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Abstract. Aircraft observations made off the coast of north- 4 November), a moist layer above the inversion moved over
ern Chile in the Southeastern Pacific (&) 72 W; named  Point Alpha, and the total-water mixing ratio above the in-
Point Alpha) from 16 October to 13 November 2008 dur- version was larger than that within the BL.

ing the VAMOS Ocean-Cloud- Atmosphere-Land Study- The accumulation mode aerosol varied from 250 to
Regional Experiment (VOCALS-REXx), combined with me- 700 cnT? within the BL, and CCN at 0.2% supersatura-
teorological reanalysis, satellite measurements, and ration within the BL ranged between 150 and 550¢nThe
diosonde data, are used to investigate the boundary layanain aerosol source at Point Alpha was horizontal advection
(BL) and aerosol-cloud-drizzle variations in this region. On within the BL from south. The average cloud droplet num-
days without predominately synoptic and meso-scale influ-ber concentration ranged between 80 and 400%cnWhile
ences, the BL at Point Alpha was typical of a non-drizzling the mean LWP retrieved from GOES was in good agree-
stratocumulus-topped BL. Entrainment rates calculated fromment with the in situ measurements, the GOES-derived cloud
the near cloud-top fluxes and turbulence in the BL at Pointdroplet effective radius tended to be larger than that from the
Alpha appeared to be weaker than those in the BL over thaircraft in situ observations near cloud top. The aerosol and
open ocean west of Point Alpha and the BL near the coastloud LWP relationship reveals that during the typical well-
of the northeast Pacific. The cloud liquid water path (LWP) mixed BL days the cloud LWP increased with the CCN con-
varied between 15 gnt and 160 g m?. The BL had adepth  centrations. On the other hand, meteorological factors and
of 11404120 m, was generally well-mixed and capped by the decoupling processes have large influences on the cloud
a sharp inversion without predominately synoptic and meso{ WP variation as well.

scale influences. The wind direction generally switched from
southerly within the BL to northerly above the inversion. On
days when a synoptic system and related mesoscale costal )
circulations affected conditions at Point Alpha (29 October—1 Introduction

The marine stratocumulus (Sc) deck overlaying the South-
east (SE) Pacific Ocean is the most persistent in the world

Correspondence taX. Zheng (Bretherton et al., 2004) with a monthly stratus cloud amount
BY (xzheng@rsmas.miami.edu) exceeding 40 % throughout the year (Klein and Hartmann,

Published by Copernicus Publications on behalf of the European Geosciences Union.


http://creativecommons.org/licenses/by/3.0/

9944 X. Zheng et al.: Observations of the boundary layer, cloud, and aerosol variability

1993). There have been few observational studies in therevious studies have shown that the coastal BL arouA&20
SE Pacific until the last decade or so, when several rehas several features different from the coastal BL north or
search cruises were conducted to study marine Sc and ma&outh of this region (Zuidema et al., 2009; Rahn and Gar-
rine boundary layer (BL) processes in the SE Pacific. Thereaud, 2010a). Satellite retrievals show that the monthly
CIMAR-5 (Garreaud et al., 2001), East Pacific Investiga- mean cloud-top height in the coastal region arouné 0
tion of Climate (EPIC) 2001 (Bretherton et al., 2004), Pan-could be about 300 m higher than the surrounding region
American Climate Studies (PACS) Stratus 2003 (Kollias et(Zuidema et al., 2009). Simulation of the observed elevated
al., 2004), and Stratus 2004 (Serpetzoglou et al., 2008) reinversion height in this coastal region is a major challenge
search cruises explored the BL over the subtropical SE Pafor the regional atmospheric numerical modeling community
cific more than 1000 km offshore. CIMAR-5 provided a tran- (e.g., Rahn and Garreaud, 2010a, b; Wyant et al., 2010). It
sect of the SE Pacific boundary layer af &7between the has been speculated that since current models can not suffi-
Chilean coast (71W) and Easter Island (12@V) during late  ciently represent the blocking effect of the steep Andes on the
October 1999. It revealed the east-west increase in the Blflows, simulations tend to produce unrealistically large diver-
depth from less than 1000 m near the coast to over 2000 ngence in the coastal region, which suppresses the BL depth
at the far end of the transect. The other research cruises irand thins the cloud layer (Rahn and Garreaud, 2010a; Jiang
cluded 5-6 days of observations at the Stratus Ocean Rekt al., 2010; Wang et al., 2011). In situ observations could
erence Station (Stratus ORS,°28, 8% W) (Cronin et al.,  help the modeling community improve simulations in the
2002; Bretherton et al., 2004; Ghate et al., 2009). The EPICcoastal region by offering a variety of measurements within
2001 observations were made in October — the month withand above the BL.
the maximum climatological stratus cloud amount (Kleinand The VAMOS (Variability of the American Mon-
Hartmann, 1993; Ghate et al., 2009). During this cruise thesoons) Ocean-Cloud-Atmosphere-Land Study-Regional Ex-
BL at the Stratus ORS was usually well-mixed and coveredperiment (VOCALS-REX), which took place in the area ex-
by a solid Sc layer with a thickness of less than 500 m. Thetending from the near-coastal region of northern Chile and
clouds were close to adiabatic (Bretherton et al., 2004). Thesouthern Peru to the remote ocean in the SE Pacific from
most variable cloud conditions were observed in NovemberOctober to November 2008, aimed at (1) further understand-
during PACS Stratus 2003 (Kollias et al., 2004) when solid ing aerosol-cloud-drizzle interactions in the BL; and (2) im-
Sc, broken cloud, clear sky, and drizzle were observed. Theroving model simulations and predictions of the SE Pa-
BL depth was about 1200 m and the mean cloud base wasific coupled ocean-atmosphere-land system on a variety of
around 1000 m. In December during the PACS Stratus 2004cales (Wood et al., 2011). For the atmospheric observa-
study, the BL depth reached about 1400 m and the decoupletional component, VOCALS gathered an intensive dataset
BL structure dominated (Serpetzoglou et al., 2008). Thesalong 20 S from 70 W to 85 W to study the BL structure,
observations revealed the complex structures and the variower free troposphere, cloud properties, and precipitation.
ability in the BL and the cloud layers. Most of the previous The multi-platform observations during VOCALS revealed
field experiments in the SE Pacific focused on the open oceathat the Sc-topped BL depth deepens frert0O00 m near
area, but the near-coastal marine Sc in the SE Pacific has beahore to~1600m at a distance of about 1500 km offshore
largely unexplored. (Bretherton et al., 2010). The observed BL in the coastal re-
The annual mean of the satellite-derived cloud dropletgion is well-mixed with little or no drizzle in the Sc layer. As
number concentrationV(y) over the SE Pacific ocean during one component of the five aircraft and two research vessels
2000-2008 shows a narrow band of hilyh along the coast in the VOCALS experiment, the Center for Interdisciplinary
between 17S and 30S, in contrast to the broad Sc area Remotely-Piloted Aircraft Studies (CIRPAS) Twin Otter air-
with low Ny over the open ocean (George and Wood, 2010).craft focused on making observations off the coast of North-
The strong gradient aWy over this region, due to influences ern Chile. Comprehensive in situ observations of aerosol,
of both clean marine air masses and anthropogenic aerosalrbulence, cloud properties, and drizzle were also collected.
releases along the Chilean and Peruvian coasts, shows boffhese offered a unique opportunity to acquire first-hand ev-
temporal and spatial variations and provides a unique are@ence of cloud-aerosol-turbulence interactions in the near-
to study aerosol-cloud interactions. Wood and Brethertoncoastal marine Sc over the SE Pacific ocean.
(2004) estimated BL depth, entrainment rate and decoupling In this study, we combine the in situ aircraft data col-
over this region using NCEP reanalysis data and satellitdected by CIRPAS Twin Otter with meteorological reanal-
observations. They found that the BL depths over this re-ysis, satellite-derived cloud properties, and radiosonde data
gion are generally 100-200 m deeper than those off the coagb explore the BL structure and physical properties of clouds
of California, and the BLs tend to be less decoupled thanand aerosol over the coastal region in the SE Pacific. The
those over the coastal regions of the Northeast (NE) Pacificgoal is to characterize variations of the near-coastal BL,
However, it is difficult to establish the generality of previous clouds, and aerosols in the SE Pacific. Section 2 describes
studies based on remote sensing observations and reanalysie aircraft data and the other data supplements. The gen-
products due to the absence of in situ observations. Furthegral synoptic conditions during VOCALS-REX are reviewed
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Table 1. Flight list.

Flight RFO1 RFO02 RFO03 RF04 RFO5 RF06 RFO7 RFO08 RF09
Date 16 Oct 18 Oct 19 Oct 21 Oct 22 Oct 24 Oct 26 Oct 27 Oct 29 Oct
Time (UTC*)  14:10-18:40 11:10-15:40 10:50-15:40 11:00-15:30 11:00-15:40 11:00-15:50 11:00-16:00 14:50-19:40 11:00-15:50
Descriptor Typical Typical Typical Typical Typical Decoupled, Typical Typical Decoupled
wind shear in
BL, cirrus
Flight RF10 RF11 RF12 RF13 RF14 RF15 RF16 RF17 RF18
Date 30 Oct 1 Nov 2 Nov 4 Nov 8 Nov 9 Nov 10 Nov 12 Nov 13 Nov
Time (UTC*)  10:40-15:50 10:40-16:00 11:00-16:00 11:00-15:40 11:00-16:0011:00-15:40 13:20-19:00 11:00-16:0011:00-15:50
Descriptor Wind shear in Moisture above, Moisture above, Decoupled, Double cloud Typical Typical Typical Typical
BL drizzling drizzling wind shear in layer, cirrus
BL, cirrus

* Local time: UTC-4

in Sect. 3. In Sect. 4 we investigate the BL vertical structure.water content from the Cloud Imaging Probe (CIP). Uncer-
The temporal variation of BL structure is provided in Sect. 5 tainties for aerosols and cloud droplet concentrations mea-
followed by the variations of cloud and aerosol properties insured by these probes are estimated to be within 15% in the
Sect. 6. Section 7 summarizes the general features of theample flow. Descriptions of the instruments used on the
BL, cloud, and aerosol over the near-coastal region in the SHwin Otter for these measurements are described in Zheng
Pacific. et al. (2010) and Wood et al. (2011). Because the total water
mixing ratio ;) and the liquid water potential temperature
(6)) are conserved during adiabatic processes, we calculated
2 Data and methods these two variables from the mixing ratio, LWC, temperature

) and pressure to estimate the BL structure in the next sections.
2.1 Aircraft data

2.2 Reanalysis data, satellite measurements, and ra-

The CIRPAS Twin Otter aircraft completed 19 flights in the diosonde data
vicinity of Point Alpha (20 S, 72 W) off the coast of North-
ern Chile from 16 October to 13 November 2008. BecausePrevious studies suggest that large-scale dynamic forcing im-
cloud and aerosol probe data failed on one of those flightgpacts the Sc properties on both the inter-seasonal and synop-
(5 November), we only include observations from the othertic time-scales (Klein and Hartmann, 1993; Rozendaal and
18 flights in this paper. Each flight had a duration of 4.5 Rossow, 2003). The large-scale datasets, including mete-
to 5.5h and included at least two soundings and several 10erological reanalyses and satellite observations, along with
min horizontal legs near the ocean surface, below the cloudsoundings launched in the nearby region, provide a compre-
near the cloud base, within the cloud, near the cloud tophensive data supply for exploring the large-scale background
and above the inversion. Fifteen of the flights started aroundf the BL at Point Alpha.
11:00UTC (07:00 Local Time, LT), with the first sounding  We adopt the reanalysis of meteorological observations
made around 12:00 UTC (08:00LT), while the other threefrom the National Centers for Environmental Prediction
flights took off about 3 h later (see Table 1 for a list of the (NCEP) /INCAR Reanalysis Project (NNRP, Kistler et al.,
flights). 2001) to study the sea level pressure and the 700-hPa geopo-

The data from the onboard instruments were processed anéntial height over the large region 50/~95° W, 0°—45° S).
quality-controlled to provide standard meteorological turbu- The resolution of the NCEP NNRP data i$2x 2.5° x 17
lence, aerosol, cloud, and precipitation observations. Theressure levels and this data product is available at 6 h inter-
measured and derived variables obtained at a frequency ofals. The resolution of this product is suitable for evaluat-
10 Hz used in this study include wind speed, wind direction, ing the large-scale patterns of sea level pressure and 700-hPa
vertical velocity, air temperature, air density, pressure, mix-geopotential height. The same analyses with the ECMWF
ing ratio, IR sea surface temperature (SST), and cloud liquidnterim reanalysis indicate that the results are insensitive to
water content (LWC) from the PVM-100 probe (Gerber et al., the different reanalysis products.
1994). The cloud and aerosol data obtained at 1 Hz include Radiances from the Tenth Geostationary Operational En-
accumulation mode aerosol (size range: 0.1-2 um) concernvironmental Satellite (GOES-10) were used to retrieve cloud
tration (Vz) from the Passive Cavity Aerosol Spectrometer properties at 4-km resolution with the methods of Minnis
Probe (PCASP)Ng4 from the measurements by the Cloud, et al. (2011b) for the area (75.7%/~70.75 W 23.75 S—
Aerosol and Precipitation probe (CAS), cloud condensationl6.25 S) in the vicinity of Point Alpha during VOCALS-
nuclei (CCN) from the CCN Spectrometer, effective radius REx. Wood et al. (2011) provide further description and
of cloud droplets Re) from the PVM-100 probe, and drizzle examples of the GOES VOCALS-Rex retrievals. Cloud
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it with that from the Point Alpha aircraft observations. Be-
cause of the diurnal cycle of continental BL and the direct
influence of the Andes, the BL involves more complicated
processes at this on-shore location, especially during the day-
time. Although the radiosonde data have no liquid water in-
formation, the satellite retrievals indicate that the mean LWP
over this near-coastal region is less than 30¢ muring the
observations, as will be shown in Sect. 3. We assume that
ignoring the contribution of liquid water to total water mix-
ing ratio will not change the mean BL thermodynamic struc-
ture. Therefore, the potential temperatui¢ énd water va-

por mixing ratio ¢) calculated from the radiosonde data rep-
resent the BL thermodynamic structure.

2.3 Back-trajectories

To help establish the history of the air masses sampled by
the aircraft, we use the Hybrid Single Particle Lagrangian
Integrated Trajectory Model (HYSPLIT, Draxler and Rolph,
2011) to calculate back trajectories starting at Point Alpha.
HYSPLIT can be set up to compute two-dimensional and
three-dimensional parcel trajectories with a simple advec-
tion calculation. The input meteorological gridded data is the
NCEP Global Data Assimilation System (GDAS) data with
1° x 1° resolution. For each flight, two-dimensional parcel
trajectories starting at the 500-m level (within the BL) and
three-dimensional parcel trajectories staring at the 2000-m
level (free atmosphere) are calculated for 48 h prior to the
flight time.

Latitude . .. .
3 General synoptic conditions and variations

Fig. 1. (a)Composite Sea Level Pressure (16 October—13 Novem- ) .
ber 2008). The contours are every 2hPa. The Andes region iS-1 SYNOptic patterns from NCEP reanalysis

shaded to avoid the artificially high sea level pressure region due . . .
to the high altitude;(b) Composite 700-hPa geopotential height. A rough picture of the large-scale meteorological condi-

The contours are every 20m. The black diamond marks Point Al-tions over the study period is given by the composite fields

pha, and the black dot indicates the location of Iquique. The coastaPf sea level pressure and 700-hPa geopotential height from
outline is shown as a black solid line. NCEP reanalysis. The mean sea level pressure (Fig. 1a)

from 16 October to 13 November 2008 was controlled by

the strength and location of the subtropical high and a low-
properties were also retrieved from 1-km Terra MODerate-|evel trough that extended from the equator along the coast
resolution Imaging Spectroradiometer (MODIS) data usingto 25° S east of the northeast part of the subtropical high.
the same algorithms applied to the GOES-10 data (Min-The low-level trough, the subtropical high system, and the
nis et al., 2011a). In addition, the Quick Scatterometertopography along the coast interact to produce conditions
(QuikSCAT) L3 data provides.Q5° x 0.25° resolution sur-  and processes unique to the near-coastal area (Garreaud and
face wind twice per day. The QuikSCAT surface wind field Mufioz, 2004, 2005). The mean 700-hPa geopotential height
is used to estimate the average surface divergence at Poiliig. 1b) shows that a mid-latitude trough reachetl @®e-
Alpha. tween the subtropical high and Point Alpha. This indicates

During VOCALS-REx an NCAR/EOL GPS Advanced that the study region was influenced by the subtropical high

Upper-Air Sounding (GAUS) system located in lquique, system, and the mid-latitude trough.
Chile (70.2W, 20.3 S) launched Vaisala RS92 radioson-  Since this study occurred during the local austral spring
des 6 times per day. This radiosonde delivers high qualseason, the daily sea level pressure fields (not shown here)
ity wind measurements, pressure, temperature, and humiditghow that, the SE Pacific high system was strongest dur-
measurements. We adopt the radiosonde data as a suppleg the first several days (16 October-18 October), with
ment to describe the BL structure on the coast and comparthe 1020-hPa isobar extending over the ocean area south
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Fig. 2. The average fields ¢&) low cloud amount (%)(b) LWP (g m~2), (c) Re (micron) derived from GOES-10 data during the flight time
(see Table 1). Point Alpha is marked as the blue square box.

-6

of 20° S. As the study progressed, the SE Pacific high sys-

10
tem weakened and varied due to the mid-latitude wave ac- g

188

tivity. At the end of the study period, the 1020-hPa iso- :t Q :t §
bar moved to the open ocean area south 6f22and west Y )\ A §
of 8C° W. The day-to-day 700-hPa geopotential height (not ZOSQ § § §
shown here) exhibited patterns with troughs developing from iy 2
the mid-latitudes extending to north of 25 (29 October— & |\ | |
2 November, 13 November). Meanwhile the subtropical high % 21S§ ; § Ay 0
was strong and occupied the region west 6f80Therefore, T,
the longitudinal component of the general flow over this re- RN -
gion increased during these troughing periods. = § § § ; ; § :
3.2 Composite cloud properties from satellite z E % % E E % g }

observations 25w 74W 73w 72W 71W oW °

Longitude

As noted in Sect. 2.1, every flight mission time was about _ _
45-55h (see Table 1). During the flight missions, theFig- 3. The average surface wind (vectors) and divergence (color

K . _ 6.—1 .
GOES-derived cloud properties were available every 30 minShading, increment=210"°s"%) from QuikSCAT (16 October—

To estimate the mean conditions of the large-scale Cloudls November 2008). Point Alpha is marked as the blue square box.
background, we averaged the GOES-derived low cloud
amount (%), liquid water path (LWP; gm), and Re to a

. . . diurnal cycle and be linked to a wave of positive vertical ve-
horizontal resolution of ®° x 0.5° when the aircraft was 4 P

fivi locity driven by the topography of the Andes moving from
ylng._ . . . the coast of Peru in the late afternoon (Garreaud antddu
During the flight observing times, the mean low cloud 2004).

amount (Fig. 2a) around Point Alpha was around 70%, the GOES-10 average cloud LWP over Point Alpha dur-
which was about 10 % lower than that over the open ocear?ng the observing time periods was about 27°¢%mand it

west of 73 W. The coastal region had less than 60 % cloud;~reased westward to the value of about 43@raround
amount except for along narrow band extending fromf &7 ;g W, 20° S (Fig. 2b). Re over Point Alpha averaged less

74W) to (19°S, 71.5 W) with cloud amounts>80%. A han g.5m (Fig. 2c), whileke offshore was greater than
climatological study using 18 years of satellite measure-g 5, The satellite retrievals during the observation time
ments (O'Dell et al., 2008) shows that the cloud LWP over i, gicate that clouds over the study region were generally thin,

f[he coastal rggion exhibits "f‘ doubly p(.aaked diurnél CyClebright and slightly broken compared with those in the adjoin-
in October, with peaks at 11:00 and 23:00 UTC (07:00 andi, " 4reas possibly due to both meteorological and aerosol
19:00LT), the former of which is around the flight observ- forcing.

ing time. Therefore, the long narrow band with high cloud
amounts and LWP mentioned above could be a part of the

www.atmos-chem-phys.net/11/9943/2011/ Atmos. Chem. Phys., 11,9939-2011
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by divergence related to large-scale subsidence above the in-
version, except in the narrow convergence zone along the
coast east of Point Alpha due to the topography of the steep
Andes as mentioned in a previous study (Rahn and Garreaud,
2010a). The average surface divergence at Point Alpha is
about 3x 10-%s~1. However, its variability might be large
since Point Alpha is located near the transition zone between
the typical subtropical Sc deck with strong surface diver-
gence and the coastal area impacted by mesoscale processes
such as gravity waves moving from the coastline (Rahn and
Garreaud, 2010a). Further, since the QuikSCAT winds were
available whenever the measurement swath of QuikSCAT
covered this region, the composite surface wind and diver-
gence fields include diurnal variations. The surface diver-
gence from ECMWEF Interim reanalysis with a horizontal res-
olution of 07° x 0.7° is 1x 106571,

208

258+

Latitude

30SF

355

85W 80W 75W
Longitude

3.3 Back trajectories

105y

The back trajectories for the observed air masses (Fig. 4) at
Point Alpha indicate that for the 18 flights the air masses
within the BL (Fig. 4a) were mainly from the coastal re-
gions south of Point Alpha, 48 h prior to observation. The
air masses traveled toward Point Alpha over the ocean. The
trajectories also indicate that most of the observed air masses
stayed over the ocean for more than 24 h prior to the flights,
and were advected by southerly to southwesterly flows. The
air masses above the inversion (Fig. 4b) traveled longer dis-
tances and came from a wider variety of directions than those
within the BL due to synoptic variability 48 h prior to the ob-
servations. The trajectory histories of the above-inversion air
masses are as follows: north of Point Alpha along the coast
of Peru during 4 flights; in the vicinity of Point Alpha during
0w S0W 75W 70W 7 flights; over the continent during 1 flight; over the ocean
Longitude west of 77 W during 5 flights; and over the ocean and south
of Point Alpha during only 1 flight. The flight observations
Fig. 4. (a) Two-dimensional isobaric back trajectories starting at (as shown in the next section) and the numerical simulations
500mfrom_PointAIph§1 (Plus sign) for the 18_ cases (color bar) with (Garreaud and Mipz, 2005; Wang et al., 2011) indicate
the 24-h point (Blue Circle), and the 48-h point (Squafe)three- 4t the horizontal winds switch directions between the BL
dimensional back trajectories starting at 2000 m from Point Alpha. and above the inversion over the region due to the thermal
wind balance and the blocking of the Andes. Overall, the
back trajectories indicated that most of the above-inversion
Because QuikSCAT winds over this study area were avail-air masses moved in a direction opposite to those of the air
able two passes per day and the available time was ranmmasses within the BL.
dom, it is impossible to estimate the surface divergence
field during the aircraft mission time. Therefore, we aver- 3.4 Synoptic variations
aged all 58 QuikSCAT surface wind passes over this study
area from 16 October to 13 November 2008 to estimateTime evolution of sea level pressure and 700-hPa geopoten-
the climatological features of the surface wind and diver-tial height around Point Alpha and Iquique indicate that the
gence fields during VOCALREX. The average surface di- synoptic pattern over the near-coastal region did not vary as
vergence (16 October—13 November) field from QuikSCAT much as over the open ocean south of 85Fig. 5). The
winds (Fig. 3) reflects the complexity of this field in the near- NCEP sea level pressure at Point Alpha fluctuated between
coastal regions and the sensitivity of the divergence calcula1013 and 1018 hPa. The sea level pressure was also esti-
tions to the retrieved wind field, which is smoothed by time mated from the aircraft 30-m level observations of pressure
averaging. The entire indicated area was mainly controlledand virtual temperature on each day; these estimates tended

15S}

Latitude
&
w

258t
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1020 ‘ ‘ ' ‘ ' B1E0 Table 2. Mean values of boundary layer from VOCALS Twin Otter.
g | 3170 g
gm 5 13160 % Project VOCALS Twin Otter
§ 13150 § Location 20S72W
T 1ol | = Time 16 Oct-13 Nov
D B . . .
B \ 5 Sc Regime SE Pacific coastal region
& 4 ——SLP  {3130R zi (M) 1140+120
_—_— ‘ ‘ . O | 0 (K) 2895+1.2
1016 1021 1026 1031 1105 1110 A8 (K) 11.8419
_ ' ' ' T TSP gt (gkg™1) 7.24+05
< 13185 Agi(gkgh) —52422
] = ag 0.1440.09
2 ‘ 2 ag 0.08+0.06
< A e s we(mmsl)  20+14
| "\/ £ FL(Wm™)  485+155
§ 1005 = = s W = 31358 Fp(Wm=2) 71425
. Foy Wm™2)  9.7+2.7
1016 1021 1026 1081 1105 1110 SST (C) 18+1.0
Date

Fig. 5. Synthesis of sea level pressure and 700hPa geopotential
height(a) at Point Alpha, andb) at Iquique from NCEP reanaly-

sis (12:00 UTC, open symbols) and radiosonde date2(00 UTC, coupling, CI(_)Ud cover, _et_c. (Albrecht et al., 1995b)'_ How-
solid symbols). ever, excluding the variation af could help better estimate

the composite thermodynamic and dynamic structures within
the BL. In this studyy; is quantified as the height at which
to be about 3 hPa higher than the NCEP values. Both showethe vertical gradient of is the largest. Figure 6 shows the
the sea level pressure at Point Alpha gradually decreasingrofiles ofé;, g, and LWC using a height scale normalized
by about 5hPa by the end of the study period; however, thédy zi. In general, the profiles @ andg: show a well-mixed
magnitude of the pressure change is not significant enougBL capped by a sharp inversion during most of the flights.
to be considered a seasonal signal because of the uncertaindithin the BL 6, was about 289K and the change across
of data and the potential synoptic variations. The NCEP 7001he inversion (denoted bg6)) ranged from 10 to 17 K. The
hPa geopotential height at Point Alpha revealed a relativelyaverageg; within the boundary layer was about 7.6 gkg
constant patternern and varied from 3130 to 3180 m duringand the change across the inversion (denoted dy varied
the study period. Three 700-hPa geopotential height minfrom +2 to —8 gkg™ (Table 2). During most of the flights
ima occurred on 22 October, 1 November, and 13 Novem-: decreased sharply above the inversion. However, during
ber. Meanwhile, the NCEP 700-hPa geopotential height atwo of the flights (1-2 November}\6 was relatively small,
Iquique showed the same minima on the same days, whiclnd g; increased above the inversion due to a moist layer
might be linked to midlevel troughs. Comparing these re-above the inversion related to the synoptic system discussed
sults with the 700-hPa geopotential height calculated fromabove. The soundings launched at Iquique also captured the
the lquique radiosonde measurements, the NCEP 700-hP&oist layer above the inversion from 31 October to 8 Novem-
geopotential height was about 25m higher in October, andoer (Fig. 7a) and the time-height diagram of the meridional
the bias clearly decreased in November. The synoptic evowinds at Iquique (not shown) indicate a clear southerly wind
lution over this region altered the BL depth, the low-level above the inversion around the similar period. The enhanced
wind, and the moisture properties, which will be discussedsoutherly wind from 31 October to 8 November combined
in Sect. 4. with the 700-hPa geopotential height minima on 1 November
and the following increasing (Fig. 5) may be due to synoptic
systems that passed by and modified the flow pattern in this

4 Boundary layer vertical structure region. The time-height diagram of the potential temperature
at Iquique (Fig. 7b) shows that the BL depth varied between
4.1 Thermodynamic profiles 700m and 1400 m over the course of the observation period.

. _ _ To quantify how well mixed the BL was, we calculated
The typical Sc topped BL is well mixed and capped by athe decoupling parametets, and g (Wood and Brether-

strong inversion (Albrecht et al., 1988). Previous studieston, 2004), which measure the relative difference between
have revealed that the inversion height Could be an im-  the surface and the upper part of the BL.

portant indicator of the structure of the BL in terms of de-

www.atmos-chem-phys.net/11/9943/2011/ Atmos. Chem. Phys., 11,9939-2011



9950 X. Zheng et al.: Observations of the boundary layer, cloud, and aerosol variability

15 15 15
2 ) ” 2500
2000
1 1 1 )
§ 1500
05 1 05 05
1000
0 - 0 : 0
0 5 10 280 300 320 0 05 1
q, (9/kg) Theta, (K) LWC (g/m%)
15 15 15 Tiiny P
d f : ‘
g ’ 0116 1021 10126 10531 11/05 11/10
2500
1 1f 1
2000¢
0.5 0.5 1 05 1 1500+ |
1000
0 : : 0 : 0 :
0 5 10 0 200 400 0 500 100(
Wind Speed (m/s) Wind Direction (°) PCASP (#/cc) 500
Fig. 6. Profiles scaled by the PBL height&) total-water mixing
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(f) Nafrom PCASP (#cr3) for all 18 flights. The gray lines indi-

cate all individual flights, and the red solid lines show the compositeFig. 7. Time-height section of (top) mixing ratio (gkd) and

soundings. (bottom) potential temperature (K) from the soundings launched at
Iquique during VOCALS-REX.

61(z;) —61(0)
&0 = m (1) Values ofo, anday from each flight sounding were calcu-
: lated and their respective averages aé8&-0.06 and 014+
_ 0 0.09, which are within the regime of “well-mixed”. The re-
a, = M 2) sults imply that for most of this season the BL over Point
a1(z;") — q1(0) Alpha was well-mixedd, < 0.1 anday < 0.15), except for
29 October, 1-2 November, 4 November and 8 November.
Wherezﬁ/zi‘ is the level 25 m above/below the inversion, On 29 October, 4 November, and 8 November, the BL was
6i1(z) andgt(z) ared, andg: atz, 6,(0) andqt(0) are at the  decoupled and some small cumulus developed below the Sc
surface. layer as indicated by the LWC profiles and the flight reports.
If these values are close to zero, the BL tends to beBecause of the synoptic forcing (1 November and 2 Novem-
completely well-mixed. However, the BL is not always ber, Fig. 6), the air above the inversion was no longer dry.
completely well-mixed due to solar radiation, drizzle, and On 1 November, any of 0.42 reflects that drizzle processes
BL deepening. Previous observations (e.g., Albrecht et al.enhanced the BL decoupling. The BL on 2 November with
1995b) suggest that ik, exceeds a certain value-Q.3), ancy of 0.15 was less decoupled than that on 1 November.
which indicates that the upper part of the BL is clearly
drier than the lower BL, the BL is decoupled. Thus the
Sc layer may breakup and transition to trade wind cumulus
conditions.
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Fig. 8. (a)Vertical velocity variance (fis~2), (b) total water flux ~ 4.3  Turbulence structure

(Wm~2), and(c) liquid water potential temperature flux (WTA)

vs. normalized height calculated from all the flight legs for the On each flight day, several 10-min legs were flown at differ-
18 flights. Red solid symbols (10 flights) are the typical well-mixed ent levels. The turbulence and thermodynamic data gathered
boundary layer, non-drizzling Sc discussed in Zheng et al. (2010)from these legs were processed to calculate the vertical distri-
black solid symbols (8 flights) are the cases with complications in-butions of leg-mean vertical velocity varianeeéw’, the total
volving strong wind shear within the BL, moist layers above the water fluxF,,, and the liquid water potential temperature flux

inversion, strong decoupled BL with cumulus below Sc. Fy, for all o?tt’he flights (Fig. 8) from Egs. (3)—(4):

Fu=Lypw'q{ 3
4.2 Wind profiles gt = Lvpw'qy (3)

The vertical profiles of the horizontal wind are shown in = Cppw'6f @)

Fig. 6d—e. On most of the flight days, the wind speed and 1 )

wind direction were nearly constant within the BL. The wind WneréLv = 2.45x 10P kg™ is the latent heat oflvap<1)r_|za-
speed within the BL ranged between 1 and 7thwith an  tion at 20°C, p is the air densityCp = 1005Jkg~K™" is
average value of-4ms- 1, which is lower than the BL wind 1€ SPecific heat of air. _

speed £7ms1) over the remote ocean during VOCALS- The normalized cloud base_helghts were between 0.6 and
REx (Bretherton et al., 2010; Wang et al., 2011). The wind©0-8 for most of the cases (Fig. 6c). In the lower pgrt of
speed at Point Alpha was also lower than the average BLt"€ BL (/zi < 0.6), w'w’ ranged from 0.05 to 0.30%s 2,

wind speed of 7-8mg off the southern California coast and near the clou_d base or within the _cloud Iay_er the val-
during DYCOMS-II (Stevens et al., 2003). The wind di- YeSVary substantially. For most of the flight, varied be-
rection below the inversion was mostly southerly (250 Wween20and 80 W r? near the surface, and then decreased
25(°), turning to northerly (276-3C°) above the inversion, With heightin thezlower part of the BLFy, ranged between
On 24 October and 4 November, the wind direction shifted —10 @nd 15W m< below the cloud and generally decreased
sharply from southerly to northerly in the upper part of the With height. Thlereforlqut tended to moisten the BL at a
BL. The wind direction on 30 October shifted from southerly &€ of 1.5gkg=day =, and Fj heated the lower BL at a

to easterly in the upper part of the BL. The horizontal legs of "at€ of about 1K day". The southerly low-level wind along
observations within the BL on these three days showed thd"€ coast brought cold and dry air from the south. Based on
same wind patterns, which confirmed that the observed vertith® soundings launched along the coastline during VOCALS-
cal wind shear within the BL was not due to sampling errors. REX (Rahn and Garreaud, 2010a), a rough estimate of the
This type of directional wind shear within the BL is not com- temperatulre ter_wdency dueto ho_nzontal advection was about
mon and is probably linked to coastal processes such as theL K day =, which could approximately balance the warm-

propagation of the upsidence wave (Garreaud andiddy "9 by the vertical sensible heat fluxes. Near the cloud top,
2004; Rahn and Garreaud, 2010b). Fy reached about 20 Wm? in some flights due to cloud

top radiative cooling. Within the cloud layerB,, increased
and then decreased rapidly with height. The values reflect
the considerable flight-to-flight diversity. The observed in-
cloud vertical velocity varianceu(w’) at Point Alpha was
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— served. The thicker entrainment zone reflects an interaction
__200f o I;ng between the BL and the free air aloft that extended over
9 1500 ® MODIS || a very large depth and can be linked to the strong vertical
I wind shear within the BL on 24 October and 4 November as
o ﬁﬁ {11 mentioned before. On 27 October, the flight started around
So‘ﬁ ﬁ o) | . I 15:00 UTC (11:00LT), i.e., later than the usual 12:00 UTC
RTps 1([21 = 10@? .10‘31 i{os ﬂﬂjﬁo ﬁﬁ (08:00LT), which may also be a factor. The inversion lev-
Date els from early morning soundings (07:00UTC, 03:00LT)
_ ) _ _ _ launched at Iquique (Fig. 9), show that the BL structure at
Fig. 10. LWP integrated from aircraft soundings on all flight days. Iquique was more complicated than that at Point Alpha due
The estimated errors in LWP from Eq. (5) are indicated by the errory |and surface and topography effects. The BL at Iquique
bars. Magenta symbols are GOES retrievals averaged for each 1} owed double inversions on 5-6 days during the study, and
tire flight mission over an area within a radius of 20 km of Point h he BL depth ied ianifi v th h P’ .
Alpha. Blue symbols are average Terra MODIS retrievals for at us the epth varied more significantly than that at Point

0.5° region centered on Point Alpha taken at between 14:20 andIPha. On averages; at lquique was about 1029190 m,
15:50 UTC. which was close to the BL depth at Point Alpha.

100 8

5.2 Cloud LWP variation

systematically lower than that over the remote ocean area )

(80° W-85 W, 20° S), which had an estimated mean value The average sounding of LWC from the PVM-100 probe

of about 0.36 As~2 during VOCALS-REXx (Bretherton et was integrated to represent the cloud LWP. The LWP in this
al., 2010). The aircraft measurements of a nocturnal nonStudy was integrated with the average profile of LWC from

drizzling marine Sc off the southern California coast dur- V0 soundings on each day rather than with the 12:00 UTC
ing the first research flight of DYCOMS-II (Stevens et al., (08:00LT) soundllngs. only (Zheng ?t al., 2_010)' Therefore,
2005) also revealed a stronger turbulence structure than thaf€ LWP values in this study are slightly different from the

at Point Alpha. In their observations, the in-clowdy’ was values in Zheng et al. (2010). The LWC observations from
larger than 0.4 ths~2, and the maximum of 0.5s 2 was the 10-min horizontal legs within the cloud layer provide the

near cloud base. The different measurements and Calculas_patial distribution of LWC. We used the standardized dif-

tion methods from their studies and this study, however, may/€"€nces (%) between the averaged LWC from the in-cloud
partly affect the values as well. leg (LWC|eg(z)) and the sounding LWC at the same altitude

LWCprofile(z) to estimate the uncertainty range of the LWP
estimate (Fig. 10):

5 Temporal variation of BL structure |LWCprofile(z)— (LWCieg(2))|

erron%) = 100 5
0 LWCprofiIe(Z) * ®)

5.1 BL depth variation
The uncertainties associated with the cloud water variances
Figure 9 shows the time series of inversion heighnea-  along the in-cloud leg, the sloping profiles flown, etc. are
sured from the aircraft soundings data at Point Alpha. Itnot included in the error formula, which might increase the
increased from about 1000 m at the beginning of the studyuncertainty of the LWP estimate in highly inhomogeneous
period to about 1200 m by the end. On 29 October andcloud layers. The observed cloud LWP ranged from less
4 November, inversions at 1300 m and 1450 m, respectivelythan 20 g mr2 to about 180 g m2. The GOES-derived cloud
were observed. The BLs on those days were decoupled andVPs averaged over an area within a 20km radius of the
small cumuli were observed below the Sc layer. There was an situ aircraft observations locations and the°@aberage
transition zone at the top of the BL, where entrainment pro-Terra LWPs over Point Alpha at15:00UTC (11:00LT)
cesses were critical to the growth of the BL, the evolution are generally close to those from the aircraft. This close
of cloud depth, etc. We call this the entrainment zone, andcorrespondence further indicates that the observed clouds
define it based on the soundings (air temperati;e, WC, were nearly solid and homogeneous on most days during
etc.). The bottom of the entrainment zone is defined as théhe aircraft observations, conditions for which the satellite
level where the soundings clearly started losing the BL fea-retrievals perform best. The Terra LWP is less than the
ture and transiting to the free troposphere, while the top of GOES average values on most days, primarily because the
the entrainment zone is the level where these soundings toFerra measurements mostly occurred at the end of the flights
tally lose the BL features. The entrainment zone (Fig. 9)when the clouds had thinned out. No Terra retrieval was
was less than 50 m thick at the beginning and the end of th@btained on 13 November. According to the GOES re-
study period indicating that the BL inversion is very sharp; trievals for all of the flights, the average LWP at 12:45UTC
however, there were 3 days (24, 27 October and 4 Novem{08:45 LT) was 62.0 g m? compared to 33.9 at 15:30 UTC
ber) when an entrainment zone thicker than 100 m was ob{11:30LT). For all 18 flights, the average in situ LWP was
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the values at Point Alpha measured by the aircraft, and the open 0 10 d)

circles donate the values at Iquique measured by the radiosonde
system.

48.5gnT2. The GOES LWP values were, on an average

flight day, 674184 gnr? greater than the in situ values

and had a squared correlation coeffici®®ft= 0.84. The 270
MODIS average is 8+ 27.4 g2 less than the in situ val-

ues withR2 = 0.59. However, the MODIS average LWP is

only 0.8+8.0 g 2 less than the GOES averages over Point

Alpha at the times of the Terra overpasses for all 17 days.

For those dataR? = 0.98.

The highest cloud LWP values of 1#233 and 158t
41gnT2, occurred on 1 November and 2 November, re-
spectively, on which days a moist layer above the inver-
sion moved to this study region (Fig. 7). The third high-
est LWP (105t 36gnt2) occurred on 29 October, when
the BL was clearly decoupled and its depth reached 1300 m.

On the days with vertical wind shear within the BL (24 Oc- ] ) ) )
tober and 4 November), the BL was decoupled with thin The typical Sc-topped BL has a large inversion strength in
and broken Sc, and the cloud LWPs were19 and 19+ terms of Agr and A6, (Albrecht et al., 1988; Serpetzoglou

6 g2, respectively. The cloud LWPs on the two decou- et al., 2008). Figure 11 sh(_)ws that, decreased to 8K on
pled days (8 November and 13 November) were-B3and 1 Novgmber, when the moist layer was o_bserved a_bove the
284 6 g2, respectively. From Fig. 10, the cloud LWps Inversion. From.A_f Novembend, was relatively consistent
were about 50 g T before 29 October when a synoptic sys- around 15K until it decreased to around 12 K on 13 Novem-
tem affected conditions at Point Alpha. From this point in PN Agt was less than-4.89 kg! on most flight days ex-

time to 2 November the cloud LWP appears to be mainlycept 1-2 November when a moist layer above the inversion
controlled by synoptic disturbances. moved to this location (as shown in Figs. 6—7). The inver-

sion strength at lquique appeared weaker than that at Point
5.3 Inversion and surface conditions Alpha on almost all the days. From 31 October to 13 Novem-

ber the inversion strength at Iquique was clearly weaker than
The inversion strengthng: and Ag;, indicates the extent to  the earlier days of the study period, which is consistent with
which the BL can resist the entrainment of the dry, warm airthe water mixing ratio and the potential temperature pattern

90

180

Fig. 12. (a)SST and BL-averagef], (b) 30-m wind speedc) 30-
m wind direction, andd) surface wind vectors from flight data.

from the free atmosphere aloft. (Fig. 7).
AO =6(zD) —61(z) (6) SST (Fig. 12a) increased steadily from 18%on 16 Oc-

! ' tober to 19.8C on 13 November and the whole BL aver-
Aqt:qt(zf)—qt(zi‘) (7 aged, increased in unison with the SST. We used monthly
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average SST data (1998-2008) from the Tropical Rainfallculation. The extrapolation method was failed on 30 Octo-
Measuring Mission (TRMM) Microwave Imager (TMI) to ber and 8 November because there were not enough flight
check the climatology of SST at Point Alpha. The seasonallegs near the cloud top on these two days. The maximum
cycle of the monthly SST increases from October to March.we is 3.7mms? and the minimumwe is 0.5mms? on
The climatological SST increase was about#0.4°C from 13 November and 4 November, respectively. On the days
October to December at Point Alpha, which is less than thewith a large entrainment zone (24 October, 27 October,
SST increase observed during the observational period. Thé November), the entrainment rates were not significantly
relatively strong SST increase observed at Point Alpha durdarger than the average value. However, the LWC profiles
ing VOCALS-REx might be due to an inter-annual varia- show that drier and thinner cloud layers were observed on
tion of SST over this region related to oceanic circulations.these days. The averagg of 2.0+ 1.4mms ! (Table 2)
In terms of shorter temporal variability, the SST and BL- tends to be lower than that obtained using reanalysis and
averaged), on 24 October were 13 warmer than the two  satellite observations (Wood and Bretherton, 2004). The rel-
days before and IC warmer than the two days after it, prob- atively low we values are consistent with the relatively weak
ably because of some small-scale oceanic variations passinbKE observed at Point Alpha (Fig. 8).
by Point Alpha. Based on the soundings, LWP, and satel- Possible explanations for the relatively law values in
lite images, the cloud cover on 24 October was very thin andhis study could be: (1) the observations during DYCOMS-
broken. Il were during nighttime, when the BL was deepening and
The wind speed and wind direction obtained from the thus the entrainment rate tended to be large (Stevens et al.,
30-m level horizontal flight legs are shown in Fig. 12b—d. 2003). (2)we in Wood and Bretherton (2004)'s study was
Consistent with the back trajectories and synoptic patternslerived from the balance between the divergence aind
discussed above, the surface wind was mainly southerly witharge scale subsidence. The large scale subsiddncat(;
a speed of 4mst on most of the flight days, except on can be loosely defined by divergence and inversion height:
27 October, 2 November, and 13 November, when it wasws(zj) = —Dzj. If we adopt the same calculation as Wood
southeasterly with a speed of roughly 2nts The aver- and Bretherton (2004) with the average divergence from
age surface wind speed from QuikSCAT at Point Alpha wasQuikSCAT during the study period (Fig. 3), the average sub-
41+ 15ms™! and the wind direction was around ¥75 sidence was about 3mmY% which is greater than the aver-
which is consistent with the in situ observations. agewe in this study. Nonetheless, the lower entrainment rate
On each flight day, the aircraft collected one or two 10-min calculated from the near cloud top fluxes compared with the
legs at a height of 30 m. We used the turbulence and thermoBL at the remote ocean west of Point Alpha and the costal BL
dynamic data to estimate the latent heat flux the sensible  in the NE Pacific is consistent with the weaker turbulence in
heat flux Fy, and the buoyancy fluxyy, (Table 2) directly  the BL discussed above.
from Egs. (3)-(4) and Eq. (8):

Fp, = Cppw'6 (8) 6 Aerosol and cloud properties

wherew’q’, W/Q/’ andw'y are the 30-m level k|_nemat|c For each flight, the average cloud droplet concentraign
fluxes of moisture, heat and btigyancy, respectively. Thewas calculated from the in-cloud legs where the cloud LWC
averagefi was 485+ 155Wm, and the ave_r?g% was larger than 0.05gmni and Ng exceeded 15cn?. We
andrpy _over _th study_perlod was.T+2.5Wm™ and averaged the PCASP aerosol concentrativgduring the
9.7£2.7Wm~%, respectively. legs above the inversion level to get the averAgabove the
inversion, and averagell; during the legs below the cloud
base where LWC was less than 0.05gho get the mean
Na in the subcloud layer (Fig. 13). During the study period,
the CCN Spectrometer constantly measured CCN at a super-
saturation of 0.2% (denoted as 0.2% CCN) except on the
first four flights, during which the CCN Spectrometer con-

5.4 Entrainment rates

The total water fluwxw’g{ from the 10-min legs near cloud top
was used to calculate the entrainment ratg {n this study.
If the entrainment zone is thin enougbe can be estimated

as:
stantly measured CCN at a supersaturation of 0.5 % (denoted
w'q{ as 0.5% CCN). To estimate the temporal variation of CCN
We=— ) ; i
Agy at the same supersaturation level, we adjusted the observed

_ 0.5% CCN to 0.2% CCN on the first four flights. On the
We extrapolatew’q; to the inversion according to the ob- first four flights, the CCN Spectrometer also measured 0.2 %
servational study of Gerber et al. (2005). The resulting un-CCN on another channel for several short time intervals. We
certainty of the calculation can be about 50%. The jumpaveraged the concentration difference between 0.2% CCN
Ag: was positive andw’q{ was positive on 1-2 Novem- and 0.5% CCN when both channels were on. Although the
ber; therefore these two days were excluded from our calaerosol properties revealed significant variability from day to
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Fig. 13. Average subcloud aerosol (red solid square), above-clou retrievals for a 0.%region centered on Point Alpha taken at between
aerosol (red cross), sublcloud 0.2 % CCN (open red square), abov [4:20 and 15:50 UTC

cloud 0.2% CCN (black triangle), and cloud droplet (black dot)
number concentrations on all flight days. The average 0.5% CCN

values for the first four flight days are marked as gray symbols.
with high aerosol concentration plume above inversion, the

above-inversion humidity was higher than the other days as

day over the coastal region during VOCALS-REX (Allen et well. The PCASP aerosol concentrations, typically compris-
al., 2011), the same study also showed that the diurnal varilng 80 % of the total aerosol and those indicate the amount
ability of aerosol composition can be neglected. We thenof 2ged aerosols (Pruppacher and Klett, 1997). Although on
assume that the aerosol chemical composition and size dign0St days an above-inversion relative humidity that is much
tribution did not vary significantly within each flight mission lower than thatin the BL may cause the PCASP aerosol con-
which lasted about four hours, and estimated the averaggentration to be poorly resolved due to a smaller dry size
0.2% CCN from the 0.5% values on days when the 0.2 gethere, the above-inversion 0.2 % CCN shows the similar pat-
values were not available continuously. The average 0.5 %€M as the PCASP values (Fig. 13). The low above-inversion
CCN values for the first four days were also indicated in theNa compared with the BLV, implies that during VOCALS-
related figures. The highest in-cloud drizzle rates were obREX, the main aerosol source at Point Alpha was horizontal
served on 1 November and 2 November, when the mean in@dvection within the BL from the south, part of which might
cloud drizzle water contents observed by the CIP probe werd€ €ntrained from above over further downwind days ago,
0.0490gnT3 and 0.0075gm?3, respectively. The cloud rather than be entrained aerosol from above the inversion.
LWP was highest on these two days as well (Fig. 10). On The time series of the subcloud,, 0.2% CCN andVq
these two days, the peak observed in-cloud drizzle volumeshow large variations at Point Alpha during VOCALS-REX.
was 0.99 g m* and 0.22 gm3, respectively. Very little driz-  The lowestN, (250 cnm3) occurred on 1 November, while
zle was observed on the subcloud flight legs flown 100 m bethe highest was close to 700cfon 19 October, which
low the cloud base where small drizzle droplets might evap-was nearly 2.5 times as large as the lowest value. The
orate before reaching this level. The clouds at Point AlphasubcloudN, were closely correlated to the temporal varia-
were non-drizzling or had very little drizzle compared with tion of Ny (Fig. 13) consistent with a strong coupling be-
clouds over the open ocean during VOCALS-REXx (Brether-tween the cloud and the subcloud layers in these nearly well-
ton et al., 2010). mixed conditions. The averagéy ranged between 80 and
400 cn13, with a minimum of 84 cm® on 1 November. The

6.1 Aerosol and cloud droplet number concentrations subcloud 0.2% CCN was almost equal M on most of
the flights. Based on a robust regression analysis, the re-

The averageV, above the inversion ranged between 50ém  lationship betweenvy and 0.2% CCN from 18 flights is
and 250 cm3 and was lower than the averagjg below the ~ Nd = 4.6 x CCN®"L. Therefore, the power of 0.2% CCN
cloud base on all flight days (Fig. 13). The above-inversionin the formula from 18 cases is close to the commonly as-
Na was lower thanNg on most days except 1 November, sumed value of 0.7 (e.g., Feingold et al., 2001). Previous
during which the above-inversioN, was close to the sub- Climatological studies (George and Wood, 2010; Painemal
cloud Na and h|gher thawd. The Vertica|Na prof“es on 18 and Zuidema, 2010) of Satellite—del’ivﬁu indicated that the
flights (Fig. 6f) also indicate diverse concentrations within OctoberNg at Point Alpha was greater than 160ciand
and above the BL. On most flight days, the above-inversiorthe difference between the maximum and the minimiign

Na was lower than 150 cr, except for three soundings €xceeded 150 cnt.

that captured high aerosol concentration plumes (24 Octo- We estimated the averagie near cloud top using the same
ber, 1 November, and 13 November). On those three dayflight legs used to calculate entrainment rate. The average
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200 ; ; . ‘ likely explanation for the large discrepanciesRg during
those days. For drizzling conditions, in which the vertical
structure of LWC can be quite different from the adiabatic
150+ s ] case,Re can increase downward below cloud top because
the larger droplets sediment leaves a greater concentration

' Kisvd of smaller droplets in the upper portion of the cloud. The
%100 ] Re retrieved using a 3.9-um radiance corresponds to an op-
a Oct.29 [ tical depth of 5 or more folRe =12 um and 8 or more for
% e ol Re=8pum, so it actually corresponds to a significant portion
— 4 j_. of the mass in the cloud and may not exactly correspond to
50r  Oct30 +._]_ . T 50 m below cloud top. As shown by Dong et al. (200R),
————— and LWC profiles are often non-adiabatic near the cloud top
%_i_’; in stratus clouds so differences betweRsin the top 50 m

and integrated over some depth in the cloud are not surpris-
ing. Furthermore, the droplets may be smaller at that level in
the cloud because of entrainment of the overlying air.

Fig. 15. LWP as a function of subcloud CCN concentrations for all The R differences between Terra and GOES-10 are

flight days. The horizontal error bars through these symbols indi-mOStIy due to the t'me dlﬁerence.s’ noted earlier, that af-
cate the standard deviation of CCN. The uncertainty of the LWPfeCt the LWP comparisons (e.g., Fig. 10). The mean GOES

denoted as the vertical bars. Red solid symbols are the typicaRe at 12:45UTC (08:45LT) is 9.2um compared to 7.7 pm
well mixed boundary with non-drizzling Sc discussed in Zheng etat 15:30 UTC (11:30LT) near the Terra overpass. Although

al. (2010). The average 0.5% CCN values for the first four flight the GOES results at the Terra overpass time essentially agree
days are indicated as the gray dots, and the corresponded 0.2 With the MODIS retrievals, there may also be some system-
CCN values are marked as the red dots with gray edges. atic algorithmic differences and spatial resolution effects that
could contribute to those differences.
Despite the bias in the GOES retrievaldtyfrelative the in

Re near cloud top varied between 5.5 and 8.5 um yielding asjtu measurements, the good correlatioRirand agreement
mean value of 6.2 um for all 18 flights. The Re values fromin WP indicate that the satellite retrievals are providing a
the PVM-100 probe are estimated to be within about 15 %reglistic representation of the variation in LWP aRg, at
of the actual value in the sample flow. The comparison of|east, for unbroken adiabatic clouds. Since LWP is computed
the in situ Re near cloud top and the GOES-10 and Terra from the product ofRe and optical depth from the satellite
Re (Fig. 14) indicates that the satellite derivRdis system-  data, an overestimate @ would imply an underestimate
atically larger than the in situ observations. Moreover, theof cloud optical depth. Such an underestimate may be due
Terra values are all smaller than those from GOES. If thetg calibration biases or to biases in the retrieval algorithms.
four days having cirrus contamination (see below) are ex-Ejther error source will require additional study.
cluded, the meaRr; values from GOES and MODIS, respec-
tively, are 24+1.6 and 11+ 1.2 um larger than their in situ 6.2 Cloud LWP and subcloud CCN concentrations
counterparts. The corresponding valueskdfare 0.91 and
0.82 for the satellite-in situ matches. The matched GOES<Since all 18 flight cases at Point Alpha were with little- or
derived LWP for these same 14 days exceeds the in situ valnon-drizzling marine Sc, the temporal variations of cloud
ues, on average, by only®&+ 19.9gm 2, a difference of LWP and aerosol concentrations at Point Alpha offered us
only 6%. This indicates that the larger valuesRy¥fon the  an opportunity to study aerosol-cloud interactions in non-
cirrus-contaminated days contributed to theég n2 biasin  drizzling Sc at a fixed location. The cloud LWP as a function
the GOES LWP noted earlier. of subcloud 0.2% CCN concentration for all flight cases is

The bias between the satellite retrievals and aircraft meashown in Fig. 15. The synoptic variations, diurnal cycle of
surements may result since for the non-drizzling Sc cloudthe BL, and the other BL processes have to be taken into ac-
the cloud droplet size increases with height and the aircraftount when the cloud LWP-aerosol relationship is tested, as
measurements were made about 50 m lower than the clouthey can affect the cloud LWP (e.g., Albrecht et al., 1995b;
top. However, the average from the vertical profiles was veryStevens and Feingold, 2009, etc.). Ten of those flights were
close to the cloud-top values. The largest differences ocmade under similar meteorological conditions (Bold marked
curred on 24 and 27 October and on 1, 2, 4, and 8 Novembein Table 1 and highlighted in Fig. 15). The BL on those flight
The GOES retrievals were contaminated by overlying cirrusdays were typically well-mixed, with solid non-drizzling Sc.
clouds on these days except for 1 and 2 November. The cirThe remaining eight flights involved complications as dis-
rus clouds lead to an overestimaterRy. (e.g., Dong et al., cussed in previous sections such as a moist layer above (1-
2002). Drizzle droplets on 1 and 2 November are the mos®2 November, 13 November), strong wind shear within the

foo 200 300 400 500 600
CCN (cm™3)
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BL (24 October, 30 October, 4 November), strong decoupled Throughout the study period, the BL evolved gradually
BL with cumulus below the Sc layer (29 October, 4 Novem- with variations influenced by synoptic systems. From the
ber, 8 November). The four flights marked on Fig. 15 from end of October to the beginning of November, the cloud LWP
29 October to 2 November demonstrated an enhanced cloudias higher than the other days by around 40 iffFig. 10).
LWP compared with the other days. One of the possible ex-This is most likely due to an intense mid-latitude disturbance
planations could be the impact of a synoptic system relatectontrolling the coastal area (Rahn and Garreaud, 2010b; To-
with the moist layer passing over this area. A positive rela-niazzo et al.,, 2011). On 1 November and 2 November, a
tionship between the cloud LWP and aerosol in the typicalmoist layer above the inversion moved over Point Alpha. The
well-mixed BL is observed in Fig. 16. However, this also cloud LWP reached a maximum on these two days. The total-
shows that the meteorological factors and the BL processewater specific humidity above the inversion was larger than
that keep BL from being well-mixed can have large influ- that within the BL. The inversion strength became signifi-
ences on the cloud LWP variation. cantly weaker on these two days and the BL was decoupled
due to drizzle.
The accumulation mode aerosol and 0.2 % CCN measure-
7 Summary ments indicatedvVa within the BL at Point Alpha varied be-
tween 250 and 700 cn? during VOCALS-RExX. The main

The Twin Otter aircraft performed 18 flights at Point Al- aerosol source at Point Alpha was the horizontal advection
pha during VOCALS-REx from 16 October to 13 Novem- within the BL from south of Point Alpha. The averagg
ber 2008. These observations provided a unique dataset famnged between 80 and 400t This range was consistent
defining the characteristics of the near-coastal marine Sc andiith the satellite-derivedvyq. However, the GOES-derived
the BL off the coast of Northern Chile. This study used cloud dropletRe tended to be larger than that observed near
these in situ observations and meteorological reanalysis, raeloud top, although the GOES-derived LWP was essentially
diosonde and satellite-derived data to study the BL, cloudsthe same as that determined from the aircraft vertical pro-
and aerosol variations at Point Alpha. files of LWC. The aerosol and cloud LWP relationship re-

The results show that the BL at Point Alpha during veals that during the typical well-mixed BL days the cloud
VOCALS-REx was usually characterized by a typical Sc- LWP was positively correlated with the 0.2% CCN concen-
topped BL except when some synoptic systems and mesdrations. At the same time, meteorological factors and the de-
scale processes affected this region. The BL depth was abowbupling processes have large influences on the cloud LWP
1140+ 120 m and the BL was well-mixed and capped by variation as well. The aircraft flights lasted no more than
a very sharp inversion. The wind direction switched from five hours on each flight days and the time gap between two
southerly within the BL to northerly above the inversion. The flights was generally longer than 24 h. Thus, it was not pos-
surface wind speed was lower than that over the remote oceasible to capture the continuous evolution of the cloud layer
west of Point Alpha due to the topography. On some flightand the processes affecting the boundary layer structure and
days, wind shear appeared within the BL. The wind profile clouds at the time scales from hours to days, which could
from the soundings are consistent with the average wind fieldalso be critical for the cloud LWP variation (e.g., Albrecht et
from the horizontal flight legs, therefore, the observed verti-al., 1995a; Sandu et al., 2008). Additionally, only 18 flights
cal wind shear within the BL stayed constant throughout thewere completed, which is insufficient for finding a statisti-
flight mission. This phenomenon is rare and possibly duecally significant correlation. The observations available are
to the complex coastal processes. Compared with the Blinadequate to full study the causes of the observed perturba-
depth west of Point Alpha over the remote ocean, the BL attion from the mixed layer state. Further modeling and di-
Point Alpha was about 200—400 m shallower and more well-agnostic studies are required to fully explain the cloud LWP
mixed (Bretherton et al., 2010). The BL depth was aboutvariation and its relationship with the aerosol variations at
300 m higher than that over the coastal region in the NE PaPoint Alpha during VOCALS-REX.
cific (Stevens et al., 2003; Sharon et al., 2006). The surface In summary, the BL at Point Alpha exhibited the typical
wind and the surface fluxes at Point Alpha were weaker tharwell-mixed BL topped by a thin and non-drizzling Sc layer
those over the remote ocean and also weaker than the obseyn days without the dominant influence of the synoptic sys-
vations in the NE Pacific during DYCOMS-II. Turbulence in tem and the coastal processes, which could be an ideal envi-
the near-coastal BL appeared to be weaker than that in theonment to study the aerosol-cloud interaction. The variabil-
BL over the open ocean and the BL over the coastal regiority we observed allowed us to document the complex pro-
in the NE Pacific in terms of vertical velocity variance. The cesses in the near-coastal region on some flight days. This
weaker turbulence in the BL at Point Alpha might contribute dataset will be used for the further study of aerosol-cloud in-
to the lower entrainment rate calculated from the near clouderactions and the evaluation of models operating at a variety
top fluxes compared with the BL at the remote ocean west obf scales to study near-coastal marine stratocumulus during
Point Alpha and the costal BL in the NE Pacific (Bretherton VOCALS-REX.
et al., 2010; Stevens et al., 2003, 2005).
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