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Abstract 
 
Clouds remain a major source of uncertainty in climate projections. In this context, 

subtropical marine boundary layer (MBL) clouds play a key role in cloud-climate feedbacks that 
are not well understood yet play a large role in biases both in seasonal coupled model forecasts 
and annual mean climate forecasts. In particular, current climate models do not accurately 
represent the transition from the stratocumulus (Sc) regime, with its high albedo and large impact 
on the global radiative balance of Earth, to shallow trade-wind cumulus (Cu), which play a 
fundamental role in global surface evaporation and also albedo. Climate models do not yet 
adequately parameterize the small-scale physical processes associated with turbulence, 
convection, and radiation in these clouds. Part of this inability results from lack of accurate data 
on these clouds and the conditions responsible for their properties, including aerosol properties, 
radiation, and atmospheric and oceanographic conditions. 

 
In MAGIC, the Marine ARM (Atmospheric Radiation Measurement) GPCI1 Investigation of 

Clouds, we propose to deploy the Second ARM Mobile Facility, AMF2, on the Horizon Lines 
cargo ship Spirit traversing the route between Los Angeles, CA and Honolulu, HI for one full 
year, from October, 2012, through September, 2013, during which the unique capabilities 
provided by AMF2 will be utilized to observe and characterize the properties of clouds and 
precipitation, aerosols, and atmospheric radiation; standard meteorological and oceanographic 
variables; and atmospheric structure. Additionally, we propose two Intensive Observational 
Periods (IOPs) for January and July of 2013 during which more detailed measurements of the 
atmospheric structure will be made. 

 
This first marine deployment of AMF2 will yield an unparalleled and extremely rich data set 

that will greatly enhance the ability to understand and parameterize clouds and precipitation, 
aerosols, and radiation and the interactions among them; the processes that determine their 
properties; and factors that control these processes. Deployment of AMF2 on a ship that 
routinely traverses this route provides an opportunity to collect a long-term data set over a vast 
cloud region which is of intense interest to climate modelers. Specifically, the proposed transect 
lies closely along the cross section used for the GPCI1, and the data collected will provide 
constraint, validation, and support for this modeling effort, and for associated modeling efforts 
such as the CGILS2 and EUCLIPSE3. The founders of ARM recognized the importance of these 
marine cloud regimes and the original document recommending locales for ARM sites (ARM, 
1991) explicitly called for sites in the Eastern North Pacific or Eastern North Atlantic Ocean. 
The proposed deployment would, at long last, meet the identified requirement for ARM 
measurements in this region. 

 
 
 
 

1 GPCI: Global Energy and Water Cycle Experiment (GEWEX) Cloud System Studies (GCSS) Pacific Cross-
section Intercomparison 

2 CGILS: CFMIP-GCSS Intercomparison of Large Eddy Models and Single Column Models, a joint project of the 
GCSS and the World Climate Research Programme Working Group on Coupled Modelling Cloud Feedback 
Model Intercomparison Project (CFMIP) 

3 EUCLIPSE: European Union Cloud Intercomparison, Process Study & Evaluation Project 
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Summary of the Proposed Activity Including Scientific Objectives 
 
The MAGIC proposal involves deployment of AMF2 and additional instrumentation on the 

Horizon Lines cargo ship Spirit (or an equivalent ship) traversing the route between Los 
Angeles, CA and Honolulu, Hawaii from October, 2012 through September, 2013. The proposed 
deployment would take full advantage of AMF2 and its suite of instruments to measure 
properties of cloud and precipitation, aerosols, and atmospheric radiation; surface meteorological 
and oceanographic variables; and atmospheric vertical structure using balloon soundings every 
six hours. Two two-week IOPs are proposed, one in January 2013 and one in July 2013, during 
which additional instruments will be deployed and balloon soundings will occur every three 
hours, providing a more detailed characterization of the state of the atmosphere and its daily 
cycle during two distinctly different seasons. 

 
The importance of marine clouds to Earth’s climate system and the need for high quality data 

on properties of such clouds for evaluating and improving climate models provide strong 
scientific motivations and justification for this proposal. In particular, clouds in the subtropical 
MBL are known to play an essential role in the cloud-climate feedbacks that lead to large 
uncertainties in climate projections. Yet current climate models remain far from realistically 
representing the cloudy boundary layer, as they are limited by their inability to adequately 
represent (parameterize) the small-scale physical processes associated with turbulence, 
convection and clouds. In the context of cloud-climate feedbacks, the transition from the Sc 
regime to the shallow Cu regime is a key process that remains to be well characterized and 
understood. 

 
The transect for this deployment was chosen specifically because it lies in this region of great 

climatic interest and because of its close approximation to a substantial part of a transect used by 
several focused modeling efforts. The cloud type and cover along this transect vary from low 
marine Sc with high areal coverage near the California coast to puffy Cu with much lower 
coverage in the trade wind regions near Hawaii. The low marine Sc decks, with their high 
albedo, exert a major influence on the shortwave radiation budget in the ocean environment, and 
thus provide an extremely important forcing of Earth’s climate. The trade Cu clouds play a large 
role in the global surface evaporation and also in Earth’s albedo. Climate models do not 
accurately represent the transition between cloud types, and this inability is the cause of one of 
the largest uncertainties in knowledge of cloud feedback on climate. 

 
The principal objectives of this proposed study are to improve the representation of the Sc-

to-Cu transition in climate models by characterizing the essential properties of this transition 
using AMF2 on a ship that makes regular transects of the Pacific Ocean through this 
transition, and to produce the observed statistics of these Sc-to-Cu characteristics 
corresponding to the deployment period along these transects. 

 
AMF2 will assist in realizing these objectives by doing the following: 

 (1) Measure the properties of clouds and precipitation, specifically cloud type, fractional 
coverage, base height, physical thickness, liquid water path (LWP), and optical depth, and 
drizzle and precipitation frequency, amount, and extent. 

 



 5

 (2) Measure atmospheric conditions, specifically temperature, relative humidity, wind speed 
and direction, and the vertical profiles of these quantities; and oceanographic conditions, 
specifically sea state and sea surface temperature and salinity. These measurements are 
necessary for identifying factors that control cloud properties, especially cloud types and 
their transitions, and which allow computation of vertical fluxes of sensible and latent heat. 

 
 (3) Measure the properties of aerosols, specifically size distribution, light-scattering 

behavior, hygroscopic behavior, cloud condensation nuclei (CCN) behavior, and 
composition. 

 
 (4) Measure the spectral and broadband shortwave and longwave radiation and their 

interaction with clouds and aerosols, specifically broadband and narrow-channel direct and 
diffuse fluxes; downwelling and upwelling spectral radiances; and cloud and aerosol spectral 
optical thicknesses. 

 
These measurements will be made along this climatologically important transect over a full 

annual cycle allowing determination of both the temporal variability of these quantities on daily 
and seasonal scales and their spatial variability, especially the transition between cloud types and 
coverage that has proven so difficult to capture in climate models. 

 
Realization of these objectives will greatly enhance understanding of clouds, aerosols, 

radiation, and the interactions among them in the marine environment. These ship-based 
measurements can provide much more detailed information than can be determined from satellite 
retrievals, and these data will prove a valuable addition to other measurements that have been 
made in marine conditions, albeit for much shorter periods, for many of these quantities. 
Additionally, this region, due to its importance to Earth’s climate and hydrological cycle, is the 
focus of several major ongoing modeling intercomparison efforts, and the observations from the 
proposed deployment will constitute a unequalled dataset for climate model evaluation and will 
be extremely valuable in constraining and evaluating climate models. 

 
This research will be carried out in the context of the GPCI study, which uses a cross section 

that is very close to the proposed transect for this deployment (although the GPCI transect goes 
all the way to the equator). The GCSS mission is to “develop better parameterizations of cloud 
systems for climate models by improving our understanding of the physical processes at work 
within several types of cloud systems.” The data will also be used for model evaluation by 
EUCLIPSE, whose mission is to “improve the evaluation, understanding and description of the 
role of clouds in the Earth’s climate” and whose central objective is reducing the uncertainty in 
the representation of cloud processes and feedbacks in the new generation of Earth System 
Models in support of the IPCC’s Fifth Assessment Report. 

 
This deployment would be pioneering in that it would be ARM’s first true marine 

deployment without any vestige of island effects. This would be of great value in beginning to 
extend ARM’s unique capabilities and approach over oceanic regions. ARM has explicitly 
encouraged shipboard deployments of AMF2 and has designed the baseline suite of instruments 
in AMF2 for that express purpose. Additionally, the joint venture between ARM and Horizon 
Lines would make this effort a model of government/industry collaboration, which, if successful, 
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could further ARM’s goals by providing platforms for subsequent deployments. Horizon Lines is 
the leading domestic ocean shipping line and integrated logistics company in the United States 
with a fleet of 20 U.S. Flag vessels, including the Spirit, which is Jones Act classified. 

 
There will undoubtedly be challenges that must be overcome, but the proposed route has 

several strengths to recommend it as a test of ARM’s seagoing capabilities. First, the 
oceanographic and meteorological conditions along this transect are rather mild and storm-free, 
and for the most part calm seas can be expected. Second, the deployment is on a U.S. flag ship 
between two U.S. ports, both of which have good infrastructure for logistics and supplies, greatly 
simplifying logistics, customs, security, and labor issues. These factors make this proposal an 
excellent choice for a first seagoing deployment. 

 
The investigators on this project have expertise in clouds, aerosols, radiation, and 

micrometeorology and they are strongly integrated within the modeling community, specifically 
GCSS, CGILS, and EUCLIPSE. Many are long-time ARM investigators and several have been 
involved with previous AMF deployments; some also have extensive oceanographic experience. 

 
In summary, this proposal provides an opportunity to conduct systematic measurements of 

properties of clouds and precipitation, aerosols, radiation, and atmospheric conditions and 
structure for an extended period in one of the vast regions of Earth that to date has remained 
largely unsampled. 
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Project Description 
Introduction and Scientific Motivation 

Clouds are essential to Earth’s climate, weather, radiation budget, and hydrological cycle, but 
despite this great importance, many aspects of their properties and their roles in various 
processes are not well understood. Important reasons for this lack of understanding are: (1) the 
vast range of spatial scales on which cloud processes occur—from nanometer-scale phenomena 
such as cloud drop activation, to mesoscale phenomena such as pockets of open cells, to synoptic 
scale phenomena such as midlatitude cyclones; (2) their high temporal variability, with some 
clouds lasting only minutes; and (3), the 3D nature of clouds, making determination and 
representation of their shape difficult. The description and parameterization of clouds in global 
climate models (GCMs), with time steps of hours and length scales of tens of kilometers, is still 
relatively primitive, and understanding of cloud processes is still evolving. 

 
Because of their vast extent, marine clouds play an especially critical role in the global 

radiation budget and hydrological cycle, and thus in climate and climate change. However, most 
non-satellite investigations of such clouds have been on relatively short-term (~1 month) 
research cruises or aircraft campaigns in fairly small regions. Non-satellite characterization of 
cloud properties and their temporal and spatial variability over large regions of the oceans for a 
full year have not been made. Among all marine clouds, clouds in the MBL in particular exert an 
outsized influence on climate and climate change but this influence also remains poorly 
understood in spite of many field campaigns, with large differences among models resulting 
from differing parameterizations of cloud properties (e.g., Bony and Dufresne, 2005). Likewise, 
there are large differences in the radiative influences of clouds among current climate models 
and between models and observations (e.g., Bender et al., 2006). These differences translate, 
among other things, into poor knowledge of the effects of increasing greenhouse gas 
concentrations (and the resultant warming) on clouds, which constitute the largest uncertainty in 
modeled climate sensitivity (IPCC, 2007). 

 
Marine clouds and their behavior are inexorably coupled to other components of the 

environment. Surface fluxes of sensible and latent heat, knowledge of which requires knowledge 
of atmospheric structure and oceanic conditions, determine many characteristics of the cloudy 
MBL and are in turn influenced by clouds. Aerosols affect clouds by providing nuclei upon 
which cloud drops are formed. The number, size, and distribution of cloud drops depend on the 
sizes and compositions of these nuclei. In turn, aerosols are affected by clouds through chemical 
processing within cloud drops and by removal through in-cloud or below-cloud scavenging. 
Absorption of shortwave radiation by clouds can lead to evaporation; in turn clouds affect 
Earth’s radiative balance by scattering incoming shortwave radiation and by absorbing and re-
emitting outgoing longwave radiation. Thus the ability to understand clouds and improve their 
representation in models requires high quality data sets not only of clouds and cloud properties, 
but also of these other quantities. 

 
AMF2 was designed with marine deployment in mind and thus provides the possibility of 

acquiring such data sets in an unprecedented fashion. MAGIC proposes to realize this possibility 
by making the first marine deployment of AMF2 on a ship plying a regular route through 
cloud systems that are not well represented in climate models and that are of great importance 
for climate sensitivity to greenhouse gas increases. 
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MAGIC Deployment 
In MAGIC we propose to deploy AMF2 and additional instrumentation on the Horizon Lines 

cargo ship Spirit (or equivalent ship) making regular runs between Los Angeles, CA and 
Honolulu, HI for a full year from October, 2012 through September, 2013 (the exact dates will 
depend on the Spirit’s schedule). The time from Los Angeles to Honolulu is 5 days and the time 
for a round trip (including time in port) is two weeks; thus there would be approximately 48 
transects through this section of the NE Pacific during the deployment. Additionally, two IOPs 
are proposed for January and July, 2013, each lasting one round trip, during which additional 
instrumentation will be placed on the ship and more frequent soundings (eight per day instead of 
the usual four) will be made to provide a more detailed picture of the atmospheric structure and 
its daily cycle during two different seasons. 

 
MAGIC would be the first ship-based deployment, and the first true marine deployment, of 

AMF2, fulfilling the original vision for this facility. This long-term deployment would provide 
rich and statistically significant data sets for properties of clouds and precipitation, aerosols, 
radiation, and atmospheric conditions and structure, in addition to seasonal variations of these 
properties, along a climatically important and relatively undersampled transect over the oceans. 
This deployment would greatly enlarge the store of sophisticated ARM-quality data in open-
ocean conditions. These data would be extremely valuable in contributing to knowledge and 
understanding of this region, in validating and constraining models, and in unraveling processes 
that occur in clouds, aerosols, radiation, and the interactions among them. 

 
The principal investigators, Ernie Lewis and Warren Wiscombe, will lead the project, and 

together with Mike Reynolds they will interface with Horizon and ACRF personnel as needed. 
The broad expertise of the proposal team, including oceanographers, cloud modelers, and experts 
on clouds and aerosols, will ensure that the highest quality data possible will be collected and 
used for model evaluation. All investigators agree to abide by the ARM data policy and will 
deliver all data products over which they have control to the ARM Archive within 6 months of 
completion of the campaign. The PIs will also submit additional data resulting from their 
analyses to the PI-Contributed section of the ARM Archive, as such data products are completed. 

 
As the first ship-based deployment, MAGIC will undoubtedly encounter a variety of 

challenges. To prepare for these, it seems highly advisable to have one of our investigators travel 
a complete round trip on the ship before deployment. This would allow him to discover the 
limitations, quirks, and unanticipated problems that will be faced; to determine the best locations 
for sensors based on actual at-sea conditions; and to assess the extent to which ship motion and 
structure will affect measurements. A small set of available instrumentation could be mustered 
for this test: e.g., motion package, sky camera, and wind sensors. Mike Reynolds has the most 
extensive at-sea measurement experience and would be the best team member for this task. 

 
As ARM’s first open-ocean deployment, MAGIC will provide an array of opportunities for 

collaborations and synergistic activities. We intend to take full advantage of these opportunities, 
to the extent that they can be accommodated on the ship and do not interfere with ARM 
measurements. Additional opportunities will certainly occur if this proposal is accepted, and we 
also plan to take full advantage of these, further enhancing the value of this deployment. 
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Horizon Lines 
This proposal involves a partnership between ARM and a shipping company, Horizon Lines, 

LLC, on which the AMF2 would be located for this deployment. Horizon, based in Charlotte, 
NC, accounts for about 37% of total U.S. marine container shipments from the continental U.S. 
to Alaska, Puerto Rico, and Hawaii/Guam and had revenues of more than $1.15 billion in fiscal 
2009. With nearly 2000 employees and 22,000 cargo containers, Horizon is the largest container 
shipping company operating under the so-called Jones Act of 1920 (modified several times), 
which requires that maritime trade between U.S. ports be conducted exclusively by companies 
owned and incorporated in the U.S., using ships built and registered in the U.S., and employing 
predominantly American crews. Horizon operates five port terminals and owns or leases a fleet 
of 20 U.S.-flag container ships, of which 15 are Jones Act qualified. 

 
The Horizon Lines cargo container ship Spirit (Fig. 1), which makes runs between Los 

Angeles and Hawaii (one round trip every two weeks), was identified by us and by Horizon as a 
good platform for this deployment. The Spirit, built in 1980, is 272 m long, 30 m wide, has a 
dead weight of 46,000 tons, and a maximum speed of 20 knots. It will be decommissioned in a 
few years (although it is expected to be in service through the proposed deployment dates) as 
larger and more efficient ships come into use. The Spirit has sufficient non-revenue-generating 
deck space to hold the AMF2 SeaTainers, a feature that these newer ships will not have as they 
attempt to optimize cargo space, which would severely limit suitable locations for AMF2. 

 

 
Fig. 1. Horizon Spirit and possible locations for AMF2 operations. 

 
Initial contact with Horizon lines was a meeting in February, 2011 between Mike Reynolds 

and Captain Walt Rankin of the Spirit. Following an initial positive response from Captain 
Rankin, Ernie Lewis and Mike Reynolds met with Mike Bohlman, Director of Marine Services 
of Horizon Lines at their headquarters in Kenilworth, New Jersey on March 8, 2011. The 
possibility of an AMF2 deployment on the Spirit was discussed, including possibilities for 
installation of the AMF2. Mr. Bohlman responded favorably to the proposal, which he later 
confirmed in a letter of commitment to Dr. Wanda Ferrell March 24, 2011 (Appendix). 

 
There are several advantages to using the Horizon Spirit along the proposed route. Because 

the Spirit is a Jones Act vessel, technicians and passengers who are U.S. citizens can disembark 
in Hawaii after embarking in Los Angeles and vice versa (this is currently not allowed for a non-
Jones Act vessel). Also, both ports are in the U.S., greatly simplifying logistics, customs, and 
security issues, and both have good infrastructure and are well equipped to allow for deliveries of 
supplies such as helium. 
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Installation of AMF2 on the Spirit 
Installation of AMF2 and associated activities on the Spirit that will allow accurate 

measurements and acquisition of data while simultaneously meeting Horizon’s concerns 
regarding safety and ruggedness and not interfering with their activities will require the 
combined efforts of MAGIC investigators and ACRF and Horizon personnel. The provisional 
plan described here, which requires no revenue-generating space, was formulated by Mike 
Reynolds based on his visit to the Spirit while it was in port in Los Angeles in February, 2011. 

 
Three locations on the Spirit were identified as suitable places for AMF2 SeaTainers and 

instruments: the bridge deck, the mast, and the stern (Fig. 1). The SeaTainers would be placed on 
the bridge deck (Fig. 2): the aerosol SeaTainer (#1) forward on the port side, the radar SeaTainer 
(#2) on the aft, port side, and the operations SeaTainer (#3) on the starboard side. These 
locations offer excellent exposure of open sky for the radars and for sampling clean marine air 
for aerosol measurements, ready access to SeaTainer interiors, and clear access to life rafts. 
Additionally, this location does not see heavy foot traffic by ship personnel and is well removed 
from commercial container handling activity. Modules and smaller sensors can be located in 
exposed, out-of-the-way locations on the bridge deck or roof and on the main mast, which also 
provides good exposure to open sky and over-ocean air minimally influenced by the ship. 
Wireless communications would be relatively straightforward as equipment would be close 
together. Finally, the stern contains room for balloon launches and storage of helium tanks, 
although it is possible (and would be preferable) if these activities could occur on the bridge; the 
feasibility of this could be determined on a pre-deployment trip by M. Reynolds discussed above. 

 

    
Fig. 2. Plan and side views of Spirit with location  Radar SeaTainer location is open area in corner; this 
of SeaTainers: 1) aerosol , 2) radar, 3) operations.  has clear views to horizon on both sides and to rear. 
 
The challenges of ship-based measurements are much greater than those from land-based 

deployments. Key concerns are: (1) ship motion, which affects vertically pointing instruments 
and those such as radiometers that require accurate knowledge of sun position; (2) screening by 
ship structures, which limits views of the sky; (3) ship-induced flow perturbations, which affect 
determination of wind speed and direction and thus flux determinations; and (4) ship effects on 
radiation and meteorological measurements through screening, reflection, and heating. Although 
remedies such as stabilized tables and placement of multiple sensors can alleviate some of these 
concerns, many issues will remain. Thus, should this proposal be accepted, it is essential for 
deployment design activities to be initiated as soon as possible between ACFR personnel, 
Horizon, and MAGIC investigators. 
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Importance of the Spirit Route 
The Spirit route (Fig. 3) between Los Angeles (33.7N, 118.3W) and Honolulu (21.3N, 

157.9W) is 4100 km (2550 miles, or 2200 nautical miles) long and lies in a region of great 
climatic importance. The cloud type and cover along this route vary from low marine Sc with 
high coverage near the California coast to puffy Cu with much lower coverage in the trade wind 
regions near Hawaii (Fig. 3). The Sc regions are accompanied by lower sea surface temperatures 
(SSTs), with transition occurring by Cu formation under Sc, and then Sc evaporation leaving a 
patchy Cu layer which is accompanied by higher SST (Wyant et al., 1997; Bretherton and 
Wyant, 1997). Probabilities of cloud thermodynamic quantities such as LWP also change east to 
west along this transect from Gaussian to skewed, and the MBL height increases from typical 
values near 500 m to more than 1 km. Additionally, the mean SST in June, July, and August 
increases from ~290K to ~297K and the relative humidity (RH) in the lowest several meters 
above the sea surface increases from slightly below 80% to near 90%. The SST has a strong 
influence on cloud properties through the fluxes of latent and sensible heat from the sea surface. 

 

 
Fig. 3. Annual average low level cloud cover from ISCCP, with Horizon Spirit 
route (dashed) from Los Angeles to Honolulu and GPCI transect (solid), along 
which Points S6, S11, and S12 used in CGILS are also shown. 

 
The low marine Sc decks, with their high albedo and large areal coverage, provide an 

extremely important forcing of Earth’s climate. The trade Cu play a large role in the global 
surface evaporation and also Earth’s albedo. As noted above, climate models do not accurately 
represent the transition between cloud types, and this inability is the cause of one of the largest 
uncertainties in knowledge of cloud feedback on climate. Additionally, most of the horizontal 
transport of water vapor from the tropics occurs in relatively narrow regions of the atmosphere 
(“atmospheric rivers”), which are also responsible for many severe flooding events along the 
west coast of the U.S. and often lie along this transect (Bao et al., 2006; Ralph et al., 2006) 

 
Cloud system modelers have long been interested in this specific region because of the types 

of clouds and the transitions between different cloud regimes that occur there. GCSS, an 
international group of cloud modelers, has chosen a transect extending from 35N, 125W to 
1S, 173W (from the west coast of the U.S. heading southwest to the equator; Fig. 3) to 
compare model results for the GCSS Pacific Cross-section Intercomparison (GPCI). The Spirit 
route from Los Angeles to Honolulu lies close to this transect and passes through the same cloud 
regimes. Several other modeling activities also use this route or points along it for model 
evaluation and intercomparisons, making the data from the proposed deployment extremely 
valuable for these activities. 
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Ongoing Modeling and Model Evaluation Activities Related to this Proposal 
GCSS was initiated in the early 1990s (Browning et al., 1993; Randall et al., 2003) with key 

objectives being developing the scientific basis for the parameterization of cloud processes and 
promoting the evaluation and intercomparison of parameterization schemes for cloud processes. 
GPCI is a working group within GCSS, whose main goal is to evaluate and improve how climate 
and weather models represent subtropical and tropical cloud regimes and transitions between 
them, particularly the Sc-to-Cu transition. This activity is well represented by the co-
investigators of this proposal: S. Klein is a member of the GEWEX Scientific Steering Group, P. 
Siebesma is former chair of GCSS, and J. Teixeira is the chair of the GPCI working group. 

 
In the GPCI study, models are analyzed along a cross section from the Sc regions off 

California, across the shallow convection trade-wind areas, to the deep convection regions of the 
ITCZ (Fig. 3). This approach takes GCSS, whose other working groups focus on a single cloud 
type, in the direction of increased generality by providing a framework for 3D model evaluation 
that includes several connected cloud regimes: Sc, shallow Cu, deep Cu, and the transitions 
between them. More than twenty weather and climate models participated in the first phase of 
GPCI (Teixeira et al., 2011), which provided a detailed characterization of how models represent 
the Sc-to-Cu transition and helped identify some key model shortcomings. The results confirmed 
previous problems with climate models such as underestimating cloud amounts in the Sc regime 
and overestimating clouds in the shallow Cu regime, with corresponding consequences for 
shortwave radiation; large spread in cloud cover, LWP, and shortwave radiation among the 
models (Fig. 4); and large inter-model differences of vertical properties of clouds, vertical 
velocity, and surface relative humidity. GPCI has been a useful forum for confronting these 
models with the newest generation of satellite data sets. It has also been demonstrated that those 
climate and numerical weather prediction models that have actively worked on further 
developing the representation of cloud related processes show a significant improvement of the 
representations of these two cloud regimes. 
 

 
Fig. 4. Model results for a) total cloud cover, and b) total liquid water path, along GPCI for JJA 1998, shown as 
ensemble results from 23 models, the mean plus or minus the standard deviation; range extends from minimum to 
maximum values. Also shown are results from International Satellite Cloud Climatology Project (ISCCP), ECMWF 
reanalysis (ERA-40), and Special Sensor Microwave Imager (SSM/I). From Teixeira et al., 2011 
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CGILS focuses on the marine Sc and Cu clouds along the GPCI transect, specifically 
locations S12 (35N, 125W), which is characterized by shallow coastal Sc, S11 (32N, 129W), 
which is near the climatological summertime maximum of low-level cloud cover, and S6, (17N, 
149W), which is characterized by shallow Cu (Fig. 3). CGILS uses idealized large-scale 
dynamical conditions to evaluate subtropical MBL cloud feedback processes in GCMs. Its 
objectives are to understand the physical mechanisms of these feedbacks in GCMs by using 
single-column models (SCMs) and to assess the physical credibility of low cloud processes in the 
SCMs by using cloud-resolving models (CRMs) and large eddy simulations (LESs). Advantages 
to this approach are that it isolates the model physics from the dynamics (greatly simplifying the 
problem), allows use of LES to be compared with SCMs forced under identical conditions, and 
allows determination of the sensitivity of simulated clouds to different aspects of the large-scale 
dynamics conditions. The initial study, involving S11, included 16 SCMs and 5 LES models. 
CGILS is also represented by this proposal: P. Siebesma is CFMIP coordinator, S. Klein is a 
member of the CFMIP Steering Committee, and M. Zhang is the co-chair of CGILS. 

 
EUCLIPSE is a collaborative effort of twelve institutes throughout Europe coordinated by 

co-I P. Siebesma. EUCLIPSE is designed to improve the evaluation, understanding, and 
description of the role of clouds in the Earth’s climate focusing on the cloud feedback in a 
warming climate. Its central objective is reducing the uncertainty in the representation of cloud 
processes and feedbacks in the new generation of Earth System Models in support of the IPCC’s 
Fifth Assessment Report. Nine climate and weather prediction models participated in the first 
EUCLIPSE intercomparison (Siebesma et al., 2004), which used the GPCI transect. It was found 
that although there was much inter-model variation, nearly all models strongly underpredicted 
cloud cover and amount in the Sc regions while overpredicting these quantities in the Cu region. 

 
Two NSF/NOAA Climate Process Teams (CPTs) are also focusing upon the improved 

representation of low clouds in climate models. One of these teams, of which co-I J. Teixeira is 
the lead, focuses specifically on the Sc-to-Cu transition, and the other, of which co-I R. Wood is 
involved, focuses on sub-grid variability in the representation of aerosol indirect effects. 

 
A fundamental limitation to further progress in all these activities has been the lack of 

observational data to constrain the models and evaluate how they represent the Sc-to-Cu 
transition. Most of the observational data sets used to evaluate the cloud related processes are top 
of the atmosphere data (radiation), or vertical integrated data (water vapor, cloud cover), while 
the new products that have vertical resolution (Cloudsat, AIRS) are unreliable in the lowest 
kilometer of the atmosphere. Thus, although these activities have been successful in evaluating 
biases in cloud representation in climate models, the lack of near surface observational data 
inhibits identification of the physical origins of these biases. It is therefore essential to have 
complementary observations from the surface, both in-situ as well as remote sensed, such as 
surface fluxes (radiation, latent and sensible heat); cloud properties (base height, thickness, water 
content); MBL height; cloud dynamics (e.g., updraft velocities); and profiles of temperature, 
humidity, and wind in the lowest kilometers. AMF2 and the additional instrumentation on this 
deployment can provide these necessary observations. Each of the modeling studies described 
above is poised to make immediate use of the data from this deployment. In particular, GCSS 
and EUCLIPSE will undertake new model intercomparisons if MAGIC occurs, solely because of 
this deployment, and the data will be central to a planned CGILS seasonal contrast study. 
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What New Can Be Learned beyond the AMF1 Azores Deployment and VOCALS? 
Marine boundary layer clouds are the primary clouds over much of the world’s oceans, and 

are particularly dominant in the subtropics. Understanding of the transition from Sc to trade Cu 
clouds is still a challenge, and, as a consequence, it remains difficult to realistically simulate this 
transition in large scale numerical models. This is such an important problem that the recent 
GCSS Boundary Layer Cloud Working Group (BLCWG) is revisiting the 1992 Atlantic 
Stratocumulus Transition Experiment (ASTEX) Lagrangian study (Albrecht et al., 1995), still the 
only comprehensive in-situ study of the transition, for a model intercomparison. Clearly, there is 
a pressing need for improved in-situ studies documenting the structure and evolution of clouds as 
a function of location along the transition. 

 
The AMF1 Azores deployment is already providing a rich dataset on the structure of the 

cloud-capped MBL that sits on the cusp between subtropical and midlatitude regimes. The initial 
data from the Azores indicate a highly variable MBL structure including strong variations in 
depth (from 0.5 to 3 km), a significant fraction of which is associated with influence from the 
passage of midlatitude cyclonic systems. There are also more quiescent periods characterized by 
subsidence, a dry free-troposphere, and generally more subtropical conditions, including periods 
of trade Cu. However, it should be noted that because in this region the regimes are so transient, 
the MBL is often far from equilibrium, unlike the situation further into the subtropics over the 
eastern oceans where semi-permanent Sc sheets exist. 

 
The VOCALS (VAMOS [Variability of the American Monsoon Systems] Ocean-Cloud-

Atmosphere-Land Study) Experiment sampled just such a quiescent regime: that of the Southeast 
Pacific. The data from VOCALS are providing new information on the role of precipitation in 
Sc, the influence of aerosols upon the formation of drizzle, and the factors controlling the initial 
stages of the Sc-to-Cu transition when the MBL begins to decouple. The Sc cloud cover in the 
region sampled exceeded 80%, and the MBL depth variation was quite modest. VOCALS data 
are providing a rich source of information on clouds in a semi-permanent marine Sc cloud 
regime, but do not provide information about what happens in the ~2000 km between the heart 
of the Sc regions and the truly trade Cu regions. 

 
To date, other than the two case studies in ASTEX (Bretherton et al., 1995), there are no 

comprehensive in-situ datasets documenting the spatial variability of the MBL in a Sc-to-Cu 
transition region. Thus knowledge of the key processes in the transition is strongly conditioned 
on these limited data, and there is no indication of whether or not these cases are truly 
representative of the transition in general. The MAGIC deployment will provide data from 
nearly four dozen transects throughout the year, allowing us to construct an understanding of 
the MBL structure, depth, and associated cloud and precipitation conditions that will allow us 
to build a better picture of the transition and construct better datasets for the evaluation of 
process and large-scale numerical models. Knowledge of upstream meteorological conditions 
on the different transects will lead to an unprecedented composite picture of the factors driving 
variability in the transition. Recent satellite data indicate, for example, that lower tropospheric 
stability is more important than divergence in driving clouds to break up (Sandu et al., 2010), but 
as there are no in-situ data in these studies, it is currently not possible to relate the cloud changes 
to changes in the structure and dynamics of the MBL, and the potential impact of precipitation. 
The MAGIC deployment will serve to connect the in-situ case studies and the satellite data. 
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Scan Strategies for AMF2 Radars 
An important innovation of the proposed deployment will be the use of multiple radar 

systems for characterizing clouds and precipitation. Decades of prior research with at-sea 
meteorology radars gives us confidence that the AMF2 radars—(1) an ARM Zenith Radar 
(KAZR), (2) a radar wind profiler (RWP), and (3) a dual-frequency Scanning ARM Cloud Radar 
(SACR)—are suitable for the detection of clouds and precipitation from shallow non-
precipitating marine stratus and trade-wind Cu to deep precipitating clouds. 

 
The vertically pointing Ka-band (35-GHz) KAZR, a high-sensitivity Doppler cloud radar, is 

the primary profiling radar system at the ARM sites. Its primary objective is to document the 
distribution of hydrometeors in the overlaying atmospheric column. It has a very narrow field of 
view and could operate fairly close to a ship structure. A synergetic (radar/lidar) Value Added 
Product is operationally generated using the KAZR and coincident lidar (MPL [micropulse lidar] 
and ceilometer) observations. However, the KAZR has never been deployed by ARM on a ship. 
Vessel motion will induce off-zenith pointing which will complicate derivation of cloud layer 
boundaries and is expected to induce biases in the observed Doppler velocities. To address these 
concerns, it is proposed to collect data (profiles of radar observables) at a very high rate (5-Hz) 
and combine them with the high sampling rate data from the AMF2 seaborne navigation system 
that provides accurate pointing location (pitch/roll) and motion components. The navigation 
system data will be used to filter out the low-frequency vessel motion, select the subset of 
vertically pointing KAZR data, and use them to derive accurate cloud boundary locations. 

 
The 915-MHz RWP points both vertically and at oblique angles (15-20 off zenith) to get the 

horizontal wind components. The RWP needs at least two independent directions (e.g., N-W or 
S-E) without blockage from the ship structure. It is electronically stabilized and thus offers real-
time compensation for rotational motion (i.e., pitch, roll, and heading of the ship) and for 
translational motion (i.e., course speed, transverse, and vertical movements). Without 
compensation, ship rotations and translations alter the radar antenna beam pointing direction and 
introduce Doppler shifts in the velocity measurements. Both motions contribute to wind 
measurement errors. The stabilization will enable continuous measurement of the wind profile in 
the lowest portion of the troposphere. In addition, the RWP is sensitive to scattering from 
inhomogeneities of the index of refraction of the atmosphere caused by temperature and 
humidity gradients. Thus, the RWP will enable the continuous mapping of the low-level 
atmospheric inversion that usually caps boundary layer clouds. The power measurements of the 
wind profiler can be used as a non-attenuating “reference” radar reflectivity profile. The RWP 
data will be used to improve cloud and precipitation measurements in the column. 

 
The SACR can scan large volumes of the atmosphere. It requires maximum unobstructed 

port and starboard views for “fan-scanning”. The proposed SACR location is on the radar 
SeaTainer (Fig. 2, #2). The SACR has excellent sensitivity that allows the 3-D mapping of non-
precipitating clouds. It has two radars on the same scanner with dual polarization and Doppler 
capabilities. The X-band radar (9.4-GHz, 3.2 cm wavelength, 1.4° beamwidth) would serve as a 
“contextual” or mesoscale radar as it has a typical range of 30-50 km. It would also serve as a 
“drizzle radar”. The Ka-band radar (35-GHz, 8.6 mm wavelength, 0.3 beamwidth) will allow 
capture of a 3D picture of the cloud field using the ship’s motion to provide the 3rd dimension. It 
is proposed to operate the SACR using several different scan strategies outlined here. 
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The CW-RHI (cross-wind range height indicator) 
scan strategy (right) consists of continuous horizon-to-
horizon cross-ship scanning. This type of scan can be 
completed with good signal-to-noise-ratio in 20-30 s 
with 60-100 m range resolution and 30 km range. This 
2D “fan scan” is well suited to the proposed location of 
the radar SeaTainer (Fig. 2) where there are no side 
obstructions. As the ship travels at roughly 12 m s-1 and 
typical cloud speeds are comparable (6-12 m s-1), the 
ideal situation for sampling the most cloud will be when 
the ship is traveling against the wind, whereas the ideal 
situation for detailed study of a given cloud mass will be 
when the ship is traveling with the wind.          CW-RHI scan strategy 
 

 
 
     The HS-RHI (horizon-scan range height 
indicator) scan strategy (left) is basically a selected 
set of horizon-to-horizon RHI strategies that are 
proposed in order to document the 3D cloud 
structure and recover the wind direction and 
magnitude in the cloud layers using the VAD 
(velocity azimuth display) technique. The HS-RHI 
scan strategy, which takes 3-4 min to complete, 
would be repeated every 30 to 60 min. 
 
 

  HS-RHI scan strategy 
 
 

It is also proposed to experiment with 90° sector  
scans (BL-RHI, or boundary-layer RHI) of the SACR  
in the forward-left sector of the ship where there is no  
ship structure (right). Again using the ship’s motion to  
our advantage, this strategy would provide data for 
LES-model-size domains (6 km  6 km  3 km) with 
20 m resolution every 5 min (during which the ship travels  
 ~3.5 km). If this strategy works out better, it would become 
the mode of choice for the remainder of the experiment. This  
decision would be made early and requires a scientist aboard  
for the early legs.        BL-RHI scan strategy 
 

When the precipitation intensity and/or the precipitation systems are deep, the SACR would 
be operated in a vertically pointing mode. During these periods, all three radars will be vertically 
pointing to enable multi-wavelength measurements in precipitating clouds. 
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Clouds and Precipitation Science 
A key limitation to current ability to understand and parameterize the behavior of marine low 

clouds is lack of understanding of the role of drizzle precipitation and sedimentation in 
controlling cloud macroscale dynamical properties. Even relatively small changes (few tenths of 
a millimeter per day) in precipitation and cloud drop sedimentation rates can markedly impact 
the strength and distribution of turbulence in marine Sc clouds (Stevens et al., 1998; Ackerman et 
al., 2009), which further impacts the entrainment efficiency (Ackerman et al., 2004; Wood, 2007; 
Bretherton et al., 2007). The cloud top entrainment rate has long been known to impact cloud 
thickness and MBL structure, and the transition from Sc to Cu (Bretherton and Wyant, 1997). 
Thus, understanding the controls on both precipitation and entrainment is paramount. 

 
A first-order problem for accurately simulating the Sc-to-Cu transition in climate models is 

the representation of the macroscopic proprieties of the clouds—fractional cloudiness, cloud top, 
cloud base, and LWP. Further, mesoscale variability of the macroscopic structures, such as open 
and closed cells in Sc, is a feature that may be tied to the transition. However, the processes 
controlling the mesoscale structure and coverage of shallow boundary layer clouds are not well 
understood. Observations from the AMF’s lidar, radars, and microwave radiometer will be 
critical in defining cloud macroscopic characteristics in the transition regime. Further, the AMF2 
scanning radars will be critical in defining the mesoscale organization in the clouds sampled and 
its relationship to cloud-scale microphysical/dynamical properties. The clouds, aerosols, 
atmospheric boundary layer structures, free atmosphere, ocean surface conditions, and surface-
layer fluxes constitute a single, tightly linked, dynamical system that will need to characterized 
as part of this campaign. 

 
AMF2 instrumentation on the proposed MAGIC deployment is capable of multi-scale 

observations. At the cloud scale, the vertically pointing KAZR (35-GHz) and the Doppler lidar 
will provide detailed time-height sections during overpasses of clouds for a variety of conditions. 
Statistics from these data will provide a valuable source of observations for cloud-resolving and 
LES models. KAZR/lidar observations of the cloud scale turbulent structure, entrainment zones, 
turbulence dissipation rates, updraft structure and cloud top interaction with the BL inversion and 
the free atmosphere, large drop production and 3-D data will constrain, and enhance confidence 
in, the simulations. Whereas the KAZR/lidar will mainly focus on the overpass of cloud entities, 
the SACR (9.4/35-GHz) will provide cross-ship track scans for mapping the 3D spatial 
distribution of the cloud field. This radar will be able to sample precipitating and non-
precipitating stratus decks and broken Cu fields within 20 km of the ship. In addition, the 9.4-
GHz (X-band) will provide detailed mapping of the mesoscale (50-100 km) area around the ship. 
These multi-scale observations address the issue of what fraction of observed clouds precipitate. 

 
Recent observational studies have identified key macrophysical and microphysical controls 

on precipitation in subtropical Sc clouds (Pawlowska and Brenguier, 2003; Comstock et al., 
2004; Van Zanten et al., 2005; Geoffroy et al., 2008). These studies allow a quantification of the 
notion that precipitation rate falling from Sc is controlled by both the cloud thickness (or 
equivalently, since marine Sc tend to be close to adiabatic, LWP), and by the cloud drop number 
concentration (CDNC), the latter being strongly influenced by the concentration of atmospheric 
aerosols in the accumulation mode. The existing studies, termed precipitation (or drizzle) closure 
studies (Brenguier and Wood, 2009), have all been conducted in overcast marine Sc cases, and 
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thus understanding what controls precipitation closure as a function of the transition from Sc to 
Cu is an urgent need. The Azores AMF1 deployment has shed some new light on precipitation 
closure in the transition regime between midlatitudes and the subtropics, but such studies in the 
transition regimes from the subtropics to the tropics are currently lacking. 

 
Many science questions about the evolution and decay of marine clouds revolve around 

drizzle. Drizzle is much more common than was thought years ago, as found for example in the 
DYCOMS-II campaign (Stevens et al., 2003, 2005), so there will plenty of targets for the X-band 
radar. MAGIC would increase the total database on marine drizzle by factors of a thousand or 
more, not only because of the length of the deployment but also because the 3D scanning will 
permit the sampling of a total volume of cloud much greater than that sampled in previous 
campaigns (where the radars, whether on ship or aircraft, were mostly vertically pointing). 

 
In addition to the direct impact that drizzle processes have on the liquid water budget of the 

clouds, the evaporation of drizzle below cloud base can impact the energy and moisture budgets 
of the subcloud layer, which can affect surface fluxes. Downdrafts driven by these evaporation 
processes can also contribute to the mesoscale organization of both Sc and fair-weather Cu (e.g. 
Xue et al. 2008), as out-flow boundaries generated by downdrafts may affect the development of 
subsequent convection. Vertical velocity fields near the ground associated with shallow 
convective clouds, however, have not been well observed as they are difficult to observe from 
conventional observing systems. 

 
The AMF2 will enable detailed examination of precipitation-related processes. The upward 

looking radars on the AMF2 will provide characterization of the vertical distribution of 
precipitation and the variability of this distribution within the context of the mesoscale structures 
moving over the ship. New techniques for processing Doppler spectra from the SACR provide 
advanced capabilities for separating the returns from cloud and precipitation (Luke et al., 2010). 
The precipitation contributions to the spectra allow for a characterization of the drop distribution 
and the precipitation rates both in and below the cloud. The scanning radars will provide a 
mesoscale context for interpreting the returns from the upward facing radars. 

 
Doppler velocities from the cloud radar allow for the characterization of the in-cloud 

turbulence characteristics, mass fluxes, and liquid water fluxes in solid Sc cloud regions (Ghate 
et al., 2010). In combination with the microwave LWP measurements, the 0th and 1st moments of 
the cloud contributions to the spectra can be used to estimate liquid water fluxes and provide 
insights into the entrainment processes as related to the structure of large-eddy circulations. In 
fair-weather Cu clouds, these observations provide in-cloud vertical velocity statistics and Cu 
mass fluxes (Kollias and Albrecht, 2010). The technique of Luke and Kollias (2010) allows for 
the separation of the contributions of the cloud and the drizzle to the Doppler spectra and thus for 
a characterization of the resolvable-scale vertical velocity in the cloud as well as a 
characterization of the turbulence and dissipation rates within the radar volume as a function of 
the spectral width. The Doppler lidar will provide observations that can be used to characterize 
turbulence in the sub-cloud layer that can be connected to the cloud layer turbulence. The 
proposed AMF2 observations will allow for a direct evaluation of the how drizzle processes may 
alter the turbulence intensity and structure and use these observations as markers for evaluating 
LES representations of drizzle-turbulence coupling. 
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Aerosols in the Marine Boundary Layer 
Aerosols play a central role in climate and climate change by providing the nuclei upon 

which cloud drops form. As the ability of an aerosol particle to function as a cloud condensation 
nucleus (CCN) depends largely on its size and composition, characterizing and quantifying 
aerosol properties, especially number concentration, size distribution, and composition, are 
essential to understanding cloud formation processes and representing these processes in models. 
Marine aerosols have been investigated much less than continental aerosols, and long-term 
systematic studies of marine aerosols in open-ocean regions are nearly nonexistent. 

 
Knowledge of the source of CCN in the marine atmosphere free from continental sources of 

anthropogenic, biomass burning, and dust aerosols is needed to quantify the anthropogenic 
perturbation and to characterize the role of aerosols in influencing properties of prevalent 
stratiform clouds. The conventional view (Fitzgerald, 1991; O’Dowd et al., 1997; Andreae and 
Rosenfeld, 2008) has been that most CCN in the unperturbed marine atmosphere consist mainly 
of sulfate which derived from secondary sources (oxidation of dimethylsulfide [DMS] to form 
SO2, which subsequently nucleates to form new particles). Primary aerosol particles, which 
consisted mainly of sea salt formed by bubble bursting from whitecaps, occur in relatively low 
concentrations (Lewis and Schwartz, 2004). Number concentrations of all marine aerosols in 
conditions free from continental influence have typically been reported as a few hundred per 
cubic centimeter, and of sea salt aerosol around 10 cm-3 or less. The sulfate particles are typically 
smaller than sea-salt aerosol particles which, because of their larger sizes and hygroscopicities, 
are highly effective as CCN. 

 
Recent investigations (reviewed in de Leeuw et al., 2011) have suggested that aerosol 

particles of sizes much smaller than those previously thought to be present as sea-salt particles 
may be formed in appreciable numbers by bursting bubbles in breaking waves. Additionally, 
large amounts of organic substances may be incorporated into sea-spray particles at formation, 
with the mass fraction of this organic contribution depending strongly on particle size (Fig. 5). 
For smaller particles, the contribution of organics to mass fraction may be the dominant one. 
Recently attempts have been made to parameterize these contributions to the sea-spray 
production flux and to put these contributions into global models (O’Dowd et al., 2008; 
Langmann et al., 2008; Vignati et al., 2010). Because the compositions of these particles may 
differ considerably from those of sea-salt particles, their hygroscopic and CCN-forming 
properties may also differ, with resultant consequences for cloud formation processes. 
 

 
Fig. 5. Mass fraction of sea salt and water-insoluble organic matter as a function of particle radius sampled at ~70% 
RH, for clean marine air 200-300 km offshore west–northwest of Mace Head, Ireland, in a plankton bloom over the 
N.E. Atlantic (May-June 2006). Adapted from Facchini et al. [2008]. 
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To date measurements of aerosol size and composition in oceanic regions are few, mainly in 
the biologically productive North Atlantic (e.g., Fig. 5), and the extent to which organic 
substances contribute in other regions remains unknown. Measurements along the Los Angeles-
Hawaii transect during this deployment would provide the first systematic and comprehensive 
data set in this climatically important region of the ocean and would address key questions 
regarding the composition and source of marine aerosol particles. For instance, measurements of 
particle size distribution from 10 nm to 1 m, aerosol composition over the size range 60 nm to 
1 m, and CCN concentration as a function of supersaturation (available from AMF2 and 
requested instrumentation) will yield insight in to the relative abundance of organic substances in 
sea spray aerosol and how this abundance varies with season and particle size, the processes by 
which sulfate particles occur in the marine atmosphere (i.e., through new particle formation 
(NPF) in the MBL either in bursts, as over land, or at a persistent low rate, or through intrusion 
or entrainment of free tropospheric air), and how supersaturation spectra of marine aerosol 
compare to that of sea salt aerosol with the same size distribution. 
 
 
Radiation Studies with AMF2 Data 

The ASR Program shortwave radiative transfer enterprise has reached a point of maturity 
such that discrepancies between ARM measurements and broadband one-dimensional radiation 
models, which assume homogeneity in the horizontal directions, are of order 5-20 W m-2 (Fig. 6) 
and cannot be reduced much further (Ackerman and Stokes, 2003). The cause of these 
discrepancies is not known, but there are several likely possibilities: (1) unknown absorption in 
the near-infrared (IR) spectral region (wavelengths ~1-2 m), (2) three dimensional effects, and 
(3) lack of knowledge of the surface albedo. AMF2 measurements on this deployment could 
contribute significantly to attributing contributions from these possibilities and identifying the 
dominant cause. 
 

 
Fig. 6. Solar absorption by a column of air extending from the ground up to 7 km measured by comparing ground 
and aircraft measurements at the ARM Southern Great Plains site on two clear days and three overcast days in 2002. 
The overcast cases were carefully selected to mitigate 3D radiative transfer effects, although 3D effects cannot be 
entirely eliminated because all clouds are turbulent and horizontally variable. Blue and red columns show 
measurements with two different radiometer sets; green and yellow columns show predictions from two different 
models. Adapted by Ackerman and Stokes (2003) from Ackerman et al. (2003). 
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Several investigations in the early 1980s (reviewed by Stephens and Tsay, 1990) found 
unaccountably large absorption in the near-IR, and Collins (1998) found anomalous near-IR 
cloud absorption in the Nimbus-7 satellite data. The surface spectrum in the near-IR region has 
been poorly measured in the past because of detector calibration, stray light, and other 
difficulties; however, ARM’s new Solar Array Spectrometer—Hemispheric (SASHE) and Solar 
Array Spectrometer—Zenith (SASZE) will allow determination of this spectrum. 

 
Another possible contributor to the model-measurement discrepancies is 3D effects. 

Extensive 3D radiative transfer modeling (Marshak and Davis, 2006) has demonstrated that such 
effects can contribute at the 5-10 W m-2 level. In the past, radiative transfer modelers have 
focused almost exclusively on overcast cloud situations, and furthermore only on those 
remaining stably one dimensional for several hours, to minimize 3D effects. However, such 
cases comprise only a small minority of cloud cases occurring in nature. 

 
A third possible contributor to these discrepancies is lack of knowledge of the areal-averaged 

spectral surface albedo. Without knowledge of this quantity, it is impossible to obtain closure of 
the shortwave radiation flux to better than 10 W m-2 even for clear-sky aerosol situations, and for 
cloudy situations even more so (Michalsky et al., 2006). A marine deployment is ideal for 
minimizing this source of modeling error because the ocean spectral albedo is well known, 
spatially uniform, and most importantly, small. 

 
With the powerful new combination of instruments in the AMF2—scanning radars and 

shortwave spectrometers—it will be possible to separate 3D effects from spectral effects as 
possible causes of the shortwave discrepancies that persist in both radiation models and in GCMs 
(Wild, 2008). The scanning radars in the AMF2 will allow relaxation of the 1D limitation on 
selection of cloud cases and account for 3D effects much better than in the past, when ARM 
radars pointed only vertically. The cloud boundaries and liquid water content retrieved by the 
radars could be used as input to a publically available 3D radiative transfer model (Cahalan et 
al., 2005), and the radiative transfer simulations could then be compared with spectral shortwave 
fluxes and measured radiances (reasonable guesses for cloud drop size would be required, as the 
radars will not provide this input variable). 

 
The more or less continuous variation of clouds from horizontally homogeneous Sc near 

California, yielding a 1D radiative transfer problem, to fully 3D Cu near Hawaii is an invaluable 
feature of this deployment for radiation research. Such a smooth transition is nearly impossible 
to achieve at a fixed site where cloud type tends to remain the same for weeks or months, and 
then abruptly switch to a different type. 

 
Discrepancies with longwave spectral models have been considerably reduced as a result of 

previous ASR research (Iacono et al., 2000; Turner et al., 2004). Additionally, low clouds 
radiate roughly as blackbodies in the longwave and thus do not provide much challenge to such 
models. However, longwave radiation closure studies in a fully marine environment have not 
been performed, nor have such studies had access to 3D cloud information, which is quite 
important in the longwave (Ellingson and Takara, 2006). This deployment would allow these 
closure studies to be performed for the first time using the same framework as for shortwave 
closure and input data obtained with AMF2’s longwave spectrometer, the ASSISTII. 
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PI-Directed Research: Aerosol Properties in the Marine Environment 
 

The proposed shipboard deployment of AMF2 will provide an unprecedented opportunity for 
systematic study of properties of clouds and precipitation, aerosols, radiation, and the 
interactions among them over an extended period in a climatologically important marine 
environment, much of which is dominated by marine stratiform clouds (Fig. 3). The PIs and co-
Is will use the data collected during this deployment in different ways. Several of the co-Is are 
intimately involved in modeling activities that will use these data for model evaluation and 
intercomparison. Other co-Is will use mainly the cloud and precipitation data for their research. 
PI W. Wiscombe will perform radiative closure experiments to determine the importance of 3D 
cloud effects and investigate the possibility of unknown near-IR cloud absorption. The research 
of PI E. Lewis and co-I S. Schwartz pertinent to this deployment, which is discussed in this 
section, entails the examination of marine aerosols and their relation to cloud properties, 
radiative influences, and precipitation. The region of the proposed deployment is subject to a 
variety of aerosol influences, permitting examination of these influences with high dynamic 
range as a function of location and time. The central item of the budget requested for this 
research activity is the support of a postdoctoral research associate to be based at Brookhaven 
National Laboratory and supervised jointly by E. Lewis and S. Schwartz. 

 
Background and Importance 

Aerosols affect climate and climate change both through scattering and absorption of light 
(direct effects) and through their role as CCN, affecting cloud properties and rain formation 
(indirect effects). Determination of aerosol influences on climate and climate change has 
assumed great importance in understanding Earth’s radiation budget and the microphysical 
properties and radiative influences of clouds. Accurate knowledge of aerosol forcing and its 
contribution to the perturbation in Earth's radiation budget over the industrial period is required 
as input to GCMs examining past and prospective climate change. Uncertainty in aerosol forcing 
is recognized as the major uncertainty in forcing over the industrial period (IPCC, 2007) and is a 
major limitation in empirical determination of climate sensitivity (Schwartz et al., 2010). 

 
Determination of aerosol influences on clouds is especially important in the marine 

environment, which covers about 70% of Earth’s surface and has been little studied. The 
proposed deployment in a region that is dominated by marine stratiform clouds assumes 
particular importance because of the low natural concentrations of aerosols and the high contrast 
between these clouds and the dark underlying ocean, both of which increase the susceptibility of 
cloud microphysics, reflectance, and persistence to aerosol influences. The proposed research 
will directly contribute to improved understanding of processes contributing to aerosol 
influences on clouds and radiation and thus to reduction of the uncertainty in aerosol forcing. 

 
The influence of anthropogenic aerosols on the albedo and lifetimes of marine stratus clouds 

has been at the center of estimates of anthropogenic aerosol forcing of climate change since the 
pioneering studies of Twomey (1974) and Albrecht (1989). Initial, model based estimates of the 
global magnitude of this forcing, of order 1-2 W m-2 (Charlson, 1992; Schwartz and Slingo, 
1996), have changed little in current model-based estimates. Despite the importance that forcing 
of this magnitude would have on understanding of forcing of climate change over the industrial 
era, the basis of measurements of marine aerosols and their influence on clouds is really quite 
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limited. Closely related to this issue is the longstanding so-called CLAW hypothesis (Charlson et 
al., 1987) of biological influence of marine aerosols mediated by emissions of DMS produced by 
marine phytoplankton. Both the anthropogenic forcing and the feedback in the CLAW 
hypothesis would be greatly reduced by the presence of substantial amounts of natural aerosol, 
most importantly, sea-salt aerosol, which would diminish the susceptibility of cloud properties to 
perturbations (Blanchard and Cipriano, 1987; Platnick and Twomey, 1994). This effect is 
represented in the perturbation of cloud top reflectance RCT that would result from a perturbation 
in the CDNC (other variables held constant), 
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which varies inversely as CDNC characteristic of the unperturbed system. For this reason 
knowledge of CDNC is essential to assessment of forcing due to anthropogenic perturbations. 
Because of the relatively low concentrations of aerosol particles in the unperturbed marine 
environment, this environment is highly susceptible to influences of anthropogenic aerosols. 
Knowledge of the sources of CCN in the marine environment is central to quantifying aerosol 
influences on cloud microphysical properties, reflectance, and persistence. 
 

In marine environments, especially those with minimal influences from continental sources 
of anthropogenic, biomass burn, and crustal (i.e., dust) substances, aerosol concentrations are 
typically much lower than in continental locations, a few hundred per cubic centimeter (Lewis 
and Schwartz, 2004; Andreae and Rosenfeld, 2008), and aerosol optical thickness (AOT) is 
likewise generally quite low, 0.05-0.10 at 500 nm (Fig. 7; Smirnov et al., 2002). As aerosol 
influences on climate change result from the difference between the perturbed and unperturbed 
states, accurate representation of the anthropogenic aerosol perturbation on clouds and radiation 
in the marine environment requires knowledge of the amount and properties of the marine 
aerosol in both the anthropogenically perturbed and unperturbed states. Perturbations in cloud 
microphysics can also result in enhancement of cloud lifetime; this enhancement cannot be 
measured directly but must be modeled, but the inputs to the model calculation can be measured. 
 

 

 
Fig. 7. Aerosol optical thickness (or depth) at 0.55 m as 
determined by MODIS instrument for January to March 2001. 
Also shown are locations of AERONET sites that have been 
operated since 1996. Adapted from IPCC, AR4, Figure 2.11. 



 24

Quantifying and characterizing aerosol composition, concentration, and size distributions are 
essential to understanding and parameterizing aerosol influences on clouds in both unperturbed 
and anthropogenically perturbed situations. To date measurements of aerosol size and 
composition have been made in relatively few oceanic areas. The measurements from this 
deployment would provide an unparalleled data set on aerosol particle size and composition 
from a large region of the ocean that has not been previously examined in such detail. Over 
the course of the deployment one may anticipate numerous instances of unperturbed marine 
aerosol as well as instances of incursions of anthropogenic aerosol from North America or Asia. 

 
Relation of this Activity to the MAGIC Deployment 

There are two main thrusts of the proposed research: (1) investigation of aerosol properties in 
clear (non-cloud) air, and (2) investigation of the effects of aerosols on clouds and precipitation. 
As specified in the body of the proposal, the measurements to be conducted in the deployment 
pertinent to aerosol influences on clouds and radiation would consist of in-situ measurements of 
aerosol chemical, microphysical, optical, and cloud-nucleating properties, and surface-based 
remote sensing of cloud macrophysical properties and radiative influences. Measurements of 
aerosol size distribution and composition will allow attribution of the sources of the aerosol to 
drop production from bubble bursting associated with breaking waves (Lewis and Schwartz, 
2004; de Leeuw et al., 2011), intrusion from the free troposphere (Clarke and Kapustin, 2002), 
or advection of natural or anthropogenic aerosol from continents. These measurements will also 
allow identification of NPF events should they occur. Ancillary measurements will allow 
examination of correlations of size-dependent sea-spray aerosol concentration with wind speed 
and other controlling variables. Measurement of hygroscopic growth of mobility diameter and of 
light-scattering coefficient will allow identification of departure from expectation for sea salt 
aerosols indicative of sources of material other than sea salt such as from exogenous aerosol 
and/or sea-spray particles containing substantial amounts of organic material such as has been 
identified in recent studies (Fig. 5; O'Dowd et al., 2004; Facchini et al., 2008). 

 
Fig. 8. Sea-salt aerosol size distributions, represented as 
dN/dlogr80, where r80 is radius at RH 80% for wind speed (at 10 m 
above the sea surface) U10 = 5-7 m s-1 (parameterizations are 
evaluated at U10 = 6 m s-1). Canonical distribution is an empirical 
lognormal distribution; shaded band denotes a factor of 3 about 
this distribution. Modified from Lewis and Schwartz (2004). 
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Measurements of the size distribution of sea-salt aerosol compiled from a large number of 
studies, Fig. 8, show a predominance of particles by number in the decade r80 (radius at RH 
80%) 0.1 to 1 m (the size distribution presented in the figure is truncated at r80 = 0.1 m 
because of the paucity of measurements at smaller sizes). This decade is the dominant 
contributor to CCN at supersaturations typical of marine stratiform clouds. Knowledge of the 
CCN spectrum (the number concentration of CCN as a function of supersaturation), which 
governs the cloud formation process and, together with updraft velocity, determines the CDNC, 
is central to characterizing the influence of aerosols on clouds. Characterizing the aerosol size 
distribution, composition, and CCN spectrum is central to being able to represent the aerosol 
in models and to evaluation of the performance of such models; the data set obtained in this 
study would thus immediately fill an important measurement gap. 

 
Recent laboratory experiments and field measurements in surf zone (reviewed by de Leeuw 

et al., 2010) indicate that substantial production of primary sea spray particles may occur at r80 
extending to as low as 0.01 m (Fig. 9), although there is large variability in the shape of the size 
distribution among different investigations. Field measurements of the size distribution in the 
decade 0.01 m < r80 < 0.1 m are essential to determine the prevalence of particles in this size 
range. A research objective would be to classify the observed size distributions as a function of 
controlling variables: source of aerosol (marine vs. continental), wind speed, and other 
meteorological conditions, importantly prior precipitation. Continuous measurements of the 
aerosol size distribution down to the threshold of proposed measurements, r80 ~ 0.01 m, would 
also permit identification of any NPF events. Although particles at the low end of this size range 
are not important per se either radiatively or as CCN, identification of the occurrence of NPF 
events would be of great importance in understanding the dynamics controlling the aerosol 
population in the marine environment that ultimately influences cloud microphysical properties 
and radiative influences. 
 

 
 
Fig. 9. Size distributions of SSA production flux normalized to maximum value 
in representation dF/dlogr80 as a function of r80 from laboratory experiments 
(Mårtensson et al.; Sellegri et al; Keene et al; Tyree et al.; Fuentes et al.) and 
field measurements (Clarke et al; Norris et al.). Uncertainties in the original 
data are not shown. Adapted from de Leeuw et al. (2011). 
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In addition to size measurements, measurements of composition provide indication of the 
sources of marine aerosol particles and their role as CCN. A survey of marine aerosol 
composition measurements (Fig. 10) showed strong dependence of the number fraction that was 
comprised of sea salt as a function of size. Of particular importance is the apparent low sea-salt 
fraction for particles of r80 < 0.1 m. Until recently it had been generally thought that there are 
relatively few primary aerosol particles consisting of sea salt in the clean marine atmosphere and 
that most marine CCN derive from secondary sources and consist mainly of sulfate or 
methanesulfonic acid derived from oxidation of DMS produced by marine phytoplankton. 
However recent investigations have suggested that there may be large contributions from 
primary sea-spray particles consisting mainly of organic components, as has been proposed on 
the basis of brief cruises in the biologically active summer North Atlantic (Fig. 5; O'Dowd et al., 
2004; Facchini et al., 2008). 

 
Fig. 10. Number fraction of aerosol particles in marine 
environments that consist of sea salt as a function of r80, radius at 
RH 80%. The sea salt fraction increases with increasing r80. 
Adapted from Lewis and Schwartz (2004). 

 
These observations raise important issues that can be resolved by measurements of aerosol 

composition requested for this deployment that would make use of the ACSM (Aerosol 
Chemical Speciation Monitor), which can measure submicrometer aerosol composition with 30-
min time resolution. (As the ACSM is sensitive only to the non-refractory component of the 
aerosol, the measurements would directly yield the concentrations of substances other than sea 
salt in the aerosol) An example of such measurements made at SGP shown in Fig. 11 is notable 
for their high temporal variability. Specifically such measurements would determine whether a 
low sea-salt fraction is present in the decade 0.01 m < r80 < 0.1 m in the study area, 
characterized by relatively low biological productivity. If this fraction is low, these 
measurements could determine if the material is from continentally derived aerosols in the 
marine atmosphere (and whether it is of natural or anthropogenic origin) or whether it consists 
mainly of organic substances in small primary sea-spray particles. The hygroscopic and CCN 
properties, which will be directly measured in this study, are expected differ considerably from 
those of sea-salt aerosol particles. Measurements in the proposed deployment, especially with 
newly available instrumentation in the AMF2, would provide an unprecedented data set on the 
origin, nature, and composition of submicrometer aerosols in the marine environment. 
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Fig. 11. Example of aerosol composition measured at 
SGP with Aerosol Chemical Species Monitor (ACSM). 

 
The second major thrust of this investigation will be remote sensing of cloud microphysical 

properties and relating these to aerosol properties. Key cloud macrophysical properties are LWP, 
determined by passive microwave radiometry, cloud boundaries, determined by active remote 
sensing by ceilometry (lidar) and cloud radar, and vertical velocities in clouds, determined by 
Doppler radar. From these measurements it is possible to infer cloud microphysical properties, 
importantly the effective radius re of cloud drops, which provides a measure of their size and 
radiative influence, the vertically integrated CDNC, and, with reasonable assumptions, the 
CDNC itself, which is central to the autoconversion process leading to precipitation that removes 
water from the cloud and thus controls the other end of the cloud lifecycle. An example is given 
in Fig. 12; note the relative constancy of re with time over this period. 

 
 

 
 

Fig. 12. Example of remote sensing of cloud macrophysical and 
microphysical properties at SGP, April 13, 2000. In upper panel, green 
and blue curves denote cloud top and cloud base, respectively. Retrieval 
of cloud optical depth and liquid water path is restricted to period of well 
defined cloud boundaries. Adapted from Kim et al. (2003). 
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Research Elements 
Aerosol processes, properties, and influences are central to the ASR Aerosol Lifecycle and 

Aerosol-Cloud Interactions Working Groups and impact on the Cloud Lifecycle Working Group. 
The following research elements, keyed to these working groups, will be examined. The output 
of this research will be scientific analyses and publications. The intent here would be to provide 
a data base of measurement that can be used to evaluate models, rather than model development 
per se. As indicated above (also de Leeuw et al., 2011) there are an abundance of models 
describing sea-spray aerosol production and properties; what is needed at this time is 
measurements and analyses of measurements that can be used to constrain the models. 

 
Aerosol Lifecycle and Properties: Characterize aerosol properties, with particular emphasis on 
their cloud-influencing properties and attribute to emission sources. The research would consist 
of the following tasks and questions. 

 
Characterize the background aerosol (natural aerosol of marine origin) present in this 

marine environment: composition, size distribution, optical properties (light scattering 
coefficient, light absorption coefficient, backscatter fraction), hygroscopic properties 
(humidity dependence of particle size distribution and optical properties), CCN 
properties. Characterize variability of these quantities. 

 
(1) Is there a well defined typical background marine aerosol composition and size 
distribution? What are the bounds on variability of this typical aerosol? 

 
(2) To what extent is the background marine aerosol dominated by sea spray? What is the 
contribution, if any, of natural organic component of sea-spray aerosol vs. secondary 
organic aerosol of marine origin? Is it necessary to define multiple components of this 
background marine aerosol from different source processes? 

 
(3) What are the hygroscopic and CCN properties of the background marine aerosol(s)? 
Can these properties be quantitatively related? Are these properties characteristic of sea 
salt or is there departure? Can any departure be attributed to organic material in the sea 
spray? Is the organic/sea-salt ratio variable? Can the variability in the ratio be related to 
other observables? 

 
(4) Can the amount, composition, and size distribution of sea-spray aerosol be 
quantitatively related to wind speed and other potential controlling variables? Is the size 
distribution sea-spray aerosol characterized by a constant shape or are there departures? 
Can the departures be related to changes in emissions due to identifiable sources as 
opposed to selective removal? 

 
Characterize the continental/anthropogenic perturbation to the marine aerosol 

(exogenous aerosol in the marine environment), specificially composition, size 
distribution, optical properties, hygroscopic properties, CCN properties, and variability in 
amplitude and type. Distinguish multiple types of perturbations. 
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(1) Can the perturbation in aerosol properties be related to source regions and processes 
by back trajectory or more sophisticated modeling? Can different types of perturbations 
be ascribed to different source types or regions? 
 
(2) Can the continental/anthropogenic perturbation to the marine aerosol composition be 
expressed as a sum of a small number of aerosol types, each with its own characteristic 
signature (such as size distribution or composition)? 

 
An important element of this study will be to relate aerosol hygroscopic and CCN 

properties to composition. Here an essential measurement is aerosol composition. A suitable 
instrument is the ACSM, which has been deployed at SGP and is yielding aerosol composition 
measurements with 30-min time resolution (Fig. 11). Additionally it is planned to collect 
samples of aerosols on grids for subsequent analysis by transmission electron microscopy 
(TEM). TEM analysis can provide unique determination of composition and quantitative 
assessment of the relative amounts of sea salt as compared to other substances and can 
distinguish between secondary organic aerosol and primary marine organic aerosol (Leck and 
Bigg, 2010, and earlier references therein). However, as the analysis is relatively expensive, the 
intent would be to analyze archived grids in situations of particular interest, for example 
unexpected relations between CCN and composition as measured by the ACSM. Dr. Caroline 
Leck (Stockholm University) has agreed to participate in this project (letter attached). 

 
Determination of the forcing associated with any perturbation in composition requires 

quantification of the changes in aerosol and cloud properties that would be associated with the 
perturbation in composition and the attribution of the change in composition to anthropogenic 
emissions. In this respect the mass spectrometric measurements will play an essential role. 

 
Cloud Properties and Cloud-Aerosol-Precipitation Interactions: Examine cloud properties by 
remote sensing and relate to aerosol properties. 
 

Remote sensing of cloud properties. Cloud diffuse transmittance will be determined from 
radiometer measurements for fully overcast sky. Cases of fully overcast sky are identified 
by the Total Sky Imager (TSI); cases of single layer clouds are identified by cloud radar. 
Cloud optical depth, , is determined by an adjoint method (Min and Harrison, 1996) and 
cloud LWP is determined from microwave radiometer (Zuidema et al., 2005). Cloud 
microphysical properties are determined from these measurements as follows: effective 
radius ( e 3 2r LWP  ), cloud drop number burden ( 2   ), and cloud drop number 

concentration burden (  2 32 9N LWP  ), where  is a constant of order unity that 

depends on the dispersion of the cloud drop size distribution: 
3 2

2 3r r   (Schwartz and 
Slingo, 1996). Mean cloud liquid water content and CDNC may also be calculated from 
these observations together with the cloud thickness z; vertical structure of these 
quantities would be dependent somewhat on assumptions on the vertical structure of the 
cloud and the shape of the cloud drop size distribution. 

 
Relate cloud microphysical properties to aerosol properties. Relate cloud properties 

(LWP, , re, ) to aerosol number concentration, size distribution, and CCN spectrum. 
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Examine perturbation due to presence of exogenous aerosol. In this work we will follow 
the approach of our previous study (Kim et al., 2003) which examined these cloud 
microphysical properties at SGP. That study identified a significant but weak relation 
between effective radius and aerosol light-scattering coefficient. It is anticipated that this 
work may yield a more robust relation because of the more detailed aerosol microphysics 
available in this deployment, because of the greater likelihood of more uniform aerosol 
properties in the MBL than in the terrestrial boundary layer at SGP, and because of the 
greater susceptibility of marine clouds to aerosol perturbations because of low marine 
aerosol background concentrations. 

 
There is theoretical indication that the threshold for precipitation is related to cloud liquid 

water content and drop number concentration and it is this sort of parametrization that is used in 
climate models. Both of these quantities will be available from passive ship-based remote 
sensing, as will drizzle (from radar), permitting statistical examination of the relation of drizzle 
and precipitation to cloud microphysical properties. This, together with the relation of cloud drop 
number concentration to aerosol number concentration, would permit examination of the 
suppression of precipitation development by enhanced aerosol concentrations, the underlying 
premise of the Albrecht (1989) second aerosol indirect effect.  
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Relevancy to Long-Term Goals of DOE Office of Biological and Environmental Research 
 

The proposed research is directed to the long-term goal of the Office of Biological & 
Environmental Research to “Deliver improved climate data & models for policy makers to 
determine safe levels of greenhouse gases for the Earth system. By 2013, substantially reduce 
differences between observed temperature and model simulations at subcontinental scales using 
several decades of recent data.” Specifically, the measurements proposed here will result in a 
comprehensive year-long data set of clouds, aerosols, and atmospheric radiation on repeated 
transects between Los Angeles and Hawaii. This transect encompasses the transition from highly 
reflective stratocumulus near the west coast of the U.S. to much less reflective fields of small 
cumulus clouds near Hawaii. Models of Earth's climate system must accurately represent this 
transition, which is not well understood at present, as this transition exerts a great influence on 
Earth's radiation budget that is potentially susceptible to change in a changing climate. The data 
to be obtained in these measurements are essential to development and evaluation of models on a 
variety of scales, from individual clouds to global climate models. 

 
 
 
 
The proposed research is central to achieving the DOE Atmospheric System Research (ASR) 

Program objectives to “determine the properties of and interactions among aerosols, clouds, 
precipitation, and radiation that are most critical to understand in order to improve their 
representation in climate models,” and to “utilize integrated data products to develop, evaluate, 
and ultimately improve the parameterization of aerosol-cloud-precipitation-radiation processes 
in models over a range of scales.” 

 
 
 
 
The proposed research falls squarely within the mission of the ARM Climate Research 

Facility that includes the “study, monitoring, assessment, prediction, and information 
management activities to describe and understand: The interactive physical, chemical, and 
biological processes that regulate the total Earth system” and “The changes that are occurring 
in the Earth system and the environment and how these changes are influenced by human 
actions.” 
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2004-present Research Scientist, Lawrence Livermore National Laboratory, Livermore, CA 
1997-2004 Research Meteorologist, Geophysical Fluid Dynamics Laboratory/NOAA, 
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1997 Consultant, European Centre for Medium Range Weather Forecasts, Reading, UK 
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Science Leader, ARM Cloud Modeling Working Group, 2005-2008 
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Klein, J. Lundquist, D. A. Randall, A. P. Siebesma, & P. M. M. Soares, Parameterization of 
the atmospheric boundary layer: a view from just above the inversion, Bull. Amer. Meteor. 
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Ph.D., Chemistry, University of California, Berkeley, CA, 1968 
A.B., Chemistry, Harvard College, Cambridge, MA, 1963 
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column simulations with the Community Atmospheric Model (CAM3). J. Clim., 21, 4859-
4878, 2008, doi:10.1175/2008JCLI2237.1. 
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ACRF Resources Required 
 
For this deployment we are requesting the full instrument complement of the Second ARM 

Mobile Facility AMF2, plus some additional instrumentation described below, from October 
2012 through September 2013 (the exact dates of the deployment will depend on the shipping 
schedule of the Spirit). We request balloon soundings every six hours during this time. 
Additionally, we propose two IOPs, one in January 2013, and one in July 2013, each lasting one 
round trip, from Los Angeles to Hawaii and back, during which balloon soundings would be 
made every three hours for a more detailed characterization of the MBL structure. Such an 
intensive sounding schedule would require additional personnel on board. During these IOPs we 
will attempt to arrange synergistic studies involving both our own and other investigators. 

 
It is proposed that two of our investigators travel on the ship before the deployment (and as 

soon as possible) in order to attempt to anticipate and provide solutions to problems unique to a 
ship-based platform that will undoubtedly arise during this deployment. During that time they 
could identify optimal locations for radiation and meteorological sensors, determine if balloon 
launches can be made from the bridge, and investigate the best ways to minimize other ship 
effects such as screening, blockage, and flow perturbation that will make accurate measurements 
difficult. Additionally, ship motion can be characterized. To this end, a motion system measuring 
pitch, roll, and yaw, plus acceleration in the three directions at 20 Hz should accompany the 
investigator. These data will help estimate the extent to which ship motion affects retrieved 
quantities from vertically pointing instruments, and thus the extent to which corrections can be 
made to such measurements. Additionally, these data will help to refine operating parameters for 
the profiling and scanning radars. Efforts to fix potential problems before the deployment will 
save much time and effort at a later time and will help ensure that the largest number of data of 
the highest quality are collected. 

 
This deployment will require at least two people throughout the entire duration of the 

deployment, and possibly more for the IOPs. In almost all previous AMF deployments, PIs have 
visited the sites of these deployments, sometimes several times. We consider that tradition 
especially important in this, the inaugural deployment of AMF2 at sea. Because of the novel 
nature of this deployment, we feel that it is important to have at least one scientist on board to 
assess data quality and instrument performance, make operational decisions, and act as a liason 
with the science team on shore. Thus, we request support for at least one PI or co-I to 
accompany the AMF2 during this deployment, and perhaps more during IOPs. 

 
It is expected that PIs Ernie Lewis and Warren Wiscombe, who will jointly manage this 

deployment, will have regular communication with the personnel on board, and that there will be 
near-real time access to the data. However, it is probable that only minimal satellite 
communication with the ship will be possible. An on-board scientist will be all the more 
important in this situation. 
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Baseline AMF2 Instruments Requested 
The baseline suite of instruments within AMF2, which we request for this deployment, is 

listed below. This list is based on best current understanding; some instruments are not fully 
detailed on the AMF2 webpage, and some have not yet been delivered. We also request 
stabilized platforms, to the extent that they are available, for instruments that are crucially 
dependent on vertical pointing or whose orientation must be accurately known, although we 
realize that such platforms will not be possible for the radars. 

 
Cloud and Precipitation Instrumentation: 

Scanning Ka/X-band ARM Cloud Radar (SACR) 
Ka-band ARM Zenith Radar (KAZR) 
Vaisala Ceilometer (VCEIL) 
Microwave Radiometer (MWR) 
Micropulse Lidar (MPL) 
High Spectral Resolution Lidar (HSRL) 
Radar Wind Profiler (RWP) 
Total Sky Imager (TSI) 
2-D Video Disdrometer (2DVD) 

 
Aerosol Instruments: 

Condensation Nucleus Counter (CNC) 
Cloud Condensation Nucleus Counter (CCN) 
Particle Soot Absorption Spectrometer (PSAP) 
Dry and Humidified Nephelometers (NEPH) 
Hygroscopic Tandem Differential Mobility Analyzer (HDTMA) 
Ozone Analyzer (O3) 

 
Radiometers: 

Atmospheric Sounder by Infrared Spectral Technology (ASSISTII) 
Portable Radiation Measurement Package (PRP2) 
Solar Array Spectrometer – Hemispheric (SASHE) 
Solar Array Spectrometer – Zenith (SASZE) 

 
Meteorology and Atmospheric Profiling: 

Balloon-borne Sounding System (SONDE) 
Meteorological Instrumentation (MET) 
 

Other: 
Ship motion information (to be a standard part of AMF2) 
Sea state, temperature, salinity, and current velocity (not yet a standard part of AMF2) 

 
We request duplicate meteorological and radiation sensors at different locations on the ship 

to compensate for possible influences of ship structures on measurements; e.g., perturbation of 
wind flow affecting wind speed measurements, and ship heating and reflection affecting 
temperature and radiation measurements. 
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Other ACRF Instruments Requested 
One instrument that is critically needed is the Solar Array Spectrometer—both the 

Hemispheric (SASHE) and the zenith-pointing (SASZE) versions. These can retrieve aerosol 
optical thickness, Ångström exponent, single-scattering albedo, and asymmetry parameter from 
spectrally resolved measurements of diffuse and direct radiation at wavelengths from 340-
1700 nm. These data will be very important in characterizing the shortwave radiation under 
cloud fields and for radiative transfer model closure studies. It is our understanding that this 
instrument was designed to be part of AMF2, although it is currently located with AMF1. 

 
We also request the following ACRF instruments: (1) an Aerosol Chemical Species Monitor 

(ACSM), which would provide valuable information on aerosol composition for particle mobility 
diameters 60-500 nm; and (2) an Ultra-High Sensitivity Aerosol Spectrometer (UHSAS), which 
would provide aerosol size distributions for particle mobility diameters 60-1000 nm. Size 
distributions can be determined from the baseline HDTMA during a fraction of its sampling 
routine if it is connected to the CNC (according to instrument mentor G. Senum, Brookhaven 
National Laboratory), but the UHSAS can provide continuous measurements of size distribution. 

 
One final instrument request is for an Acoustic Doppler Current Profiler (ADCP) to measure 

ocean current speed and direction. This instrument is listed on the AMF2 webpage, but to the 
best of our knowledge ACRF does not yet have one. C. Flagg, a co-I on this proposal, can 
arrange to provide an ADCP, but details would have to be worked out with ACRF. 

 
Computational Fluid Dynamics Study 

We request a computational fluid dynamics (CFD) study of the ship be performed prior to the 
deployment. Such a study will help determine optimal placement of sensors and also how to use 
their measurements to infer surface fluxes of sensible and latent heat, which are essential to 
understanding atmospheric structure and the formation of clouds. These fluxes are best measured 
with eddy covariance techniques, but such measurements at sea are difficult under the best of 
conditions, and not practical from a cargo ship. Thus, these fluxes must be estimated from 
measurements of quantities such as mean wind speed and RH, but the high accuracy constraints 
on these measurements require that ship effects be taken into account, allowing determination of 
mean wind velocity from measured values.  

 
Example of CFD study showing wind speed vectors. 
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Aeropod Kite System 
Measurements of atmospheric structure, i.e., vertical profiles of temperature, relative 

humidity, and wind speed and direction, and information on the inversion strength at the top of 
the MBL, both in terms of temperature and humidity changes, are of prime interest in 
determination of fluxes of sensible and latent heat, and thus in characterizing the conditions 
responsible for cloud formation and properties. Sondes can provide some of this information, but 
they cannot profile continuously, and the frequency of launches is restricted by labor and cost. 

    
Aeropod profiler     Aeropod on kite  

 
We propose to supplement regular sonde launches during the MAGIC deployment with a 

novel kite-based observation system that has been developed by co-I. G. Bland at NASA 
Goddard Space Flight Center’s Wallops Flight Facility for support of various research 
activities including ship-borne atmospheric observations. Sensor and imaging systems will be 
integrated into a custom-fabricated Aeropod, an aerodynamically stabilized and damped device 
that can be flown on a commercially produced kite suitable for at least 30 knot wind speed 
(notionally a parafoil of perhaps 0.5 m2). Unlike tethered balloons, kites performs better the 
higher the wind speed. An integrated Aeropod system has a mass of less than one kilogram, and 
is less than a meter in overall length. The total system including the kite and tether will be less 
than 2.3 kg. Operations are conducted in accordance with Federal Aviation Administration 
14CFR Part 101: “Moored Balloons, Kites, Unmanned Rockets and Unmanned Free Balloons.” 

 
This system will contain a digital telemetry system operating in the 2.4 GHz band, an analog 

real-time video link, and GPS. Cameras can be positioned to capture the horizon as well as a 
significant view of the surface, and thus will allow the possibility of observing cross sections of 
thin cloud layers. A winch and tether system will allow either electric or manual operation up to 
altitudes of 2 km, thus enabling profiles of the boundary layer, measurements of the inversion 
strength, and measurements at selected fixed heights. With the ship in motion, the kite can stay 
up for extended periods (up to a day, depending on battery life), allowing continuous profiling 
and interpolation between sonde launches. This technique has been successfully proven in land-
based in-situ measurement and remote sensing tests. It is also planned to be used during the 
Aerosol Life Cycle IOP at Brookhaven National Laboratory on Long Island, NY in August, 
2011. This kite technology looks very promising for future ARM seagoing (and land-based) 
deployments, and as such, we would like to test it on one round trip. If it proves itself, it may 
well lower overall ARM costs on future deployments by reducing the necessary sonde launches. 
We request ACRF support for co-I G. Bland for travel, salary, and equipment for installation of 
this system on the Spirit and operation for one round trip. These costs are estimated at $20K. 
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Synergistic/Collaborative Activities 
 
We will attempt to take full advantage of opportunities for synergistic activities during this 

deployment, some of which involve collaborations with external investigators. Key among these 
activities are calibration/validation of the use of some of the instruments that have not been 
proven for ship-based deployments, and additional auxiliary measurements of aerosols, radiation, 
and sea state that relate to and will contribute to understanding of clouds and precipitation. 

 
A proposal was recently submitted to the National Science Foundation (NSF) from co-I. J. 

Teixeira that involves two classes of Unmanned Aircraft System (UAS) and deployment of ship-
based remote sensing and in-situ instrumentation on a commercial cruise liner traversing the 
same transect as the MAGIC one, from Los Angeles to Hawaii, in Feb. 2012. The NASA UAS 
Ikhana would carry the Airborne Multiangle SpectroPolarimetric Imager (AirMSPI) at heights 
up to 12 km to measure cloud heights, albedo, cloud morphology, and microphysical properties. 
A low-flying Aerosonde UAS would provide in-situ sampling of the marine boundary layer. 
Both UASs will fly multiple sorties from Dryden/Edwards Air Force Base in California or from 
a military base in Hawaii. The ship, Cunard Cruise Lines Queen Victoria, will carry the High 
Altitude MMIC (Monolithic Microwave Integrated Circuit) Sounding Radiometer (HAMSR) 
microwave sounder to obtain temperature, water vapor and liquid water profiles, and the Marine-
Atmospheric Emitted Radiance Interferometer (MAERI) infrared sounder, a meteorological 
package, and a radiosonde system. The flights and ship-borne measurements will be coordinated 
to provide densely sampled and detailed information about the Sc-to-Cu transition. The data 
from this activity will complement that from the MAGIC deployment. 

 

 
NASA UAS Ikhana 

 
Co-Is B. Albrecht and R. Wood are planning to submit an NSF proposal for use of the 

NSF/NCAR Gulfstream-V aircraft. The prime focus of the mission would be to use the onboard 
cloud radar to characterize the downstream variation of MBL clouds along trajectories (which 
are close to streamlines in most situations) extending off the coast of California and nominally 
heading southwest. Exact details of the proposed flights are not yet determined, but to the extent 
possible, flights would be coordinated with the MAGIC deployment to sample along the Spirit 
route during the July, 2013, IOP. 

 
NSF/NCAR Gulfstream-V 
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Measurements of sea surface temperature, and more specifically, the skin temperature 
(SSST), are essential because the SSST establishes the oceanic contact to the atmosphere and is a 
primary input to the energy flux and LES modeling. The air-sea temperature difference drives 
the latent and sensible heat fluxes and is a prime determinant of the atmospheric stability, which 
can shift from stable to unstable with small changes in the SSST. Remote sensing of the SSST is 
challenging, and satellite measurements are quite uncertain owing to cloud contamination of the 
viewing region. AMF2 has two infrared thermometers (IRTs) that they propose to use for this 
measurement by directing these IRTs in perpendicular directions at 45 above and below the 
horizontal, but this approach has not been validated at sea. The University of Miami, RSMAS, 
has a long-term program of measuring oceanic skin temperature using the Marine version 
Atmospheric Emitted Radiance Interferometer (MAERI) and the more-adaptable Infrared 
Seasurface Temperature Autonomous Radiometer (ISAR). Dr. Peter Minnett leads this effort. 
Sea-surface skin temperatures from these two instruments have been compared in several field 
experiments and agree to within 0.05C. High precision NIST-traceable calibration baths ensure 
that the measurements are absolutely accurate. Recently Dr. Minnett has been awarded a NASA 
grant (Project Name: MODIS SeaSurface Temperature Algorithm Refinement and Validation 
Through Ship-Based Infrared Spectroradiometry, Period of Performance: 1/21/11 to 1/20/14) to 
operate two ISARs on ships of opportunity for continued SSST observations. M. Reynolds (co-I 
on this proposal) is a co-PI on the NASA grant with responsibility for continued operation of the 
RSMAS ISAR program. It is highly recommended that the well-proven ISAR instrument be 
added to the AMF2 suite of instruments for the duration of the MAGIC deployment. If that is not 
possible then we propose to deploy ISAR instrumentation for as many transects as possible to at 
least validate the AMF2 instrumentation. If possible, one of the RSMAS MAERI systems, which 
provide complete spectra of sea surface emission will be provided. 

 

 
Infrared Sea Surface Temperature Autonomous Radiometer 

 
 

Collaborations with External Investigators 
Dr. William Asher at Applied Physics Laboratory of the University of Washington in 

Seattle, WA, has offered to lend four video cameras for the duration of the deployment to record 
sea surface conditions and associated sky images (letter attached). Two cameras would be 
mounted on each side of the ship, one aimed at the sea surface (outside the bow wake of the ship) 
and the other at the sky. The systems operate and record data without user assistance. The images 
allow determination of the fraction of the sea surface covered with white area, called the 
whitecap fraction, W. This white area results from large numbers of bubbles that are the 
remnants of breaking waves and are responsible for the production of sea spray aerosol. Sea 
spray production flux is expected to increase with increasing W, and correlation of aerosol 
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properties with W will provide some indication of the magnitude of this source. Additionally, 
knowledge of W will allow determination of its dependence on wind speed. The images can also 
detect sea slicks, which are areas of the sea surface covered with organic substances and on 
which ripple formation is suppressed. The presence of sea slicks affects surface properties such 
as wave breaking, and thus sea spray production. This collaboration comes at no cost to ARM. 

 
We propose to measure AOT at five wavelengths using a MICROTOPS II hand-held 

sunphotometer loaned to us by Dr. Brent Holben of NASA Goddard Space Flight Center in 
Greenbelt, MD, leader of the AERONET sun-sky radiometer network (letter attached). Not only 
will this provide useful data for both AERONET and for our science, it will allow for 
comparison with the baseline PRP2 radiometers and provide validation for their use on a ship-
based platform, as measurements at sea using an MFRSR remain unproven. The Marine Aerosol 
Network (MAN), a component of AERONET (Smirnov et al., 2009), uses MICROTOPS II and a 
calibration procedure and data processing traceable to AERONET to collect data over the 
oceans. Estimated uncertainties of AOT do not exceed 0.02 in any channel. To date MAN has 
logged over 2300 measurement days on more than 120 cruises. However, as there have been few 
data collected in the Pacific, measurements along the Spirit route will contribute meaningfully to 
the MAN database. This collaboration also comes at no cost to ARM. 

 
Marine Aerosol Network measurements of aerosol optical thickness as of March, 2011. 

 
Knowledge of the upper ocean temperature is important as the oceans are the source of the 

moisture for cloud formation, ocean temperature is the driving force for fluxes of sensible and 
latent heat, and in this region of high insolation the profile has strong diurnal variability. Upper 
ocean temperature profiles are measured by expendable bathythermographs (XBTs). An XBT is 
small probe that is dropped from a ship and measures the temperature of the ocean surface layer 
(down to ~900 m) as it falls through the water using a thermistor within an expendable weighted 
casing. It has two small attached wires that transmit the temperature data to the ship for later 
analysis. The probe is designed to fall at a known rate, so that the depth can be inferred from the 
time. The wires eventually run out and break, and the XBT sinks to the ocean floor. Typical 
accuracies are 0.1C. Dr. David Fratantoni of Woods Hole Oceanographic Institution in 
Woods Hole, MA, has offered to lend an Autonomous eXpendable Instrument System (AXIS) for 
launching XBTs for the duration of the deployment (letter attached). The apparatus can hold up 
to 36 XBTs which can be launched remotely or according to time or position. At a sampling rate 
of once every six hours (the same sampling rate as for balloon sondes), a full load of 36 XBTs 
would last for one round trip. Incurred costs would be for installation (travel, salary, and 
materials for an engineer to install the unit on the ship), iridium communications (probably 
~$10/day plus $2 per probe deployed), and XBTs, which cost ~$50 each. We request that this 
system be used for this deployment (at a minimum during the IOPs). 
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The composition and mixing state of an aerosol particle can provide insight into it source and 
production mechanism. Determination of these factors for marine aerosol particles with dry 
diameters less than 100 nm, and thus determination of the relative importance of the various 
production mechanisms, is extremely difficult. Traditional single-particle techniques such as 
Aerosol Mass Spectrometry (AMS) do not detect sodium chloride or other refractory materials, 
thus greatly reducing their utility in the marine environment. Techniques that rely on optical 
detection of the particles are hampered by low light-scattering efficiencies for particles in this 
size range. AMF2 instrumentation such as the HTDMA and CCN yield hygroscopic properties of 
individual particles but cannot provide unique composition, nor can they provide information on 
mixing state. One technique that has proven effective is analysis by Transmission Electron 
Microscopy (TEM) after collection of aerosol samples on 3 mm grids of 200 mesh copper gauze 
covered with a thin film of polyvinylbutyral (“butvar”). This approach provides unique 
determination of composition and mixing state and can give quantitative assessment of the 
relative amounts of sea salt as compared to other substances, for example. Dr. Caroline Leck of 
Stockholm University in Stockholm, Sweden has developed this technique and applied it to 
determination of individual particle composition during several cruises in the Arctic. However, 
this technique has not been applied over vast regions of the oceans, and the region of this 
deployment would provide information on spatial variability of the mixing state and composition 
of marine particles. Samples can be collected and stored for later analysis for case studies of 
special interest, such as for instances of certain meteorological conditions. Sample grids are 
relatively inexpensive, although the analysis is expensive as it is quite labor intensive. We 
propose to collect samples for later analysis and request that ACRF provide sample grids. We are 
currently investigating possibilities for sample analysis with Dr. Leck (letter attached). 

 

 
Transmission electron microscopy (TEM) images 
of (a) sea salt particle with associated electron-
transparent material, (b) fragment of organism 
without attached sea salt, (c) mixed sulfate and 
organic particle after exposure to cyclohexane 
vapor, and (d) aggregates of microcolloids. From 
Bigg and Leck (2008). 
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Letters of Collaboration 
 

The following letters of collaboration are attached below: 
 
 Mike Bohlman, Director of Marine Services, Horizon Lines, LLC 

Use of the Spirit as a platform for AMF2 and boarding technicians and scientists 
 
 Dr. William Asher, Applied Physics Laboratory, University of Washington, Seattle, WA 

Loan of four video cameras to record sea surface and sky conditions 
 
 Dr. Brent Holben, NASA Goddard Space Flight Center, Greenbelt, MD 

Loan of a MICROTOPS II sunphotometer for measurement of aerosol optical thickness 
 
 Dr. David Fratantoni, Woods Hole Oceanographic Institute, Woods Hole, MA 

Providing an automatic launching system for expendable bathythermographs (XBTs) 
 
 Dr. Caroline Leck, Stockholm University, Stockholm, Sweden 

Collection of aerosol samples on grids for later TEM analysis of single-particle composition 
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Applied Physics Laboratory 

University of Washington 

 

May 2, 2011 
 
Ernie Lewis 
Atmospheric Sciences Division 
Environmental Sciences Department 
Brookhaven National Laboratory 
Upton, NY 11973 
 
Dear Ernie, 
 
 The year-long MAGIC cruise between Los Angeles and Hawaii that we recently discussed provides a unique 
opportunity to acquire a database of sea surface video imagery collected over a long time period. Unlike previous imagery 
sets, the MAGIC cruise will acquire images that are not influenced by the presence of land masses.  As we discussed on the 
telephone, I would be very interested in providing automated video cameras to record images of the sea surface and cloud 
cover over the duration of the cruise.  The sea surface imagery will allow determination of fractional area whitecap coverage 
and possibly the prevalence of banded sea slicks.  By recording these images over a full year along the proposed MAGIC 
transect from the West Coast of the continental United States to Hawaii, seasonal cycles in both whitecap coverage and slick 
occurrence can be derived.  This data would be useful in understanding mechanisms for the air-sea exchange of heat and 
gases, generation of marine aerosols, cycling of organic compounds between the ocean and atmosphere, and multispectral 
upwelling sea surface radiance.   
 In the optimal configuration, four cameras would be mounted on a railing as high above the water surface as 
possible.  There would be two cameras looking to port and two to starboard.  On each side of the ship, one camera would be 
angled downwards to get an unobstructed view of the sea surface that was well outside of the bow wake.  The second camera 
would be angled upwards to image the sky for recording cloud coverage.  Images would be digitized from each camera at a 
rate set by the field of view of the camera and average ship speed by an unattended computer acquisition system.  Similar 
video acquisition systems have been used during the Florida Shelf Lagrangian Experiment in 1997, the GasEx-98 experiment 
and the Fluxes, Air-sea Interaction, and Remote Sensing (FAIRS) experiment.  These systems have been found to be reliable 
and easy to configure and operate.  For example, the video system used during the GasEx-98 cruise took video images every 
30 s during daylight hours from two cameras over a period of 14 days and produced over 10,000 usable sea surface images.  
Admittedly, the data stream from the cameras for the MAGIC cruise will be far larger, but storage capabilities are orders of 
magnitude better than what was available in 1998 when the GasEx-98 experiment was conducted.   
 Both the raw cloud and sea surface images will be available for the ARM archive immediately after the cruise is 
finished.  Processing the images for whitecap coverage can be done shortly thereafter.  The MAGIC cruise offers a unique 
opportunity to acquire a long-term record of sea surface images and I am very enthusiastic about participating.   
 
Sincerely, 
 
 

William Asher, Ph.D. 
Principal Oceanographer 
Applied Physics Laboratory 
University of Washington 
Seattle, WA  98105 





 

 

 

 

 

May 9, 2011 

 

 

 

Ernie Lewis 

Atmospheric Sciences Division 

Environmental Sciences Department 

Brookhaven National Laboratory 

Upton, NY 11973 

 

Dear Ernie, 

 

This letter is to confirm my intent to provide, on an as-available basis, one of our AXIS 

automatic XBT launchers in the MAGIC deployment of the ARM Mobile Facility AMF2 on the 

Horizon Spirit starting in October, 2012 for a period of one year.  AXIS, the Autonomous 

Expendable Instrument System, would allow loading of up to 36 expendable probes which can 

then be automatically released according to time, position, or interactively via satellite-linked 

remote control.  AXIS can deploy expendable oceanographic probes measuring profiles of 

temperature, or temperature and salinity, to depths of 700-1500 m.  Data is automatically sent via 

satellite to shore in near-real-time in a data format that is easily accessible.  These data will be 

available for the ARM archive, and I will provide final processed and quality-controlled data 

within a short time after the end of the field deployment. 

 

The prototype AXIS system is presently being deployed on a container ship operating between 

New Jersey and Bermuda. We are continuing to develop these systems and, pending availability 

of funds, anticipate building several more units over the next 12 months.  We are actively 

seeking opportunities to install AXIS units in support of new and exciting science such as your 

own and welcome the opportunity to contribute to your research program.  I look forward to 

working with you on this exciting program.  

 

Sincerely, 

              
Dr. David Fratantoni 

 

 
MS#21 • Woods Hole, MA 02543 • Tel. 508.289.2908 • Fax 508.457.2181 • dfratantoni@whoi.edu 

 

 

Dr. David M. Fratantoni, Associate Scientist 
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  Mobile Phone: +46 (0)70 7333 881 
 

Stockholm, May 02, 2011 

Ernie Lewis 
Atmospheric Sciences Division 
Environmental Sciences Department 
Brookhaven National Laboratory 
Upton, NY 11973 
 

Hallo Ernie, 

I fully support the aerosol sampling efforts you described for the MAGIC 
deployment that would involve collection of aerosol particles on grids for 
later electron microscopy analysis. The samples are easy and relatively 
inexpensive to collect, and those from days of particular interest can be 
analyzed in my laboratory at a later time. 

What has emerged from recent advances in aerosol research in connection to 
cloud formation over the remote central Arctic Ocean is that it is the 
properties of the individual airborne particles at a given size or within a 
given size range, between diameters 10nm to 1µm, which are of importance and 
that therefore a deeper understanding is required than just some integral or 
average property over a large number of particles as would be determined by 
bulk analysis of the particles. The only method presently available that will 
allow such a study down to particles of the order of 10nm in diameter sizes, 
is electron microscopy analysis, with associated chemical tests (e.g. 
dialysis, X-ray analysis, reaction with organic vapours, reactions with 
solutions of various compounds). 

As you know, there have been few such systematic measurements of aerosol 
composition by electron microscopy outside of the ones I have taken in the 
Arctic, and measurements over the Eastern Pacific will be extremely valuable 
in assessing the extent to which this composition differs in different ocean 
regions, and during different seasons. 

After analysis of the samples I will make the data available to the ARM data 
archive. 

 

Sincerely Yours, 

 

 

Caroline Leck  




