PAGE  
36

Boundary Layer, Cloud, and Drizzle Variability in the Southeast Pacific Stratocumulus Regime

by

Efthymios Serpetzoglou and Bruce A. Albrecht,

Division of Meteorology and Physical Oceanography, Rosenstiel School of Marine and

Atmospheric Science, University of Miami, Miami, Florida

Pavlos Kollias,

Brookhaven National Laboratory, Upton, New York
Christopher W. Fairall,
Physical Sciences Division, Earth System Research Laboratory, National Oceanic and Atmospheric Administration, Boulder, Colorado
Corresponding author: Bruce A. Albrecht, Division of Meteorology and Physical Oceanography,

Rosenstiel School of Marine and Atmospheric Science, University of Miami, 4600 Rickenbacker

Causeway, Miami, Florida 33149; e-mail address: balbrecht@rsmas.miami.edu
Abstract

The southeast Pacific stratocumulus regime is an important component of the Earth’s climate system due to its substantial impact on albedo.  Observational studies of this cloud regime have been limited, but during the past five years, a series of cruises with research vessels equipped with in situ and remote sensing systems have provided  unprecedented observations of boundary layer cloud drizzle structures.  These cruises started with the East Pacific Investigation of Climate (EPIC) 2001 field experiment followed by cruises in a similar area in 2003 and 2004 (PACS/Stratus cruises). The sampling from these three cruises provides a sufficient data set to study the variability occurring over this region. This study compares observations from the 2004 cruise with those obtained during the previous two cruises. Observations from the ship provide information about boundary layer structure, fractional cloudiness, cloud depth, liquid water path, and drizzle characteristics. This study indicates more strongly decoupled boundary layers during the 2004 cruise than the well-mixed conditions that dominated the cloud and boundary layer structures during the EPIC cruise, and the highly variable conditions – sharp transitions from solid stratus deck to broken-cloud and clear-sky periods – encountered during Stratus 2003. Diurnal forcing and synoptic conditions are considered as factors affecting these variations. Statistical characteristics of the macrophysical boundary layer and cloud properties are extracted and compared using the 5 to 6-day periods that the research vessels remained stationed at the location of 20°S, 85°W during each cruise. 

1 .
Introduction and background

During the last two decades, marine stratocumulus clouds have been the subjectof many theoretical/modeling studies (e.g., Garreaud and Munoz 2004; Bretherton and Wyant 1997) and field experiments (e.g., Albrecht et al. 1988; 1995b). This type of cloud is mainly observed at low levels over the eastern side of the subtropical oceans, where the conditions (cool surface waters – warm, dry air subsiding aloft) favor the creation of a sharp temperature and moisture inversion that caps the Marine Atmospheric Boundary Layer (MABL) and leads to extensive stratocumulus with tops at the inversion (Klein and Hartmann 1993). Both surface-based cloud climatologies (Klein and Hartmann 1993) and satellite studies (Ramanathan et al. 1989) have clearly indicated the impact of boundary layer clouds on the global radiation budget; their high albedo results in a substantial decrease of the amount of solar radiation reaching the ocean’s surface, while their low altitude results in a relatively small temperature difference between cloud-top and the ocean surface that results in little difference in the in thermal radiation emitted to space. Although the role of stratocumulus clouds in affecting the radiation balance by cooling the ocean was recognized through early studies (e.g., Randall et al. 1984; Philander et al. 1996), the growing need of a more accurate representation in the Global Climate Models (GCMs) has engaged many scientists in the pursuit of a better understanding of their radiative, microphysical and dynamical properties, the thermodynamic structure of the MABL, and the climatological variability of the respective areas (e.g., Stevens et al. 2003).  


One of the most prevalent stratocumulus cloud decks in the world is located over the subtropical southeast Pacific, extending about 1500 km offshore from the Equator to the latitude of central Chile (25-30°S) (Klein and Hartmann 1993). In addition to the large latitudinal extent, the interaction with El Nino-Southern Oscillation (ENSO) and the special morphology of the western South American continent (e.g., the presence of Andes) also contribute to the unique character and high importance of the southeast Pacific stratocumulus regime (Li and Philander 1996). Despite their high importance and special feedbacks on the global climate, the southeast Pacific stratocumulus areas were largely unexplored in the past; almost all associated research till the end of the previous century focused on the northeast Pacific (e.g., Albrecht et al. 1988; Stevens et al. 2003) and Atlantic (e.g., Albrecht et al. 1995b) stratocumulus, while the southeast Pacific stratocumulus regime received far less attention and its characteristics were considered a priori similar to the other stratocumulus regimes. This lack of in-situ data lead scientists to the organization of the East Pacific Investigation of Climate (EPIC) processes in the Coupled Ocean-Atmosphere System (1999-2004), and the subsequent EPIC 2001 field experiment (Weller 1999). The second leg of the EPIC field campaign was an extensive stratocumulus study (Bretherton 2004), taking place in October of 2001 and revealing the complex structure of the stratocumulus-topped boundary layer in the subtropical southeast (SE) Pacific. An important role in EPIC long-term monitoring is played by the Stratus Ocean Reference Station (Stratus ORS) that was launched in October 2000 at the geographical location of 20°S, 85°W by the Woods Hole Oceanographic Institution (WHOI) Upper Ocean Processes (UOP) group (Colbo and Weller, 2007). The recovery and replacement of the Stratus ORS buoy was one of the primary objectives of the EPIC 2001 stratocumulus cruise (hereafter EPIC 2001). Thereafter (with an exception of 2002), the ship campaigns to maintain and replace the buoy have been providing atmospheric researchers with the necessary means to deploy remote sensors and other instrumentation and conduct observations to improve our knowledge of the various processes associated with the SE Pacific stratus deck. The Stratus 2003 (Kollias et al. 2004) and Stratus 2004 (Serpetzoglou et al. 2005) research cruises provided – in combination with EPIC 2001 – a unique data set by capturing most of the properties that are fundamental for studying and analyzing the complex features of stratocumulus clouds and MABL in the subtropical SE Pacific. These measurements also allow stratocumulus in this region to be compared with the better-studied stratocumulus of the Northeast Pacific, and to those sampled in a less instrumented Chilean cruise off of central Chile in October 1999 (Garreaud et al. 2001). 

There are still many open issues regarding our understanding of the interactions between the basic features that lead to the generation, maintenance and dissipation of stratocumulus clouds (e.g., Albrecht et al. 1995a). Processes, such as cloud-top radiative cooling, entrainment of dry air above the inversion into the cloud layer, in-cloud circulation and turbulent mixing, and drizzle formation and evaporation beneath the cloud layer interact in a complex manner that makes it difficult to draw final conclusions on the kind and extent of influence that each one individually imposes on the lifecycle of stratus clouds. The examination of the variability of cloud properties, such as fractional cloudiness, cloud thickness and drizzle occurrence, can help resolve these complex interactions and their statistical characteristics are essential for realistic climate model simulations. Furthermore, mean profiles of the thermodynamic and dynamical variables (e.g., potential temperature, mixing ratio, wind speed and direction) can provide baseline boundary layer structures for testing models and evaluating the effect that structure may have on boundary layer cloudiness (Albrecht et al. 1995a).
One goal of this study is to accurately document and explain the observed variability in terms of large-scale dynamics and boundary-layer processes, and to address the issue of whether the variability is mostly driven by large-scale dynamics and atmospheric circulation or it is entirely due to internal MABL dynamics (Rozendaal and Rossow 2003).  In this study, data collected during the EPIC/Stratus research cruises form the basis for exploring clouds and boundary layer structures in this climate sensitive area. The main focus is to describe the observed variability of stratocumulus properties over the southeast Pacific and improve our understanding of physical and dynamical processes that lead to the generation, maintenance and dissipation of marine stratocumulus clouds. The research cruises, data sets and processing procedures are described in section 2. In section 3 we describe the temporal and spatial variability of the various boundary layer and cloud properties during each of the three research cruises and highlight the differences between the existing three years of observations. The diurnal variability of these properties is also addressed in section 3. The mean profiles of the MABL thermodynamic structure for each cruise for the period that the research vessels remained stationed at the ORS location are compared in section 4. A summary and discussion on the analysis results are provided in section 5. Supplementary information on special cases of data analysis procedures as well as useful statistical data are provided in Appendix A and B. 

2 .
Data sets and analysis procedures 

a. Domain setup

The ship track for each of the three cruises under consideration is shown in Fig. 1. Table 1 provides a useful context with respect to significant dates and times of each route. All three cruises feature a focus on the WHOI location at 25 S 85 W where about 5 days are spent recoving the old buoy, placing the new buoy, and with the ship holding station for intercomparisons.  The line from that location straight East to the Chilean coast has also been repeated.; otherwise, a variety of approach and exit tracks have been taken. 


Although the cruise paths followed by the Brown in 2001 and 2004 and the Revelle in 2003 are quite different in general, there is sufficient overlap in domains for crucial comparisons among the three field experiments. The most important of these domains is the Stratus ORS location (20°S, 85°W), where the ships were stationed for 5 to 6 days on each cruise. This study focuses on observations from this location and takes advantage of the unique 3-cruise dataset, to study and compare the day-to-day evolution of the cloud-topped boundary layer and attempt to extract the statistical characteristics of the basic cloud properties. The transect along 20°S from 75° to 85° W is also common with all three research cruises, and captures the evolution of the MABL in the transition from the deeper-ocean cold waters to the coastal warmer regime. The temporal lag of the three cruises (October 2001 – November 2003 – December 2004) allows us to extract the monthly variability of the cloud and boundary layer properties, and seek signs of interannual variability, always under the context of the influence of large-scale dynamics.
b. Instrumentation and data

The EPIC 2001, Stratus 2003 and Stratus 2004 research cruises were collaborative efforts among various institutions and universities. An extensive suite of instruments was deployed onboard the research vessels for making measurements of boundary layer clouds, thermodynamic structure, surface fluxes and near-surface meteorology (Fairall et al. 1997). The remote sensors that were used in each cruise and their respective products are briefly described in Table 2. All three cruises included a laser ceilometer, a 3-channel microwave radiometer and an 8.6-mm Doppler cloud radar (although the latter suffered a component failure early in the Stratus 2004 cruise – see Appendix A). The 2001 and 2004 cruises also included the operation of the C-Band Radar onboard the Brown and a 915-MHz wind profiler, while a new very high resolution but low sensitivity 3.2-mm Doppler cloud radar was only used during Stratus 2004 (FMCW; Frequency Modulated Continuous Wave). 
The investigation of the relationship between cloud morphology, fractional cloudiness and drizzle occurrence requires detailed analysis of measurements from the ship-based active remote sensors. Due to their short wavelength, millimeter radars are capable of detecting very small droplets with diameters of 5-10 microns. Furthermore, millimeter radars have narrow beams that result in small sampling volumes. As a result, these radars provide excellent resolution in space and in time (e.g., Clothiaux et al. 1995; Kollias et al. 2000). Radar reflectivity is used in this study to extract drizzle occurrence during each cruise. The threshold value used to identify drizzle is a maximum radar reflectivity in the column greater than -10 dBZ (Frisch et al. 1995a). The classification allows the calculation of the hourly drizzle fractional coverage, which is defined as percent of profiles that contain drizzle (according to the reflectivity threshold) within each hour. Radar reflectivity data also provided observations of cloud top height. Drizzle occurrence and cloud top height were calculated from MMCR data for EPIC and Stratus 2003. For Stratus 2004, however, the lack of MMCR data lead to the use of wind profiler reflectivity data for the estimation of cloud top height (see Appendix A) and FMCW reflectivity data for the extraction of hourly drizzle occurrence. The ceilometer provided estimates of cloud base height with a temporal and spatial resolution of 15-30 s and 15 m respectively. The cloud base height retrievals were then used to calculate hourly zenith cloud fraction, which is defined as number of cloud base height samples observed over the total number of samples within each hour. Due to a problem with portions of the ceilometer data from Stratus 2004, measurements of incoming longwave radiation were used as a surrogate of fractional cloudiness (see appendix A for details). 

Surface meteorology, turbulent and radiative flux measurements as well as aerosol spectrometer measurements provided a near surface complement to the remote sensing instruments during each cruise. Continuous measurements of surface met data, surface incoming solar and IR fluxes were obtained from the NOAA ESRL/PSD air-sea flux system during the three cruises, while surface latent heat (LH), sensible heat (SH) and virtual heat (VH) fluxes were calculated from the surface met data by applying a bulk flux parameterization (Fairall et al. 1997; 2003). Rawinsondes were also launched during the three field experiments to provide high resolution vertical profiles of the MABL thermodynamic structure. During EPIC 2001 the frequency of the sounding launches was relatively high (8 per day), compared with that in Stratus 2003 (4 per day) and Stratus 2004 (4 per day with the exception of 6 per day while at the ORS location). 

       The Vaisala sounding systems (RS-80 sondes in EPIC, RS-90 sondes in Stratus 2003, RS-92 sondes in Stratus 2004) provided profiles of temperature (T), pressure (p), relative humidity (RH), and horizontal wind speed and direction. The data were then used to calculate (Bolton 1980) potential temperature (θ), virtual potential temperature (θv), equivalent- and saturation equivalent potential temperature (θe and θes respectively), and mixing ratio (r). To obtain an average sounding from each data set for the needs of extracting mean thermodynamic profiles (see section 4), we used two different approaches. The first one included linear interpolation of the initial (raw) sounding data – obtained at variable height levels – to new vertical bins with a height increment of 10 m. This approach allows for an objective quantitative comparison of the vertical MABL profiles sampled during the three cruises, but limits the analysis with respect to the inversion characteristics. To maintain the structure of the inversion in the composite soundings, a non-dimensional height scale was used, following Albrecht et al. (1995a); using this approach, the height (z) is normalized with the inversion base height (zi) of each sounding to give a nondimensional vertical coordinate z/zi. The estimation of the inversion base height for each sounding was performed objectively, using the μ parameter described in Yin and Albrecht (2000). Average soundings were then obtained by using vertical bins with a nondimensional height increment of 0.01.  Using a subjectively-selected threshold value of ( (0.15), the upper and lower boundaries of the capping inversion were retrieved (as the nearest heights that corresponded to a value of (=0.15 above and below the maximum value, respectively) along with the corresponding values of potential temperature and mixing ratio.







3 .
Boundary layer structures and cloudiness 

During all three cruises, a wide range of cloud conditions were encountered that included extensive periods of complete cloud cover, broken-cloud and clear-sky periods. The data reveal qualitative differences in the MABL structure and cloud conditions from year to year.  
a. Moisture structure and cloud boundaries


The MABL mixing ratio structures from the rawinsondes launched during the three cruises are shown in Fig. 2 with the cloud boundaries and the LCLs. The three panels of Fig. 2 clearly demonstrate the differences between the boundary layer and cloud structures observed during the three cruises and provide a point of reference for the complexity and variability of the SE Pacific stratocumulus regime. A well-mixed stratocumulus-capped boundary layer was observed throughout the entire EPIC 2001 cruise (Bretherton et al. 2004). The fact that few broken-cloud and nearly no clear-sky periods were reported is confirmed by the very high cruise-averaged ceilometer derived zenith cloud fraction value (92%). Conditions differed, however, during the Stratus 2003 cruise (Kollias et al. 2004). The MABL structure was occasionally characterized by the strong capping inversion and often well mixed vertical thermodynamic structure observed in 2001, but there were also days – especially at the ORS location – with moderate vertical gradients of potential temperature and mixing ratio. This was reflected in the cloud coverage, with a reduced average cloud fraction (about 80%) with respect to EPIC 2001, and the occasional presence of decoupled layers with shallow cumuli clouds, which were not observed before. Although most of the general features observed in 2003 were also present during Stratus 2004, the analysis of the data collected during the third cruise in the subtropical SE Pacific stratocumulus regime reveals further differences and interesting features with respect to the previous field experiments. The boundary layer was relatively well-mixed in the beginning of the cruise (westerly route towards the ORS location), with rather thin clouds and a good correspondence between lifting condensation level (LCL) and cloud base. Conditions changed drastically, however, while the ship was stationed at the buoy location; the boundary layer deepened and strong gradients of temperature and moisture at the inversion were observed. These conditions persisted throughout the southeasterly course towards the South American coast and where a “decoupled” boundary layer was observed for several days and was characterized by very high and relatively thinner stratocumulus clouds and the formation of a second cloud base associated with small cumuli rising into the stratocumulus. The cruise-averaged zenith cloud fraction value was similar to Stratus 2003 (about 78%).  

During Stratus 2004 there was a substantial increase in the height of the inversion capped MABL while the Brown remained stationed at the buoy. The inversion height was about 1.2 km at the beginning of the 2004 buoy period (same levels as EPIC 2001 and somewhat lower than Stratus 2003), but its gradual increase resulted in a maximum inversion height of about 1.7 km about three days later that persisted for the remaining two days.  After the ship left the WORS station and headed southeast, the height of the inversion increased even more to 1.8-1.9 km, and then decreased to a minimum of about 500 m near the coast (lower panel of Fig. 2). During EPIC 2001 and Stratus 2003 the maximum inversion heights observed did not exceed 1.5 km. A smaller-scale deepening of the boundary layer was observed at the beginning of these two cruises along the southerly tracks towards the mooring location and into the stratus deck

The upper panel of Fig. 2 also shows that the mean daily inversion height is slightly lower during the EPIC buoy period with a  prominent diurnal cycle, as described in Bretherton et al. (2004). Some signs of a similar diurnal variability in the inversion height can be seen in the moisture structure and cloud top height observed in 2003 and 2004 (middle and lower panels of Fig. 2), the cycle is weaker and much more irregular.  The cloud base height, however, does show a strong diurnal variability during Stratus 2004, in contrast to the EPIC observations that showed a pronounced diurnal cycle of inversion height/cloud top and almost no cloud base diurnal variability.  Bretherton et al. (2004) indicate, however, that a strong diurnal cycle of cloud top height is at odds with the expectation based on previous observational and modeling (e.g., Minnis et al. 1992 or Bougeault 1985 and other studies indicating the importance of cloud base variations for diurnal variability in cloud thickness rather than inversion height variations). 

Some of the gaps in the observed cloud-base heights of Stratus 2004 (especially after 13 December) are due to the malfunctioning of the ceilometer during the daytime, and are not necessarily associated with the non-existence of clouds (see Appendix A).  
Fortunately, the ceilometer malfunction did not affect the representation of the cloud base height increase during the boundary layer deepening observed after 13 December. These features also highly correlate with the onset and gradual intensification of strong vertical gradients of the boundary layer moisture and significant divergence between LCL and cloud-base height, indicating that the subcloud layer remains “decoupled” for several days. During this time the stratus clouds are partially disconnected from the surface temperature and moisture fluxes (Bretherton and Wyant 1997; Wood and Bretherton 2004). This decoupling during the 2004 cruise appears to begin the third day that the Brown is stationed at the buoy location and is actually enhanced during the southeasterly route that followed. The decoupling was associated with a decrease in the cloud thickness and the intermittent presence of shallow cumuli clouds below the higher stratocumulus cloud base.
b. Boundary layer structures:

Boundary layer structures observed at the WHOI buoy further illustrate the different mean states observed on the three cruises.  The mean vertical profiles for the MABL thermodynamic and dynamical variables were constructed from the soundings launched during the EPIC (16-22 October), Stratus 2003 (16-21 November) and Stratus 2004 (11-16 December) WHOI buoy periods (Figs. 3 and 4), following the analysis techniques described in section 2. Geometric height is used for the profiles in Fig. 3 and height scales normalized by the inversion base heights (numerical values for these heights are provided in Appendix B, Table B.1) are shown in Fig. 4.    
The potential temperature structure is similar for the three composite soundings, and shows the typical characteristics of a stratocumulus-capped marine boundary layer with nearly well-mixed in the subcloud layer, moist adiabatic in the cloud layer, and a strong capping inversion with an exponential θ profile above the inversion.  The higher inversions observed on the 2004 cruise are well indicated by the composite soundings.  The differences in the mean temperatures of the boundary layer are consistent with the changes in SST on the cruises. The mean SSTs are 18.6, 19.2 and 19.5°C for the EPIC-, Stratus 2003- and Stratus 2004 buoy periods respectively (see Table B.2 in Appendix B). 
The moisture structures shown in the composite soundings (Figs. 3 and 4) differ substantially among the three cruises and are further reflected in the θe profiles.  The EPIC composite sounding is fairly well mixed, showing only a weak decrease in mixing ratio from the surface to the inversion base height. The Stratus 2003 buoy-period sounding is moister than EPIC, especially in the lower boundary layer.  From the surface to about 500 m, mixing ratio decreases slightly with height similarly to the EPIC sounding, but above 500 m it decreases more at a greater rate, which is consistent with the partially decoupled conditions observed intermittently during the 2003 buoy period. The same structure is observed in the Stratus 2004 composite sounding as well, although this sounding is even more moist in the lower layers and more decoupled than the Stratus 2003 (Figs. 3 and 4, r profile). Both 2003 and 2004 soundings are characteristic of the existence of a second cloud base (shallow cumuli clouds) below the stratocumulus. The base of the cumuli clouds is marked by the transition layer in the two composite soundings.  The height of this layer is 0.35 z/zi, which corresponds to a geometric height of about 500 m.  This is consistent with the respective heights measured for the NE Pacific stratocumulus regime during the First International Satellite Cloud Climatology Project (ISCCP) Regional Experiment (FIRE; 1987), and the Atlantic stratocumulus-to-cumulus transition regime that was the focus of the Atlantic Stratocumulus Transition Experiment (ASTEX; 1992) (Albrecht et al. 1995a). The middle and lower panels of Fig. 2 indicates that the LCL, calculated by surface values of temperature and mixing ratio, closely matches the height of the transition layer as indicated by the moisture gradient. In addition, a surface layer of about 50 m depth is indicated in all composite soundings.  The θe profiles indicate nearly well mixed conditions in the top 25-30 % of the boundary layer, which is consistent with the decoupled boundary layer structures observed by Nicholls,(       ).        
The variations in mixing ratio profiles are also consistent with the changes in SST, since the relative humidity near the surface remains relatively constant (Figs. 3 and 4, RH profile).  Thus the mixing ratio at the lowest levels increases with the boundary layer temperature.  The relative humidity profiles below 500 m (height of the transition layer for the Stratus 2003 and 2004 buoy periods) are similar for the three boundary layers with relative humidity increasing with height from a minimum of about 73% near surface. Above 500 m, however, relative humidity for the Stratus 2003 buoy period is substantially lower than that of the EPIC sounding, and this difference is about 10% (88 and 98% respectively) at the height of the stratocumulus cloud layer (1000-1100 m). Although the Stratus 2004 composite sounding shows more enhanced decoupling than Stratus 2003, the mean relative humidity of the stratocumulus cloud layer is higher (~93%), indicating a fairly solid cloud layer despite the persistent decoupling and the higher cloud bases. 


To highlight the differences in the boundary layer structure below the inversion, the profiles are presented for the height scale normalized by the height of the base of the boundary layer (Fig. 4 ) Further, the inversion structure is well preserved by the scaling technique.  These profiles indicate that the inversion top is between z* of 1.1 to 1.5 for all three buoy periods, and these non-dimensional heights correspond to about 1400 m for EPIC and Stratus 2003 and 1600-1700 m for Stratus 2004, as seen in Fig. 12. The EPIC mean inversion-top height is in good agreement with the respective values included in Table B.2 (mean and std inversion variables were calculated with the use of parameter μ), whereas the Stratus 2003 and 2004 mean inversion-top heights seem to be underestimated by about 100 m values in the same table. A discussion of the sensitivity of these calculations to the choice of the threshold μ value is provided in Appendix B. The highest inversion strength (as indicated by Δθ and Δr) is observed in EPIC, and the lowest in Stratus 2003 as show by the geometric-height and non-dimensional soundings, and the mean values shown in Table B.2. The inversion thickness (i.e. difference between inversion-top and inversion-base heights) is similar for the EPIC and Stratus 2004 buoy periods, while Stratus 2003 maintained a thinner inversion.  
         Another spatial domain of interest is along the easterly route that the Brown and the Revelle followed after leaving the WHOI buoy during EPIC and Stratus 2003 respectively. This transect along the 20°S parallel from the ORS location (85°W) to Arica, Chile (~70°W) is repeated in Stratus 2004 (hereafter the 20°S transect), but in the opposite direction, since Arica was then the departure  and not the ending  point for the Brown. During the EPIC transect, the boundary layer becomes somewhat shallower than at the buoy with an average height of 1 km. During this period, the boundary layer was even closer to well-mixed than along the southerly transect and the buoy period as indicated by the close correspondence between the LCL and the cloud base height, but the clouds were thinner along this leg due to the mostly lower inversion heights. The respective transect in Stratus 2003 was characterized by a constant inversion base height of approximately 1.3 km. The mixing ratios during the Stratus 2003 transect are much higher (~ 8-10 g kg-1) than the respective 2001 period (~ 6-8 g kg-1). The same applies for the 2004 transect (beginning of Stratus 2004); the boundary layer remains well-mixed throughout, but with very high moisture content (~ 9-12 g kg-1). After a gradual decrease during the first two days of the cruise, the inversion base rises again to reach 1.2 km at the beginning of the buoy period.
c.  Above-inversion moisture: 


 One factor important to the boundary layer variability is the moisture content above the boundary layer.  Time-height sections of the RH above the boundary layer indicate synoptic scale variability in the moisture field for all three cruises as shown in Figure 5.  Layers of dry and moist air can be seen descending with time during all three cruises.  These features, which seem to be more pronounced in 2001 and 2004, may be attributed to the persistent subsidence over this region (Bretherton et al. 2004). (Paquita’s paper?)

The observational area for these studies is in the descending branch of the local Hadley Cell, which may result in the descent of layers with high moisture content that may originate from the deep convection in surrounding areas. The Intertropical Convergence Zone (ITCZ) is one possible source. Another is from deep convection over the Amazon and the surrounding areas of South America, rising high above the Andes and being transferred over the SE Pacific area through westward-propagating upper- or mid-tropospheric Rossby waves (Bretherton et al. 2004; Garreaud and Munoz 2004). A sign of this circulation pattern is the high moisture content of the upper-level air masses located close to the South American coast  as indicated in Fig. 5 between 4 and 10 km during the 20°S transect in all three cruises. The moist air above the MABL during the initial days of the EPIC cruise could be either a manifestation of the deep convection over the equatorial areas (the EPIC cruise was initiated at the Galapagos Islands (first sounding shown in the upper panels of Fig. 5 was released approximately at 2°S, 95°W) or a sign of the shallow meridional circulation (Zhang et al. 2004). 
d. Near surface conditions 
Temperature and moisture conditions at and near the surface were obtained continuously for the three cruises.  The cruise track SSTs shown in Fig. 1 for the three cruises are consistent with the temporal and spatial climatology of the area. Large sea-air temperature differences of 1-3°C were observed throughout the EPIC buoy period, and primarily modulated by fluctuations of Tair, while SST varied slightly between 18.5 and 19°C. Very low values of Tair (~15°C) were recorded on two specific events: the first took place from 1400 UTC on 18 October to 1400 UTC on 19 October and the second from 0800 to 2200 UTC on 21 October. Both events induced very high values of sea-air temperature difference (~4°C), and seem to be associated with moistening and cooling of the lower 500 m of the boundary layer (see upper panels of Fig. 2 and 3 respectively), a significant decrease in LCL and its partial decoupling from the stratocumulus cloud base (upper panel of Fig. 2).

Although the sea-air measurements, collected for the respective domains of the 2003 and 2004 field experiments demonstrated a relatively similar variation with track to that observed during EPIC, some differences were noted. The initial SST and Tair values recorded in Stratus 2003 were close to 24°C, thus much higher than the respective values at the departure of the Brown from the Galapagos Islands in 2001. Although the latitude was the same, the absence of a pronounced manifestation of the cold tongue in 2003 seems to be associated with longitudinal differences. SST and Tair decreased rapidly as the Revelle steamed away from the warm equatorial waters to enter the cool stratus region of the subtropical SE Pacific, with their difference remaining at quite low levels (0-1°C) compared with the sea-air temperature difference recorded during the respective EPIC route. The SSTs during the Stratus 2003 WHOI buoy period varied between 19 and 20°C, and showed enhanced diurnal variability compared with the respective periods in 2001 and 2004. This should be attributed to the broken-cloud or clear-sky periods observed at the buoy location in 2003, especially just after the solar flux maximum (Kollias et al. 2004). Events like those during the EPIC buoy period associated with low values of Tair that result in a large sea-air temperature difference were observed during the 2003 buoy period as well (16, 19 and 20 November), and correlated with higher values of temperature and relative humidity in the lower boundary layer. The sea-air temperature difference was on average much smaller (0-1°C) than during EPIC. 

The 2004 buoy period was characterized by nearly constant SSTs (~19.5°C), with surface air temperatures very close to this value and at times slightly larger than that. One event of a sudden rise of Tair at the end of 13 December resulted in the minimum sea-air temperature difference observed on all cruises (-1.5°C). An expected decrease in SST and Tair – with their difference rising gradually – marked the southeastward and eastward routes of Stratus 2004, while the path along the Chilean coast that concluded the cruise was characterized by even lower SSTs but higher surface air temperatures – indicative of the coastal upwelling and the land effects influencing the ocean and boundary layer temperatures. Moreover, the 20°S transect, common with all three cruises, seems to be dominated by increasing SST and Tair as we move eastward closer to the coast. This is evident both on the ending part of Stratus 2003 (22-24 November 2003) and the initial part of Stratus 2004 (6-8 December 2004), while the concluding days of EPIC (22-25 October 2001) are characterized by an extremely pronounced SST and Tair variability and cannot fully support the pattern observed in the two subsequent cruises. 
e.  winds
The structure of the zonal and meridional winds from the radiosondes launched during the three field experiments are shown in Figs. 7 and 8 respectively. In all three cruises, the winds are consistent with climatology, with quite strong southeasterlies prevailing in the lower 3 km of the troposphere. There is substantial synoptic-scale variability in the winds above the boundary layer and some large-scale variability is observed in the boundary layer.  
Another feature shown in the upper and middle panels of Fig. 7 is the weak northerly flow in the layer between 1 and 2 km right after the beginning of the two cruises: the EPIC event occurs on 11 October during the southward route of the Brown (from 2 to 8°S along 95°W), and the Stratus 2003 event on 13 November when the Revelle was located at about 10-11°S, 85°W. The flow on 13 November is further characterized by a weak westerly wind component, as shown in Fig. 7. These events are suggestive of the shallow meridional circulation; southerly trades in the MABL and a low-level return flow from the ITCZ atop the MABL (Zhang et al. 2004).  This circulation may be responsible for the increase in moisture content just above the boundary layer during both 11 October 2001 and 13 November 2003). 
The wind direction in the lowest 3 km during Stratus 2004 was the most invariant among the three cruises; strong southeasterlies were predominant in the MABL from the beginning of the cruise till the point that the Brown reached 26°S, 80°W on 20 December, although the southeasterly flow was sometimes replaced by winds from the east or the northeast (9-11 December, 16-20 December). Winds from the east (rather than the southeast) above the MABL were occasionally observed during EPIC and Stratus 2003 (upper and middle panels of Figs. 5 and 6). In the 2004 field experiment there is southerly/southwesterly in MABL during the eastward route towards- and the southward route along the Chilean coast (20-23 December). This flow reflects the low-level jet off the west coast (e.g., Rutllant 1993). Garreaud and Munoz (2005) found a correlation between the jet events and increased cloudiness in the region downstream of the maximum winds along the coast and farther offshore, as well as an interconnection of such events with the strengthening of the subtropical anticyclone over the SE Pacific. These findings may explain the observed Stratus 2004 boundary layer structure and cloudiness, since the respective cruise period is associated with positive anomalies of the SE Pacific anticyclonic circulation, as well as with enhanced cloudiness in the proximity of the WHOI buoy espite the existence of persistent decoupling. 

Figs. 7 and 8 also indicate a distinct difference among the three cruises regarding the strength of the southeasterlies that prevailed in the lower troposphere. The sharp pressure gradients, forming as a result of the enhanced anticyclonic circulation over SE Pacific during Stratus 2004 (graphs not shown here), seem to be primarily responsible for the strong trade winds observed in and above the MABL throughout the cruise. From 10 to 20 December, zonal and meridional winds were constantly higher than 8-9 and 5-6 m s-1 respectively, and similar values were observed above the MABL during the 20°S transect and the WHOI buoy period (7-11 December and 12-16 December respectively). Such high wind speeds were not observed during the previous field experiments. There were, however, a few – relatively short – time periods through the duration of EPIC and Stratus 2003 that indicated a jet-like structure associated with strong zonal or meridional winds: 12-14 October 2001, while the Brown was traveling southeastward from 8°S, 95°W to about 15°S, 90°W with high meridional winds at and above the MABL top, and 19-22 October 2001 and 17-19 November 2003, while at the buoy location with strong zonal winds covering the entire extent of the boundary layer.  Further, winds in EPIC and Stratus 2003 are stronger in the MABL than above. 
The composite soundings (Fgs. 3 and 4) or the buoy period show mean wind directions consistent with climatology, with winds in the lower 3 km blowing from the east-southeast in all three buoy periods. The southerly component of boundary layer winds is slightly stronger in Stratus 2003 compared with EPIC, and becomes even stronger during the 2004 buoy period, especially for the lower boundary layer. The composite wind speed soundings are consistent with an earlier description of the cruise-track wind field evolution. The EPIC and Stratus 2003 buoy periods are characterized by an identical wind speed profile, with winds of about 7-8 m s-1 in the boundary layer that weakened above the inversion. In contrast, during the Stratus 2004 buoy period, the mean winds were consistently 3-4 m s-1 stronger for the entire lower tropospheric profile. Although these conditions are considered favorable for enhanced turbulent mixing within the boundary layer that would normally result in well-mixed temperature and moisture soundings, the extensive period of decoupled conditions does not show such influence. However, these strong winds may have enhanced entrainment of dry air above the inversion into the cloud layer, which could possibly explain to some extent the significant inversion height increase during the Stratus 2004 buoy period described in the previous chapter. Another contrasting feature is that the strong winds characterizing Stratus 2004 are not accompanied by an enhancement of the surface buoyancy fluxes or colder advection due to smaller sea-air temperature differences during this cruise. This will be further investigated in the following section.

b.  Wind and SST fields

Although the ship observations provide the winds at the ship, it is useful to put these point measurements in perspective with the larger scale SST and wind fields.  Here we exam the NCEP reanalysis SST, temperature, and wind fields for the observational periods at WHOI buoy.  In addition to the SST, another important factor affecting boundary layer temperatures in the subtropical SE Pacific stratocumulus regime is temperature advection by the mean wind. To study this effect, mean surface winds and SSTs were obtained  from the NCEP reanalysis (Kalnay et al. 1996) for the spatial domain sampled during the three field experiments. The 5- or 6-day wind vector composites, shown in Figs. 9 for the three buoy periods respectively, were provided by the NOAA-CIRES Climate Diagnostics Center (CDC), Boulder, Colorado (CO), from their Web site at http://www.cdc.noaa.gov.  The SSTs and winds from the reanalysis compare well with the ship observations.   

The mean southeasterly winds associated with the observed SST fields results in cold advection. The SSTs to the southeast of the ORS location are lower during the EPIC buoy period than he respective periods in Stratus 2003 and 2004.  The lower temperatures during this time are consistent with the climatology, since EPIC took place in mid-spring for the Southern Hemisphere compared with late spring for the Stratus 2003 cruise and early summer for Stratus 2004. This is also verified by the CDC 5-day SST anomaly plots (graphs not shown here). 

Using the gridded data fields provided by the CDC, temperature advection near the surface was estimated using the mean zonal and meridional wind components with the zonal and meridional temperature (T) gradients estimated from the SST fields. The reference grid-point was chosen as the closest to the WHOI buoy location (20°S, 84.38°W), and the zonal (meridional) gradient was estimated with the use of the SST and longitude (latitude) difference between the reference grid-point and the grid-point located at 77°W, 25.7°S. Since the  calculations are sensitive to the choice of  exact grid-point used to estimate the SST gradient, we select a grid point about 600-800 km upstream—about the advection distance for one day givem the mean wind speeds. Further, the weekly Reynolds’ SST analysis and the monthly reconstruction used to extract the daily SST values through linear interpolation, induces non-negligible uncertainty to the NCEP Reanalysis SST data.    

Using the reanalysis we obtained temperature advection values of -1.8, -0.5 and -0.3°C/day for the EPIC, Stratus 2003 and Stratus 2004 buoy-periods respectively. Thus, the EPIC buoy period was characterized by significantly colder advection compared with the other two field experiments. Moreover, the reduced cold advection during the Stratus 2003 and 2004 buoy periods is consistent with the low sea-air temperature difference (see Table B.2).  Although the wind speeds during the 2004 buoy were substantially higher than those during EPIC, ther is little SST contrast upstream of the buoy.  
c. Radiative and turbulent fluxes

Surface radiative and turbulent fluxes are variables coupled to the structure of stratocumulus-capped boundary layers. Both incoming shortwave and longwave radiation demonstrated a rather expected variability throughout each cruise, as they were primarily modulated by fractional cloudiness. During periods with overcast skies, the IR flux ranged from 390 to 410 W m-2 while the maximum (noontime) solar flux varied between 600 and 800 W m-2. As expected, clear-sky periods are associated with reduced incoming longwave radiation (310-320 W m-2) and much higher noontime solar fluxes (1100-1200 W m-2). Values between these extremes correspond to broken-sky periods. This span of values for both longwave and shortwave radiation provides a rough estimate of the intensity of the radiative forcing associated with the SE Pacific stratocumulus cloud deck, and highlights the importance of an accurate representation of these clouds in the radiative transfer schemes of regional and global climate models.
The surface turbulent fluxes (Fig. 10) are primarily modulated by the sea-air temperature difference variations and the winds. The sensible heat (SH) flux is tied to the SST-Tair evolution, thus is characterized by relatively high values during the EPIC cruise and significantly lower values during Stratus 2003 and 2004. Actually, intermittent periods in the later cruises are associated with negative values of SH flux. Latent heat fluxes (LH) exhibit much higher values (in W m-2) than SH fluxes in general, although their contribution to the VH flux (or buoyancy flux) is limited. Fig. 10 clearly shows that the VH flux closely follows the SH flux evolution. There is a pronounced diurnal cycle observed in the LH fluxes during the first half of EPIC 2001 that is not as prevalent on the other cruises. The LH fluxes exhibit large variability (20-150 Wm-2) during Stratus 2003, especially during the WHOI buoy period.  During the Stratus 2004 cruise LH flux values range between 50 and 150 W m-2 throughout the cruise.
4.  Physical properties of clouds and boundary layer

a. Fractional cloudiness and drizzle occurrence

Fig. 11 shows the time-height mapping of MMCR reflectivity during the EPIC 2001 and Stratus 2003 cruises. As noted previously, there are almost no available radar data from the NOAA ESRL/PSD MMCR for the Stratus 2004 cruise. Complimentary observations from the UMRMG 94-GHz FMCW radar along with ceilometer observations provide estimates of cloud fraction and drizzle occurrence during this cruise.
The observations shown in Fig. 11 illustrate the variability of marine stratus occurrence over the length of the two cruises. There are periods of continuous cloud coverage, especially during the EPIC 2001 cruise, and clear-sky periods, especially during the Stratus 2003 cruise. The cruise-averaged cloud fraction was about 92% and 80% for EPIC 2001 and Stratus 2003 respectively (78% for Stratus 2004). The presence of radar returns below the ceilometer cloud base indicates drizzling periods. During Stratus 2003, the striking feature is the presence of extensive periods of clear skies especially at the buoy location. Furthermore, the cloud base height exhibits higher variability, and the drizzle occurrence was lower. 

Figs. 12 and 13 show the time series of hourly estimates of cloud and drizzle fraction during the three cruises. Overall, overcast conditions were observed, with large fraction of drizzle occurrence during the nighttime. During Stratus 2003, extensive clear-sky periods were documented by the MMCR and the ceilometer while the research vessel was stationed at the WHOI buoy. During this period (i.e. 17-19 November 2003), the cloud fraction remains less than  100% during the night.  In Stratus 2004, the cloud fraction oscillates from 100% at night to much lower values during the daytime and particularly near the solar maximum period. During the same cruise the lowest drizzle fraction is observed. Comparing all three cruises, a relatively high cloud fraction is observed during EPIC 2001 despite the high nighttime drizzle occurrence. Although drizzle is thought to have a stabilizing effect on the MABL, during EPIC 2001 a well mixed state was maintained and the clouds persisted throughout the cruise.  A reduction in cloud cover during the characteristic EPIC (18-19 and 21 October 2001) and Stratus 2003 (16, 19 and 20 November 2003) buoy period events can be seen in Fig. 12; Indeed the respective periods are accompanied or followed by reduced cloud fraction (as measured by the ceilometers).
The differences in fractional cloudiness among the three cruises may be related to the stability factor as defined by the Klein (        ) relationship as shown in Table   .  For the three composite soundings the average stability factor calculated as **** was found to be about 24 oC .  The cloud fraction observed on the 2003 and the 2004 fit well with the Klein line representation. But the nearly constant value of the stability factor for the three cruises does not capture the higher fractional cloudiness 
Various local factors may affect the drizzle variability observed within marine stratocumulus.    Some that have been explored include cloud thickness, cloud microphysical properties, and above inversion moisture.   To explore the effects of cloud thickness on the drizzle occurrence in the observations described here, we define a potential cloud thickness (PCT) as the difference between boundary height and the LCL.  For decoupled boundary layer conditions, the PCT may be a better indicator of drizzle production then cloud thickness defined from ceilometer cloud base height and the inversion top, since cloud base may reflect the upper cloud deck and not the base of the cumulus clouds that may extend from the subcloud layer and are more closely coupled to the LCL.  For each hour of observation and the cloud top or inversion top as defined using either radar or wind profiler observations and the corresponding LCL for this time are used to give PCT values.  A plot of the drizzle frequency and PCT are shown in Fig. 14.  

The possible effects of the above inversion moisture on drizzle occurrence were examined by comparing the occurrence with the magnitude of the moisture jump at the inversion.  The data set for this comparison is smaller than the previous one, since it is limited to times when soundings are available.  The results shown in Fig. 15 indicate little dependence of the frequency on the moisture jump.   Thus for the area sampled, the controls on the drizzle frequency appears to be correlated to cloud thicknesses changes (maybe).  Cloud microphysical observations were not available to try to infer what impact these properties might have on drizzle occurrence. 
b.  macroscopic cloud properties (this section may be integrated into above section)
The mean macroscopic properties of the clouds observed during the three cruises are summarized in Fig16.  These frequency distributions reflect the characteristics shown in the time height sections shown in Fig. 2 with the mean average cloud base lower during EPIC than the other two cruises where more decupled boundary layers are observed.   Similar differences in the cloud thicknesses are apparent in Fig. 16b with thicker cloud observed during EPIC and thinner clouds during the other two cruises.  There is also evidence of a bimodal distribution during the cruises where decoupling was evident. 
c.  diurnal variability

Strong surface fluxes and cloud top IR cooling are the primary mechanisms that maintain a well mixed MABL and the marine stratus deck near the top of the boundary layer during nighttime. During daytime, the absorption of solar radiation near the cloud top partially offsets the IR cooling and thus reduces the turbulence kinetic energy that promotes vertical mixing and supplies the stratus deck with moisture. As a result, the cloud layer can partially thin or completely evaporate leading to clear-sky periods (e.g., Miller and Albrecht 1995; Wood et al. 2002).. The diurnal cycle signature is often disturbed by synoptic and large scale features such as inertia-gravity waves (Bretherton et al. 2004), and fluctuations in the subsidence rate at the top of the MABL.  

Using the cloud- and drizzle-fraction hourly estimates reported in the previous section we construct the diurnal cycle of cloud fraction and drizzle occurrence for the three cruises (Fig. 17). In general, drizzle occurrence seems to vary diurnally in accordance with fractional cloudiness in all three cruises. The EPIC 2001 diurnal cycle of cloud fraction is relatively weak compared with the subsequent cruises, although the diurnal variation in drizzle occurrence during EPIC 2001 is similar to that during 2003. The highest values of cloud and drizzle fraction are observed during the night and early morning hours. Cloud fraction values remain remarkably high (above 90%) almost for the entire day, i.e. from early evening (1700 local time; LT) to late morning (1000 LT). Even at local noon cloud fraction does not drop below 80% on the EPIC cruise. Drizzle occurrence shows higher diurnal variability than cloud fraction during the EPIC cruise, with a distinct maximum at 0500 LT (44%) and a minimum at local noon (3%). During Stratus 2003, the cloud and drizzle fraction demonstrate higher diurnal variability. The maximum values of cloud and drizzle fraction are observed at 0600 LT (98% and 48% respectively) and the minimum values are observed right after local noon (60% and 1% respectively). Stratus 2004 is also characterized by pronounced diurnal variability in cloud fraction with higher values during nighttime and lower during daytime compared with Stratus 2003. The maximum cloud fraction value was recorded at 0300 LT (93%), whereas the maximum in drizzle occurrence was recorded a few hours earlier (30% at local midnight). The lowest cloud fraction values also occurred at 1200 and 1300 LT (60%), when the clouds had no drizzle in or below the cloud layer. Drizzle occurrence during Stratus 2004 shows a different diurnal variation compared with that on the earlier cruises; this may be attributed to the difference in boundary layer structures and cloud regimes between the three research cruises.  
d. boundary layer decoupling

Although the EPIC 2001 cruise was characterized by boundary layers that were generally well mixed, the soundings and cloud properties during 2004 Stratus cruise were characterized by the frequent occurrence of decoupled boundary layers.  To illuminate the possible mechanisms responsible for the decoupling, individual soundings during the 2004 buoy period were subjectively classified as either coupled or decoupled.   Composite soundings were then constructed for these two classifications.  These soundings are shown in Figure  19.   To further isolate the differences in and above the boundary layer, composite soundings obtained using a the non-dimensional height scale were also constructed (Figure 20).  The depth of the boundary layer is about 400m higher than that of the coupled soundings.  Further the boundary layer wind speeds are about 2 ms-1 higher for the coupled soundings than for the decupled soundings.  The potential temperature and mixing ratio differences shown in Figure 20 illustrate how the boundary layer differs for these two cases with higher stability in the decoupled cases associated with higher moisture levels in subcloud layer and lower in the cloud layer.   These differences are consistent with the changes in the moisture transports between these two cases.   (Add discussion on surface fluxes, cloudiness, etc).  
5.
Summary and discussion
Ship-based observations of marine stratocumulus clouds during the EPIC 2001 and the Stratus 2003 and 2004 cruises have been used to study the variability of the MABL and clouds in the SE Pacific. The EPIC 2001 field experiment was the first attempt to study marine stratus clouds in this regime using ship-based instrumentation (Bretherton et al. 2004). During the Stratus 2003 (Kollias et al. 2004) and Stratus 2004 (Serpetzoglou et al. 2005) cruises new observational data sets of marine stratus clouds were collected. Here, the observations from these three cruises are used to document the structure and variability of the MABL, clouds and drizzle, and provide a cohesive description of their differences and similarities.  We anticipate that the findings presented will help in the design of future field programs (e.g., VOCALS 2007). Furthermore, the systematical comparison among the three cruises will provide a benchmark for the modeling community (e.g., Large Eddy Simulation (LES)), where modelers can test their parameterization schemes and representation of marine stratus clouds for a variety of MABL, surface and large-scale forcing conditions. Some of the main features observed during the three cruises are summarized below.

The EPIC cruise provided an unprecedented data set of SE marine stratocumulus clouds that had been previously sparsely observed at such resolution and detail. During EPIC 2001, the MABL was well mixed, resulting in small LCL variability. The cloud fraction was very high - nearly no clear sky periods were observed with high nighttime drizzle occurrence and drizzle rates (Comstock et al. 2005).  Drizzle evaporation resulted in measurable cooling and moistening of the subcloud layer as observed by the surface met instruments and the soundings. Despite the stabilization of the boundary layer induced by the evaporation of drizzle, the MABL maintained a well mixed vertical structure that helped maintain the cloud layer. Stratus clouds with cloud thickness greater than 250 m had drizzle below the cloud base. A strong diurnal cycle of marine stratocumulus cloud top height was documented throughout the cruise. Overall, the EPIC 2001 observations of marine stratus revealed an omnipresent stratus deck, with little or no transition to other MABL regimes such as broken clouds and decoupled conditions. These conditions contrast with those observed on the subsequent cruises.  
The Stratus 2003 cruise provided another dataset of MABL, clouds and drizzle in the SE Pacific. During the Stratus 2003 cruise, moderate vertical gradients of potential temperature and mixing ratio that overlap with periods of small cloud fractional coverage, decoupled layers and shallow cumuli clouds were observed. Furthermore, during Stratus 2003 the LCL varies substantially with time in conjunction with MABL variability.  Large periods of clear skies were observed at the WHOI buoy location, especially during the solar flux maximum. The stratus observed at the buoy location during Stratus 2003 revealed a different picture from the one captured during EPIC, with sharp transitions from solid cloud deck to broken cumuli, and large vertical gradients of thermodynamic properties (e.g., mixing ratio and virtual potential temperature) in the MABL.  
During the Stratus 2004 cruise, the observed MABL, cloud, and drizzle structures showed similar features with those observed in Stratus 2003. However, the presence of decoupled conditions in the MABL was more pronounced. Decoupled conditions were first observed during the third day that the Brown is stationed at the buoy location and persist during the southeasterly route that the Brown followed afterwards. The decoupled MABL conditions resulted in decrease of the cloud thickness and the intermittent presence of shallow cumuli clouds below the high stratocumulus cloud base. Another interesting feature observed during Stratus 2004 was the elevation of the MABL capping inversion. Although the Stratus 2004 composite sounding showed more enhanced decoupling than Stratus 2003, the mean relative humidity of the stratocumulus cloud layer was higher, indicating a fairly solid cloud layer despite the persistent decoupling and the higher cloud bases. 

The previous discussion is indicative of the three different regimes of boundary layer structure and cloudiness that characterized the PACS/EPIC research cruises conducted so far in the remote southeast Pacific area. Although many detailed features observed during these cruises can be attributed to particular synoptic scale disturbances, there were several characteristics of the MABL, the cloud structure, and the occurrence of drizzle that were documented and compared in all three cruises. These include: 
· Cloud boundaries, cloud fraction and drizzle occurrence exhibit strong diurnal cycle with maximum values during nighttime and minimum near the local noon time. Typical cloud thickness was between 150 and 300 m and the thickest clouds were observed during EPIC 2001. The buoy-period-averaged cloud fraction was high for EPIC (94%) and Stratus 2004 (86.5%), but significantly lower for Stratus 2003 (66%). Drizzle occurrence was substantially reduced during Stratus 2004. 
· The depth of the MABL capping inversion is between 50 and 150 m, with an increase of potential temperature across the inversion of (θ= 6-9 K, and a decrease in mixing ratio of (r= 4-5.5 g kg-1.
· Typical measured sea-air temperature differences are between 0 and 2°C. EPIC was characterized by large sea-air temperature differences (~1.5°C), in contrast to Stratus 2003 (~0.5°C) and Stratus 2004 (0°C). This was due to reduced cold-air advection in the proximity of the WHOI buoy location during the later cruises.   

· In accordance with the observed sea-air temperature differences, the highest sensible and latent heat fluxes were observed during EPIC 2001 (99 and 14 W m-2 buoy-averaged values respectively). Lower values were observed during Stratus 2003 and 2004 (2 and 68 W m-2 and -1.8 and 83 W m-2 respectively). 

· Near-surface (1000 mb) relative humidity values were around 75% on average for the three cruises and the mixing ratio was between 8 and 10 g kg-1 near the surface.

·  The wind direction during all three cruises was relatively persistent from the southeast (120o) and the wind speed at the surface (1000 mb) was 7-10 m s-1 on average for the three cruises. Stratus 2004 was characterized by stronger winds that resulted from the enhanced anticyclonic circulation during the same period. Evidence of the low-level jet off central Chile (Garreaud and Munoz 2005) during Stratus 2004 as well as possible indications of the shallow meridional circulation (Zhang et al. 2004) during EPIC and Stratus 2003 were documented in the observed wind structures.
· Mid-troposphere moisture features were observed by the soundings in all three cruises. These features propagate downward and reach the layer above the capping inversion.
The persistence of marine stratus through the year and their extensive coverage makes these shallow marine clouds a significant component of the earth radiation budget. The systematic analysis and comparison of the ship-based observations of clouds and MABL properties provided a wealth of information for additional modeling and field studies. The documentation of the temporal and spatial variability of the MABL and clouds in the SE Pacific is an important step in understanding the physical processes that contribute to the formation, maintenance and dissipation of marine stratocumulus. 

Our current understanding of the stratocumulus-capped boundary layer in the SE Pacific comes from the well-explored dataset obtained during the EPIC 2001 Stratocumulus study; due to the lack of additional observations up to the end of 2003, scientists – naturally – drew many conclusions based only on the particular dataset. The EPIC field experiment and its findings will always be a milestone for the SE Pacific stratocumulus regime that had been previously exposed to very limited observations with in-situ instrumentation. Nevertheless, parameterization schemes, model evaluations and general assessments based exclusively on these findings may be valid only for specific cases/time periods and may not hold for the entire domain of boundary layer-cloud interactions all-year round. For instance, prior to the Stratus 2003 research cruise (Kollias et al. 2004), the well-mixed conditions observed throughout the EPIC study were thought to be the primary mode of the boundary layer structure in the area during the Southern Hemisphere spring months. The 2003 and 2004 cruises though revealed many differences and a far more complex picture with respect to the EPIC findings, especially for boundary layer structure and evolution, even for the same spatial domains (WHOI buoy location) and for adjacent months (October-November-December). This highlights the need for more in-situ observations and enhanced monitoring of the SE Pacific cloud-topped boundary layer, as well as the need for analysis of data from all research cruises already conducted in the area for boundary-layer-, cloud- and precipitation-related studies. Additional case studies with the use of the relatively new datasets would definitely help to better constraint and explain the documented variability that characterizes boundary layer structures and cloudiness in the area.

Some of the results obtained in this study can be directly correlated to satellite data for the SE Pacific area or model parameterizations for boundary layer structures and processes. A deeper analysis of the data should reveal even more interesting features, and could be used for evaluating specific satellite products and boundary-layer model simulations. Moreover, this dataset, including three successful observational periods over the span of four years, can be a reference point for the SE Pacific stratocumulus and could be ideally used for various intercomparisons with the better-studied stratus and stratocumulus clouds of the NE Pacific.    

During the cruises, the air-sea flux system and the high temporal-resolution soundings provided adequate description of the MABL structure and evolution. However, the millimeter wavelength radars used on board the research vessels as part of the cloud observation systems were not compensated for ship motion and often saturated in the presence of heavy drizzle events (Ghate et al. 2005). Thus, besides the cloud reflectivity that can be used for the retrieval of the cloud boundaries and to classify the cloud observations in drizzling and drizzle-free periods, the Doppler measurements are not suitable for the retrieval of cloud dynamics and microphysics. In addition, no ship-based method exists currently for the accurate measurement of drizzle rain rates at the surface, and the LWP measurements are often susceptible to biases and uncertainties (Zuidema et al. 2005). Finally, comprehensive measurements of aerosol mass distribution and chemistry are required for a better understanding of cloud-aerosol interaction.

A combination of millimeter wavelength cloud radars (35- and 94-GHz) from various platforms (e.g., island-based, ship-based and airborne) along with in-situ measurements of cloud microphysics and aerosols from aircraft penetrations in the context of a large field experiment in the near future could improve our understanding on marine stratus. Millimeter wavelength cloud radars have been used extensively the last 15 years for the study of boundary layer clouds. Using observations from a 35-GHz radar during the Atlantic Stratocumulus Transition Experiment (ASTEX; 1992), Miller and Albrecht (1995) study the diurnal cycle of the cloud structure of marine stratocumulus and Frisch et al. (1995a; 1995b) develop turbulence and microphysical retrieval techniques using airborne radar observations.  Recently, Stevens et al. (2003) used airborne in-situ and radar observations to further examine the physics and dynamics of marine stratus off the coast of California. Currently the NOAA ESRL/PSD is developing a 94-GHz radar with Doppler spectra capability and motion compensation for ship-based observations of boundary layer clouds. Such new and exciting tools or the use of a second radar frequency (e.g., X-band) could be used to retrieve the turbulent and microphysical structure of marine stratus. Such ship-based observations in the context of a large field experiment and the presence of aircraft in-situ measurements could lead to the generation of new datasets and better understanding of marine stratus.
APPENDIX A
Special Cases of Data Analysis Procedures

a. Calculation of cloud-top height for Stratus 2004 
For EPIC and Stratus 2003, the cloud-top height was calculated using the MMCR reflectivity retrievals. However, a similar method could not be applied to the Stratus 2004 data, since the MMCR suffered a component failure on the 4th day of the cruise. Thus, an alternative way to estimate the cloud-top heights was considered by using the 915 MHz wind-profiler reflectivity. These data provide the inversion height (boundary layer depth) using a technique developed by Chris Fairall and William Otto  of the National Oceanic and Atmospheric Administration (NOAA) Earth System Research Laboratory (ESRL) Physical Sciences Division (PSD) – formerly known as Environmental Technology Laboratory (ETL). The enhanced profiler reflectivity results from Bragg scattering due to the large temperature and moisture jumps that characterize the sharp capping inversion of the SE Pacific boundary layers. This procedure gives an inversion height estimate even if there is no cloud present; but this should not be a major problem, since we are mostly interested in the time-height evolution of cloud top. Moreover, a distinction should be made between the base and the top of the inversion layer. In the presence of stratus clouds the cloud top closely matches the inversion-base height. However, the wind-profiler technique is based on identifying the maximum Bragg scattering resulting from the temperature and moisture inversion jumps, thus giving estimates of cloud-top that lie within the inversion layer and not exactly at the inversion base. This is evident in Fig. A.1, which shows a comparison of the wind-profiler inversion-height estimates with the heights of the inversion base and inversion top derived from the soundings using the μ-parameter methodology (see section 2).    

b. Calculation of cloud fraction for Stratus 2004 


Another instrument problem affected ceilometer data from the Stratus 2004 cruise.  The ceilometer appears to have been operating at reduced sensitivity after the 6th day of the cruise. A deterioration of the optical fiber that carries the signal to the detector prevented the instrument of detecting many clouds during daytime when sunlight may contaminate the optical returns. Fortunately, when clouds are detected, the cloud base height is accurate. After careful examination of the daily plots of backscatter coefficient and cloud base height, we concluded that the problem is limited between the hours 14:00 and 22:00 UTC (8:00 to 16:00 local time) from 11 December to the end of the cruise. The apparent malfunction does not influence substantially the time-height profile of cloud base, but it makes part of the data unusable with regard to estimating fractional cloudiness and cloud base statistics. 

To compensate for the afore-mentioned malfunction and the consequent gap in the daily ceilometer data, incoming longwave radiation is used as a surrogate for fractional cloudiness. Fig. A.2 illustrates the analysis procedure followed for making accurate estimates of the Stratus 2004 cloud fraction. The upper panel of Fig. A.2 shows the initial (uncorrected) scatterplot between ceilometer-derived hourly cloud-fraction estimates and hourly averages of the downwelling IR flux, as measured by the NOAA ESRL/PSD air-sea flux system. The hourly intervals affected by the ceilometer malfunction are plotted with a different marker (squares), and correspond to data points with high IR flux- (370-400 W m-2) but low cloud fraction values (lower than 50%). These data points as well as the data points that correspond to cloud fraction values higher than 95% are excluded from the linear least-squares regression, used to extract the approximate linear relationship between the two properties (i.e. zenith cloud fraction and incoming longwave radiation). Totally overcast conditions, associated with cloud fraction greater than 95%, form a different regime with respect to emitted longwave radiation, and their addition to the least-squares regression would create a bias to the result. The linear least-squares fit can be seen in the middle panel of Fig. A.2; the correlation coefficient (~0.85) indicates that this fit accounts for approximately 72% of the variance. This linear equation is then used to approximate cloud fraction for the time periods that the ceilometer was working on reduced sensitivity (Fig. A.2, lower panel). 

The corrected cloud fraction values account for 27.5% of the total hourly cloud fraction estimates (99 and 360 respectively, over a span of 15 days – 6-20 December). However, the fact that the linear fit explains 72% of the variance adds considerable uncertainty to our results. To evaluate this uncertainty, the methodology described above was applied to the EPIC and Stratus 2003 observations. The respective scatterplots, linear fits and correlation coefficients are shown in Fig. A.3. The similar correlation coefficients between the Stratus 2003 and Stratus 2004 analysis results substantiate the use of the Stratus 2003 observations for evaluating the accuracy of our approximation technique.  Thus, hourly cloud fraction estimates were reproduced from the IR flux measurements through least-squares regression and compared with the respective zenith cloud fraction values measured from the ceilometer for the entire Stratus 2003 observational period. This comparison revealed that over 75% of the reproduced cloud fraction estimates were within 20% difference of the initial ceilometer-derived values. Further, the average cloud fraction value for the entire cruise period was not affected at all by the approximation technique. These results validate the use of the Stratus 2004 corrected cloud fraction estimates in our analysis.
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The hourly intervals affected by the ceilometer malfunction are plotted with a different marker (gray squares), and correspond to data points with high IR flux- (370-400 W m-2) but low cloud fraction values (lower than 50%). These data points as well as the data points that correspond to cloud fraction values higher than 95% are excluded from the linear least-squares regression, used to extract the approximate linear relationship between the two properties (i.e. zenith cloud fraction and incoming longwave radiation). Totally overcast conditions, associated with cloud fraction greater than 95%, form a different regime with respect to emitted longwave radiation, and their addition to the least-squares regression would create a bias to the result. The linear least-squares fit can be seen in the middle panel of Fig. A.2; the correlation coefficient (~0.88) indicates that this fit accounts for approximately 77% of the variance. This linear equation is then used to approximate cloud fraction for the time periods that the ceilometer was working on reduced sensitivity (Fig. A.2, lower panel). 

The corrected cloud fraction values account for 26% of the total hourly cloud fraction estimates (99 and 384 respectively, over a span of 16 days – 5-20 December). However, the fact that the linear fit explains 77% of the variance adds considerable uncertainty to our results.
APPENDIX B
Buoy Period Composite Soundings and Statistics

Table B.1 includes the non-dimensional composite soundings used in this study at intervals of 0.1 z/zi. Soundings at 0.01 z/zi were used for Fig. 13 and are available upon request. Table B.2 includes mean and standard-deviation values for the MABL, cloud and drizzle properties used in this study from the soundings, ceilometer, radars and air-sea flux system data. The period that the research vessels were stationed in the proximity of the ORS location is again considered as the temporal averaging domain. This table summarizes the description followed in sections 3 and 4, and could be a good reference for scientists and researchers that focus their studies in the SE Pacific stratocumulus regime or intend to compare this regime with other areas dominated by stratocumulus clouds around the world. This information could also be used as baseline boundary layer and cloud structure for building and evaluating models as well as for testing boundary layer parameterizations.

The buoy-period soundings are used for the calculation of the means and standard deviations of all temperature, moisture and wind parameters for the surface- (1000 mb), inversion- and above-inversion (700 mb) levels. A wide range of threshold values for the parameter μ was tested, and μ=0.15 gave the most accurate results compared with the mean geometric-height thermodynamic profiles of Fig. 12 and the mean cloud-top heights estimated by the radars (Table B.2). This value still induces some differences (e.g., the ones discussed in section 4.a between the observed mean cloud-top heights from Fig. 12 and the mean cloud-top heights from Table B.2 that were calculated with the use of the μ parameter). However, this value best compensates between the mean thermodynamic moisture profiles shown in Fig. 12 and the radar-derived cloud-top estimates; a higher value would give results closer to the radar cloud-top heights and significantly different from the values seen in Fig. 12, whereas a lower value would have the opposite effect. The sensitivity of the inversion variables estimation to this threshold value of μ should be taken into account in future studies that plan to utilize similar methodology. 
Hourly estimates/averages of the ceilometer and radar data, and 5-min averages of the air-sea flux system data were used before extracting the buoy-period means and standard deviations for the respective properties. The mean EPIC cloud-top height was manually reduced by 100 m to account for the reduced height resolution of the MMCR that resulted in an apparent overestimation of this height. The same correction was applied earlier in Fig. 2. Further, the wind-profiler technique, used to compensate for the malfunctioning of the MMCR during the Stratus 2004 experiment, appears to slightly overestimate the inversion-base/cloud-top height (see also Fig. A.1). 
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FIGURE CAPTIONS
Figure 1. The routes that the Brown and the Revelle followed during EPIC 2001 (solid), Stratus 2003 (dashed) and Stratus 2004 (dashed-dotted). The respective squares indicate the beginning point and the respective circles the ending point of each cruise. The arrow points to the location of the Stratus ORS buoy (20°S, 85°W).
Figure 2. Time-height mapping of mixing ratio r (g kg-1) from the soundings launched during EPIC 2001 (upper panel), Stratus 2003 (middle panel) and Stratus 2004 (lower panel). The cloud boundaries and the LCL are also displayed. The cloud top (red) is retrieved from the MMCR for EPIC and Stratus 2003, while for Stratus 2004, it is approximated by the inversion base height, derived from the wind-profiler reflectivity. The cloud base (black) is derived from the ceilometer and the LCL (blue) from surface met data. All estimates are 10-min averaged or linearly interpolated from a higher resolution, with the exception of the hourly averaged inversion base height. The periods when the vessels were stationed at the WHOI buoy (20(S, 85(W) are bounded by black vertical lines, while white segments indicate missing or bad sounding values.
Figure 3. Time-height mapping of relative humidity RH (%) from the soundings launched during EPIC 2001 (upper panel), Stratus 2003 (middle panel) and Stratus 2004 (lower panel). Dashed lines indicate the period when the ship was stationed at the WHOI buoy; white segments indicate missing or bad sounding values.

Figure 4. Evolution of SST (blue) and Surface Air Temperature Tair (red) during EPIC (upper panel), Stratus 2003 (middle panel) and Stratus 2004 (lower panel), as recorded from the NOAA/ ETL air-sea flux system. Dashed lines indicate the period when the ship was stationed at the WHOI buoy.

Figure 5. Time-height mapping of zonal wind speed from the soundings launched during EPIC 2001 (upper panel), Stratus 2003 (middle panel) and Stratus 2004 (lower panel). Positive winds are to the East. Dashed lines indicate the period when the ship was stationed at the WHOI buoy; white segments indicate missing or bad sounding values.
Figure 6. As in Fig. 5, but for the meridional wind speed. Positive winds are to the North.

Figure 7. Surface latent heat (blue), sensible heat (red) and virtual heat (black) fluxes during EPIC (upper panel), Stratus 2003 (middle panel) and Stratus 2004 (lower panel). Dashed lines indicate the period when the ship was stationed at the WHOI buoy.

Figure 8. Reflectivity from the MMCR during EPIC 2001 (top) and Stratus 2003 (bottom). The ceilometer cloud base height is shown with the black dots.

Figure 9. Hourly estimates of zenith-point fractional cloudiness from the ceilometer for EPIC 2001 (top), Stratus 2003 (middle) and Stratus 2004 (bottom). During Stratus 2004, the daytime cloud fraction values were adjusted using the observed downward longwave radiation.
Figure 10. Hourly fractional drizzle occurrence for EPIC 2001 (top), Stratus 2003 (middle) and Stratus 2004 (bottom). Drizzle is defined as MMCR (for EPIC and Stratus 2003) or FMCW (for Stratus 2004) radar profiles having maximum (column-integrated) reflectivity greater than -10 dBZ.
Figure 11. Diurnal cycle of cloud fraction (black) and drizzle occurrence (gray) during EPIC 2001 (top), Stratus 2003 (middle) and Stratus 2004 (bottom). A -10 dBZ reflectivity threshold is used in the MMCR/FMCW data for the retrieval of the drizzle fraction. The corrected ceilometer data are used for extracting the Stratus 2004 cloud fraction diurnal cycle.
Figure 12. Mean profiles derived from the soundings launched during the 3 WHOI buoy periods: EPIC (solid) [6 days, 16-22 October 2001], Stratus 2003 (dashed) [5 days, 16-21 November 2003] and Stratus 2004 (dashed-dotted) [5 days, 11-16 December 2004]. Each variable is noted at the top of each subplot.
Figure 13. As in Fig. 12, but using height scales normalized by the height of the inversion zi.
Figure 14. Daily mean composites of SST (top) and surface wind vector (bottom) from NCEP Reanalysis data for the 6-day EPIC buoy Period (16-22 October 2001). Images provided by the NOAA-CIRES Climate Diagnostics Center (Boulder, CO) from their Web site at http://www.cdc.noaa.gov. The transparent squares indicate the Stratus ORS location.
Figure 15. As in Fig. 14, but for the 5 days of the Stratus 2003 buoy period (16-21 November 2003). Images provided by the NOAA-CIRES Climate Diagnostics Center (Boulder, CO) from their Web site at http://www.cdc.noaa.gov.
Figure 16. As in Fig. 14, but for the 5 days of the Stratus 2004 buoy period (11-16 December 2004). Images provided by the NOAA-CIRES Climate Diagnostics Center (Boulder, CO) from their Web site at http://www.cdc.noaa.gov.

 greater than 95% have been excluded to improve the linear fits.

TABLE CAPTIONS

Table 1. Time schedule for the 3 stratus cruises.
Table 2 A list of the remote sensing instruments onboard the Brown and the Revelle and the respective products.
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Table B. 1. Composite soundings used in this study at intervals of 0.1 z/zi
Table B. 2. Buoy period statistics.
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