al. 200tus, besides the cloud reflectivity
that can be used for the retrieval of the cloudnoauwies and to classify the cloud
observations in drizzling and drizzle-free periotts&® Doppler measurements are not
suitable for the retrieval of cloud dynamics andnmophysics. In addition, no instrument-

based method exists currently for the measurenfatriazle rain rates at the surface, and
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the LWP measurements are often susceptible to bmse uncertainties (Zuidema et al.
2005). Finally, comprehensive measurements of akmass distribution and chemistry
are required for a better understanding of cloudsa interaction.

A combination of millimeter wavelength cloud radé8%- and 94-GHz) from various
platforms (e.g., island-based, ship-based and mid)aalong with in-situ measurements
of cloud microphysics and aerosols from aircrafgieations in the context of a large
field experiment in the near future could improwg anderstanding on marine stratus.
Millimeter wavelength cloud radars have been usadnsively the last 15 years for the
study of boundary layer clouds. Using observatimsn a 35-GHz radar during the
Atlantic Stratocumulus Transition Experiment (ASTEX992), Miller and Albrecht
(1995) study the diurnal cycle of the cloud struetaf marine stratocumulus and Frisch
et al. (1995a; 1995b) develop turbulence and mhysigal retrieval techniques using
airborne radar observations. Recently, Stevera.g2003) used airborne in-situ and
radar observations to further examine the physicsdynamics of marine stratus off the
coast of California. Currently the NOAA ESRL/PSDrgherly known as NOAA/ETL) is
developing a 94-GHz radar with Doppler spectra baipaand motion compensation for
ship-based observations of boundary layer cloudsh ®ew and exciting tools or the use
of a second radar frequency (e.g., X-band) couldiderl to retrieve the turbulent and
microphysical structure of marine stratus. Suclp-4fgised observations in the context of
a large field experiment and the presence of diramasitu measurements could lead to

the generation of new datasets and better unddistanf marine stratus.
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STRATUS04 17/12, Ceilometer Backscatter
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STRATUS 2004 12/17
FMCW Power - range corrected (dbm)

2.5 : i b i
100
~— 2 k |
é . | | | 80
._gn n f ! 60
QL
an
0.5¢ i 40
5 10 15 20
FMCW Doppler Velocity (ms™)
‘_ . ‘ 4
2
g 0
.—E” -2
L
aw
-4
-6
1
0.8
g 0.6
_@) 0.4
QL
am
0.2
0

5 10 15 20
Time (Hour-UTC)
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