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Abstract. Aircraft observations made off the coast of north-
ern Chile in the Southeastern Pacific (20◦ S, 72◦ W; named
Point Alpha) from 16 October to 13 November 2008 dur-
ing the VAMOS Ocean-Cloud- Atmosphere-Land Study-
Regional Experiment (VOCALS-REx), combined with me-
teorological reanalysis, satellite measurements, and ra-
diosonde data, are used to investigate the boundary layer
(BL) and aerosol-cloud-drizzle variations in this region. On
days without predominately synoptic and meso-scale influ-
ences, the BL at Point Alpha was typical of a non-drizzling
stratocumulus-topped BL. Entrainment rates calculated from
the near cloud-top fluxes and turbulence in the BL at Point
Alpha appeared to be weaker than those in the BL over the
open ocean west of Point Alpha and the BL near the coast
of the northeast Pacific. The cloud liquid water path (LWP)
varied between 15 g m−2 and 160 g m−2. The BL had a depth
of 1140± 120 m, was generally well-mixed and capped by
a sharp inversion without predominately synoptic and meso-
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–
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4 November), a moist layer above the inversion moved over
Point Alpha, and the total-water mixing ratio above the in-
version was larger than that within the BL.

The accumulation mode aerosol varied from 250 to
700 cm−3 within the BL, and CCN at 0.2 % supersatura-
tion within the BL ranged between 150 and 550 cm−3. The
main aerosol source at Point Alpha was horizontal advection
within the BL from south. The average cloud droplet num-
ber concentration ranged between 80 and 400 cm−3. While
the mean LWP retrieved from GOES was in good agree-
ment with the in situ measurements, the GOES-derived cloud
droplet effective radius tended to be larger than that from the
aircraft in situ observations near cloud top. The aerosol and
cloud LWP relationship reveals that during the typical well-
mixed BL days the cloud LWP increased with the CCN con-
centrations. On the other hand, meteorological factors and
the decoupling processes have large influences on the cloud
LWP variation as well.

1 Introduction

The marine stratocumulus (Sc) deck overlaying the South-
east (SE) Pacific Ocean is the most persistent in the world
(Bretherton et al., 2004) with a monthly stratus cloud amount
exceeding 40 % throughout the year (Klein and Hartmann,
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1993). There have been few observational studies in the
SE Pacific until the last decade or so, when several re-
search cruises were conducted to study marine Sc and ma-
rine boundary layer (BL) processes in the SE Pacific. The
CIMAR-5 (Garreaud et al., 2001), East Pacific Investiga-
tion of Climate (EPIC) 2001 (Bretherton et al., 2004), Pan-
American Climate Studies (PACS) Stratus 2003 (Kollias et
al., 2004), and Stratus 2004 (Serpetzoglou et al., 2008) re-
search cruises explored the BL over the subtropical SE Pa-
cific more than 1000 km offshore. CIMAR-5 provided a tran-
sect of the SE Pacific boundary layer at 27◦ S between the
Chilean coast (71◦ W) and Easter Island (110◦ W) during late
October 1999. It revealed the east-west increase in the BL
depth from less than 1000 m near the coast to over 2000 m
at the far end of the transect. The other research cruises in-
cluded 5–6 days of observations at the Stratus Ocean Ref-
erence Station (Stratus ORS, 20◦ S, 85◦ W) (Cronin et al.,
2002; Bretherton et al., 2004; Ghate et al., 2009). The EPIC
2001 observations were made in October – the month with
the maximum climatological stratus cloud amount (Klein and
Hartmann, 1993; Ghate et al., 2009). During this cruise the
BL at the Stratus ORS was usually well-mixed and covered
by a solid Sc layer with a thickness of less than 500 m. The
clouds were close to adiabatic (Bretherton et al., 2004). The
most variable cloud conditions were observed in November
during PACS Stratus 2003 (Kollias et al., 2004) when solid
Sc, broken cloud, clear sky, and drizzle were observed. The
BL depth was about 1200 m and the mean cloud base was
around 1000 m. In December during the PACS Stratus 2004
study, the BL depth reached about 1400 m and the decoupled
BL structure dominated (Serpetzoglou et al., 2008). These
observations revealed the complex structures and the vari-
ability in the BL and the cloud layers. Most of the previous
field experiments in the SE Pacific focused on the open ocean
area, but the near-coastal marine Sc in the SE Pacific has been
largely unexplored.

The annual mean of the satellite-derived cloud droplet
number concentration (Nd) over the SE Pacific ocean during
2000–2008 shows a narrow band of highNd along the coast
between 17◦ S and 30◦ S, in contrast to the broad Sc area
with low Nd over the open ocean (George and Wood, 2010).
The strong gradient ofNd over this region, due to influences
of both clean marine air masses and anthropogenic aerosol
releases along the Chilean and Peruvian coasts, shows both
temporal and spatial variations and provides a unique area
to study aerosol-cloud interactions. Wood and Bretherton
(2004) estimated BL depth, entrainment rate and decoupling
over this region using NCEP reanalysis data and satellite
observations. They found that the BL depths over this re-
gion are generally 100–200 m deeper than those off the coast
of California, and the BLs tend to be less decoupled than
those over the coastal regions of the Northeast (NE) Pacific.
However, it is difficult to establish the generality of previous
studies based on remote sensing observations and reanalysis
products due to the absence of in situ observations. Further,

previous studies have shown that the coastal BL around 20◦ S
has several features different from the coastal BL north or
south of this region (Zuidema et al., 2009; Rahn and Gar-
reaud, 2010a). Satellite retrievals show that the monthly
mean cloud-top height in the coastal region around 20◦ S
could be about 300 m higher than the surrounding region
(Zuidema et al., 2009). Simulation of the observed elevated
inversion height in this coastal region is a major challenge
for the regional atmospheric numerical modeling community
(e.g., Rahn and Garreaud, 2010a, b; Wyant et al., 2010). It
has been speculated that since current models can not suffi-
ciently represent the blocking effect of the steep Andes on the
flows, simulations tend to produce unrealistically large diver-
gence in the coastal region, which suppresses the BL depth
and thins the cloud layer (Rahn and Garreaud, 2010a; Jiang
et al., 2010; Wang et al., 2011). In situ observations could
help the modeling community improve simulations in the
coastal region by offering a variety of measurements within
and above the BL.

The VAMOS (Variability of the American Mon-
soons) Ocean-Cloud-Atmosphere-Land Study-Regional Ex-
periment (VOCALS-REx), which took place in the area ex-
tending from the near-coastal region of northern Chile and
southern Peru to the remote ocean in the SE Pacific from
October to November 2008, aimed at (1) further understand-
ing aerosol-cloud-drizzle interactions in the BL; and (2) im-
proving model simulations and predictions of the SE Pa-
cific coupled ocean-atmosphere-land system on a variety of
scales (Wood et al., 2011). For the atmospheric observa-
tional component, VOCALS gathered an intensive dataset
along 20◦ S from 70◦ W to 85◦ W to study the BL structure,
lower free troposphere, cloud properties, and precipitation.
The multi-platform observations during VOCALS revealed
that the Sc-topped BL depth deepens from∼1000 m near
shore to∼1600 m at a distance of about 1500 km offshore
(Bretherton et al., 2010). The observed BL in the coastal re-
gion is well-mixed with little or no drizzle in the Sc layer. As
one component of the five aircraft and two research vessels
in the VOCALS experiment, the Center for Interdisciplinary
Remotely-Piloted Aircraft Studies (CIRPAS) Twin Otter air-
craft focused on making observations off the coast of North-
ern Chile. Comprehensive in situ observations of aerosol,
turbulence, cloud properties, and drizzle were also collected.
These offered a unique opportunity to acquire first-hand ev-
idence of cloud-aerosol-turbulence interactions in the near-
coastal marine Sc over the SE Pacific ocean.

In this study, we combine the in situ aircraft data col-
lected by CIRPAS Twin Otter with meteorological reanal-
ysis, satellite-derived cloud properties, and radiosonde data
to explore the BL structure and physical properties of clouds
and aerosol over the coastal region in the SE Pacific. The
goal is to characterize variations of the near-coastal BL,
clouds, and aerosols in the SE Pacific. Section 2 describes
the aircraft data and the other data supplements. The gen-
eral synoptic conditions during VOCALS-REx are reviewed
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Table 1. Flight list.

Flight RF01 RF02 RF03 RF04 RF05 RF06 RF07 RF08 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,

wind shear in
BL, cirrus

Typical Typical Decoupled

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 11:00–16:00 11:00–15:50
Descriptor Wind shear in

BL
Moisture above,
drizzling

Moisture above,
drizzling

Decoupled,
wind shear in
BL, cirrus

Double cloud
layer, cirrus

Typical Typical Typical Typical

* Local time: UTC− 4

in Sect. 3. In Sect. 4 we investigate the BL vertical structure.
The temporal variation of BL structure is provided in Sect. 5
followed by the variations of cloud and aerosol properties in
Sect. 6. Section 7 summarizes the general features of the
BL, cloud, and aerosol over the near-coastal region in the SE
Pacific.

2 Data and methods

2.1 Aircraft data

The CIRPAS Twin Otter aircraft completed 19 flights in the
vicinity of Point Alpha (20◦ S, 72◦ W) off the coast of North-
ern Chile from 16 October to 13 November 2008. Because
cloud and aerosol probe data failed on one of those flights
(5 November), we only include observations from the other
18 flights in this paper. Each flight had a duration of 4.5
to 5.5 h and included at least two soundings and several 10-
min horizontal legs near the ocean surface, below the cloud,
near the cloud base, within the cloud, near the cloud top,
and above the inversion. Fifteen of the flights started around
11:00 UTC (07:00 Local Time, LT), with the first sounding
made around 12:00 UTC (08:00 LT), while the other three
flights took off about 3 h later (see Table 1 for a list of the
flights).

The data from the onboard instruments were processed and
quality-controlled to provide standard meteorological turbu-
lence, aerosol, cloud, and precipitation observations. The
measured and derived variables obtained at a frequency of
10 Hz used in this study include wind speed, wind direction,
vertical velocity, air temperature, air density, pressure, mix-
ing ratio, IR sea surface temperature (SST), and cloud liquid
water content (LWC) from the PVM-100 probe (Gerber et al.,
1994). The cloud and aerosol data obtained at 1 Hz include
accumulation mode aerosol (size range: 0.1–2 µm) concen-
tration (Na) from the Passive Cavity Aerosol Spectrometer
Probe (PCASP),Nd from the measurements by the Cloud,
Aerosol and Precipitation probe (CAS), cloud condensation
nuclei (CCN) from the CCN Spectrometer, effective radius
of cloud droplets (Re) from the PVM-100 probe, and drizzle

water content from the Cloud Imaging Probe (CIP). Uncer-
tainties for aerosols and cloud droplet concentrations mea-
sured by these probes are estimated to be within 15 % in the
sample flow. Descriptions of the instruments used on the
Twin Otter for these measurements are described in Zheng
et al. (2010) and Wood et al. (2011). Because the total water
mixing ratio (qt) and the liquid water potential temperature
(θl) are conserved during adiabatic processes, we calculated
these two variables from the mixing ratio, LWC, temperature
and pressure to estimate the BL structure in the next sections.

2.2 Reanalysis data, satellite measurements, and ra-
diosonde data

Previous studies suggest that large-scale dynamic forcing im-
pacts the Sc properties on both the inter-seasonal and synop-
tic time-scales (Klein and Hartmann, 1993; Rozendaal and
Rossow, 2003). The large-scale datasets, including mete-
orological reanalyses and satellite observations, along with
soundings launched in the nearby region, provide a compre-
hensive data supply for exploring the large-scale background
of the BL at Point Alpha.

We adopt the reanalysis of meteorological observations
from the National Centers for Environmental Prediction
(NCEP) /NCAR Reanalysis Project (NNRP, Kistler et al.,
2001) to study the sea level pressure and the 700-hPa geopo-
tential height over the large region (50◦ W–95◦ W, 0◦–45◦ S).
The resolution of the NCEP NNRP data is 2.5◦

×2.5◦
×17

pressure levels and this data product is available at 6 h inter-
vals. The resolution of this product is suitable for evaluat-
ing the large-scale patterns of sea level pressure and 700-hPa
geopotential height. The same analyses with the ECMWF
Interim reanalysis indicate that the results are insensitive to
the different reanalysis products.

Radiances from the Tenth Geostationary Operational En-
vironmental Satellite (GOES-10) were used to retrieve cloud
properties at 4-km resolution with the methods of Minnis
et al. (2011b) for the area (75.75◦ W–70.75◦ W 23.75◦ S–
16.25◦ S) in the vicinity of Point Alpha during VOCALS-
REx. Wood et al. (2011) provide further description and
examples of the GOES VOCALS-Rex retrievals. Cloud
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Fig. 1. (a)Composite Sea Level Pressure (16 October–13 Novem-
ber 2008). The contours are every 2 hPa. The Andes region is
shaded to avoid the artificially high sea level pressure region due
to the high altitude;(b) Composite 700-hPa geopotential height.
The contours are every 20 m. The black diamond marks Point Al-
pha, and the black dot indicates the location of Iquique. The coastal
outline is shown as a black solid line.

properties were also retrieved from 1-km Terra MODerate-
resolution Imaging Spectroradiometer (MODIS) data using
the same algorithms applied to the GOES-10 data (Min-
nis et al., 2011a). In addition, the Quick Scatterometer
(QuikSCAT) L3 data provides 0.25◦

×0.25◦ resolution sur-
face wind twice per day. The QuikSCAT surface wind field
is used to estimate the average surface divergence at Point
Alpha.

During VOCALS-REx an NCAR/EOL GPS Advanced
Upper-Air Sounding (GAUS) system located in Iquique,
Chile (70.1◦ W, 20.3◦ S) launched Vaisala RS92 radioson-
des 6 times per day. This radiosonde delivers high qual-
ity wind measurements, pressure, temperature, and humidity
measurements. We adopt the radiosonde data as a supple-
ment to describe the BL structure on the coast and compare

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 g m−2 during 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 temperature (θ) and water va-
por mixing ratio (q) 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◦

×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.

3 General synoptic conditions and variations

3.1 Synoptic patterns from NCEP reanalysis

A rough picture of the large-scale meteorological condi-
tions over the study period is given by the composite fields
of sea level pressure and 700-hPa geopotential height from
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-
level trough that extended from the equator along the coast
to 25◦ S east of the northeast part of the subtropical high.
The low-level trough, the subtropical high system, and the
topography along the coast interact to produce conditions
and processes unique to the near-coastal area (Garreaud and
Muñoz, 2004, 2005). The mean 700-hPa geopotential height
(Fig. 1b) shows that a mid-latitude trough reached 20◦ S be-
tween the subtropical high and Point Alpha. This indicates
that the study region was influenced by the subtropical high
system, and the mid-latitude trough.

Since this study occurred during the local austral spring
season, the daily sea level pressure fields (not shown here)
show that, the SE Pacific high system was strongest dur-
ing the first several days (16 October–18 October), with
the 1020-hPa isobar extending over the ocean area south
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Fig. 2. The average fields of(a) 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.

of 20◦ S. As the study progressed, the SE Pacific high sys-
tem weakened and varied due to the mid-latitude wave ac-
tivity. At the end of the study period, the 1020-hPa iso-
bar moved to the open ocean area south of 25◦ S and west
of 80◦ W. The day-to-day 700-hPa geopotential height (not
shown here) exhibited patterns with troughs developing from
the mid-latitudes extending to north of 25◦ S (29 October–
2 November, 13 November). Meanwhile the subtropical high
was strong and occupied the region west of 80◦ W. Therefore,
the longitudinal component of the general flow over this re-
gion increased during these troughing periods.

3.2 Composite cloud properties from satellite
observations

As noted in Sect. 2.1, every flight mission time was about
4.5–5.5 h (see Table 1). During the flight missions, the
GOES-derived cloud properties were available every 30 min.
To estimate the mean conditions of the large-scale cloud
background, we averaged the GOES-derived low cloud
amount (%), liquid water path (LWP; g m−2), andRe to a
horizontal resolution of 0.5◦

× 0.5◦ when the aircraft was
flying.

During the flight observing times, the mean low cloud
amount (Fig. 2a) around Point Alpha was around 70 %,
which was about 10 % lower than that over the open ocean
west of 73◦ W. The coastal region had less than 60 % cloud
amount except for a long narrow band extending from (17◦ S,
74◦ W) to (19◦ S, 71.5◦ W) with cloud amounts>80 %. A
climatological study using 18 years of satellite measure-
ments (O’Dell et al., 2008) shows that the cloud LWP over
the coastal region exhibits a doubly peaked diurnal cycle
in October, with peaks at 11:00 and 23:00 UTC (07:00 and
19:00 LT), the former of which is around the flight observ-
ing time. Therefore, the long narrow band with high cloud
amounts and LWP mentioned above could be a part of the

Fig. 3. The average surface wind (vectors) and divergence (color
shading, increment = 2×10−6 s−1) from QuikSCAT (16 October–
13 November 2008). Point Alpha is marked as the blue square box.

diurnal cycle and be linked to a wave of positive vertical ve-
locity driven by the topography of the Andes moving from
the coast of Peru in the late afternoon (Garreaud and Muñoz,
2004).

The GOES-10 average cloud LWP over Point Alpha dur-
ing the observing time periods was about 27 g m−2, and it
increased westward to the value of about 43 g m−2 around
75◦ W, 20◦ S (Fig. 2b). Re over Point Alpha averaged less
than 8.5 µm (Fig. 2c), whileRe offshore was greater than
9.5 µm. The satellite retrievals during the observation time
indicate that clouds over the study region were generally thin,
bright and slightly broken compared with those in the adjoin-
ing areas possibly due to both meteorological and aerosol
forcing.
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Fig. 4. (a) Two-dimensional isobaric back trajectories starting at
500 m from Point Alpha (Plus sign) for the 18 cases (color bar) with
the 24-h point (Blue Circle), and the 48-h point (Square);(b) three-
dimensional back trajectories starting at 2000 m from Point Alpha.

Because QuikSCAT winds over this study area were avail-
able two passes per day and the available time was ran-
dom, it is impossible to estimate the surface divergence
field during the aircraft mission time. Therefore, we aver-
aged all 58 QuikSCAT surface wind passes over this study
area from 16 October to 13 November 2008 to estimate
the climatological features of the surface wind and diver-
gence fields during VOCALSREx. The average surface di-
vergence (16 October–13 November) field from QuikSCAT
winds (Fig. 3) reflects the complexity of this field in the near-
coastal regions and the sensitivity of the divergence calcula-
tions to the retrieved wind field, which is smoothed by time
averaging. The entire indicated area was mainly controlled

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 3×10−6 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 ECMWF Interim reanalysis with a horizontal res-
olution of 0.7◦

×0.7◦ is 1×10−6 s−1.

3.3 Back trajectories

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
7 flights; over the continent during 1 flight; over the ocean
west of 77◦ W during 5 flights; and over the ocean and south
of Point Alpha during only 1 flight. The flight observations
(as shown in the next section) and the numerical simulations
(Garreaud and Mũnoz, 2005; Wang et al., 2011) indicate
that the horizontal winds switch directions between the BL
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
air masses moved in a direction opposite to those of the air
masses within the BL.

3.4 Synoptic variations

Time evolution of sea level pressure and 700-hPa geopoten-
tial height around Point Alpha and Iquique indicate that the
synoptic pattern over the near-coastal region did not vary as
much as over the open ocean south of 25◦ S (Fig. 5). The
NCEP sea level pressure at Point Alpha fluctuated between
1013 and 1018 hPa. The sea level pressure was also esti-
mated from the aircraft 30-m level observations of pressure
and virtual temperature on each day; these estimates tended
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Fig. 5. Synthesis of sea level pressure and 700hPa geopotential
height(a) at Point Alpha, and(b) at Iquique from NCEP reanaly-
sis (12:00 UTC, open symbols) and radiosonde data (∼12:00 UTC,
solid symbols).

to be about 3 hPa higher than the NCEP values. Both showed
the sea level pressure at Point Alpha gradually decreasing
by about 5hPa by the end of the study period; however, the
magnitude of the pressure change is not significant enough
to be considered a seasonal signal because of the uncertainty
of data and the potential synoptic variations. The NCEP 700-
hPa geopotential height at Point Alpha revealed a relatively
constant patternern and varied from 3130 to 3180 m during
the study period. Three 700-hPa geopotential height min-
ima occurred on 22 October, 1 November, and 13 Novem-
ber. Meanwhile, the NCEP 700-hPa geopotential height at
Iquique showed the same minima on the same days, which
might be linked to midlevel troughs. Comparing these re-
sults with the 700-hPa geopotential height calculated from
the Iquique radiosonde measurements, the NCEP 700-hPa
geopotential height was about 25 m higher in October, and
the bias clearly decreased in November. The synoptic evo-
lution over this region altered the BL depth, the low-level
wind, and the moisture properties, which will be discussed
in Sect. 4.

4 Boundary layer vertical structure

4.1 Thermodynamic profiles

The typical Sc topped BL is well mixed and capped by a
strong inversion (Albrecht et al., 1988). Previous studies
have revealed that the inversion height (zi) could be an im-
portant indicator of the structure of the BL in terms of de-

Table 2. Mean values of boundary layer from VOCALS Twin Otter.

Project VOCALS Twin Otter

Location 20◦ S 72◦ W
Time 16 Oct–13 Nov
Sc Regime SE Pacific coastal region
zi (m) 1140±120
θ̄l (K) 289.5±1.2
1θl (K) 11.8±1.9
qt (g kg−1) 7.2±0.5
1qt (g kg−1) −5.2±2.2
αθ 0.14±0.09
αq 0.08±0.06
ωe (mm s−1) 2.0±1.4
FL (W m−2) 48.5±15.5
Fθ (W m−2) 7.1±2.5
Fθv (W m−2) 9.7±2.7
SST (◦C) 18±1.0

coupling, cloud cover, etc. (Albrecht et al., 1995b). How-
ever, excluding the variation ofzi could help better estimate
the composite thermodynamic and dynamic structures within
the BL. In this study,zi is quantified as the height at which
the vertical gradient ofθl is the largest. Figure 6 shows the
profiles ofθl , qt, and LWC using a height scale normalized
by zi . In general, the profiles ofθl andqt show a well-mixed
BL capped by a sharp inversion during most of the flights.
Within the BL θl was about 289 K and the change across
the inversion (denoted by1θl) ranged from 10 to 17 K. The
averageqt within the boundary layer was about 7.6 g kg−1

and the change across the inversion (denoted by1qt) varied
from +2 to −8 g kg−1 (Table 2). During most of the flights
qt decreased sharply above the inversion. However, during
two of the flights (1–2 November),1θl was relatively small,
and qt increased above the inversion due to a moist layer
above the inversion related to the synoptic system discussed
above. The soundings launched at Iquique also captured the
moist layer above the inversion from 31 October to 8 Novem-
ber (Fig. 7a) and the time-height diagram of the meridional
winds at Iquique (not shown) indicate a clear southerly wind
above the inversion around the similar period. The enhanced
southerly wind from 31 October to 8 November combined
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
region. The time-height diagram of the potential temperature
at Iquique (Fig. 7b) shows that the BL depth varied between
700 m and 1400 m over the course of the observation period.

To quantify how well mixed the BL was, we calculated
the decoupling parametersαq and αθ (Wood and Brether-
ton, 2004), which measure the relative difference between
the surface and the upper part of the BL.
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Fig. 6. Profiles scaled by the PBL heights.(a) total-water mixing
ratio (g kg−1); (b) liquid water potential temperature (K);(c) LWC
(g m−3); (d) wind speed (m s−1); (e) wind direction (degree), and
(f) Na from PCASP (# cm−3) for all 18 flights. The gray lines indi-
cate all individual flights, and the red solid lines show the composite
soundings.

αθ =
θl(z

−

i )−θl(0)

θl(z
+

i )−θl(0)
(1)

αq =
qt(z

−

i )−qt(0)

qt(z
+

i )−qt(0)
(2)

Wherez+

i /z−

i is the level 25 m above/below the inversion,
θl(z) andqt(z) areθl andqt at z, θl(0) andqt(0) are at the
surface.

If these values are close to zero, the BL tends to be
completely well-mixed. However, the BL is not always
completely well-mixed due to solar radiation, drizzle, and
BL deepening. Previous observations (e.g., Albrecht et al.,
1995b) suggest that ifαq exceeds a certain value (∼0.3),
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.

Fig. 7. Time-height section of (top) mixing ratio (g kg−1) and
(bottom) potential temperature (K) from the soundings launched at
Iquique during VOCALS-REx.

Values ofαq andαθ from each flight sounding were calcu-
lated and their respective averages are 0.08±0.06 and 0.14±

0.09, which are within the regime of “well-mixed”. The re-
sults imply that for most of this season the BL over Point
Alpha was well-mixed (αq < 0.1 andαθ < 0.15), except for
29 October, 1–2 November, 4 November and 8 November.
On 29 October, 4 November, and 8 November, the BL was
decoupled and some small cumulus developed below the Sc
layer as indicated by the LWC profiles and the flight reports.
Because of the synoptic forcing (1 November and 2 Novem-
ber, Fig. 6), the air above the inversion was no longer dry.
On 1 November, anαθ of 0.42 reflects that drizzle processes
enhanced the BL decoupling. The BL on 2 November with
anαθ of 0.15 was less decoupled than that on 1 November.
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Fig. 8. (a)Vertical velocity variance (m2 s−2), (b) total water flux
(W m−2), and(c) liquid water potential temperature flux (W m−2)

vs. normalized height calculated from all the flight legs for the
18 flights. Red solid symbols (10 flights) are the typical well-mixed
boundary layer, non-drizzling Sc discussed in Zheng et al. (2010),
black solid symbols (8 flights) are the cases with complications in-
volving strong wind shear within the BL, moist layers above the
inversion, strong decoupled BL with cumulus below Sc.

4.2 Wind profiles

The vertical profiles of the horizontal wind are shown in
Fig. 6d–e. On most of the flight days, the wind speed and
wind direction were nearly constant within the BL. The wind
speed within the BL ranged between 1 and 7 m s−1 with an
average value of∼4 m s−1, which is lower than the BL wind
speed (>7 m s−1) over the remote ocean during VOCALS-
REx (Bretherton et al., 2010; Wang et al., 2011). The wind
speed at Point Alpha was also lower than the average BL
wind speed of 7–8 m s−1 off the southern California coast
during DYCOMS-II (Stevens et al., 2003). The wind di-
rection below the inversion was mostly southerly (150◦–
250◦), turning to northerly (270◦–30◦) above the inversion.
On 24 October and 4 November, the wind direction shifted
sharply from southerly to northerly in the upper part of the
BL. The wind direction on 30 October shifted from southerly
to easterly in the upper part of the BL. The horizontal legs of
observations within the BL on these three days showed the
same wind patterns, which confirmed that the observed verti-
cal wind shear within the BL was not due to sampling errors.
This type of directional wind shear within the BL is not com-
mon and is probably linked to coastal processes such as the
propagation of the upsidence wave (Garreaud and Muñoz,
2004; Rahn and Garreaud, 2010b).

Fig. 9. Synthesis of the inversion level at Point Alpha from flight
data, and at Iquique from radiosonde data. The open squares indi-
cate the early morning soundings (∼07:00 UTC), and the black bar
shows the inversion zone for each case.

4.3 Turbulence structure

On each flight day, several 10-min legs were flown at differ-
ent levels. The turbulence and thermodynamic data gathered
from these legs were processed to calculate the vertical distri-
butions of leg-mean vertical velocity variancew′w′, the total
water fluxFqt , and the liquid water potential temperature flux
Fθl for all of the flights (Fig. 8) from Eqs. (3)–(4):

Fqt = Lvρ̄w′q ′
t (3)

Fθl = Cpρ̄w′θ ′

l (4)

whereLv = 2.45×106 J kg−1 is the latent heat of vaporiza-
tion at 20◦C, ρ̄ is the air density,Cp = 1005 J kg−1 K−1 is
the specific heat of air.

The normalized cloud base heights were between 0.6 and
0.8 for most of the cases (Fig. 6c). In the lower part of
the BL (z/zi < 0.6), w′w′ ranged from 0.05 to 0.30 m2 s−2,
and near the cloud base or within the cloud layer the val-
ues vary substantially. For most of the flights,Fqt varied be-
tween 20 and 80 W m−2 near the surface, and then decreased
with height in the lower part of the BL.Fθl ranged between
−10 and 15 W m−2 below the cloud and generally decreased
with height. Therefore,Fqt tended to moisten the BL at a
rate of 1.5 g kg−1 day−1, andFθl heated the lower BL at a
rate of about 1 K day−1. The southerly low-level wind along
the coast brought cold and dry air from the south. Based on
the soundings launched along the coastline during VOCALS-
REx (Rahn and Garreaud, 2010a), a rough estimate of the
temperature tendency due to horizontal advection was about
−1 K day−1, which could approximately balance the warm-
ing by the vertical sensible heat fluxes. Near the cloud top,
Fθl reached about 20 W m−2 in some flights due to cloud
top radiative cooling. Within the cloud layers,Fqt increased
and then decreased rapidly with height. The values reflect
the considerable flight-to-flight diversity. The observed in-
cloud vertical velocity variance (w′w′) at Point Alpha was
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Fig. 10. LWP integrated from aircraft soundings on all flight days.
The estimated errors in LWP from Eq. (5) are indicated by the error
bars. Magenta symbols are GOES retrievals averaged for each en-
tire flight mission over an area within a radius of 20 km of Point
Alpha. Blue symbols are average Terra MODIS retrievals for a
0.5◦ region centered on Point Alpha taken at between 14:20 and
15:50 UTC.

systematically lower than that over the remote ocean area
(80◦ W–85◦ W, 20◦ S), which had an estimated mean value
of about 0.36 m2 s−2 during VOCALS-REx (Bretherton et
al., 2010). The aircraft measurements of a nocturnal non-
drizzling marine Sc off the southern California coast dur-
ing the first research flight of DYCOMS-II (Stevens et al.,
2005) also revealed a stronger turbulence structure than that
at Point Alpha. In their observations, the in-cloudw′w′ was
larger than 0.4 m2 s−2, and the maximum of 0.5 m2 s−2 was
near cloud base. The different measurements and calcula-
tion methods from their studies and this study, however, may
partly affect the values as well.

5 Temporal variation of BL structure

5.1 BL depth variation

Figure 9 shows the time series of inversion heightzi mea-
sured from the aircraft soundings data at Point Alpha. It
increased from about 1000 m at the beginning of the study
period to about 1200 m by the end. On 29 October and
4 November, inversions at 1300 m and 1450 m, respectively,
were observed. The BLs on those days were decoupled and
small cumuli were observed below the Sc layer. There was a
transition zone at the top of the BL, where entrainment pro-
cesses were critical to the growth of the BL, the evolution
of cloud depth, etc. We call this the entrainment zone, and
define it based on the soundings (air temperature,qt, LWC,
etc.). The bottom of the entrainment zone is defined as the
level where the soundings clearly started losing the BL fea-
ture and transiting to the free troposphere, while the top of
the entrainment zone is the level where these soundings to-
tally lose the BL features. The entrainment zone (Fig. 9)
was less than 50 m thick at the beginning and the end of the
study period indicating that the BL inversion is very sharp;
however, there were 3 days (24, 27 October and 4 Novem-
ber) when an entrainment zone thicker than 100 m was ob-

served. The thicker entrainment zone reflects an interaction
between the BL and the free air aloft that extended over
a very large depth and can be linked to the strong vertical
wind shear within the BL on 24 October and 4 November as
mentioned before. On 27 October, the flight started around
15:00 UTC (11:00 LT), i.e., later than the usual 12:00 UTC
(08:00 LT), which may also be a factor. The inversion lev-
els from early morning soundings (07:00 UTC, 03:00 LT)
launched at Iquique (Fig. 9), show that the BL structure at
Iquique was more complicated than that at Point Alpha due
to land surface and topography effects. The BL at Iquique
showed double inversions on 5–6 days during the study, and
thus the BL depth varied more significantly than that at Point
Alpha. On average,zi at Iquique was about 1070±190 m,
which was close to the BL depth at Point Alpha.

5.2 Cloud LWP variation

The average sounding of LWC from the PVM-100 probe
was integrated to represent the cloud LWP. The LWP in this
study was integrated with the average profile of LWC from
two soundings on each day rather than with the 12:00 UTC
(08:00 LT) soundings only (Zheng et al., 2010). Therefore,
the LWP values in this study are slightly different from the
values in Zheng et al. (2010). The LWC observations from
the 10-min horizontal legs within the cloud layer provide the
spatial distribution of LWC. We used the standardized dif-
ferences (%) between the averaged LWC from the in-cloud
leg

〈
LWCleg(z)

〉
and the sounding LWC at the same altitude

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

error(%) =

∣∣LWCprofile(z)−
〈
LWCleg(z)

〉∣∣
LWCprofile(z)

×100 (5)

The uncertainties associated with the cloud water variances
along the in-cloud leg, the sloping profiles flown, etc. are
not included in the error formula, which might increase the
uncertainty of the LWP estimate in highly inhomogeneous
cloud layers. The observed cloud LWP ranged from less
than 20 g m−2 to about 180 g m−2. The GOES-derived cloud
LWPs averaged over an area within a 20 km radius of the
in situ aircraft observations locations and the 0.5◦-average
Terra LWPs over Point Alpha at∼15:00 UTC (11:00 LT)
are generally close to those from the aircraft. This close
correspondence further indicates that the observed clouds
were nearly solid and homogeneous on most days during
the aircraft observations, conditions for which the satellite
retrievals perform best. The Terra LWP is less than the
GOES average values on most days, primarily because the
Terra measurements mostly occurred at the end of the flights
when the clouds had thinned out. No Terra retrieval was
obtained on 13 November. According to the GOES re-
trievals for all of the flights, the average LWP at 12:45 UTC
(08:45 LT) was 62.0 g m−2 compared to 33.9 at 15:30 UTC
(11:30 LT). For all 18 flights, the average in situ LWP was
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Fig. 11. (a)1θ (K); (b) 1qt (g kg−1). The solid squares represent
the values at Point Alpha measured by the aircraft, and the open
circles donate the values at Iquique measured by the radiosonde
system.

48.5 g m−2. The GOES LWP values were, on an average
flight day, 6.7± 18.4 g m−2 greater than the in situ values
and had a squared correlation coefficientR2

= 0.84. The
MODIS average is 6.3±27.4 g m−2 less than the in situ val-
ues withR2

= 0.59. However, the MODIS average LWP is
only 0.8+8.0 g m−2 less than the GOES averages over Point
Alpha at the times of the Terra overpasses for all 17 days.
For those data,R2

= 0.98.
The highest cloud LWP values of 112± 33 and 158±

41 g m−2, 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 (105± 36 g m−2) 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
and broken Sc, and the cloud LWPs were 10±4 and 19±
6 g m−2, respectively. The cloud LWPs on the two decou-
pled days (8 November and 13 November) were 13±8 and
28±6 g m−2, respectively. From Fig. 10, the cloud LWPs
were about 50 g m−2 before 29 October when a synoptic sys-
tem affected conditions at Point Alpha. From this point in
time to 2 November the cloud LWP appears to be mainly
controlled by synoptic disturbances.

5.3 Inversion and surface conditions

The inversion strength,1qt and1θl , indicates the extent to
which the BL can resist the entrainment of the dry, warm air
from the free atmosphere aloft.

1θl = θl(z
+

i )−θl(z
−

i ) (6)

1qt = qt(z
+

i )−qt(z
−

i ) (7)

Fig. 12. (a)SST and BL-averagedθl , (b) 30-m wind speed,(c) 30-
m wind direction, and(d) surface wind vectors from flight data.

The typical Sc-topped BL has a large inversion strength in
terms of1qt and1θl (Albrecht et al., 1988; Serpetzoglou
et al., 2008). Figure 11 shows that1θl decreased to 8 K on
1 November, when the moist layer was observed above the
inversion. From 4 November,1θl was relatively consistent
around 15 K until it decreased to around 12 K on 13 Novem-
ber, 1qt was less than−4.8 g kg−1 on most flight days ex-
cept 1–2 November when a moist layer above the inversion
moved to this location (as shown in Figs. 6–7). The inver-
sion strength at Iquique appeared weaker than that at Point
Alpha on almost all the days. From 31 October to 13 Novem-
ber the inversion strength at Iquique was clearly weaker than
the earlier days of the study period, which is consistent with
the water mixing ratio and the potential temperature pattern
(Fig. 7).

SST (Fig. 12a) increased steadily from 16.5◦C on 16 Oc-
tober to 19.5◦C on 13 November and the whole BL aver-
ageθl increased in unison with the SST. We used monthly
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average SST data (1998–2008) from the Tropical Rainfall
Measuring Mission (TRMM) Microwave Imager (TMI) to
check the climatology of SST at Point Alpha. The seasonal
cycle of the monthly SST increases from October to March.
The climatological SST increase was about 1.1±0.4◦C from
October to December at Point Alpha, which is less than the
SST increase observed during the observational period. The
relatively strong SST increase observed at Point Alpha dur-
ing VOCALS-REx might be due to an inter-annual varia-
tion of SST over this region related to oceanic circulations.
In terms of shorter temporal variability, the SST and BL-
averagedθl on 24 October were 1.5◦C warmer than the two
days before and 1◦C warmer than the two days after it, prob-
ably because of some small-scale oceanic variations passing
by Point Alpha. Based on the soundings, LWP, and satel-
lite images, the cloud cover on 24 October was very thin and
broken.

The wind speed and wind direction obtained from the
30-m level horizontal flight legs are shown in Fig. 12b–d.
Consistent with the back trajectories and synoptic patterns
discussed above, the surface wind was mainly southerly with
a speed of 4 m s−1 on most of the flight days, except on
27 October, 2 November, and 13 November, when it was
southeasterly with a speed of roughly 2 m s−1. The aver-
age surface wind speed from QuikSCAT at Point Alpha was
4.1± 1.5 m s−1 and the wind direction was around 175◦,
which is consistent with the in situ observations.

On each flight day, the aircraft collected one or two 10-min
legs at a height of 30 m. We used the turbulence and thermo-
dynamic data to estimate the latent heat fluxFL , the sensible
heat fluxFθ , and the buoyancy fluxFθv (Table 2) directly
from Eqs. (3)–(4) and Eq. (8):

Fθv = Cpρ̄w′θ ′
v (8)

wherew′q ′, w′θ ′, and w′θ ′
v are the 30-m level kinematic

fluxes of moisture, heat and buoyancy, respectively. The
averageFL was 48.5± 15.5 W m−2, and the averageFθ

andFθv over the study period was 7.1 ± 2.5 W m−2 and
9.7±2.7 W m−2, respectively.

5.4 Entrainment rates

The total water fluxw′q ′
t from the 10-min legs near cloud top

was used to calculate the entrainment rate (ωe) in this study.
If the entrainment zone is thin enough,ωe can be estimated
as:

ωe= −
w′q ′

t

1qt
(9)

We extrapolatew′q ′
t to the inversion according to the ob-

servational study of Gerber et al. (2005). The resulting un-
certainty of the calculation can be about 50 %. The jump
1qt was positive andw′q ′

t was positive on 1–2 Novem-
ber; therefore these two days were excluded from our cal-

culation. The extrapolation method was failed on 30 Octo-
ber and 8 November because there were not enough flight
legs near the cloud top on these two days. The maximum
ωe is 3.7 mm s−1 and the minimumωe is 0.5 mm s−1 on
13 November and 4 November, respectively. On the days
with a large entrainment zone (24 October, 27 October,
4 November), the entrainment rates were not significantly
larger than the average value. However, the LWC profiles
show that drier and thinner cloud layers were observed on
these days. The averageωe of 2.0± 1.4 mm s−1 (Table 2)
tends to be lower than that obtained using reanalysis and
satellite observations (Wood and Bretherton, 2004). The rel-
atively lowωe values are consistent with the relatively weak
TKE observed at Point Alpha (Fig. 8).

Possible explanations for the relatively lowωe values in
this study could be: (1) the observations during DYCOMS-
II were during nighttime, when the BL was deepening and
thus the entrainment rate tended to be large (Stevens et al.,
2003). (2)ωe in Wood and Bretherton (2004)’s study was
derived from the balance between the divergence ofzi and
large scale subsidence. The large scale subsidence (D) at zi
can be loosely defined by divergence and inversion height:
ws(zi) = −Dzi . If we adopt the same calculation as Wood
and Bretherton (2004) with the average divergence from
QuikSCAT during the study period (Fig. 3), the average sub-
sidence was about 3 mm s−1, which is greater than the aver-
ageωe in this study. Nonetheless, the lower entrainment rate
calculated from the near cloud top fluxes compared with the
BL at the remote ocean west of Point Alpha and the costal BL
in the NE Pacific is consistent with the weaker turbulence in
the BL discussed above.

6 Aerosol and cloud properties

For each flight, the average cloud droplet concentrationNd
was calculated from the in-cloud legs where the cloud LWC
was larger than 0.05 g m−3 andNd exceeded 15 cm−3. We
averaged the PCASP aerosol concentrationsNa during the
legs above the inversion level to get the averageNa above the
inversion, and averagedNa during the legs below the cloud
base where LWC was less than 0.05 g m−3 to 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-
stantly measured CCN at a supersaturation of 0.5 % (denoted
as 0.5 % CCN). To estimate the temporal variation of CCN
at the same supersaturation level, we adjusted the observed
0.5 % CCN to 0.2 % CCN on the first four flights. On the
first four flights, the CCN Spectrometer also measured 0.2 %
CCN on another channel for several short time intervals. We
averaged the concentration difference between 0.2 % CCN
and 0.5 % CCN when both channels were on. Although the
aerosol properties revealed significant variability from day to
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Fig. 13. Average subcloud aerosol (red solid square), above-cloud
aerosol (red cross), sublcloud 0.2 % CCN (open red square), above-
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.

day over the coastal region during VOCALS-REx (Allen et
al., 2011), the same study also showed that the diurnal vari-
ability of aerosol composition can be neglected. We then
assume that the aerosol chemical composition and size dis-
tribution did not vary significantly within each flight mission
which lasted about four hours, and estimated the average
0.2 % CCN from the 0.5 % values on days when the 0.2 %
values were not available continuously. The average 0.5 %
CCN values for the first four days were also indicated in the
related figures. The highest in-cloud drizzle rates were ob-
served on 1 November and 2 November, when the mean in-
cloud drizzle water contents observed by the CIP probe were
0.0490 g m−3 and 0.0075 g m−3, respectively. The cloud
LWP was highest on these two days as well (Fig. 10). On
these two days, the peak observed in-cloud drizzle volume
was 0.99 g m−3 and 0.22 g m−3, respectively. Very little driz-
zle was observed on the subcloud flight legs flown 100 m be-
low the cloud base where small drizzle droplets might evap-
orate before reaching this level. The clouds at Point Alpha
were non-drizzling or had very little drizzle compared with
clouds over the open ocean during VOCALS-REx (Brether-
ton et al., 2010).

6.1 Aerosol and cloud droplet number concentrations

The averageNa above the inversion ranged between 50 cm−3

and 250 cm−3 and was lower than the averageNa below the
cloud base on all flight days (Fig. 13). The above-inversion
Na was lower thanNd on most days except 1 November,
during which the above-inversionNa was close to the sub-
cloudNa and higher thanNd. The verticalNa profiles on 18
flights (Fig. 6f) also indicate diverse concentrations within
and above the BL. On most flight days, the above-inversion
Na was lower than 150 cm−3, except for three soundings
that captured high aerosol concentration plumes (24 Octo-
ber, 1 November, and 13 November). On those three days

Fig. 14. Re from the near-cloud-top legs on all flight days. The
standard deviations are indicated as the error bars. Red symbols
are GOES retrievals averaged over an area within a radii of 20 km
of aircraft observations. Blue symbols are average Terra MODIS
retrievals for a 0.5◦ region centered on Point Alpha taken at between
14:20 and 15:50 UTC.

with high aerosol concentration plume above inversion, the
above-inversion humidity was higher than the other days as
well. The PCASP aerosol concentrations, typically compris-
ing 80 % of the total aerosol and those indicate the amount
of aged aerosols (Pruppacher and Klett, 1997). Although on
most days an above-inversion relative humidity that is much
lower than that in the BL may cause the PCASP aerosol con-
centration to be poorly resolved due to a smaller dry size
there, the above-inversion 0.2 % CCN shows the similar pat-
tern as the PCASP values (Fig. 13). The low above-inversion
Na compared with the BLNa implies that during VOCALS-
REx, the main aerosol source at Point Alpha was horizontal
advection within the BL from the south, part of which might
be entrained from above over further downwind days ago,
rather than be entrained aerosol from above the inversion.

The time series of the subcloudNa, 0.2 % CCN andNd
show large variations at Point Alpha during VOCALS-REx.
The lowestNa (250 cm−3) occurred on 1 November, while
the highest was close to 700 cm−3 on 19 October, which
was nearly 2.5 times as large as the lowest value. The
subcloudNa were closely correlated to the temporal varia-
tion of Nd (Fig. 13) consistent with a strong coupling be-
tween the cloud and the subcloud layers in these nearly well-
mixed conditions. The averageNd ranged between 80 and
400 cm−3, with a minimum of 84 cm−3 on 1 November. The
subcloud 0.2 % CCN was almost equal toNd on most of
the flights. Based on a robust regression analysis, the re-
lationship betweenNd and 0.2 % CCN from 18 flights is
Nd = 4.6× CCN0.71. Therefore, the power of 0.2 % CCN
in the formula from 18 cases is close to the commonly as-
sumed value of 0.7 (e.g., Feingold et al., 2001). Previous
climatological studies (George and Wood, 2010; Painemal
and Zuidema, 2010) of satellite-derivedNd indicated that the
OctoberNd at Point Alpha was greater than 160 cm−3 and
the difference between the maximum and the minimumNd
exceeded 150 cm−3.

We estimated the averageRe near cloud top using the same
flight legs used to calculate entrainment rate. The average
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Fig. 15. LWP as a function of subcloud CCN concentrations for all
flight days. The horizontal error bars through these symbols indi-
cate the standard deviation of CCN. The uncertainty of the LWP
denoted as the vertical bars. Red solid symbols are the typical
well mixed boundary with non-drizzling Sc discussed in Zheng et
al. (2010). The average 0.5 % CCN values for the first four flight
days are indicated as the gray dots, and the corresponded 0.2 %
CCN values are marked as the red dots with gray edges.

Re near cloud top varied between 5.5 and 8.5 µm yielding a
mean value of 6.2 µm for all 18 flights. The Re values from
the PVM-100 probe are estimated to be within about 15 %
of the actual value in the sample flow. The comparison of
the in situRe near cloud top and the GOES-10 and Terra
Re (Fig. 14) indicates that the satellite derivedRe is system-
atically larger than the in situ observations. Moreover, the
Terra values are all smaller than those from GOES. If the
four days having cirrus contamination (see below) are ex-
cluded, the meanRe values from GOES and MODIS, respec-
tively, are 2.4±1.6 and 1.1±1.2 µm larger than their in situ
counterparts. The corresponding values ofR2 are 0.91 and
0.82 for the satellite-in situ matches. The matched GOES-
derived LWP for these same 14 days exceeds the in situ val-
ues, on average, by only 3.4± 19.9 g m−2, a difference of
only 6 %. This indicates that the larger values ofRe on the
cirrus-contaminated days contributed to the∼7 g m−2 bias in
the GOES LWP noted earlier.

The bias between the satellite retrievals and aircraft mea-
surements may result since for the non-drizzling Sc cloud
the cloud droplet size increases with height and the aircraft
measurements were made about 50 m lower than the cloud
top. However, the average from the vertical profiles was very
close to the cloud-top values. The largest differences oc-
curred on 24 and 27 October and on 1, 2, 4, and 8 November.
The GOES retrievals were contaminated by overlying cirrus
clouds on these days except for 1 and 2 November. The cir-
rus clouds lead to an overestimate ofRe. (e.g., Dong et al.,
2002). Drizzle droplets on 1 and 2 November are the most

likely explanation for the large discrepancies inRe during
those days. For drizzling conditions, in which the vertical
structure of LWC can be quite different from the adiabatic
case,Re can increase downward below cloud top because
the larger droplets sediment leaves a greater concentration
of smaller droplets in the upper portion of the cloud. The
Re retrieved using a 3.9-µm radiance corresponds to an op-
tical depth of 5 or more forRe = 12 µm and 8 or more for
Re= 8 µm, so it actually corresponds to a significant portion
of the mass in the cloud and may not exactly correspond to
50 m below cloud top. As shown by Dong et al. (2002),Re
and LWC profiles are often non-adiabatic near the cloud top
in stratus clouds so differences betweenRe in 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.

The Re differences between Terra and GOES-10 are
mostly due to the time differences, noted earlier, that af-
fect the LWP comparisons (e.g., Fig. 10). The mean GOES
Re at 12:45 UTC (08:45 LT) is 9.2 µm compared to 7.7 µm
at 15:30 UTC (11:30 LT) near the Terra overpass. Although
the GOES results at the Terra overpass time essentially agree
with the MODIS retrievals, there may also be some system-
atic algorithmic differences and spatial resolution effects that
could contribute to those differences.

Despite the bias in the GOES retrievals ofRe relative the in
situ measurements, the good correlation inRe and agreement
in LWP indicate that the satellite retrievals are providing a
realistic representation of the variation in LWP andRe, at
least, for unbroken adiabatic clouds. Since LWP is computed
from the product ofRe and optical depth from the satellite
data, an overestimate ofRe would imply an underestimate
of cloud optical depth. Such an underestimate may be due
to calibration biases or to biases in the retrieval algorithms.
Either error source will require additional study.

6.2 Cloud LWP and subcloud CCN concentrations

Since all 18 flight cases at Point Alpha were with little- or
non-drizzling marine Sc, the temporal variations of cloud
LWP and aerosol concentrations at Point Alpha offered us
an opportunity to study aerosol-cloud interactions in non-
drizzling Sc at a fixed location. The cloud LWP as a function
of subcloud 0.2 % CCN concentration for all flight cases is
shown in Fig. 15. The synoptic variations, diurnal cycle of
the BL, and the other BL processes have to be taken into ac-
count when the cloud LWP-aerosol relationship is tested, as
they can affect the cloud LWP (e.g., Albrecht et al., 1995b;
Stevens and Feingold, 2009, etc.). Ten of those flights were
made under similar meteorological conditions (Bold marked
in Table 1 and highlighted in Fig. 15). The BL on those flight
days were typically well-mixed, with solid non-drizzling Sc.
The remaining eight flights involved complications as dis-
cussed in previous sections such as a moist layer above (1–
2 November, 13 November), strong wind shear within the
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BL (24 October, 30 October, 4 November), strong decoupled
BL with cumulus below the Sc layer (29 October, 4 Novem-
ber, 8 November). The four flights marked on Fig. 15 from
29 October to 2 November demonstrated an enhanced cloud
LWP compared with the other days. One of the possible ex-
planations could be the impact of a synoptic system related
with the moist layer passing over this area. A positive rela-
tionship between the cloud LWP and aerosol in the typical
well-mixed BL is observed in Fig. 16. However, this also
shows that the meteorological factors and the BL processes
that keep BL from being well-mixed can have large influ-
ences on the cloud LWP variation.

7 Summary

The Twin Otter aircraft performed 18 flights at Point Al-
pha during VOCALS-REx from 16 October to 13 Novem-
ber 2008. These observations provided a unique dataset for
defining the characteristics of the near-coastal marine Sc and
the BL off the coast of Northern Chile. This study used
these in situ observations and meteorological reanalysis, ra-
diosonde and satellite-derived data to study the BL, clouds,
and aerosol variations at Point Alpha.

The results show that the BL at Point Alpha during
VOCALS-REx was usually characterized by a typical Sc-
topped BL except when some synoptic systems and meso-
scale processes affected this region. The BL depth was about
1140± 120 m and the BL was well-mixed and capped by
a very sharp inversion. The wind direction switched from
southerly within the BL to northerly above the inversion. The
surface wind speed was lower than that over the remote ocean
west of Point Alpha due to the topography. On some flight
days, wind shear appeared within the BL. The wind profile
from the soundings are consistent with the average wind field
from the horizontal flight legs, therefore, the observed verti-
cal wind shear within the BL stayed constant throughout the
flight mission. This phenomenon is rare and possibly due
to the complex coastal processes. Compared with the BL
depth west of Point Alpha over the remote ocean, the BL at
Point Alpha was about 200–400 m shallower and more well-
mixed (Bretherton et al., 2010). The BL depth was about
300 m higher than that over the coastal region in the NE Pa-
cific (Stevens et al., 2003; Sharon et al., 2006). The surface
wind and the surface fluxes at Point Alpha were weaker than
those over the remote ocean and also weaker than the obser-
vations in the NE Pacific during DYCOMS-II. Turbulence in
the near-coastal BL appeared to be weaker than that in the
BL over the open ocean and the BL over the coastal region
in the NE Pacific in terms of vertical velocity variance. The
weaker turbulence in the BL at Point Alpha might contribute
to the lower entrainment rate calculated from the near cloud
top fluxes compared with the BL at the remote ocean west of
Point Alpha and the costal BL in the NE Pacific (Bretherton
et al., 2010; Stevens et al., 2003, 2005).

Throughout the study period, the BL evolved gradually
with variations influenced by synoptic systems. From the
end of October to the beginning of November, the cloud LWP
was higher than the other days by around 40 g m−2 (Fig. 10).
This is most likely due to an intense mid-latitude disturbance
controlling the coastal area (Rahn and Garreaud, 2010b; To-
niazzo et al., 2011). On 1 November and 2 November, a
moist layer above the inversion moved over Point Alpha. The
cloud LWP reached a maximum on these two days. The total-
water specific humidity above the inversion was larger than
that within the BL. The inversion strength became signifi-
cantly weaker on these two days and the BL was decoupled
due to drizzle.

The accumulation mode aerosol and 0.2 % CCN measure-
ments indicatedNa within the BL at Point Alpha varied be-
tween 250 and 700 cm−3 during VOCALS-REx. The main
aerosol source at Point Alpha was the horizontal advection
within the BL from south of Point Alpha. The averageNd
ranged between 80 and 400 cm−3. This range was consistent
with the satellite-derivedNd. However, the GOES-derived
cloud dropletRe tended to be larger than that observed near
cloud top, although the GOES-derived LWP was essentially
the same as that determined from the aircraft vertical pro-
files of LWC. The aerosol and cloud LWP relationship re-
veals that during the typical well-mixed BL days the cloud
LWP was positively correlated with the 0.2 % CCN concen-
trations. At the same time, meteorological factors and the de-
coupling processes have large influences on the cloud LWP
variation as well. The aircraft flights lasted no more than
five hours on each flight days and the time gap between two
flights was generally longer than 24 h. Thus, it was not pos-
sible to capture the continuous evolution of the cloud layer
and the processes affecting the boundary layer structure and
clouds at the time scales from hours to days, which could
also be critical for the cloud LWP variation (e.g., Albrecht et
al., 1995a; Sandu et al., 2008). Additionally, only 18 flights
were completed, which is insufficient for finding a statisti-
cally significant correlation. The observations available are
inadequate to full study the causes of the observed perturba-
tion from the mixed layer state. Further modeling and di-
agnostic studies are required to fully explain the cloud LWP
variation and its relationship with the aerosol variations at
Point Alpha during VOCALS-REx.

In summary, the BL at Point Alpha exhibited the typical
well-mixed BL topped by a thin and non-drizzling Sc layer
on days without the dominant influence of the synoptic sys-
tem and the coastal processes, which could be an ideal envi-
ronment to study the aerosol-cloud interaction. The variabil-
ity we observed allowed us to document the complex pro-
cesses in the near-coastal region on some flight days. This
dataset will be used for the further study of aerosol-cloud in-
teractions and the evaluation of models operating at a variety
of scales to study near-coastal marine stratocumulus during
VOCALS-REx.
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