A FIRE on the Ice:The FIRE Phase III Arctic Implementation PlanDrafting Panel: Chris BrethertonJudith CurryChris FairallJames HudsonGeorge IsaacDonald LenschowMichael KingSteven KruegerDavid Randall (Chair)William RossowBruce WielickiFinal Version, April 1996

2Executive SummaryFIRE, the First ISCCP (International Satellite Cloud Climatology Project) RegionalExperiment, has conducted four successful field missions in support of a program of research thatincludes remote sensing and modeling studies of clouds and radiation as they relate to climate.FIRE is now preparing to go to the Arctic in order to study a variety of Arctic cloudsystems under spring, summer, and possibly autumn conditions. At the same time, analysis ofpreviously collected FIRE data will continue. The primary motivations for the Arctic phase ofFIRE are:¥Arctic boundary-layer clouds are poorly simulated by current climate models;¥the physical processes at work in the Arctic cloudy boundary layer are poorlyunderstood;¥Satellite remote sensing algorithms currently cannot accurately retrieve Arcticsurface and cloud characteristics.FIRE�s Arctic field program will strongly interact with both Surface Heat Budget of theArctic (SHEBA) (primarily sponsored by National Science Foundation (NSF) and Office of NavalResearch (ONR)) and Atmospheric Radiation Measurements (ARM) (sponsored by Department ofEnergy (DOE)). SHEBA will provide an ice station which will (it appears) be built around an icebreaker. ARM will provide some of the instruments to be deployed at the SHEBA ice station. BothSHEBA and ARM also include modeling components. FIRE�s role is to provide aircraft andsatellite-based measurements, along with further modeling studies.The aim of the FIRE III field experiment is to produce an integrated data set that:(1) supports the analysis and interpretation of physical processes that coupleclouds, radiation, chemistry, and the atmospheric boundary layer;(2) provides in situ data for testing of satellite and ground-based remote sensinganalyses; and(3) provides initial data, boundary conditions, forcing functions, and test data tosupport Arctic FIRE modeling efforts.FIRE�s strategy is to use aircraft to take in situ and remote measurements of the Arcticcloud and surface characteristics. The aircraft observations will be supplemented by surfacemeasurements provided by SHEBA and ARM. In addition, FIRE will provide studies based onsatellite remote sensing, and will also use in situ data to evaluate these remote sensing techniques.The interrelationships among FIRE, SHEBA, and ARM are summarized below:What ARM provides for FIRE: high quality surface radiation measurements.What SHEBA provides for FIRE: time series of surface-based observationsof atmospheric vertical structure (including cloud structure) and description of thesea ice surface over a region of 100 km surrounding the SHEBA ice station.What FIRE provides for ARM and SHEBA: satellite analysis of cloudcharacteristics; technology, observations and analysis of aircraft data; improvedparameterizations of Arctic cloudy boundary layer process.

3The winter clouds are believed to consist of lower tropospheric ice crystals, which lead toradiative fluxes to be 10 - 40 W m-2 greater than expected for clear sky conditions. Many of theseice clouds may be produced by moist convective plumes associated with leads in the ice. Arcticsummertime stratus are often observed to form in multiple layers in the lowest kilometer of theatmosphere. Key scientific issues relating to Arctic clouds are as follows:¥What is the influence of leads and other open water on cloud properties whenthere is a large surface temperature contrast with the ice?¥How does the extreme static stability and low atmospheric water vapor contentof the Arctic lower troposphere, particularly during winter, affect the flowenergy across the air-sea interface?¥What is the mechanism that leads to the spectacular multiple-layering of ArcticOcean summer cloud systems?¥How does the transition of low clouds from liquid to crystalline depend ontemperature and aerosol characteristics, and how does the springtime transitiondiffer from the autumnal transition?¥Does the formation of �diamond dust� differ in polluted vs. unpollutedatmospheres?The highly-reflecting snow/ice surface of the Arctic ocean strongly affects the transfer ofshortwave radiation. Clouds alter the distribution of the solar flux between direct and diffusecomponents, which is important because the penetration of shortwave radiation into the sea icedepends on the ratio of diffuse to direct radiation. Apeculiarity of the polar regions is thedominance of large solar zenith angles for solar illumination, especially in the spring and fallseasons. Because the central Arctic spends a greater portion of the year with little or no solarillumination, longwave radiation plays a particularly important role in the surface energy balance.The longwave opacity of the Arctic atmosphere is so low that the appearance of clouds significantlyincreases the emission by the atmosphere of longwave radiation both downwards to the surfaceand upwards to space, even though Arctic clouds have longwave emissivities significantly lessthan unity. Arctic stratus often form in the warmest, most humid layer, so that the downwardlongwave flux in winter can be larger than the upward flux from the sea ice. Key scientific issuesrelated to Arctic radiation are as follows:¥What is the spectral distribution of longwave radiation and in particular what isthe role of the 20 mm �rotation-band window� region in regulating the surfaceand atmospheric temperature in the Arctic?¥What are the effects of springtime �Arctic haze� on the absorption of solarradiation in polar clouds?¥How do the reflectance and transmittance of the clouds and the surface dependon the low solar zenith angles typical of the Arctic?¥What is the role of �clear-sky� ice crystal precipitation in determining thelongwave radiation fluxes?¥What are the shortwave radiative effects of the horizontally inhomogeneousstratocumulus clouds over the horizontally inhomogeneous, highly-reflectingsnow/ice surface?¥How do the optical properties of the Arctic surface vary in response to changesin snow characteristics (thickness, age, temperature, contamination), thinningof the ice, and melt pond formation?

4Aerosols can strongly regulate the optical properties of the Arctic clouds and even have thepotential to influence the macrostructure of the Arctic boundary layer, including the depth and vigorof the turbulence that vertically transports energy and moisture. Key questions regarding thechemistry of the Arctic atmosphere are as follows:¥What are the actual supersaturations at which various cloud condensationnuclei (CCN) are activated?¥What is the shape of the CCN spectrum?¥Which particles are actually incorporated into droplets?¥What are the sizes of the CCN?¥What is the chemical composition of the CCN? Are organics important?¥How do the CCN distributions interact with the cloud droplet distributions?¥What is the nature of the ice forming nuclei (IFN)?

51.0 Introduction1.1A FIRE on the iceFIRE, the First ISCCP (International Satellite Cloud Climatology Project) RegionalExperiment, has conducted four successful field missions in support of a program of research thatincludes remote sensing and modeling studies of clouds and radiation as they relate to climate. Thefield programs included cirrus studies in Wisconsin and Kansas, a stratocumulus study off thecoast of California, and a stratocumulus transition experiment in the subtropical north Atlantic. Areview of the first ten years of FIRE has been written by Randall et al. (1995).As described in the FIRE Phase III Science Plan, FIRE is now preparing to go back to thefield. The next mission will be in the Arctic, where we will study a variety of Arctic cloud systemsunder spring and summer conditions. The scientific goals and motivations of our work arediscussed only briefly here, because they have already been spelled out in detail in the SciencePlan. The primary motivations are:¥Arctic boundary-layer clouds are poorly simulated by current climate models;¥the physical processes at work in the Arctic cloudy boundary layer are poorlyunderstood;¥Satellite remote sensing algorithms currently cannot accurately retrieve Arcticsurface and cloud characteristics.The present document is the �Implementation Plan� for the upcoming Arctic phase ofFIRE. The purpose of the Implementation Plan is to explain many of the particulars of how we willconduct our collective research, with a moderate degree of detail.The following subsection gives a discussion of how Phase III of FIRE will maintaincontinuity with earlier FIRE research, with emphasis on the boundary-layer cloud components ofFIRE. Next, we briefly summarize the scientific objectives of Arctic FIRE, as spelled out in theScience Plan.1.2Connections to previous FIRE researchFIRE in the Arctic will build upon the knowledge, instrumentation and manyinterdisciplinary collaborations fostered by the earlier phases of FIRE, but in several waysrepresents an exciting new philosophical thrust.Previous FIRE boundary layer field campaigns documented the cloud-radiation-sea surfaceinteractions that are responsible for the areal extent and optical properties of subtropicalstratocumulus clouds, and led to major advances in remote sensing algorithms for cloud properties.They led to an appreciation of the relation of boundary layer cloud amount, cloud radiativeproperties and boundary layer thermodynamic structure to dynamic forcing, the properties of thesurface and overlying air, the diurnal cycle of solar radiation, and the concentration and sizedistribution of aerosol. These insights are being incorporated in many GCM parameterizations.The previous FIRE research efforts also produced highly integrated data sets, in whichlocal and remote sensing observations from surface sites, aircraft and satellite data, and large scaleand regional scale analysis from forecast models are blended. This type of study requires closecollaboration between multiple investigators and requires several years to bring fully to fruition.Continuing studies based on the FIRE I and Atlantic Stratocumulus Transition Experiment(ASTEX) data are currently yielding important insights on the fundamental mechanisms ofsubtropical stratocumulus to trade cumulus transition, cloud/aerosol/drizzle/radiation feedbacks,and mesoscale variability of stratocumulus clouds. FIRE investigators are continuing to work with

6climate and forecast modelling groups to develop new or more refined parameterizations of marinecloud topped boundary layers.The Arctic activities of FIRE will continue these traditions. Further analysis and modellingbased on earlier datasets will remain a crucial component of the project, as these activities providesome of the most important scientific payoffs to the larger climate community. They will continuein parallel with the Arctic cloud experiment. Continuity of personnel, instrumentation, and goalsfrom FIRE I and II will allow efficient comparison of Arctic cloud systems with their subtropicalcounterparts. The summertime Arctic cloud-topped boundary layer shares many importantcharacteristics with subtropical stratocumulus. To name just a few, cloud-radiative interactions (asopposed to synoptic-scale lifting) are crucial in maintaining the observed structure, the boundarylayer is often observed to be decoupled into dynamically separate layers, cloudradiative/microphysical/aerosol interactions are thought to be very important, and there are strongfeedbacks between the boundary layer structure and the nature of the underlying surface.A continued emphasis on platform integration, synthesis and interdisciplinary collaborationin Arctic FIRE will also increase its effectiveness and distinguish it from previous studies of Arcticclouds. FIRE investigators have achieved increasing skill in this kind of synthesis during FIRE Iand ASTEX. However, the Arctic FIRE Arctic cloud experiment will coordinate with relatedinvestigations much more closely than in previous FIRE campaigns. The Arctic FIRE Arctic cloudexperiment will rely heavily on another related experiment, SHEBA. SHEBA will measure surfacefluxes and advanced ground-based remote sensing instrumentation for clouds, radiation, andthermodynamic structure at a site on the sea ice for a year. This provides an invaluable context forthe periods during which FIRE will obtain in-situ cloud measurements. FIRE investigators willcoordinate data collection and analysis extremely closely with SHEBA, maximizing the ability ofthe two groups of scientists to gain from each others insights and measurements. Past experimentshave documented the coupling of clouds, thermodynamics and turbulence from aircraft (Arctic IceDynamics Joint Experiment (AIDJEX), the Arctic Stratus Experiment, Beaufort Arctic StormsExperiment (BASE)), documented the interactions of microphysics, aerosols and radiation ArcticRadiation Measurement in Column Atmosphere Surface System/Cloud, Aerosol, and RadiationArctic Field Experiment (ARMCAS/CARAFE), or taken extended time surface observations.However, no experiment has integrated all three of these with measurements of the evolution of theunderlying snow/ice surface and analyses of the synoptic-scale atmospheric structure. Arctic FIREand SHEBA plan to do this and thereby simultaneously provide all the information necessary totest the suite of physical parameterizations that determine the climatological predictions of generalcirculation models (GCM) for the Arctic. Close collaborations with the ARM North Slope site inBarrow and a Canadian hydrological experiment in the MacKenzie river basin, CAGES, are alsoanticipated, providing a yet broader spectrum of measurements to FIRE investigators. The Arcticcloud experiment and SHEBA should both benefit from FIRE experience with arranging real timeassimilation of data into operational numerical weather prediction centers, such as was successfullycarried out in ASTEX.The Arctic cloud experiment broadens the scope of earlier FIRE boundary layer cloudcampaigns by introducing several new challenges in measurement, modelling and interpretation.These include strong inhomogeneity of the underlying surface, mixed phase clouds, samplingclouds above the boundary layer, and difficulty in the satellite detection of clouds over a bright andnonuniform surface. Asuccessful attack on these complications must be grounded in anunderstanding of fundamental feedbacks in and measurement strategies for cloud-topped boundarylayers. The strategies of the Arctic cloud experiment are therefore strongly rooted in successfulexperiences and collaborations from earlier FIRE campaigns.

71.3Summary of scientific objectives1.3.1CloudsSatellite estimates of wintertime cloud cover are somewhat greater than the surface values(e.g. Curry et al. 1996). These winter clouds are believed to consist of lower tropospheric icecrystals, which lead to radiative fluxes to be 10 - 40 W m-2 greater than expected for clear skyconditions. Many of these ice clouds may be produced by moist convective plumes associated withleads in the ice. Ice crystal precipitation may contribute to snow accumulation in the Arctic. The iceclouds persist into the spring, so that they do interact with solar radiation. Measurements of particlesize, habit, and the associated phase functions for solar radiation are needed so that we canunderstand the effects of these ice clouds. We also need to understand the effects of springtimeArctic haze on the absorption of solar radiation in polar clouds. For this purpose, we will needmultispectral and multi-angle observations in the diffusion regime within the cloud, allowingdetermination of the single scatter albedo at both multiple wavelengths.Arctic summertime stratus are often observed to form in multiple layers in the lowestkilometer of the atmosphere (Herman and Goody, 1976). The temperature and moisture soundingsare similarly layered, and the temperature of the cloud bases can affect the surface energy balance.In summer, a shallow stably stratified layer with cloud is often observed beneath an upper cloud-capped mixed layer, with little or no turbulent mixing between the layers. The upper cloud layersappear to persist without any turbulent mixing of moisture up from the surface. The models thathave been proposed to explain the observed layering have been heavily simplified, especially intheir treatment of turbulence. There have been no large-eddy simulations of Arctic stratus to date.Key scientific issues relating to Arctic clouds are as follows:¥What is the influence of leads and other open water on cloud properties whenthere is a large surface temperature contrast with the ice?¥How does the extreme static stability and low atmospheric water vapor contentof the Arctic lower troposphere, particularly during winter, affect the flowenergy across the air-sea interface?¥What is the mechanism that leads to the spectacular multiple-layering of ArcticOcean summer cloud systems?¥How does the transition of low clouds from liquid to crystalline depend ontemperature and aerosol characteristics, and how does the springtime transitiondiffer from the autumnal transition?¥Does the formation of �diamond dust� differ in polluted vs. unpollutedatmospheres?1.3.2RadiationClouds are the dominant modulators of the Arctic radiation climate. Cloud radiativeproperties depend on the amount of condensed water, the size and shape of the cloud particles, andthe phase of the particles (liquid or ice). Recent studies (e.g. Curry and Ebert 1992) suggest thatcloud emissivity is less than unity for all cloud types and during all seasons, that over the course ofthe year clouds have a net warming effect on the surface, and that the top-of-the-atmosphere cloudradiative forcing is dominated by the shortwave flux.The highly-reflecting snow/ice surface strongly affects the transfer of shortwave radiation.The surface albedo is modified by meltpond area and depth, lead area, ice thickness and age, snowthickness and age, and the effects of cloud on surface albedo. Clouds alter the distribution of the

8solar flux between direct and diffuse components, which is important because the penetration ofshortwave radiation into the sea ice depends on the ratio of diffuse to direct radiation.Apeculiarity of the polar regions is the dominance of large solar zenith angles for solarillumination, especially in the spring and fall seasons. Studies are needed to examine the accuracyof current radiative models for solar zenith angles beyond about 80 degrees.Because the central Arctic spends a greater portion of the year with little or no solarillumination, longwave radiation plays a particularly important role in the surface energy balance.The surface emissivity varies between 0.8 and 1.0, depending on snow grain size. The longwaveopacity of the Arctic atmosphere is so low that the appearance of clouds significantly increases theemission by the atmosphere of longwave radiation both downwards to the surface and upwards tospace. Arctic clouds may generally be optically thin enough that their longwave emissivities aresignificantly less than unity which will alter their effect on the radiation balance. Moreover, Arcticstratus often form in the warmest, most humid layer, which can lie well above the surface, so thatthe downward longwave flux in winter could, at times, be larger than the upward flux from the seaice. Downward surface longwave flux calculations require accurate modeling of water vaporabsorption at the low mixing ratios typical of polar conditions.Key scientific issues related to Arctic radiation are as follows:¥What is the spectral distribution of longwave radiation and in particular what isthe role of the 20 mm �rotation-band window� region in regulating the surfaceand atmospheric temperature in the Arctic?¥What are the effects of springtime �Arctic haze� on the absorption of solarradiation in polar clouds?¥How do the reflectance and transmittance of the clouds and the surface dependon the low solar zenith angles typical of the Arctic?¥What is the role of �clear-sky� ice crystal precipitation in determining thelongwave radiation fluxes?¥What are the shortwave radiative effects of the horizontally inhomogeneousstratocumulus clouds over the horizontally inhomogeneous, highly-reflectingsnow/ice surface?¥How do the optical properties of the Arctic surface vary in response to changesin snow characteristics (thickness, age, temperature, contamination), thinningof the ice, and melt pond formation?1.3.3ChemistryThe concentration and size distribution of cloud droplets (microphysics) depends in part onthe preexisting aerosol. To isolate the aerosol effects, we need measurements of cloudcondensation nuclei, or CCN. CCN are quite variable in space and time, which causesconsiderable variability in cloud microphysics (e.g. Hudson and Li 1995), cloud albedo (e.g.Twomey 1977) and precipitation efficiency (Albrecht 1989; Twomey 1991).Anthropogenic sources make up a large but as yet unknown component of global CCN.This constitutes a significant but as yet unquantified anthropogenic effect on climate (e.g. Kaufmanet al. 1991). It has been suggested by Karl et al. (1993) that this effect could be responsible for theasymmetric diurnal warming that has been observed in industrialized regions of the world.The parameter that characterizes CCN, the critical supersaturation, Sc, is related to thenumber of soluble ions within a particle. CCN are composed of soluble electrolytes, usually saltand often sulfate. CCN provide a conceptual link between atmospheric chemistry and cloud

9properties. Although the Sc is the only aerosol property needed to predict the cloud interactions,the actual chemistry of the CCN must be known in order to understand the sources of CCN, whichseem to be highly variable (e.g. Hudson 1993). It is important to distinguish between natural andman-made sources.CCN measurements are commonly done at only one supersaturation (e.g. 0.3%), which ischosen to represent the clouds under consideration. Much more work needs to be done to correctlydetermine cloud supersaturations, which appear to be quite variable. Full spectral CCNmeasurements (e.g. 0.01% to 3%) are needed because of the different supersaturations even withinthe same clouds due to different updraft velocities. This is especially important in stratus cloudswhere the updraft velocity is low and comparable to the variability of the updraft velocity.Comparisons should be made between various regimes, e.g. the Arctic with lower latitudes. Variations among cloud parcels indicate that the shape of the CCN spectrum can also beimportant in determining cloud microphysics (Martin et al. 1994; Hudson and Svensson 1995).This may be especially true of cloud droplet spectral width, which is important for precipitation.CCN measurements should be made aboard all research aircraft and CCN spectra should bemeasured when possible. The vertical distribution of CCN is also important to determine whethersources are below or above the clouds. Scavenging of CCN by the cloud droplets throughcoalescence and Brownian capture is also important for the CCN budget. These processesprobably lead to the depletion of CCN in the cloudy boundary layer (Hudson and Frisbie 1991). Amore positive identification of which particles actually get incorporated into cloud droplets (i.e.with the counterflow virtual impactor (CVI) Twohy and Hudson (1995) is necessary for a betterunderstanding of CCN-cloud interactions.The physical size of CCN is important for a number of considerations includingatmospheric removal rates both in clouds and in the cloud-free atmosphere. In general particle sizedistributions are more easily and commonly measured than CCN spectra. Thus the determinationof the physical sizes of CCN would be important for relating to other measurements and tounderstanding the global cycle of CCN. This can be done by passing the particles through anelectrostatic classifier, also known as a differential mobility analyzer (DMA), before entering theCCN spectrometer (Hudson and Da 1996). This also offers important clues about particlecomposition because if the particles are totally soluble then their sizes can be predicted fromknowledge of composition and they do not display much variability for most soluble materials suchas sulfates. However insoluble material internally mixed with the CCN increases the size of theCCN. This technique can be used as an indirect measurement of CCN composition. Anotherindirect technique is thermal fractionation or particle volatility. Most volatility measurementsindicate that most CCN are sulfate particles (i.e. Twomey 1971). CCN size measurements andvolatility measurements by Hudson and Da (1996) indicate systematic differences depending onparticle origin where the anthropogenic particles are often internally mixing with insoluble materialwhereas natural particles may be pure soluble substances.Direct measurements of particle chemistry are desirable to confirm these indications and tobetter pin down CCN sources. Important gaseous precursors such as SO2, DMS, O3, OH shouldbe measured. Direct measurements of aerosol composition should also be made but these should beconcentrated on the submicrometer size range where CCN exist. Measurements of particulatesulfate and organic material are needed in order to determine whether these are the substances thatmake CCN. Sulfates certainly act as CCN. Organics are also associated with CCN (Novakov andPenner 1993), but they may just ride along with the CCN. If organics act as CCN themselves, thenremoval of sulfate from fuels will not necessarily reduce CCN outputs.Ice particle concentrations also have an analogous dependence on the aerosol withanalogous ice forming nuclei (IFN). However this connection is more complex and less well-understood. If valid IFN measurements can be demonstrated they should also form a component of

10Arctic FIRE as many of the clouds are composed of ice particles. However, this technology hasnot yet developed to the stage of routine measurements as is the case for CCN.The CCN measurements should be compared with cloud microphysical measurements in acomprehensive fashion. It is not enough to merely compare spectra. It is most desirable to compareCCN spectra with cloud droplet spectra within adiabatic cloud parcels, but this requires carefulanalysis. Comparisons with nonadiabatic parcels may reveal the effects of entrainment and drizzleon cloud microphysics. Trajectory analyses are needed in order to trace source regions of particles.Connections with gaseous precursors are needed to understand production processes. The Arcticspring offers interesting chemistry that can occur between the Arctic haze season and the polarsunrise, which invokes photochemistry. The Arctic haze arises from the long range transport ofmaterial into the Arctic. The persistent stratus clouds of the summer present significant cloudscavenging and perhaps large vertical gradients in particle concentrations (Hudson and Frisbie1991). Analysis of these data should reveal the possible sensitivity of Arctic stratus toanthropogenic CCN and the present and estimated future contributions to Arctic CCN.In summary, key questions regarding the chemistry of the Arctic atmosphere are asfollows:¥What are the actual supersaturations at which various CCN are activated?¥What is the shape of the CCN spectrum?¥Which particles are actually incorporated into droplets?¥What are the sizes of the CCN?¥What is the chemical composition of the CCN? Are organics important?¥How do the CCN distributions interact with the cloud droplet distributions?¥What is the nature of the IFN?1.4DiscussionThe next section of this document summarizes prior field studies in the Arctic, and explainsthe main objectives of Arctic FIRE. Section 3 discusses our plans for measurements using surface-based systems, aircraft, and satellite sensors. Section 4 deals with data integration and modelingstudies. Section 5 lists concluding remarks. Appendix A and B summarizes the SHEBA and ARMscience plans, respectively. Appendix C describes the sampling strategies for satelliteintercomparisons. Appendix D lists details of FIRE�s organization and data management protocols.Appendix E defines the acronyms. Appendix F lists the abstracts of the FIRE Science Teamresearchers. Appendix G lists the ARM surface instruments at the ice station and Pt. Barrow.Appendix H outlines the research plans for continuing FIRE-II research. Appendix I lists thereferences.2.0 General ApproachAmulti-faceted strategy is required to achieve the objectives outlined in section 1. Thestrategy includes three main elements: a field experiment, satellite remote sensing studies, andmodeling studies.2.1Summary of previous Arctic cloud and radiation researchDuring the last two decades, several aircraft datasets of relevance to FIRE III have beenobtained over the Arctic Ocean: ARMCAS/CARAFE, BASE, Arctic Stratus Experiment, LeadExperiment (LEADEX), and Arctic Gas and Aerosol Sampling Program (AGASP). AGASPconsisted of many springtime flights (using many different aircraft) over the Arctic Ocean during

11the 1980’s to measure the Arctic haze pollution aerosol. Unfortunately, most of the aircraft did notmake concurrent cloud microphysics and radiation measurements, although some relevant data wasobtained from the University of Washington C-131A aircraft (Curry et al. 1990; Meyer et al.1991).The Beaufort Arctic Storms Experiment (BASE) is an atmospheric component of theCanadian Global Energy and Water Cycle Experiment (GEWEX) experiment whose focus is thehydrologic balance of the Mackenzie River. The objectives of BASE are to improveunderstanding of weather systems in the Canadian Arctic, particularly as related to precipitation.The BASE field experiment was conducted during September and October 1994 in the BeaufortSea, north of the mouth of the Mackenzie River. The principal dataset relevant to FIRE III wasobtained using the NCAR C-130Q aircraft; it includes measurements of radiation fluxes, cloudmicrophysical properties, and high frequency measurements of winds, temperature and humidity.Radiative and microphysical properties of the full range of cloud types occurring during theBeaufort Sea during autumn were sampled: cirrus and altostratus (over ice and over open water);convective clouds over open water; stratus decks over open water; low-level clouds over ice (bothliquid and mixed phase); and �sea smoke associated with leads. In addition, oceanographicmeasurements were obtained to determine temperature and salinity budgets for the MackenzieShelf.The Arctic Stratus Experiment was conducted during June 1980 over the Beaufort Sea. Theobjectives of this experiment were to concurrently measure cloud microphysical properties withatmospheric radiative fluxes in the boundary layer stratus clouds and to interpret the radiativefluxes in the context of the cloud microphysical properties. In addition to radiation fluxes and cloudmicrophysical properties, high frequency measurements of winds, temperature and humidity wereobtained from the National Center for Atmospheric Research (NCAR) Electra aircraft (see Hermanand Curry 1984 for a description of the aircraft instrumentation). Although no in situ surfacemeasurements were made, European Centre for Medium-range Weather Forecasting (ECMWF)analyses and Defense Meteorological Satellite Program (DMSP) visible and infrared satelliteimages provided the large scale context for the measurements. Using these data, the radiativeproperties of the clouds were analyzed and modeled (Herman and Curry, 1984; Curry andHerman, 1985; Tsay et al. 1989), the cloud microphysical properties were described (Tsay andJayaweera, 1984) and interpreted in the context of turbulence and radiative processes (Curry1986), and the mean and turbulence structure of the cloudy atmospheric boundary layer wereanalyzed (Curry et al. 1988). This dataset includes several examples of the multiple-layeredboundary layer stratus. No surface-based observations were obtained during this experiment.The Arctic Radiation Measurement in Column Atmosphere-surface System (ARMCAS) andCloud, Aerosol and Radiation Arctic Field Experiment (CARAFE) was conducted in June 1995,including over the Beaufort Sea. Both the University of Washington C-131A and the NASA ER-2aircraft participated in the experiment; there were no surface-based observations over the ocean.The objectives of the experiment were to measure the cloud microphysical characteristics and theirvariabilities, solar absorption of Arctic stratus, aerosol physical properties and optical depth, and tocompare in situ with aircraft remote sensing observations.While a large amount of useful data has been obtained from previous field experiments, anduseful technology has been developed and tested, a comprehensive dataset with surfaceobservations has not been obtained using recent technological advances in both ground-basedremote sensing and aircraft measurements.2.2FIRE�s objectives, and cooperation with SHEBA and ARMThe aim of the FIRE III field experiment is to produce an integrated data set that:

12(1) supports the analysis and interpretation of physical processes that coupleclouds, radiation, chemistry, and the atmospheric boundary layer;(2) provides in situ data for testing of satellite and ground-based remote sensinganalyses; and(3) provides initial data, boundary conditions, forcing functions, and test data tosupport Arctic FIRE modeling efforts.FIRE�s overall strategy is to use aircraft to take in situ and remote measurements of theArctic cloud and surface characteristics. In addition, FIRE provides detailed analysis of satelliteobservations. The aircraft and satellite data are supplemented by surface measurements provided bySHEBA and ARM.SHEBA is a research program designed to document and understand the physical processesthat couple the atmosphere, ice, and ocean in the Arctic (funded by NSF and ONR). The centraltheme of SHEBA emerges from issues related to the surface energy balance, especially the ice-albedo and cloud-radiation climate feedback mechanisms. The essence of SHEBA as a project isto conduct a field experiment at a drifting station on the pack ice of the Arctic Ocean for a year(starting Autumn 1997), in combination with remote sensing and modeling analyses of the entireArctic Basin. The observational program emphasizes the physical processes associated withinteractions among the radiation balance, mass changes of the sea ice, storage and retrieval ofenergy and salt in the mixed layer of the ocean, and the formation of clouds and their influence onthe surface energy balance. The modeling effort aims to improve the parameterizations of crucialair-sea-ice interactive processes in climate models. The primary focus is on processes thatdetermine the ice-albedo feedback and the cloud-radiation feedback. The SHEBA field experimentwill begin in Autumn, 1997 and continue for the duration of an annual cycle. The measurementswill be staged from and distributed around a research ice-breaker ship located on the surface of amulti-year ice floe in the Beaufort Sea. Scientific and operational considerations suggest that theoptimal site for deploying the SHEBA camp is the eastern Beaufort Sea, perhaps in the vicinity of76�N, 135�W (see Fig. 1). Appendix A gives a summary of the SHEBA Science Plan (available indraft form as this FIRE Arctic Implementation Plan was written).The ARM program of the U. S. Department of Energy is designed to improve ourunderstanding of radiative transfer and the role of clouds in climate. Its centerpiece is a long-termseries of ground-based measurements at several sites, including one in Barrow, Alaska. ARM willcontribute radiation hardware to the SHEBA ice station, and will perform analysis of this data. Asummary of the relevant parts of ARM Science Plan is given in Appendix B. In addition, ARMfunds several PIs to conduct research that is directly relevant to FIRE III, to conduct relevantmodeling and data analysis studies dealing with:¥one-dimensional radiative transfer modeling;¥cloudy boundary layer modeling;¥ARCSyM regional climate modeling;¥atmospheric general circulation modeling.Each of the collaborating programs (FIRE, SHEBA, and ARM) has distinct programmaticelements, but at the same time their goals and efforts support larger goals and objectives related toArctic climate as described in the SHEBA Science Plan. Close coordination of FIRE III withSHEBA and ARM is accomplished by members of the FIRE Executive Committee and the FIREScience team being members of key SHEBA and ARM committees. The interrelationships amongthe three programs are summarized below:

13What ARM provides for FIRE: high quality surface radiation measurements.What SHEBA provides for FIRE: time series of surface-based observationsof atmospheric vertical structure (including cloud structure) and description of thesea ice surface over a region of 100 km surrounding the SHEBA ice station.What FIRE provides for ARM and SHEBA: satellite analysis of cloudcharacteristics; technology, observations and analysis of aircraft data; improvedparameterizations of Arctic cloudy boundary layer process.3.0 Observing Platforms and Sampling Strategies3.1Surface MeasurementsSurface-based measurements over the ice pack will be concentrated in the SHEBA domain.Exact details are not know, but the SHEBA science plan (Curry et al., 1995) outlines a scenario fora central SHEBA ice station with most of the instruments and at least 3 remote sites with muchmore limited instruments. SHEBA plans a set of Continuous Core Measurements (CCM) in theocean, ice and atmosphere. For FIRE Phase III the atmospheric and surface characterizationmeasurements are the most relevant: measurements on the atmospheric side of the interface will bemade by combing systems from the ARM program and systems specially deployed for SHEBA.ARM is developing a portable, semi-autonomous measurement system called an �ARCS�(Atmospheric Radiation and Clouds Station; see Clements et al., 1995) which will becomeavailable starting in 1995; several units will be manufactured, and plans call for various componentfrom one to be deployed in the Arctic, at the SHEBA ice station. The ARCS will form thefoundation for atmospheric measurements made from surface platforms. However, a completeARCS will not be available for SHEBA, so additional measurements will be required. Asummaryof the surface-based observations planned or expected for the SHEBA program is described in thissection. These observations will include measurements of surface radiation, cloud properties,water vapor, aerosols, boundary layer structure, and surface meteorology. They will be obtainedwith a combination of ground-based in situ and remote sensing systems.Because of the extreme environmental conditions which will be encountered in the Arctic, acritical operational component will be a full test of surface instrumentation before it is deployed onthe ice. Present planning calls for integration of the ETL radar (ETL is NOAA�s EnvironmentalTechnology Laboratory) and wind profiler into the DOE/ARCS shelter and data systems in theautumn of 1996, with a full cold test scheduled in Barrow, Alaska starting in January of 1997.This activity will provide for a comprehensive instrument shake down period when modificationsand repairs can be made relatively inexpensively. It will also provide an important prototype Arcticdata set over a period of a month or more which can be used by the modeling and satellitecommunity to initialize development of the procedures for integrating the surface data sets intomodels and satellite verification schemes. The surface observationalists will concentrate onproducing operational products of cloud microphysical and radiative properties using retrievaltechniques which have previously only been applied on a case study basis. Tight coordinationbetween ETL and the DOE ARCS will take advantage of mutual shelter, data management andlogistical needs to cost effectively eliminate duplication of effort between the two agencies. Othersurface based groups such as the Tethered Balloon consortium will be encouraged to participate inthe Barrow cold test.3.1.1Central meteorological towerTurbulent and radiative fluxes, mean temperature, humidity, wind speed and direction, andselected chemical/aerosol concentration measurements will be made from standard meteorologicaltowers. For some variables, multiple levels are required. Sample instruments are given in Table

141. Because of practical considerations (i.e. not having to climb a 100 m tall tower to work on andrepair failing sensors), modest towers (e.g. 10 to 30 m tall) designed for easy maintenance areindicated.Table 1 - Tower meteorological measurements.InstrumentVariableHeight (m)

Sonic anemometerStress, heat flux3, 7, 16

AnemometerWind speed, direction1,2,4,10,25

ThermometerAir temperature1,2,4,10,25

HygrometerAir humidity1,2,4,10,25

RadiometerSurface temperatureSurface

BarometerSurface pressureSurface

ThermometerIce temperatureSubsurface

Several scientific aspects affect the tower siting strategy for SHEBA and FIRE Phase III.The focus of these projects is on the surface energy budget so the tower designs must accomplish acredible representation of the mean fluxes over some relevant area. The variety of ice/snow typesand the small scale of the local surface variability make this a very difficult task. Clearly, a singletower measuring fluxes at a single level will not meet this requirement (Blanc, 1983). Multiplelevels of flux measurement will allow us to resolve vertically the surface layer, will generally lendcredibility/consistency and will allow us to use the flux-footprint concept to sample increasinglylarger areas farther from the tower as the height of the measurement increases (Schuepp et al.,1990; Horst and Weil, 1994). The combination of flux and mean variable profiles are required tosort out the confusing effects of surface variability versus non-constant flux profiles caused bynon-stationarity and boundary layer scale vertical gradients. Five levels of mean measurements (1,2, 4, 10, 25 m) with 3 interlaced levels of turbulent flux sensors would be reasonable for the mainmeteorological tower. Other measurements (e.g. radiation, aerosol) would only be made at onelevel.The specific instruments used on the tower will be, whenever possible, standardinstruments with a history of successful use in polar climates. Mean sensors for air temperature,humidity, and wind speed/direction are readily available, although operation in extreme cold maycall for special considerations (e.g., Anderson, 1994).Several sonic anemometer units, despite well-known deficiencies (e.g., Grelle andLindroth, 1995), have proven performance to -50 �C and are commercially available; and at leastone specially modified unit has been used at South Pole Station to -65 �C (Neff, privatecommunication). Note the sonic anemometer will yield both the surface stress (momentum flux)and the sensible heat flux (Schotanus et al., 1983), but a separate fast humidity sensor is requiredfor direct measurements of latent heat flux (Kaimal and Finnigan, 1994). An accuracy of about�C is required for surface temperature (see the discussion of bulk flux parameterizationrequirements in Fairall et al., 1995), which is beyond the capabilities of the pyrgeometer (Perssonet al., 1995). Thus, a high quality infrared surface temperature sensor will be necessary, with bothupward and downward looking channels to allow for surface reflection.Two additional smaller towers are needed to address the following issues: elimination ofcontamination by the SHEBA ice station; examination of the effects of surface inhomogeneities on the surface fluxes; and the importance of intermittency and subgrid variability of the surfacefluxes. These two additional towers will be portable 3-m towers that measure turbulent fluxes atonly one level.Fluxes at several selected sites can be sampled periodically with one or two small portableflux systems deployed by helicopter or snow mobile. In LEADEX (Ruffieux et al., 1995) suchsystems were gasoline generator powered, but a low power system might be practical (although

15this depends to some extent on the radiometer dome frost problem). The portable flux units couldalso form the core of any lead studies associated with SHEBA. Ideally, such a system could bedropped off at the desired site and then serviced or moved every few days. It is also not necessaryto use the portable systems continuously, one or two days a week might provide a sufficientsample. The remainder of the week, they could be sited quite close to camp where power isavailable. This would provide a combination of direct intercomparison with the camp towersystem and independent samples from a few hundred meters away.3.1.2Ground-based in situ profiling systems3.1.2.1RawinsondesRawinsondes are needed in addition to the ground-based remote sensing systems todetermine vertical profiles of temperature, wind, and humidity. The remote sensors have theadvantage of continuous high resolution coverage while the rawinsonde has the advantage ofgreater altitude coverage. To use the rawinsondes as a reference standard for the remote sensors,care must be taken to correct for response time and radiation-induced errors (Cole, 1993; Luers andEskridge, 1995) and Global Positioning System (GPS) navigated sondes will probably berequired. Performance of Vaisala rawinsondes in regions of low temperature and humidity hasbeen shown to be adequate for our purposes, although humidity corrections are required at thelowest temperatures (Oltmanns, private communication). The cost of importing helium, sondes,balloons, etc. and maintaining extra personnel on the ice to launch and analyze rawinsondesprecludes the use of frequent sonde launches for SHEBA. We recommend 2 sondes per day, withhigher time resolution profile information provided by remote sensing systems. This is made morepalatable by the weak diurnal cycle.To represent a realistic alternative to frequent sonde launches, the wind profiler/RASSsystem must have sufficient height coverage to capture the primary transition from the ice-interaction dominated boundary layer to the advective region above. This transition is typicallyidentified as a maximum in temperature and water vapor at roughly 1 km altitude of theatmosphere; most of the short-term variability in temperature and moisture gradient occurs below2.5 km (Persson et al., 1992). Wind profiles in the lowest 100 m can be sampled with 5 to 10-mresolution with a sodar (see section 3.1.3).3.1.2.2Tethered balloonsAtethered balloon is potentially valuable for probing the boundary layer and low clouds,particularly for measuring cloud microphysics, subsaturation, and radiation fluxes (Hignett, 1991).Atethered balloon has many advantages over aircraft, including lower cost, daily measurements,better vertical resolution, better low altitude operation, long time series at a fixed location, andbetter sampling for some microphysical instruments. The low altitude performance is important.SHEBA must depend heavily on remote sensors because of its infrequent radiosonde launches, yetthe active sensors like lidar, mm radar, and RASS all can only �see� above their first range gate,which is typically several times higher than the top of the meteorological tower.The tether system envisioned is of the small, lightweight type manufactured byAtmospheric Instrumentation Research, Inc. (AIR) in Boulder. A number of groups, including onefrom NASA Wallops that participated in FIRE/Spectral Radiation Experiment (SPECTRE) atCoffeyville, have had favorable experience with these systems. The balloons are only 3-7 cubicmeters in volume, manageable by a single person, and have a lifting capacity of several kg. AIRhas developed a data system capable of managing up to 6 meteorological packages hanging atdifferent places along the tether.

16If a larger balloon can be operated at the SHEBA ice station, then a small cloud radiationpackage could be put together from existing instruments. Besides a meteorological package, themost important instruments would be, in rough priority order:(1) a liquid water content meter (King probe or Gerber PVM);(2) a droplet effective-radius meter (Gerber PVM);(3) net shortwave and longwave flux radiometers of the Valero caliber;(4) a chilled mirror hygrometer to examine subsaturation in Arctic clouds, if possible; and(5) pairs of net flux radiometers to measure flux divergence in Arctic clouds.Microphysical properties in low level clouds and fogs can also be measured byreplicator sondes, and video-based ice particle or droplet samplers. Work is in progress to developsystems which can run power up the tethers which will substantially increase the operatingcapabilities of the balloon borne sensors. Some of these tether systems can be winched up anddown to sample atmospheric and cloud profiles up to 1.5 km. In addition to the importantinformation that these systems can provide on near-surface profiles (for instance snow driftintensities), they will be critical in providing validation for the surface remote sensinginstrumentation. Because surface based, remote sensing retrievals of cloud microphysics will beused extensively for model and satellite verification studies, it is important that these techniques bevalidated in turn with the pristine in situ measurements that can best be made from balloons.3.1.3Ground-based remote sensingTable 2 lists suggested surface-based profiling remote sensors. These instruments willprovide standard atmospheric wind, temperature, and moisture profiles (from conventional sondesand remote sensors), plus a variety of remotely sensed cloud, aerosol, and (perhaps) chemicalproperties. The SHEBA remote sensors must be heavily slanted toward the �unattended,continuously operating� style as opposed to highly capable research and development sensorsrequiring constant attention, adjustment, and repair. The wind profiler/RASS, microwaveradiometer, and minisodar already fit this description. Aruggedized, fully automated scanning0.52 mm wavelength lidar will be built for SHEBA. Avertically pointing 35 GHz cloud radar ispresently under development at ETL for the ARM program; an identical system will be providedfor SHEBA. The fourier transform interferometers will incorporate a special refrigeration unit andwill not require a continuous supply of liquid nitrogen.Table 2 - Surface-based remote sensors (*denote ARCS).InstrumentVariableResolution/Max Altitude

449 MHZ Profilerwind components, turbulence0.1/2.5 km, 0.4/3.5 km

1 KHz (acoustic) RASSvirtual temperature0.1/2.0 km

Minisodarwind components, turbulence0.005/0.2 km

0.52 Micron lidarBackscatter, polar.0.03/20 km

35 GHz Cloud radarCloud scatter, vertical velocity0.02/10 km

Microwave radiometer*Integrated water---

3.1.3.1CloudsThe diagnosis of cloud microphysical properties from the remotely sensed information is,with a few exceptions, indirect (Gossard, 1994; White et al., 1996). That is, the fundamentalparameters measured directly by a cloud radar are the backscatter coefficient and the radial velocity.This information is obtained in an array of height bins with a time resolution on the order of

17seconds. Just from this one sensor, a variety of cloud properties can be determined by simpleprocessing: cloud top height, cloud base height, and in-cloud velocity variance profiles. Usingmodels and/or assumptions about cloud properties (e.g., adiabatic liquid water profiles, constantdroplet number density as a function of height), such data can be processed to give informationabout cloud microphysical properties such as droplet size (Frisch et al., 1995). When data fromvarious systems are combined, we can obtain more estimates of cloud variables. Thus, SHEBAmust include a carefully chosen set of surface-based remote sensors and must include a researchcomponent of corresponding in situ cloud measurements (either aircraft or tethered balloons) to develop the various synergistic algorithms necessary for the experimental objectives.Cloud microphysical properties have been studied in FIRE II and ASTEX withcombinations of ground-based remote sensors (Miller and Albrecht, 1995; White et al., 1995;Frisch et al., 1994, 1995). Such studies will also be useful in these Arctic stratus studies. Dopplerradar and IR radiometer measurements have been used in FIRE II to determine profiles of icecrystal sizes, concentrations, and ice mass content (Matrosov, et al. 1994). An alternative methodutilizes the radar/lidar backscatter ratio to estimate similar cloud properties (Intrieri, et al., 1993).Such techniques will be effectively used in Arctic stratus ice clouds (Pinto et al., 1995). Suchmeasurements should be possible out to ranges of 10 to 15 km. The frequent occurrence of satelliteoverpasses in the Arctic region will provide frequent opportunities to use the ground-based remotesensors to evaluate some of the satellite-based atmospheric retrieval techniques and to developothers. Satellite retrievals are especially uncertain in upper latitudes and FIRE III will provide anexcellent opportunity to improve retrieved products from satellites, especially those relating tocloud properties.3.1.3.2Profiles of winds and atmospheric thermodynamic propertiesTo represent a realistic alternative to frequent sonde launches, the wind profiler/RadioAcoustic Sounder System (RASS) system must have sufficient height coverage to capture theprimary transition from the ice-interaction dominated boundary layer to the advective region above. This transition is typically identified as a maximum in temperature and water vapor at roughly 1 kmaltitude. Thus we need a system capable of providing nearly continuous winds and temperature toabout 2.5 km. The system must also have adequate vertical range spacing to accurately resolve thisstructure, on the order of 100 m. [Note that the lowest levels of the atmosphere, where the surfacelayer transition and jet structures exist, can be sampled with 10-m resolution with a sodar(Ruffieux et al., 1994).] The wind profiler used in LEADEX (Wolfe et al., 1992) gave 90%height coverage to 0.6 km at 100-m resolution and 1.0 km at 200-m resolution. The 90% heightcoverage for RASS temperature was about 0.5 km. This means that a much more powerful profilerwill be required for SHEBA. Based on a comprehensive study of wind profiler performance(Martner et al., 1993), it is presently planned to use a 449 MHz profiler (a derivative of the NOAAoperational network systems) instead of the 915 system used previously. Such a system will haveno problem with the altitude coverage for winds and will have a clear advantage in RASStemperature coverage because of the reduced sound absorption at the lower frequency, but verticalresolution will be no better than 100 m.3.1.4RadiationThe central Arctic is exposed to little or no solar illumination a large portion of the year sothat, in contrast to other parts of Earth, the longwave fluxes play a much more important role in thetotal energy balance, particularly at the surface. Also, the stable stratification of the polaratmosphere, especially in winter, can cause large differences in surface skin temperature and airtemperature. This effect must be understood in order to properly determine longwave fluxes.Because of the predominance of ice clouds during colder seasons, angularly and spectrallyresolved solar radiation is also particularly important for SHEBA.

18The Arctic atmospheric longwave opacity is so low that the appearance of cloudssignificantly increases the emission of longwave radiation both downwards to the surface, andupwards to space in the presence of temperature inversions which are frequent phenomena. Arcticclouds may generally be optically thin enough that their longwave emissivities are significantly lessthan unity which will alter their effect on the radiation balance. Moreover, Arctic stratus often formin the warmest, most humid layer, which can lie well above the surface, so that the downwardlongwave flux in winter could conceivably, at times, be larger than the upward flux from the sea-ice if strong inversions are present.For these reasons, downward surface longwave flux calculations require accurate modelingof water vapor absorption at the low mixing ratios typical of polar conditions. Verification ofdownward longwave flux calculations should follow the process used in SPECTRE, i.e.combining interferometer and broadband measurement of longwave radiation with radiosondeprofiles and Raman lidar water vapor profiles. Several independent measurements of longwavebroadband fluxes are required given the current uncertainties (10 W m-2) in the absolute calibrationof these devices. The instruments planned are given in Table 3. Commercial pyranometer andpyrgeometer units are usable, although a special calibration program will be required to meet theaccuracies needed for SHEBA (better than W m-2). Some method must be employed to maintainradiometer domes free of frost without compromising their accuracy. There are now severalcommercially available ventilation systems available.Table 3 - Surface-based radiative flux sensors,all of which are part of the ARCS.InstrumentVariable

PyranometerSolar irradiance

PyrgeometerIR irradiance

Rotating shadowband rad.Diffuse solar irradiance

Sun photometerDirect solar irradiance

IR-radiometerSky temperature

Whole-sky imagerCloud fraction/structure

Fourier Transform Interferometer(IR)Humidity, temperature

Fourier Transform Interferometer(solar)Solar spectrum

3.2Aircraft observing strategyAircraft are invaluable tools for investigating the complex cloud structure and characteristicsin the complex Arctic atmosphere. Although continuous time series observations from the icebreaker contribution of SHEBA can be used to study the transient nature of clouds at a single pointover sea ice over an extended period of time, aircraft provide an essential element of our strategy toevaluate both the surface observations obtained from the ice breaker and the satellite observationsof reflected and emitted radiation. Aircraft can provide descriptions of the vertical structure andhorizontal distribution of the boundary layer and associated clouds, as well as sample the complexmulti-layer cloud system prevalent over the Beaufort Sea. Aircraft will enable extensiveobservations of cloud microphysics, both clear-sky and cloud radiative properties, chemicalcomposition, aerosol properties, vertical structure, thermodynamic characteristics, and surfacecharacteristics including the distribution of leads and melt ponds.We expect clouds in the Arctic basin to be more complex than those observed during FIRE1987 and ASTEX, in part due to the influence of the cold sea ice surface with many fracturedleads. This promotes both low-level Arctic stratus clouds in summer, which are composed largelyof liquid water drops of fairly uniform size, as well as frequent incursions of mid-levelaltocumulus and �high-level� cirrus clouds. Due to the low altitude of the stratosphere at 70�N, the

19cirrus clouds occur at much lower altitudes than in the tropical and subtropical environmentsstudied extensively in the past.Along transition period occurs between April, when low-level clouds are primarilycrystalline, and mid-June, when the dominant cloud type is low-level water clouds, with lessfrequent, but regular, mid-level altocumulus. We have adopted a strategy to characterize thistransition period over a seven-week period or longer with a serial deployment of low-mid-levelaircraft (outlined below), together with a four-week period of high-altitude ER-2 overflights.During this component of Arctic FIRE (IFO I; here �IFO� means a period of �Intensive FieldObservations�), we anticipate utilizing the Canadian National Research Council (NRC) CV-580,the NCAR C-130Q, and the University of Washington (UW) CV-580. All three of these aircraftare turboprops that fly at 120 m s-1, but can be slowed down to 80 - 100 m s-1 for sampling cloudmicrophysics. These aircraft are all equipped with an extensive set of PMS cloud microphysicsprobes, a Gerber PVM-100A liquid water content and effective radius probe, Johnson-Williamsand King hot wire probes, a Nd:YAG lidar, thermodynamic state variable measurements, andselected chemistry instrumentation. As expected, however, these aircraft also have unique anddistinguishing characteristics.In addition to IFO I, we envision a second IFO for Arctic FIRE in the summer of 1998,consisting of the NCAR C-130Q (SHEBA-supported) to overfly the ice breaker. If the EarthObserving System (EOS) AM-1 satellite launches in June 1998, as expected, then the EOSprogram will likely sponsor the NASA ER-2’s participation at this time as well. In addition, weenvision participation by the UW CV-580.This preferred deployment strategy for IFO I and IFO II campaigns is summarized in Fig.2. The overlap periods envisioned for IFO I, will be used for (i) intercomparisons of aircraftinstrumentation, and (ii) two-aircraft missions (in addition to coordination with the higher flyingER-2). Intercomparisons can be done by flying the boundary layer aircraft in formation andcomparing both mean and turbulence measurements of thermodynamic, dynamic, microphysicsand radiation. Examples of two-aircraft missions include: (i) flying at two levels with one aircraftabove the other to obtain simultaneous in situ and remote sensing measurements of cloud layers,and (ii) carrying out a Lagrangian study of cloud evolution by having the second aircraft replace thefirst aircraft along an air trajectory.3.2.1Aircraft platformsThe Canadian Convair CV-580 carries, in addition to a comprehensive suite ofmicrophysical instrumentation highlighted above, a gust probe, a nadir-viewing monostaticNd:YAG lidar (which will have both upward- and downward-looking capability by 1998),pyranometers, CN and CCN counters, and two downward-looking radiometers (a three channelvisible radiometer and a Landsat Thematic Mapper (TM) simulator). Chemistry instrumentation canbe put on board to measure many trace gases (SO2, O3, NO/NO2, H2O2) as well as organic andinorganic composition of the aerosol, cloud liquid, and cloud ice. DMAand DMS measurementsare also possible. Instrumentation unique to the NRC CV-580 include the Russian Nevzorov totalwater content probe that measures cloud water and ice contents at concentrations as low as 0.005 gm-3. It should also be possible to install a Russian cloud extinction probe to directly measurevolume extinction coefficient. These probes will be especially useful in mixed phase clouds or allice clouds, a situation where Particle Measurement System (PMS) probes provide only coarseindicators of particle concentration. Environment Canada is also installing passive downward andpossibly upward, dual polarization, microwave radiometers operating at 19, 37, and 85 GHz.Additional instrumentation will be sought to enable the size and phase of particles to bedistinguished in the size range of 50 to 150mmm.The UW CV-580 is equipped with cloud physics, cloud radiation, aerosol, chemistry, andmonostatic lidar instrumentation. For spectral and angular radiation measurement between the UV-

20b (0.30 mm) and near-infrared (2.3 mm), there is a state-of-the-art Cloud Absorption Radiometerdescribed by King et al. (1986). This instrument can be used either for internal scattered radiationmeasurements (for determining the spectral single scattering albedo of clouds) or for bidirectionalreflectance function measurements of cloud, snow, tundra and sea ice surfaces. It can also be usedas a cross-track scanner when oriented to scan from horizon to horizon. In addition, the UW CV-580 has a CCN spectrometer and space available for the addition of other principal investigatorinstrumentation (such as a spectrometer and/or spectral flux radiometer). Although this aircraft iscapable of measuring phase and imaging some ice crystals, its strength lies in liquid water clouds(hence its preference towards the end of IFO I).Both the NCAR C-130Q and NRC CV-580 have comparable turbulence and cloudmicrophysics instrumentation, and include the standard suite of thermodynamic state variables aswell as a monostatic lidar. Unique instrumentation available on the NCAR C-130Q includes apassive microwave radiometer capable of imaging through clouds and observing sea ice and leaddistributions. When flying at low altitude the microwave radiometer gives about 30 m resolution,which is sufficient to pick up all but the smallest leads (which have little effect on the atmosphereanyway). The NCAR C-130Q will also be equipped with a dropwindsonde capability to: (i) add tothe array of synoptic observations, and (ii) provide estimates of horizontal advection of moistureand possibly of divergence. These will be deployed on the ferry legs to and from the primaryresearch area, and possibly along the closed flight paths to aid in estimating line integrals aroundclosed flight tracks. Finally, the C-130Q contains the Multispectral Cloud Radiometer described byCurran et al. (1981) and King (1987), which requires careful attention to calibration (true of allvisible and near-infrared radiometers).The NASA ER-2 is the platform of choice for high-altitude surveys of cloud radiativeproperties. It will link the low-level aircraft and surface-based measurements to satelliteobservations. The primary instrumentation of interest to Arctic FIRE includes a downward-lookinglidar (Spinhirne et al. 1983), a multispectral along-track scanning radiometer (under development),a microwave imaging radiometer (Wang et al. 1995; Raccette et al. 1996), and a multichannelscanning spectrometer (King et al. 1996). These sensors all have analogs to future satellite sensorsunder development for launch between 1998 and 2000. The long range and high altitude (20 km)of this aircraft make it an excellent platform from which to select cloud features to study, to mapthe cloud fields that are being sampled by the low-level aircraft, to test algorithms for cloudretrievals, and to intercompare with coordinated satellite overpasses (especially following launch ofthe EOS AM-1 spacecraft, which is currently planned for June 1998).3.2.2Aircraft-based aerosol and chemistry measurementsThe NCAR C-130 will also carry aerosol and chemistry instrumentation from universityand NCAR investigators as was done in the ACE-1 project in 1995. The Desert Research Institute (DRI) instantaneous cloud condensation nuclei (CCN)spectrometer (Hudson 1989) will determine the spatial variability of CCN because it continuouslyobtains the entire CCN spectrum in situ within time periods as short as 1 s. Its spectral rangeextends to 0.01%, which is well below the 0.2% limit of other CCN instruments; this is significantbecause of the low supersaturations of stratus clouds and because of increasing evidence that theshape of the CCN spectrum below the actual parcel supersaturation affects droplet spectral width,which is important for precipitation development (section 1.3.3). Since this same instrument wasemployed in both of the earlier FIRE stratus cloud projects in 1987 and 1992 it will allowcomparisons of the supersaturations in these different stratus regimes in addition to valid aerosolcomparisons. This instrument can also be used to determine additional aerosol characteristics suchas the physical sizes of the CCN (Hudson and Da 1996)(section 1.3.3). This is especiallyadvantageous since there are now two matched DRI CCN spectrometers; both were successfullyoperated on the NCAR C-130 in two earlier projects. One spectrometer continuously monitors theambient spectrum while the other measures spectra of processed samples such as dry particle sizes

21using a DMA. Both the ambient spectrum and the size resolved spectrum are needed to determinethe size of the CCN because the spectra can change while flying. Measurements of the total particlesize distribution can be made in conjunction with this by using a CN counter. Aseparate DMAcanalso be employed to obtain semi-continuous particle size distributions. Total particle (CN)measurements with a TSI model 3010 will reveal the CCN/CN ratio. The NCAR CVI should alsobe employed with the CCN spectrometer (Twohy and Hudson 1995) to specifically determinewhich CCN are within the cloud droplets and to separately collect particles on filters to determinechemistry that is segregated according to cloud droplet sizes. Separate size-resolved filters shouldalso be collected in, below, and above cloud air.If a new airborne IFN instrument (Rogers 1988) planned for operation on the NASA DC-8in 1996 is successful then it should be employed on the C-130 in Arctic FIRE.The NCAR chemiluminescent ozone detector would be used to estimate entrainment andmixing into the cloudy boundary layer.As in the ACE-1 project with the NCAR C-130 gaseous precursors of particles need to bemeasured. These begin with DMS, which comes from natural oceanic sources, and SO2, whichmay serve as an intermediate species or may come from pollution sources. The oxidants OH andNOx need to be measured as these are important in the pathways of conversion of the DMS or SO2to particulates. Ammonia is important because it is quite variable and ammonia is a component ofmost atmospheric CCN either as ammonium sulfate or ammonium bisulfate. Concentrations of greenhouse gases will be determined using the Fourier TransformInterferometer Radiometer (FTIR). Vertical profiles of aerosol extinction coefficient will be madewith lidar.Some aerosol sampling could be done on the meteorological tower. Instrument NeutronActivation Analysis (INAA) will be used to differentiate anthropogenic sulfate from ocean-biogenicsulfate. Since INAA filters for multi-element analysis will require a number of cubic meters ofsample volume in Arctic conditions, this measurement will only be achievable on the ground. Theutility of the INAA type of analysis is that it can give a fairly unambiguous differentiation of �natural� and anthropogenic aerosol whereas the airborne techniques will be generally somewhatambiguous in this regard.Ground-based filter sampling seems quite practical. Filter packs and pumps are fairlyrobust and have been employed in environments even more hostile than the Arctic (e.g., volcaniccaldera). They can be stored for long periods of time at low temperatures and shipped outperiodically for analysis. Some of the desired ground based measurements that require moreelaborate equipment (e.g., DMAs, CCN counters) may not be practical.3.2.3Sampling strategyIn order to address the competing requirements of measuring horizontal variability andvertical structure, as well as obtaining a sufficient sample length, the exact details of the flighttracks will need to be fine-tuned in later planning exercises. Generally, however, there will beflight segments at constant level of at least 60 km in length to obtain a sufficient sample length forturbulence and radiation measurements; shorter legs would probably suffice for microphysics andtrace constituent measurements. There will also be slow accents and descents to obtain continuousvertical profiles of these variables, as well as a series of horizontal flight legs at 4-5 differentlevels. Many of the flight tracks will be in the environs of the SHEBA ice breaker to complementthe fixed-base measurements and provide in situ data for comparisons with ground-based remotesensing observations. The aircraft can also provide a valuable data set to help extend the long timeseries fixed-point measurements obtained from the surface to large spatial scales.

22One approach for deploying the aircraft for meeting the objectives of measuring surfaceenergy, mass and momentum budgets is to fly closed flight paths around the surface station atseveral levels, starting at the lowest safe altitude, and extending up through the top of the regionbeing considered. This would allow measurement of the turbulent flux profiles, as well as cloudmicrophysics, radiation, and mean thermodynamic structure of the atmosphere. The surface stationobservations complement these measurements by providing long time series and detailed structureof the atmosphere in the vicinity of the fixed point. If the flight path is long enough and if aturbulent boundary layer exists up through the airplane flight levels, it may be possible to estimatethe entrainment velocity at the top of the boundary layer by measuring the flux profile of a tracechemical species such as ozone, total water, or dimethyl sulfide. The velocity can then be estimatedfrom the ratio of the flux at the top of the boundary layer to the jump in concentration across the topof the boundary layer. An independent estimate of entrainment velocity may be possible bymeasuring the mean divergence within the closed flight track and the time rate of change of theboundary layer depth. To do this requires flight tracks of 60-100 km in diameter, flown bothclockwise and counterclockwise to eliminate the mean offset in the measurement of the lateral windcomponent.These results will complement ground-based measurements, both by extension to largespatial scales and by providing in situ confirmation to ground-based remote sensing observations(e.g., radar, lidar and microwave radiometer).3.2.4Calibration and intercomparisonsSince several aircraft will be used during the field campaign, it is essential that theinstruments be calibrated and intercompared in a consistent manner. Whenever possible, theaircraft should be flown in formation or at least along the same path with a minimal timeseparation. However, because it will be difficult to get all the aircraft together at one time, and itwould be difficult to intercompare in-cloud measurement type probes, standardized techniquesshould be developed for probe intercomparisons. This might include circulating equipment thatwould fire glass beads through the sampling volume of many PMS probes. Alternatively, windtunnel intercomparisons could be done for cloud droplet and liquid water content probes.Chemistry probes might be calibrated with known standards. Radiation sensors, CN or CCNcounters could be compared in a laboratory setting. One of the major challenges will be tointercompare the gust probe measurements from each aircraft. This might only be possible with in-flight measurements. Data analysis software must also be checked using the same data set.It is recommended that one individual be assigned the responsibility of organizing suchcalibrations and intercomparisons for each aircraft, and a lead scientist should be designed forcoordinating the efforts between aircraft.3.2.5LogisticsThe choice of locations for deploying the various aircraft are as follows: (i) the NASA ER-2 and NCAR C130Q aircraft will be based in Eielson Air Force Base (25 miles south of Fairbanks,Alaska), (ii) the UW CV-580 will be based in Prudhoe Bay, Alaska, close to the sea ice, start ofthe Alaska pipeline, and adjacent to a highway with access from Fairbanks (via the Brooks Range),and (iii) the NRC CV-580 will be based in Inuvik, Northwest Territories, Canada. This site is onthe McKenzie River inland from the coast of the Beaufort Sea (on the edge of the tundra and borealforest), and is the northernmost deployment site in Canada. Hence, the ice breaker, which may belocated in the vicinity of 77�N, 135�W, will entail long transits of all aircraft involved. Hence themaximum coordination will occur, in almost all cases, near the SHEBA ice breaker. To themaximum extent possible, the Alaska Synthetic Aperture Radar (SAR) Facility at the University ofAlaska-Fairbanks, will provide assistance in viewing the sea ice and lead distribution acquired, andprocessed, from Canada’s Radarsat and the European ERS-2 SAR satellite sensors. In addition,

23the NOAA National Weather Service station in Fairbanks is a valuable, and supportive, facility formission planning purposes.3.2.6IssuesIssues that require further study include basing in light of the ranges of the various aircraftand the location of the SHEBA ice station; and development of a list of strawman flight plans andobjectives, with attention to satellite coordination, inter-aircraft coordination, calibrationintercomparisons, and vertical sampling strategy.In case the NCAR C-130Q is not available for use by FIRE in the Arctic, current thinkingsuggests that during both IFOs we would simply conduct the measurements without the NCAR C-130Q, but otherwise as indicated in Fig. 2.3.3Satellite remote sensing3.3.1Evaluation of polar ISCCP/EOS cloud retrievalsSatellites can measure many but not all of the desired cloud properties. ISCCP currentlyprovides global estimates of cloud fraction, cloud height (radiating temperature), and cloud opticaldepth. Experimental studies have begun during FIRE Phase II to add estimates of cloud particlephase (ice, water) and size, liquid water path (LWP), ice water path, cloud physical thickness, andcloud overlap. These new estimates have met with varying degrees of success: the most reliablebeing water droplet size and LWP, while the least reliable are cloud overlap and cloud IWP. Thissection will briefly describe some of the specific remote sensing evaluation and development workwhich will be carried out during Arctic FIRE polar cloud observations.3.3.2Cloud detection/cloud amountDetection of clouds is typically accomplished using visible and thermal infrared imagingchannels on meteorological satellites such as Geostationary Orbiting Environmental Satellite(GOES) and Advanced Very High Resolution Radiometer (AVHRR) (e.g. Rossow 1989). Clouddetection typically relies on the fact that clouds reflect more solar radiation and emit less thermalradiation than clear-sky conditions. Given the snow/ice backgrounds and large temperatureinversions common in polar regions, these typical approaches enjoy only partial success in polarregions. More recent methods add either spatial structure (i.e. texture) detection (Welch et al.1992), or particle size/phase detection (Yamanouchi et al. 1987). In general, snow and ice surfacesbehave like low level clouds with very large ice particles (especially old snow and ice) and infiniteoptical thickness. In this case, the same remote sensing techniques that remotely sense cloudwater/ice phase and particle size, can in principle be used for cloud detection. Difficulties areexpected to arise with either fresh snow (particle sizes similar to some cirrus) and optically thincloud, where reflection signals are a mixture of surface and cloud properties. The optimal case isfor daytime detection of water cloud over old snow or ice background. The most difficult case isexpected to be night-time detection of optically thin ice cloud over fresh snow, or low leveloptically thick cloud with large ice particles.A related issue is the determination of fractional cloud coverage. Here the issue is two fold:how much optically thin cloud area is missed, versus how much overestimate was caused bydetection of partially covered satellite fields of view as filled with cloud? FIRE II used Landsat datato show that both of these effects are important over ocean backgrounds for boundary layer cloudsbut are of minor importance for cirrus, when analyzing satellite data with the 4-8 km field of viewdata used by ISCCP (Wielicki and Parker 1992). For the 250 m or 500 m Moderate resolutionImaging Spectrometer (MODIS) fields of view on EOS-AM, detection of optically thin cloud is thedominant error source. Arctic FIRE will extend these results to studies of clouds over snow and icebackgrounds.

24Arctic FIRE will examine the accuracy of cloud detection/amount using several evaluationdata sources:¥lidar on the ER-2 collocated with the MAS radiometer used to simulate MODISand AVHRR spectral channels. Limitation: only tests nadir view angle.¥surface lidar and radar on the SHEBA and ARM surface sites.¥surface observers, when sufficient solar or lunar illumination is present.¥Landsat satellite data (May not be available during the IOP but useful work canbe done now.)3.3.3Cloud top height/radiating temperature/thickness/overlapThe primary difficulty in polar regions for estimation of cloud height is the difficulty inobtaining accurate temperature profiles at the time of observation. If the cloud is optically thick,determination of the cloud radiating temperature is straightforward. If the cloud is optically thin,two methods have been used extensively:¥infrared sounder retrieval (e.g. Menzel et al. 1992);¥solar channel determination of visible optical depth which is converted to aninfrared emittance and used to correct non-black cloud emission temperatures(Rossow et al. 1991; Minnis et al. 1993).An additional problem for the second method (ISCCP) is that a highly reflective surfaceprecludes accurate estimation of the optical thickness of thin cloud. Additional methods are beingdeveloped which use changes in thermal emission with wavelength at 3.7/11/12 mm to estimate thenon-black cloud emission temperature, and may provide an improvement over current methods.Combinations of infrared sounder data and passive microwave are also being examined. All ofthese methods, however, experience difficulty in conversion of radiating temperature to cloudheight, if given inaccurate temperature profiles, so more effort to retrieve better profiles oftemperature and humidity from weather satellites is also needed (e.g., Francis 1994). Arctic FIREcan examine the relative trade-offs of these methods in polar regions: especially sounder versusimager approaches.Recently, attempts have begun to examine the estimation of cloud physical thickness as afunction of optical depth (Minnis et al. 1992), as well as methods to handle some cases of multi-layered cloud: optically thin upper cloud over an optically thick lower cloud using AVHRR/HighInfrared Radiation Sounder (HIRS) (Baum et al. 1994), and water cloud under thick cirrus over anocean background by combining imager and passive microwave (Liu et al. 1995). None of thesemethods has been tried in polar regions.Arctic FIRE will examine the accuracy of remotely sensed cloud height/temperature usingtwo primary evaluation data sources:¥lidar on the ER-2 collocated with the MODIS Airborne Simulator (MAS)radiometer used to simulate MODIS and AVHRR spectral channels. Limitation:only tests the nadir viewing angle, and cannot penetrate upper clouds withoptical depths greater than 3 to verify overlapped lower cloud layers or cloudbase altitude. This may not be a strong limitation for polar clouds.¥surface lidar and radar at the SHEBA and ARM surface sites. These allowpenetration of all cloud layers, but require long time series to gather asignificant number of independent cases.

253.3.4Water cloud optical depth, effective radius, liquid water pathISCCP began the systematic global estimation of daytime cloud visible wavelength opticaldepth from satellite data. Estimates of LWP have traditionally been made from passive microwave(Greenwald et al. 1993). Recently, significant progress has been made in developing newapproaches to remotely sense water cloud optical depth/particle size/and LWP for daytimeobservations using 0.65, 3.7, and 11 mm on AVHRR (land or ocean background; Han et al.1994), and 0.74, 1.6, and 2.2 mm (ocean background) which will be available on MODIS (Kinget al. 1992).For polar regions, night-time estimation of cloud optical depth (emissivity) using thermalinfrared multi-spectral techniques (imager or sounder), will be similar to estimation over land orocean, with the complication of loss of some of the signal caused by relatively small temperaturedifferences between surface and cloud for polar atmospheres (smaller lapse rates and lowerclouds). Daytime estimation of cloud optical depth in the visible imager channels over snow and icealso has a smaller sensitivity and larger uncertainty because of the large surface reflectance.Thermal infrared methods will again be more useful in this case.Evaluation of satellite channel estimation of the effective radius show systematicdiscrepancies of 30-50% depending on which aircraft probe (Forward Scattering SpectrometerProbe (FSSP) versus Gerber) and spectral channels are compared. Horizontal variations ineffective radius appear reasonable, but mean values do not agree. Arctic FIRE should continue theexamination of simultaneous performance of FSSP and Gerber probe data, as well as the potentialdifferences in effective radius derived using 1.6,/2.2, 3.7, 8.5, 11/ 12 mm data. Documentation ofthe systematic vertical variation of effective radius within the cloud layer is also required. Foroptically thick cloud, daytime observations can still derive cloud particle size, but daytimeobservations of cloud with visible optical depth less than about ten will sense a mixture of cloudparticle size and surface snow/ice particle size. Theoretical studies are needed to examine thisdependence as a function of cloud optical depth.The (FSSP and Gerber probes are fast response instruments. They are best utilized throughthe execution of many rapid ascents and descents through the clouds. The major differences incloud microphysics occur in the vertical, but there is considerable variability in the way that dropletsizes and the variance of droplet size increases with height above cloud base. This depends onentrainment and precipitation (including coalescence growth that may or may not lead toprecipitation) and on the distance from cloud base and cloud top, which also varies. Horizontallegs are thus not very useful for measurement of these important vertical variations and ofvariations in cloud base and top, which to a great extent determine the amount of condensed waterand thus droplet size. The vertical variations of the microphysics are of utmost importance forremote determinations of cloud properties. Thus for understanding cloud physics and forcomparisons with satellite and ground based remote sensing, long horizontal legs are not the beststrategy. For these purposes it is best to have as many vertical soundings as possible. This can bestbe accomplished by deep porpoising (cloud base to cloud top) maneuvers. Many soundings areneeded in order to better characterize the vertical structure of the cloud microphysics.Studies of passive microwave LWP have demonstrated that it is primarily useful foroptically thicker (optical depth greater than five) water clouds over ocean (Lin and Rossow 1996).Land and snow/ice backgrounds have not been examined because of the expected decrease insensitivity to cloud water over these high emissivity surfaces. Ageneral characteristic is thatmicrowave frequencies (active or passive) are optimal for clouds with moderate to large visibleoptical depth, while optical imagers are optimal for low to moderate visible optical depths. Adisadvantage of satellite passive microwave is the inability to resolve cloud LWP at scales less thanabout 50 km with current Special Sensor Microwave/Imager (SSM/I) data.

26Arctic FIRE will utilize two primary approaches for evaluation of water cloud opticalthickness, effective radius, and LWP.¥Use ER-2 and satellite overflights of SHEBA and ARM surface sites. Thesurface sites will use combined lidar/radar/radiometers to vertically profilecloud phase/particle density/particle size/LWC. Uplooking passive microwavewill measure LWP. The accuracy of the surface remotely sensed cloud data isverified against in-situ aircraft flights within clouds over the surface sites.¥Fly stacked ER-2 (MAS, lidar) and cloud in-situ aircraft missions forverification of cloud particle size. Intercompare FSSP and Gerber probe datafor effective radius.Finally, consideration must be given to theoretical studies of the significance of non-planeparallel effects: both horizontal inhomogeneity and spherical shell solutions to radiative transfer forsolar zenith angles greater than about 80 degrees. While recent results for boundary layer oceaniccloud and midlatitude cirrus show reasonably small biases using the independent pixelapproximation (IPA; Cahalan et al. 1994), this must be examined for the polar clouds. The bestdata for this test will be the surface site remotely sensed vertical profiles of cloud microphysics asinput to 2D radiative calculations.3.3.5Ice cloud optical depth, effective diameter, ice water pathProgress in the determination of ice cloud visible optical depth, effective particle diameter,and IWP is less well developed than for water clouds (Wielicki et al. 1990; Minnis et al. 1993; Linand Rossow 1996). The difficulties are caused by the large and complex variability in particleshape, resulting in difficulties specifying:¥accurate single scatter phase functions¥accurate single scatter albedo¥accurate conversions of particle size and number to ice water content.As a result, Arctic FIRE has several efforts devoted to improving the characterization of ice particlemicrophysics:¥development and analysis of ice replicators for balloon and aircraft whichextend the small size range of detected ice crystals from the 20-50 mm lowerlimit of 2D-C probes, to 5-10 mm.¥development and analysis of ice particle imaging systems (cloud scope).¥aircraft probe to measure the scattering phase function asymmetry parameter(�g-meter�).¥aircraft nephelometer to measure the full scattering phase function of icecrystals.The above microphysical and single-scattering studies are expected to substantially improveour understanding of the interaction of radiation with ice crystals. In addition, theoretical studiesare being used to apply ray tracing (Takano and Liou, 1989; Macke, 1993), T-Matrix (Mishchenkoand Travis 1994), discrete dipole, and other techniques to predict single scattering properties of awide range of ice crystal shapes and sizes (hexagonal, bullet, rosette, plates, capped-plates, fractalshapes). These theoretical results will be compared to the g-meter and nephelometer measurements,combined with imaging probes to provide crystal shape estimates.

27These studies of single-scatter properties are fundamental, but do not directly prove theability to remotely sense a given cloud property. This final step is accomplished using data similarto that for the evaluation of retrieved water droplet cloud properties:¥Use ER-2 and satellite overflights of SHEBA and ARM surface sites. Thesurface sites will use combined lidar/radar/radiometers to vertically profilecloud phase/particle density/particle size/IWC. The accuracy of the surfaceremotely sensed cloud data is verified against in-situ aircraft flights withinclouds over the surface sites.¥Fly stacked ER-2 (MAS, lidar) and cloud in-situ aircraft missions forverification of cloud particle size. Intercompare 2D-C, cloud scope, andreplicator results for cloud particle size/shape distributions.3.3.6Surface and in-atmosphere radiative fluxesThere have been several detailed attempts to infer radiative fluxes in the polar regions at thetop of the atmosphere and at the surface, as well as the cloud effects on them, but the uncertaintiesare large (see review in Curry et al. 1996). Rossow and Zhang (1995) combined several satellitedatasets, including ISCCP cloud properties, to determine the radiation budget. The EOS CERES(Clouds and the Earth’s Radiative Energy System; Wielicki et al. 1996) investigation will produceestimates of shortwave (SW) and longwave (LW) broadband radiative fluxes:¥at the top of the atmosphere,¥at the surface, and¥at several levels within the atmosphereusing the CERES broadband and MODIS narrowband radiation/cloud measurements onEOS-AM and EOS-PM. In addition, the GEWEX SRB (Surface Radiation Budget) data set willproduce estimates of surface fluxes using ISCCP cloud data. FIRE investigators will refine theseanalyses in polar regions using SHEBA and ARM surface flux observations. The ability toevaluate retrievals of in-atmosphere fluxes will be limited, but will utilize stepped aircraft profiledata collected over the SHEBA and ARM sites as near as possible to the satellite overpass time. Ifthe SHEBA surface site is deployed in August 97 - September 98 as planned, there may only be 2months of overlap with CERES EOS-AM estimates and SHEBA surface and aircraftmeasurements. Later, ARM surface site data will be used to extend this study: both at the surfaceand using aircraft overflights. CERES and SRB are expected to perform this analyses as part oftheir EOS and Pathfinder investigations.3.3.7Time/space extension of cloud properties for model testingSurface sites typically provide one-dimensional (1D) instantaneous profiles at a point, ortwo-dimensional (2D) vertical slices of the cloud/atmosphere properties as clouds advect over thesite (frozen turbulence approximation). For some models, this is not sufficient information. Inparticular, it is often necessary to extend the observations to larger time and space scales, as well asto two horizontal dimensions to verify:¥what is the areal extent of the cloud?¥is the cloud fundamentally 2D (streets) or 3D (cumulus cells)?¥how rapidly is the cloud evolving in time? (A frozen turbulence approximationcannot distinguish spatial change from time change).

28For this reason, FIRE will analyze an extended region and set of times for cloudproperties in the region of the two surface sites (SHEBA, ARM). This region will be roughly 2000km square and will rely on the NOAA polar orbiters as the data source of the cloud analyses. TheGOES satellite views are too oblique to be useful at these latitudes (viewing zenith angle > 70degrees). Cloud analysis will be provided both by ISCCP (D1 gridded data and DX pixel data) andby individual FIRE investigators.3.3.8Sampling considerationsThere are two outstanding sampling issues in testing both cloud models and cloud remotesensing data:¥How many independent samples are required?¥What constitutes an independent sample?The answer depends greatly on the particular scientific question being asked. It is notpossible to determine accuracy estimates for every possible cloud question which might be asked.As discussed in Appendix C, the types of clouds, seasons, climate regions, time and space scalesdefine too large a range of options; there are about 4000 different cloud/observing combinations.The optical depth, cloud overlap, solar zenith, viewing zenith, and viewing azimuth affectthe nature of remotely sensing cloud properties from surface, aircraft, or space-based passiveradiance measurements. For purely thermal infrared techniques, the viewing azimuth and solarzenith restrictions can be removed. We argue in Appendix C that for Arctic FIRE/SHEBA, thereare about 72 cases for evaluation of passive cloud remote sensing methods, while for evaluation ofactive remote sensing methods and cloud modeling there are only 4 cases each. In other words,testing of passive remote sensing algorithms is the key issue.The analysis given in Appendix C leads to the following conclusions:¥We cannot get sufficient aircraft flight hours to evaluate satellite polar cloudretrievals within any reasonable expenditure of manpower and cost.¥We can obtain sufficient surface data taken continuously under satelliteoverpasses within a 1-5 year time record of ARM data. The longer the timerecord, the more accurate the evaluation of the satellite ensemble mean fortesting climate models.This suggests a bootstrap approach to evaluation of satellite remote sensing algorithms:i.Use surface based lidar/radar/radiometers to determine required cloudproperties at the SHEBA ice breaking ship from August 97 - September 98.ii.Evaluate the retrieved surface based cloud properties against aircraft in-situdata. This will require flying aircraft vertical stepped profiles of microphysics overthe SHEBA surface site.iii.Evaluate the retrieved satellite derived cloud properties against the surfacebased cloud property profilesiv.Use year of SHEBA surface cloud data to evaluate ISCCP-retrieved cloudproperties using the two NOAA polar orbiter sets of SHEBA overpasses. With two

29satellites (one AM, one PM) we expect roughly a doubling of the number ofindependent samples per day over the EOS-AM analysis noted earlier (40independent samples per case in one year). Only the last two months of SHEBAwill likely overlap with EOS-AM.v.In August/September 1998, a 3-week mission involving the ER-2 and in-situaircraft will underfly EOS-AM cloud observations to obtain initial samples over theice sheet. If this mission focuses on evaluation of stratus/stratocumulus retrievalsonly over ocean and ice backgrounds (single and multi-layer) then it can obtain 10flights times 4 independent samples per flight / 2 overlap conditions = 20independent samples of single and multi-layer Arctic stratus. Other cloud types willnot be sampled in this approach, but in the summer, St/Sc is observed 63% of thetime. If vertical profiles of microphysics are tested, (4 levels) then only 5independent samples for St/Sc cases will be obtained.vi.After SHEBA, the ARM DOE Point Barrow site will come on line with similarlidar/radar/radiometer profiling of Arctic cloud properties. EOS-AM and EOS-PMretrievals will be evaluated using this ARM data over a one to five year period, withincreasing accuracies as a longer evaluation period is obtained. The one weaknessof this approach is if the summer Arctic clouds over the ice sheet are so differentfrom the Point. Barrow clouds, that they are not representative of clouds overArctic ice. It is expected that winter clouds will be the same for either Barrow or theice sheet. The dominant boundary layer cloud affected by the ice sheet is sampled inAugust/September by the ER-2.vii.After SHEBA is over, and the ARM Point Barrow site is operational, fall andwinter aircraft missions are required to evaluate the retrieved vertical profiles ofcloud microphysics derived from the surface site.The sampling strategy outlined above is efficient, and maximizes the use of aircraft andsurface data to evaluate satellite retrievals.There are some issues that will have to be monitored as experience is gained, however. Inparticular, the sampling strategy assumes that the uncertainties in converting activelidar/radar/radiometer data to microphysical vertical profiles are fundamentally more tractable thanthose incurred from passive satellite remote sensing. In this event, it is further assumed that theevaluation of the active cloud properties requires many fewer samples to understand and evaluatethe underlying radiative transfer algorithms used to invert the active remote sensing data, andthereby allow its extension to other cases that were not directly sampled. For example: if weevaluate the water droplet microphysics profile derived from active lidar/radar surface observations:it does not matter whether the water cloud was single layer versus overlapped, or even whether thewater cloud was Cb, Cu, St/Sc, or As/Ac. The active remote sensor observation probes a specificpoint in the cloud, and its performance should only be a function of the particle size/shape (i.e.single scattering properties) and the attenuation of signal to and from the point in the cloud. Thissuggests that evaluation of the surface active sensing microphysics profiles will require moreaircraft evaluation for ice cloud (poorly known single scattering properties) than for water cloud. Infact, the evaluation strategy should be based on �cloud type� only in the sense that certain cloudtypes tend to have certain particle size/phase/shape. In fact, the largest changes in microphysicsoften occur in the vertical profile of particle size/shape within the same cloud at one time.

30Therefore, a single aircraft stepped profile can sample many �independent� cloud microphysicscases. This suggests the following aircraft evaluation strategy:Table 4 - Aircraft evaluation strategy.ObservingstrategyCloudParticleCasesN e e d e d Observationsper flightConditionsn e e d e d Observationsper flight

Surface lidar,radar/Ac4 water2one thick, onethin2

8 ice4one thick, onethin2

The four water cloud cases are effective droplet radii of approximately 4, 8, 16, and 32 mm. Onany given flight, the aircraft will typically sample 2 of these sizes in the vertical profile. The eightice cloud cases are different ice particle size/habit from 5 mm to more than 200 mm. A typicalcirrus cloud case is expected to have a vertical profile with perhaps half of these particle cases. Theobservation conditions (thick/thin) refer to regions of the cloud with little attenuation (near cloudbase) and high attenuation (large optical depth into the cloud). Mixed phase microphysics (waterand ice in the same volume) should be a superposition of the water and ice solutions, and will besampled adequately as a subset of the water and ice cloud cases above. The ideal cases will beoverlapped cloud so that retrievals for both water and ice cloud could be evaluated in the sameaircraft flight. An hour of aircraft time should be sufficient to measure eight stepped levels (20 km,4 minute crosswind legs centered over the surface site). However, the SHEBA ship surface sitewill probably be a 2 hour transit flight for the aircraft, so 1 hour of on-site time is essentially a 5hour flight mission. Note that the legs are stepped to allow collection of accurate broadbandradiative fluxes from the aircraft, for testing of the vertical profile of radiative heating. Flight levelswill be radioed to the aircraft based on real-time observation of cloud levels by the surface activeremote sensors. A target number of evaluation samples from SHEBA/Arctic FIRE is 3 permicrophysics class:3 samples per case = 3 * (4/2 + 8/4) * (2/2) = 12 flights = 60 hrs.This is a reasonable number of flight hours for the spring and summer 1998 in-situaircraft deployments (4 aircraft, roughly 240 hours total: i.e. 25% for vertical profiles over theSHEBA site). This data set will have to be combined with additional aircraft microphysical flightsover the ARM site on Point Barrow and in Oklahoma to extend the verification samples of thesurface remotely sensed microphysics as a function of particle phase/size/habit. Classification ofthe results will be done by effective radius and shape. The uncertainty in the surface basedmicrophysical profiles will be reduced with time as additional aircraft evaluation missions areflown.For ice clouds, the use of ice replicator sondes should be explored. Each sonde launchcould replace an aircraft flight. Adifficulty with the sonde launches, however, is the horizontaladvection of the sonde causing spatial matching noise when comparing to the surface site. SHEBAmay have a tethered balloon with the ability to profile microphysics for low clouds. This datasource can in principle replace many of the aircraft flights if successful. The aircraft could thenfocus on the upper level ice clouds.3.4Numerical weather prediction modelsDocumentation of the large-scale atmospheric structure is critically important for modelingstudies as well as for interpretation of the large-scale context and effects of the smaller-scale

31process with which a FIRE field program is most directly concerned. Numerical Center forEnvironmental Prediction (NCEP) (and possibly Canadian Meteorological Centre (CMC) andECMWF) operational medium range forecasts will be used to provide gridded regional analyseswith high vertical resolution (25-50 hPa) and horizontal resolution (50-100 km) over the Arctic.These analysis will include standard meteorological parameters (geopotential, temperature, mixingratio, winds) and also special parameters such as cloud amount and properties, radiation fields,surface fluxes, vertical velocity, and contributions of individual physical parameterizations to thetendencies of model prognostic variables. This will allow a detailed intercomparison of in situmeasurements with the model�s physical parameterizations, which indirectly affect its analyses. Toimprove the quality of the analyses in the FIRE/SHEBA operations region, soundings taken duringSHEBA and other collaborative experiments will be encoded in World Meteorological Organization(WMO) format and broadcast on the GTS (Global Telecommunications System) so that they can beassimilated by the forecasting centers in real time. We will rely on SHEBA personnel to work withNCEP, CMC and ECMWF to ensure that these experimental soundings are recognized andaccepted by the quality control systems of their numerical models. Whenever possible, aircraftsoundings and dropwindsondes will be taken during FIRE to improve observations of theadvective contributions to moisture and heat and at the SHEBA ice station. C. Bretherton will workwith the meteorological centers to incorporate these soundings as part of reanalyses.While no routine radiosonde observations are taken in the Arctic Ocean, satellite-derivedatmospheric temperature retrievals and surface pressure and temperature data from drifting sea icesurface buoys do provide data. Because of possible model deficiencies in high latitudes, theseanalyses must nevertheless be used with caution, particularly for the moisture field.4.0 Analysis of Data After the Field Phase4.1Data integration and diagnostic studiesThe scientific payoff from FIRE does not come merely from collecting a set ofmeasurements, even if the set is comprehensive and some of it has been analyzed to retrieve keyquantities. Rather the real payoff comes from using the retrieved results to answer questions aboutwhat is going on in the Arctic. The key overarching question for FIRE is:What is the cloud-radiative feedback on the Arctic energy balance?The subsidiary questions are:What are the properties of Arctic clouds, including their synoptic andannual variations?How do Arctic clouds alter radiative exchanges between the surface,atmosphere and space?Why are these particular clouds produced in the Arctic?To answer these questions from observations requires, first, the reduction of themeasurements of the most important quantities that are associated with the controlling cloud andradiative processes, with particular emphasis on characterizing the variations of these quantitiesover the relevant space and time scales that are indicative of the processes at work. Most of theproposed investigations concentrate on this aspect of the observations. However, each of themeasurement systems has limitations of coverage and resolution and many quantities must beinferred from remote sensing measurements from all the platforms. Thus, the FIRE experiment is

32not complete until combined analyses of observations from many platforms are integrated toaddress the main scientific questions.Although there are a few proposals to conduct such �integrative� studies, the scope of theneeded studies really requires a greater team effort to be effective. Therefore, to insure thatadequate attention is paid to coordinating research efforts to accomplish these combined diagnosticstudies, three Integration Task Teams will be formed from the FIRE team membership. Theseteams will be responsible for informing the larger team of observation and data reduction needs andfor encouraging and coordinating research that leads to integrated datasets and analysis results.4.1.1Satellite remote sensing evaluationGiven the combined expertise of the aircraft and satellite investigators on the FIRE team,the FIRE team has a lead role within SHEBA for developing needed satellite remote sensing toolsto complete the SHEBA analysis, particularly for observations of clouds, the atmosphere andsurface (SHEBA expertise will lead remote sensing of sea ice properties). As described in theSatellite Observation section, we already have routine satellite measurements of temperature andhumidity profiles (by NOAA operations - TIROS Operational Vertical Sounder (TOVS) products,Smith et al. 1979, McMillin 1991) and cloud properties (cover, top temperature and height, opticalthickness by ISCCP, Rossow and Schiffer 1991) in polar regions, but they have not beensufficiently evaluated. Moreover, we have well-developed methods for retrieval of liquid watercloud particle sizes (Han et al. 1994, Minnis et al. 1992) and liquid water path over open water(Greenwald et al. 1993, Liu and Curry 1993, Lin and Rossow 1994), but these have not yet beentried in polar regions. There are also some ideas for retrieving the some properties of ice phaseclouds (Wielicki et al. 1990, Minnis et al. 1993, Young et al. 1994, Lin and Rossow 1994) thathave not been tested thoroughly. We can already anticipate significant limitations of some of theseanalysis methods for polar studies because of instrument design limits or because the surface-cloud-atmosphere variations are too complex. Akey analysis concept that may mitigate some ofthese problems is the analysis of coincident observations from many different instruments. Inparticular combinations of multi-channel optical and microwave imagers and infrared andmicrowave profilers has been suggested by some work (Baum et al. 1994, Liu et al. 1995) but isnot fully developed. The primary obstacle to progress is lack of observations for evaluation.The heterogeneous characteristics of available and future instrumentation preclude astraightforward comparison of different measurements. Rather a statistical comparison is requiredto account for different sampling of smaller space and time scales. The strategy is to use the insitu and higher resolution aircraft measurements to check the larger datasets that can be acquiredfrom surface remote sensing instruments. These larger datasets, complemented by in situmeasurements of surface properties from SHEBA and ARM, can then be used to evaluate thesatellite retrievals. Thus, a subset of the FIRE team must conduct investigations that integrate acomprehensive collection of coincident observations from aircraft, the surface and satellites, wheresimilar or �identical� quantities are retrieved, to determine how well cloud, atmosphere and surfaceproperties can be determined from satellites alone. This study includes analyses of multiple satelliteobservations.Some examples of this type of study are Wielicki et al. (1990), Nakajima et al. (1991),Minnis et al. (1993), Rossow et al. (1993) and Han et al. (1995), where statistical comparisons aremade of satellite and surface and/or aircraft observations. The only proposed studies of this typeare by Minnis et al., Rossow et al, and Han and Welch, though this approach is implicit in theproposal of Tsay and King. The first part of these studies will be to compare the cloud propertiesalready being retrieved and to extend the development of methods for retrieval of ice phase cloudproperties. Specifically, the ISCCP analysis has already been revised to incorporate a treatment ofice phase clouds based on earlier FIRE results, but this needs evaluation for polar ice clouds. Theparticular complexity of the Arctic atmosphere is that the atmosphere and surface also undergo verylarge annual variations, so that attention must also be paid to improving satellite measurements of

33surface and atmospheric properties as well clouds. The study by Rossow et al includes some studyof improved surface retrievals. These three studies will combine observations from a large numberof satellite instruments with available surface lidar/radar and aircraft microphysics information.Note that none of the aircraft or surface investigations proposed to conduct this type ofanalysis (however, the approach is implicit in the proposal of Tsay and King at that from ETL).The critical weakness that this situation indicates, based on past experience with FIRE I and II, isthat the amount of aircraft data and surface data that is actually reduced will be insufficient for thistype of study. Every effort must be made to complete the analysis of much larger amounts ofaircraft and surface observations and to coordinate/compare analysis results or the remote sensingevaluation objective of FIRE will not be met. The first Integration Task Team (proposed co-leaders: B. Wielicki and M. King) will focus on this combined task.Specific study tasks include:(1) evaluate the treatment of radiative transfer in ice clouds and quantify uncertainties inretrieval of ice cloud properties from satellites,(2) quantify the effects of small-scale horizontal variability and vertical structure in cloudson remote sensing analyses of their properties,(3) check the accuracy of temperature retrievals in inversion conditions,(4) check the accuracy of humidity profiles obtained from infrared and microwave satelliteinstruments, and(5) evaluate current surface temperature and albedo retrieval methods.4.1.2Cloud effects on radiative fluxesMeasurements of the properties of clouds, surface and atmosphere allow one to inferradiative fluxes, in principle. Such analyses have been done for the Arctic based on ISCCP(Darnell et al. 1992, Schweiger and Key 1994, Rossow and Zhang 1995), but these calculationsare much more detailed than available validating datasets with the exception of top-of-atmospherefluxes that can be compared with NIMBUS-7 Earth Radiation Budget (ERB) and Earth RadiationBudget Experiment (ERBE) values. The extensive nature of the satellite datasets even allows forsuch an analysis over the whole Arctic basin and over the annual cycle (Curry et al. 1996), but wecannot verify some important conclusions that are implied in these results. Two crucial examplesare that, given indications that Arctic cloud cover is very nearly complete year-round (Warren et al.1988, Curry and Ebert 1992, Rossow and Garder 1993), the ice- albedo feedback may besignificantly weakened by the presence of clouds and ability of the Arctic ocean to cool in wintermay be significantly inhibited. Does this mean that clouds are a strong negative feedback on Arcticclimate? We do not know.Although there continue to be some important uncertainties in how clouds are to berepresented in radiative transfer calculations (Stackhouse 1995), current uncertainties in theseradiative flux analyses are dominated by uncertainties in the measured physical variables. The mostimportant quantities include cloud water content and particle size and surface albedo -- mostparticularly their annual variation. The only proposed diagnostic study (Rossow et al) willimplement the improved cloud and surface retrievals discussed above and compare the calculatedfluxes with any available surface and in situ measurements of spectral and broadband fluxes.Although one objective of this investigation is a general improvement of this type of analysis forglobal studies, the opportunity exists for producing a special diagnostic radiative flux product byusing the combination of surface, aircraft and satellite observations within the FIRE/SHEBAexperiment area to provide the needed input quantities. This task requires systematic analysis of theobservations from as many instruments over the whole time period as possible, rather than limitedcase-study analyses. The key uncertainties in the representation of clouds in radiative transfer

34models are three: treatment of ice phase clouds, treatment of small-scale horizontal inhomogeneity,and treatment of cloud vertical structure, particular phase changes. Two investigations(Mishchenko et al, Liou et al) specifically focus on the first question and are coordinated withsatellite analyses (Rossow et al, Minnis et al, respectively). These studies will be complemented bysome laboratory measurements planned by Lawson. The study by Han and Welch also addressessome similar issues. However, only the Mishchenko et al. proposal articulates a specificobservation and analysis strategy that uses combined observations from surface, aircraft andsatellite platforms. Many other proposals concern making measurements related to themicrophysical properties of ice clouds, but do not mention any combined-instrument analyses.Only one investigation (Wielicki) addresses the horizontal inhomogeneity question directly, but thisstudy relies solely on the very high resolution Landsat data and does not indicate a combinedanalysis of long-term lidar/radar datasets. No investigations plan combined diagnostic studies ofcloud vertical structure, though there will relevant measurements from aircraft and the lidar/radarinstruments. The radiative flux calculations planned by Rossow et al include calculated fluxprofiles, so that diagnosis of radiative heating/cooling rate profiles for the FIRE/SHEBAexperiment region may be possible.The second Integration Task Team (proposed co-leaders: W. Rossow and S. Pilewskie)will focus on this combined task.Specific tasks:(1) compare calculated surface radiative fluxes and flux profiles to surface and aircraftobservations, respectively, as function of cloud and atmospheric properties,(2) quantify uncertainties and their causes in the treatment of ice phase clouds,(3) evaluate effects on radiative fluxes of large cloud particle size changes or phase changeswith altitude,(4) evaluate treatment of SW fluxes at extremely low solar zenith angles,(5) confirm spectral dependence of fluxes under various meteorological conditions, and(6) incorporate combined datasets for more comprehensive heating/cooling rate profilediagnosis.4.1.3Aerosols and chemistryWhen simultaneous CCN spectra and cloud droplet concentrations are matched the effectivecloud supersaturations can be determined. These can be compared with those obtained in otherstratus cloud projects (e.g. Hudson and Svensson 1995). Appropriate cloud droplet concentrationsand CCN from FIRE on the Ice should be compared with FIRE and ASTEX to determine therelative role of CCN in affecting cloud microphysics. This analysis should be extended to drizzledrop concentrations to determine if the aerosol effect extends to precipitation as well as cloudalbedo. If variations are found in droplet spectral width then these will be compared with CCNspectral shape to determine if this affects the susceptibility to precipitation. IFN measurementsshould also be compared with ice particle concentrations. Comparisons of CCN spectra withchemical measurements of the size segregated aerosol can better determine aerosol sourcesespecially when coupled with trajectory analyses. The size of the CCN can also be compared withparticle chemistry to determine if soluble and insoluble material can be identified. The chemistry ofthe particles that are found in CVI filter measurements can be compared with the CCN spectra thatare found in the CVI. These can be compared with ambient measurements of CCN volatility andparticle sizes to better characterize those particles that really act as CCN. The effect of the clouds onthe aerosol can also be ascertained by comparing CCN spectra at various altitudes to determinewhether physical (i.e. coalescence scavenging) or chemical (i.e. conversion of SO2 to sulfate)processes within the clouds have altered the aerosol.

354.2Modeling overviewDirect measurement of cloud formation/decay processes will require resolving the relevantspace-time scales of atmospheric motions and variations in water, including phase changes andtransports from lower latitudes (Curry 1983) and to and from the surface, particularly over leads(Pinto and Curry 1995). Some analogous studies have been or are being conducted for tropicalcases (e.g. Xu and Randall 1996).Moisture transport involves processes occurring in the shallow Arctic atmosphericboundary layer (McInnes and Curry 1995, Pinto and Curry 1995, Walsh et al. 1993). Such studiesshould also be complemented by an indirect approach that examines larger scale variations ofclouds and atmospheric dynamics. There are several modeling proposals that are focused onaspects of this topic, primarily at the smaller scales of the direct approach, but their data analysisplans are not described (Bretherton, Kogan, Krueger, Lenschow and Wang, Randall, Wang).Only three modeling proposals include explicit plans to attempt such a diagnosis from observations(a possible exception is a �cirrus� proposal by Ackerman et al.): Curry and Cotton for Large EddySimulation (LES) models, Del Genio for a GCM, and Isaac for a GCM. The latter includes specialemphasis on the role of chemistry and aerosol processes in cloud formation.The third Integration Task Team (proposed co-leaders: C. Bretherton and J. Curry) willprovide a small planning group to communicate the evolving data analysis needs of the modelinvestigations to the FIRE team and to coordinate the proposed model experiments. Specific tasksinclude the following:(1) compile (with the help of the whole FIRE team) comprehensive case study datasets,including atmospheric large scale circulation, boundary layer turbulence, cloud and surfaceproperties;(2) compile simulations of these cases from column models, LES models and GCMs;(3) diagnose moisture fluxes and radiative fluxes and their seasonal variations.As mentioned earlier, cloud microphysical properties have been studied with combinationsof ground-based remote sensors in FIRE II and ASTEX. Processing and integration of thesemeasurements are required to relate them to cloud-scale model simulations. The high frequency ofobservations possible with ground-based remote sensors will also allow an evaluation of therepresentativeness of the relatively infrequent rawinsonde observations of atmospheric structure.The fourth integration Task Team (proposed leaders: S. Krueger and T. Uttal) will seek toensure that measurements from ground-based remote sensors are processed in ways that will allowthem to be integrated with measurements from other platforms (surface, rawinsonde, and satellite),and to be used to evaluate cloud-scale model simulations.Arctic FIRE will employ a variety of models, ranging from cloud-scale models to globalclimate models. Models with dynamical components will require relevant large-scale boundaryconditions such as advective tendencies and vertical motion, which will be derived from griddedanalyses from NCEP, and possibly CMC and ECMWF.4.2.1ApproachesWe will couple three basic modeling approaches during Arctic FIRE: 3D cloud-scalemodels, 2D cloud-scale models, and 1D models. These approaches will be used to help developand evaluate parameterizations of cloud-scale processes, boundary layer structure, and cloud-aerosol interaction in global climate models.

364.2.2Cloud-scale modelsCloud-scale models simulate the larger scales of turbulence. They include 3D (also calledlarge-eddy simulation or LES) models and 2D (also called cloud ensemble or eddy-resolvingmodels). The premise of such models is that given observed boundary conditions and large-scaleforcing, the model is able to simulate the dynamical response, which in many cases of interestincludes convection and clouds. Simulations can be modified to study the role of particularphysical processes.A cloud-scale model (or eddy-resolving model) has a grid size on the order of 50 m or lessin the vertical and horizontal directions, and can explicitly represent all of the important flux-producing eddies that are at work inside clouds. Cloud-scale models also include microphysics andinteractive solar and infrared radiation parameterizations. 3D cloud-scale (or large-eddy)simulations are very expensive computationally, typically do not cover more than a few simulatedhours, and are restricted to domains that are much smaller than GCM grid boxes.2D cloud-scale models are particularly useful if detailed microphysical or aerosol schemesare included, or if broader horizontal domains including surface inhomogeneities such as leads aresimulated. 2D cloud-scale models can also be used for multi-day simulations. One of the 2Dmodels to be employed during Arctic FIRE, the University of Utah model, includes a sophisticatedturbulence closure model for small-scale turbulence.2D cloud-scale models have proven to be very useful for studying the stratus to cumulustransition in subtropical marine boundary layer (Krueger et al. 1995 a, b; Wyant et al. 1996). Thiscloudiness transition is primarily due to the response of the stratocumulus-topped boundary layerto increasing SST. Acase study of such a transition was observed in detail during the firstLagrangian experiment of ASTEX. Simulations of this case performed with 2D cloud scale modelsfor the second GEWEX Cloud System Studies (GCSS) Boundary Layer Clouds ModelingWorkshop show generally good agreement with the observations.4.2.31D models1D models to be used during Arctic FIRE include turbulence closure models and singlecolumn models. Asingle-column model (SCM) includes the entire set of physicalparameterizations of a GCM active in a single grid column. Afundamental use of a SCM is todevelop and evaluate parameterizations for GCMs. As part of Arctic FIRE, we will also conductGCM simulations using improved versions of these parameterizations.4.3Arctic low-level cloud regimes: What are we trying to model?The principal thrusts of our modelling efforts will include:(1) The vertical and temporal distribution of cloud, microphysical parameters andradiation in the area of the SHEBA site over the annual cycle.(2) Multilayer summertime Arctic stratus(3) Springtime mixed-phase clouds and the effects of leads.(4) Aerosol/Arctic cloud interactions, especially during spring and summer.We will now discuss each of these in more detail.4.3.1Vertical and temporal distribution of cloud properties at the SHEBA siteIn conjunction with SHEBA, D. Randall will develop a single-column model of thecoupled Arctic atmosphere-ice-ocean system based on the CSU GCM and compare it to

37measurements taken at the SHEBA site over the entire annual cycle. The model will be forced bythe large scale advective tendencies analyzed by operational models. FIRE aircraft measurementswill help evaluate the assumptions behind the cloud parameterizations. Intercomparison with ArcticFIRE cloud scale models will also be used to improve the parameterization framework. Importantspecific issues that will be addressed with this SCM include:¥Studies of the sensitivity of the coupled system to external perturbations, e.g.CCN perturbations, moisture and temperature advection perturbations.¥Simulation of Arctic summer stratus, including formation, dissipation,convective transports, and optical properties, and also including a faithfulrepresentation of the dependence of cloud amount, cloud depth, and cloudoptical properties on the properties of the lower boundary, including thefraction of open water, melt-pond coverage, and snow cover.¥Simulation of the formation and dissipation of Arctic winter �diamond dust�clouds, including their effects on the downward longwave radiation at thesurface.¥Simulation of the seasonal transitions, including the coupled evolution ofcloudiness and the ocean / ice surface.¥Investigation of the extent to which the cloud amount and optical properties ofthe Arctic summer stratus depend on the state of the lower boundary, e.g. icecover and thickness, snow-cover and thickness, melt-pond cover andthickness.¥Study of the ways in which Arctic clouds affect the surface energy budget,both instantaneously in all seasons, and integrated over an annual cycle.In addition, C. Bretherton will work with at least one of NCEP, CMC or ECMWF tocompare the SHEBA data with diagnosed surface and radiative fluxes, cloud properties, andturbulent transports from an operational forecast model. The goal is to test and improve forecastmodel parameterizations in the Arctic, but this intercomparison should also help us assess thequality of the operational analyses which will be used to drive the SCMs.4.3.2Multilayer summertime Arctic stratus2D and 3D cloud scale models and 1D turbulence closure models will be used to betterunderstand the multilayer structure of Arctic summertime stratus cloud and distinguish between thevarious hypotheses described in the FIRE Phase III Science Plan. Two groups (W. Cotton and J . Curry, and Y. Kogan and D. Lilly) will use 3D large-eddy simulation (LES) models with detailedmicrophysics, while two other investigators (C. Bretherton and S. Krueger) will use 2D and 3Dcloud-scale models with bulk microphysics. S. Krueger will also use a 1D version of his model.4.3.3Springtime mixed-phase clouds and the effects of leads.To understand the cloud and boundary layer processes during the springtime, models mustinclude representations of mixed phase microphysics. Y. Kogan and D. Lilly will expand their bin-resolved microphysical model to include the size spectrum of ice particles, and compare theirresults against springtime measurements. In addition, the surface fluxes of heat, moisture andperhaps even aerosols in plumes from leads are very important in the winter and spring. S . Krueger will use a 2D model to examine the plume structure and the aggregate effects of plumes onthe boundary layer. A related SHEBA investigation by Q. Shao will study the same problem with a

383D model. W. Cotton and J. Curry will study the microphysical structure and ice crystal formationin plumes.4.3.4Aerosol/Arctic cloud interactions, especially during spring and summer.The LES model of Y. Kogan and D. Lilly will also be used to investigate the sensitivity ofcloud structure and radiative fluxes to aerosol abundance and size spectrum within the boundarylayer.4.4Observations needed to make modeling studies possible4.4.1Initialization and boundary conditionsModeling studies require data for initialization, to provide observationally specifiedboundary conditions in some cases, and for evaluation of the model results.As mentioned earlier, all models require some specification of the large-scale advectivetendencies, including those due to vertical motion, and the geostrophic wind. We will rely onanalyses from the operational weather services to best integrate the available data. However, theArctic basin is a data void, although it is surrounded by fairly dense observational networks.Additional observations made from the ice should considerably improve these analyses.Particularly valuable observations will include those from rawinsondes and wind profilers operatedat the SHEBA ice station, and from dropwindsondes deployed from FIRE aircraft. The SHEBArawinsonde data will be assimilated into the NCEP, CMC and ECMWF operational forecastmodels (see section 3b).For models that prescribe surface characteristics rather than predict them, the followingadditional observations are necessary: statistical descriptions of spatial distributions of surfacetemperature (to incorporate the effects of leads and melt ponds), surface spectral albedos andemissivity, and surface roughness length. Area-averaged surface heat and moisture fluxes are alsoneeded. SHEBA is expected to provide all of the above measurements. For models that do notpredict cloud particle size distributions, observed profiles of droplet spectra are needed. Formodels that incorporate aerosol-microphysical interactions and/or the radiative effects of aerosols,aerosol size spectra and chemical composition are required. If upper-level clouds are present, thedownwelling radiative fluxes must be specified at the domain top for models with limited verticaldomain size.4.4.2Model evaluationMeasurements are required not only to perform simulations, but to evaluate them as well.These include profiles of temperature and water vapor, obtainable from radiosondes,dropwindsondes and aircraft soundings, as well as less readily available observations of surfacefluxes of sensible and latent heat and spectrally-resolved up and downwelling radiative fluxes (tobe provided by SHEBA), and various in situ and remotely sensed radiation and cloudmeasurements. Most useful for model evaluation are liquid and ice water content and effectiveradius profiles, cloud fraction profiles, and turbulent and radiative flux profiles. These will beprovided/determined/estimated from measurements made by a combination of SHEBA surface-based remote sensing instruments, FIRE aircraft in situ and remote sensing instruments, andoperational satellite sensors.5.0 Concluding RemarksFIRE�s foray into the Arctic, in collaboration with SHEBA and ARM, represents animportant broadening of the scientific scope of the FIRE program as a whole. This strategic step ismotivated by the acknowledged importance of the Arctic for the global climate system, and an

39appreciation of how poorly we understand Arctic clouds and the energy budget of the Arcticsurface.At the same time, this Implementation Plan for the Arctic phase of FIRE is quite consistentin approach with the earlier phases of FIRE�s �boundary-layer cloud� projects, first off the coast ofCalifornia in 1987, and then in ASTEX during 1992. The emphasis is on a combination of aircraftmeasurements and satellite retrievals. Surface data will be provided primarily by SHEBA andARM.Further information about the FIRE program and FIRE�s planned Arctic field mission canbe obtained by contacting the FIRE Project Manager, David S. McDougal, Mail Stop 483, NASALangley Research Center, Hampton, VA23681, 804-864-5832, d.s.mcdougal@larc.nasa.gov. Asummary of FIRE�s organization and data management structure is given in Appendix D.

40Appendix A - Summary of SHEBA Science Plan1SHEBA is a research program designed to document and understand the physical processesthat couple the atmosphere, ice, and ocean in the Arctic. The central motivation behind SHEBA isthe large discrepancies among global circulation model (GCM) predictions of present and futureclimate in the Arctic, and the uncertainty about the impact of the Arctic on climate change. Thesedifficulties are due, in large part, to incomplete understanding of the physics of vertical energyexchange within the ocean-ice-atmosphere system. In particular, the central theme of SHEBAemerges from issues related to the surface energy balance, especially the ice-albedo and cloud-radiation climate feedback mechanisms. The SHEBA program is based on the premise thatimproved understanding of the physical processes involved in air-sea-ice interactions is needed toaddress the issues of climate feedback in the Arctic and to improve our ability to model the Arcticclimate. Hence, the goal of SHEBA is to acquire the knowledge needed to correctly parameterizethe physical processes in numerical models of the atmosphere-ice-ocean system, and to integratethese processes into GCMs.The essence of SHEBA as a project is to conduct a year-long field experiment (startingAutumn 1997) at a drifting station on the pack ice of the Arctic Ocean, in combination with remotesensing and modeling analyses of the entire Arctic Basin. The primary focus is on processes thatdetermine the ice-albedo feedback and the cloud-radiation feedback. The observational programemphasizes a coordinated and comprehensive measurement effort examining the physical processesassociated with interactions among the radiation balance, mass changes of the sea ice, storage andretrieval of energy and salt in the mixed layer of the ocean, and the formation of clouds and theirinfluence on the surface energy balance. The modeling effort aims to improve the parameterizationsof crucial air-sea-ice interactive processes in climate models. The large-scale context for theSHEBA field site will be provided by geophysical data products derived from satellite-bornesensors.The timeliness of SHEBA derives from the recognition of a need to clarify the role of highlatitudes in global climate on various time scales, a desire to improve the physics included in air-ice-ocean models, the availability of new observational technology, including satellite derivedgeophysical products, and a shared motivation with several other programs. Primary sponsorshipof SHEBA is provided by the National Science Foundation Arctic System Science (ARCSS)Program and the Office of Naval Research (ONR) High Latitude Program. In addition, SHEBA isbeing designed in collaboration with the Submarine Science Ice Experiment (SCICEX), sponsoredby a consortium of federal agencies led by ONR; the First ISCCP Regional Experiment III (FIREIII), sponsored principally by the National Aeronautics and Space Administration; the Departmentof Energy Atmospheric Radiation Measurement (ARM) program; and the NASA sponsored EOS-POLES project. International collaboration is coordinated under the auspices of the Arctic ClimateSystem Study (ACSYS) of the World Climate Research Programme.

1.Available in draft form as this FIRE Arctic Implementation Plan was written.

41Appendix B - Summary of Relevant Parts of the ARM Science PlanARM chose the North Slope of Alaska as a locale because the Arctic is hypothesized tohave large climatic feedbacks linking surface and tropospheric temperatures, surface albedo,evaporation, cloud cover, deep ocean water production (the global thermohaline ocean circulationpump), and the polar atmospheric heat sink. The North Slope of Alaska/Adjacent Arctic Ocean(NSA/AAO) ARM site will be centered at Barrow, Alaska. Asupplementary site will beestablished at Atqusuk, which is about 100 km inland from the coastThe specific scientific objectives to be addressed at the NSA/AAO site focus on improvingthe performance of climate models at high latitudes by improving our understanding of specificphysical processes. The specific objectives are enumerated below, in the form of questions.Document the radiative environment and how it is determined by atmosphericconstituents and thermodynamics.Determine the physical, chemical and dynamical processes responsible fordetermining the Arctic cloud characteristics.Understand the radiation-climate feedback processes operating in the Arctic.Aircraft measurements on a campaign basis are needed for in situ evaluation of the surface-based remote sensing systems. ARM will coordinate with aircraft campaigns from other programsin the Arctic. Amajor campaign will take place in conjunction with SHEBA and FIRE III in theBeaufort Sea. These aircraft campaigns are critical for providing in situ measurements to evaluatethe ground-based remote sensing retrievals. Additionally, there are several suitable aircraft basedon the North Slope for which appropriate instrumentation packages could fairly easily be prepared.Use of such non-dedicated aircraft would make periodic in situ measurements of several differenttypes much more affordable, particularly dropsonde deployment. Because of logistical difficultiesand cost limitations on the North Slope, dropsondes are an attractive option relative to surface-based radiosonde launch facilities at boundary sites.Satellite remote sensing must play a major role in observing the Arctic environment,because of the paucity of conventional observations. The NSA/AAO observations will be used toevaluate and interpret satellite observations in this region, and thus extend the observationaltime/space domain.ARM will test improved parameterizations using single-column models. To study theformation, maintenance, and dissipation of cloud systems, and to improve parameterization ofthese processes in climate models, atmospheric mesoscale models are also needed.Virtually all of ARM�s scientific objectives will be pursued in collaboration with theSurface HEat Budget of the Arctic Ocean (SHEBA) and Arctic FIRE.

42Appendix C - Analysis of Sampling StrategiesThis appendix describes in detail the sampling strategy discussed in section 3.3.8.There are two outstanding sampling issues in testing both cloud models and cloud remotesensing data:¥How many independent samples are required?¥What constitutes an independent sample?The answer depends greatly on the particular scientific question being asked, andwould differ greatly for the following examples:¥What is the decadal average global cloud cover?¥What is the yearly averaged cloud height over Brazil?¥What is the seasonal cycle in cloud optical depth off the coast of California?¥What is the ENSO variation of high cloud amount over the western tropicalPacific?¥What is the seasonal cycle of cloud particle size and phase over the Arctic?¥What is the cloud height at 1800 GMT on January 15, 1999 over the OklahomaARM site?It is not possible to determine accuracy estimates for every possible cloud question which might beasked. The types of clouds, seasons, climate regions, time and space scales define too large arange of options.There are two obvious ways to focus the possibilities:¥Define a reasonably small set of representative cloud types.¥Define a reasonably small set of representative climatic regimes.Both of these approaches have been tried in analyses of surface-observed cloudstatistics (Hahn et al., 1982; Sherr et al., 1968).FIRE has followed the �cloud type� approach, and has examined 3 of the 6 types to date:St/ScStratus/StratocumulusJuly, 1987Off the California Coast

June, 1992Azores

CuCumulusJune, 1992Azores

Ci/Cs/CcCirrusOctober, 1986Wisconsin

November, 1991Kansas

Remaining cloud types are Cumulonimbus (Cb), Nimbostratus (Ns), andAltostratus/Altocumulus (As/Ac). Is midlatitude oceanic stratus fundamentally the same cloud aspolar stratus, however? Given the large changes in surface temperature, moisture fluxes, andatmospheric stability, a model successfully tested on oceanic boundary layer cloud in thesubtropics may well fail when applied to boundary layer clouds over the Arctic ice pack. Further,

43the remote sensing of clouds over ocean, land, and especially snow/ice surfaces can differ greatly.This suggests the inadequacy of a simple cloud type classification.Evaluation of remote sensing algorithms suggests a need to test a minimal set of:¥6 cloud types as listed above,¥7 climate regions:ocean: tropics and midlatitudesland: tropics, midlatitudes, and polesdesert: midlatitudessnow/ice: poles¥2 optical thickness (thin, thick)¥2 cloud overlap conditions (single layer, multi-layer)¥3 solar zenith angles (0, 60, night; i.e. cosine of the zenith angle = 1, 0.5, 0)¥3 viewing zenith angles (0, 45, 65. i.e. cosine of the viewing zenith angle = 1,0.7, 0.4)¥3 viewing azimuth angles (0, 90, 180)This gives a total of (6)(7)(2)(2)(3)(3)(3) = 4536 different cloud/observingcombinations. Of course, some of the cloud types, climate regions, and optical depths are mutuallyexclusive (Cb at the poles over snow/ice, or optically thin Ns) so that this number might bereduced to closer to 4000.The optical depth, cloud overlap, solar zenith, viewing zenith, and viewing azimuth affectthe nature of remotely sensing cloud properties from surface, aircraft, or space-based passiveradiance measurements. For purely thermal infrared techniques, the viewing azimuth and solarzenith restrictions can be removed. For active lidar and radar, the solar zenith and azimuth can beeliminated, for a factor of 10 fewer cases (order 400). For any given cloud type and climate region,(say midlatitude land cirrus) the number of cases to test reduces to 108, with some solar zenithangles being inappropriate (e.g. overhead sun for polar ice/snow). In particular, for ArcticFIRE/SHEBA, we might be left with:(2 depth)(2 overlap)(2 solar zenith)(3 viewing zenith)(3 viewing azimuth) = 72 casesfor evaluation of passive cloud remote sensing methods.For evaluation of active remote sensing methods (e.g. combined surface nadir uplookinglidar/radar/radiometer profiles of cloud microphysics) the number of cases per cloud type simplifiesto:(2 depth)(2 overlap) = 4 cases

44For cloud modeling tests, the number of cases would be:(2 overlap)(2 solar zenith) = 4 casesfor each cloud type considered. The above analysis suggests that evaluation of remotesensing algorithms requires at least an order of magnitude more cases to test than a dynamicalcloud model.The preceding analysis suggests that the number of cases that must be studied is an order ofmagnitude larger for passive remote sensing than for active remote sensing or for cloud modelevaluation. It also suggests that the total number of samples required, Nt, can be thought of as:Nt = (Nc) (Ns)where Nc is the number of cloud type/observing condition cases and Ns is the numberof independent samples of each case. Ns will determine how well we can estimate the uncertaintiesin modeling or measuring any given case. For a gaussian error in measuring a given cloud case,we can derive the following simple table for the 95% confidence limits as a function of the numberof independent samples:N s Standard DeviationMean

5strue < 1.5 sestmtrue = mest – 1.2 s

10strue < 1.35 sestmtrue = mest – 0.7 s

30strue < 1.2 sestmtrue = mest – 0.2 s

100strue < 1.1 sestmtrue = mest – 0.1 s

For example. if we have 30 independent samples of cirrus cloud height determinationwhich estimate a mean bias error of 500 m, and a standard deviation of 1.5 km, we can say with95% confidence that the true standard deviation of the cloud height error is less than (1.5)(1.2) =1.8 km. Atthe same time we can say that the bias error in cloud height is with 95% confidencebetween 200 m and 800 m. If our concern is climate research, so that the most critical confidencebound is that of the ensemble mean, then clearly the number of independent samples required toestimate the ensemble mean depends directly on the noise of the measurement technique. For mostcurrent remote sensing techniques, the standard deviation of the error is roughly 10-20% of themean value, so that knowledge approaching 1-2% in the ensemble mean would require evaluationagainst 100 independent samples.What constitutes an �independent sample?� Leith (1973) considered this issue for climatestatistics and concluded that for typical �red� atmospheric spectra, that a workable definition ofindependence was twice the time or distance required for the autocorrelation function value to fallto 1/e. For midlatitude geopotential height, Leith found the independence scale at midlatitudes tobe 6.5 days. At 10 m s-1 this is roughly 5000 km (i.e. ~ wavenumber 6). Cahalan et al. (1982) examined 2.5 degree gridded NOAA heat budgetlongwave flux data and concluded that this scale was roughly 1000 km. This number is probably a rough indication of cloud height independence scale. Itis probably an upper estimate, however, given that the large grid size (250 km) causes an overestimate, and given that this data included both large clear areas(very uniform and not pertinent to cloud tests) as well as the less uniform cloudy regions. In this sense, the estimate of Cahalan et al. (1982) represents thedistance between different cloud types (i.e. high cloud to low cloud), as opposed to the independence scale of any given cloud type. A similar estimate of thescale of independence between different cloud types was obtained by Jones (1992), who examined the autocorrelation of surface observer cloud fraction andsuggested an independence scale of about 700 km.An examination of the FIRE I San Nicolas Island LWP time series (1 minute samples for19 days) gives an independence scale of about 300 km for stratocumulus. It is likely that theindependence scale (hereafter denoted by L) for different cloud variables differs, with L(cloudheight) > L(cloud particle size) > L(LWP or optical depth). Any short time series, however, will

45tend to systematically underestimate the true independence scale. Further work is needed to definethese scales as a function of cloud type and cloud physical property. Critical data sets wouldinclude:¥cloud top/base from LITE space-borne lidar data (700 m or 7 km resolution)¥cloud optical depth from AVHRR LAC (best) or GAC (acceptable)¥cloud particle size from AVHRR LAC(best) or GAC (acceptable)¥cloud fraction from AVHRR LAC or GOES 1-km: need to define a grid sizefor cloud fraction: 5, 20, 100, 500 km.For conditional sampling, one difficulty will be objective determination of each cloud type from alarge set of satellite or surface observations. From earlier work, the appropriate independencescales for cloud properties probably lie between 100 and 500 km.Suppose that the correct scale is 250 km. In this case, we can estimate how rapidly asurface site, an aircraft, and a satellite can collect independent samples:Data SourceS p e e d Time to move 250 kmSamples/Time

ARM/SHEBA:10m/s7 hours3.5 / day

ER-2:200m/s0.3 hours17/flight

Satellite:7000m/s0.5 minutes3000 / day

How many independent samples can FIRE/SHEBA obtain? It depends on what we areafter.First, consider �Cloud Type Frequency of Occurrence.� The first step is to determine theexpected cloud types for the Spring (April, May) SHEBA/Arctic FIRE deployment. Using Hahn etal., 1982, March/April/May, for 75N, 135W cloud frequency of occurrence is taken from surfaceobservations. Assuming that the time scale for changing cloud type is greater than 1 day (i.e.changing synoptic systems), we have the following expected conditions for 1 month of fieldobservations:Days/MonthDays/Month

Cloud Type Single-Layer Multi-Layer

St/Sc813

Ci/Cs/Cc311

As/Ac111

Ns08

Cu13

Two days are predicted to be clear. We then find a total of 15 days with either clear or single-layercloud, and 15 days with multi-layer cloud.Next, consider �Satellite observation frequency of occurrence/conditions.� The followingsatellite observations are expected from EOS-AM 10:30 am sun-synchronous orbit: (correct later toNOAA am and pm sun-synchronous)2 for April 1, 75N, 140W:

2.(Note: We need to extend these same statistics for 7 am, 2 pm NOAA orbits for the SHEBA field phasein 1998 for evaluation of ISCCP. But the above statistics will apply to EOS-AM overpasses of the ARMnorth slope site after the SHEBA/FIRE field deployments have been completed.)

46Orbit overpasses per day8 . 5

Range of local times1130pm - 1230pm, every 1.7 hours

Daily time gap11 hours

Solar zenith angle70 - 90 degrees, daily

Viewing zenith angle0 - 65 degrees, daily

Viewing azimuth angle85 - 92 degrees, daily

Phase function scattering angle90 - 105 degrees, daily

Using the above statistics: we expect over the SHEBA or ARM sites to observe:Cloud/Climate ClassCommentsObservingStrategy

5 Cloud types(no Cb)1 day = 1 type

2 Climateregions(ice, land)SHEBA = ice,ARM = land

2 Overlapconditions(single, multi)1 day = 1 type

ObservingConditionCommentsObservingStrategy

2Opticalthicknesses(thin,thick)within each day:cloud scale

2Solar Zenith(70,> 90 degrees)within each day

3ViewingZenith(0,45, 65 degrees)within each day

1ViewingAzimuth(90)within each day

We can now take the above Classes, and predict the number of independent samplesexpected for different sampling strategies. For the estimates below we predict the average time toget 30 independent samples of each Cloud/Observing Class.ObservingStrategyCloudCasesN e e d e d CasesObs/dayO b s ConditionsN e e d e d Conditions

Obs/day2 * 51128

Surface Site vs. Satelliteovlp*type2t*2q0*lq*lf

30 samples per case = 30 * 10 * 1 * (12/8) = 450 days = 1.5 yrs100 samples per case = 100 * 10 * 1 * (12/8) = 1500 days = 4 yrsMissing Observation Conditions: None.Disadvantages: no oversampling to beat down instrument noise.O b s e r v i n g S t r a t e g y C l o u d C a s e s N e e d e d C a s e s O b s / F l i g h t O b s C o n d i t i o n s N e e d e d C o n d . O b s / F l i g h t

ER-2 / ER-22 * 5844

47(MAS?Lidar)ovlp*type2t*2q0*lq*lf

30 samples per case = 30 * 10 * (1/8) * (4/4) = 38 flts = 225 hrs100 samples per case = 100 * 10 * (1/8) * (4/4) = 125 flts = 750 hrsMissing Observation Conditions: Only validates nadir satellite viewing angle, and onlyvalidates cloudheight and cloud amount.Advantage: oversampling to reduce instrument noise effects.O b s e r v i n g S t r a t e g y C l o u d C a s e s N e e d e d C a s e s O b s / F l i g h t O b s C o n d i t i o n s N e e d e d C o n d . O b s / F l i g h t

ER-2/In-Situ2 * 5444

(MAS/In-Situ)ovlp*type2t*2q0*lq*lf

30 samples per case = 30 * 10 * (1/4) * (4/4) = 75 flts = 450 hrs100 samples per case = 100 * 10 * (1/4) * (4/4) = 250 flts = 1500 hrsMissing Observation Conditions: no vertical profiles of effective particle size.Evaluation of models of viewing zenith dependence requires a sawtooth flight patternby in-situ aircraft under the ER-2: further exacerbating the large difference in flight speed of thetwo aircraft. Stacked in-situ aircraft vertical profiling of microphysics greatly reduces the numberof independent samples obtained per flight. If 4 levels are measured, we get 1/4 the independentsamples, so we need 4 times as many flights as determined above.Advantage: oversampling to reduce instrument noise effects.

48Appendix D - FIRE Scientific Organization and Data Management1.0 LEAD MANAGEMENTFIRE has been a multi-agency effort since its inception. The goals of FIRE are not boundedby a single agency’s mission; neither is the talent base required to address the complex problems ofcloud-climate research. Close interagency cooperation in the past has made possible FIRE’sadvancements in our understanding of these climatically important cloud systems. It is intention ofFIRE’s participants to maintain and further refine this spirit of interagency cooperation.While NASA will continue to serve as the lead agency for FIRE-III, other federal agenciesincluding National Science Foundation (NSF), Office of Naval Research (ONR), Department ofEnergy (DOE), Department of Defense (DOD), and National Oceanic and AtmosphericAdministration (NOAA) will remain strong participants in FIRE-III. The Radiation SciencesProgram, Atmospheric Science Branch, NASA Headquarters, will provide overall cognizance ofthe FIRE project and will represent FIRE to the Working Group on Data Management for WCRPRadiation Projects. Contact points are located at the following offices:Dr. Robert CurranAtmospheric Science BranchNASA Headquarters/YSWashington, DC 20546Dr. Robert Abbey, Jr.Office of Naval ResearchCode 1122 MM800 N. Quincy StreetArlington, VA 22217Dr. Michael LedbetterArctic Systems Science ProgramOffice of Polar ProgramsNational Science Foundation2401 Wilson BoulevardArlington, VA 22230

Dr. Jay FeinAtmospheric SciencesNational Science Foundation1800 G Street, NWWashington, DC 20550Dr. Pam StephensAtmospheric SciencesNational Science Foundation1800 G Street, NWWashington, DC 20550Dr. Richard LawfordNOAA/OGPMail Stop GP1100 Wayne AvenueSilver Spring, MD 20910

Dr. Pat CrowleyDepartment of EnergyEnvironmental SciencesDivisionResearch ER-74Washington, DC 20585Dr. Rex FlemingDirector, Climate ObservationsNOAA/ERL3300 Mitchell Lane, Suite 175Boulder, CO 80301

2.0 PROJECT MANAGEMENTThe FIRE project activities will be managed by the FIRE Project Office at NASA’s LangleyResearch Center. The FIRE project manager will be responsible for the overall management,coordination, and reporting of the project activities. These responsibilities will include interactingwith the Radiation, Dynamics, and Hydrology Branch and Physical Climate and HydrologyBranch management at NASA Headquarters, the Meteorology Research Program management atONR, and the other agency representatives; overall cognizance of project planning, schedules, andfield operations; and allocation of approved funding to support the scientific objectives. The project

49manager will be assisted by a project scientist and a project staff, which will include: an OperationsManager, a Data Manager, and a Project Coordinator.Project Scientist - The FIRE Project Scientist will be responsible for all scientific aspects ofFIRE. The project scientist will (a) act as a scientific advisor to the project manager; (b) representthe members of the science team in their relationship with the project manager; (c) maintain anoversight of the scientific integrity of the project; (d) review and make recommendations ofproposed modifications to selected proposals as warranted; and (e) participate in negotiationsregarding allocations of specialized project resources among approved investigations.Operations Manager - The Operations Manager will have overall responsibility fororganizing, scheduling, and conducting field operations, preparation of mission plans, establishingmission objectives with the MST Chairman, determining special support requirements, conductingplanning and debriefing sessions, and operational procedures. The Operations Manager is alsoresponsible for designing the specific and facilitating operationally feasible flight profiles to meetthe scientific objectives and for coordinating the experimental requirements of measurementplatforms for resources, testing, and integration for all field measurements. Lastly, the OperationsManager is responsible for the setup, testing, and operation of the mission operations site.Data Manager - The Data Manager will be responsible for coordinating the types, scope,and quantity of data collected during the intensive field and extended-time activities and itsarchiving. The Data Manager will serve as the Chairperson for the Data Management WorkingGroup. The Data Manager will ensure that the data is submitted as required to the FIRE CentralArchive and eventually released to the scientific community.Project Coordinator - The Project Coordinator will provide administrative support to theFIRE Project Office, including logistical and reimbursement support in the planning andconducting of FST meetings and field missions as required.3.0 FIRE-III SCIENCE TEAMThe FIRE-III Science Team (FST) will be comprised of the principal investigators of thoseagency-approved proposals directly related to FIRE-III research. Appointment to the FST will bebased on the recommendation of the supporting agency. The term of participation on the team willcontinue as long as the approved research continues. The team shall determine its own structureand method for interaction. Ex officio members may be appointed to the team, as needed, by theproject manager.The FST will be responsible for implementing the broad scientific objectives of the projectin accordance with the selected investigators. Additional responsibilities will be to:a. Develop implementation plans for FIRE research including:1. field experiments.2. data management.3. research programs.b.Recommend and perform coordinated research activities, including theinterface of modeling and experiments.c.Conduct individual investigations in accordance with approved proposals.d.Hold meetings and workshops, as needed, to plan and assess researchprograms.

50e.Designate the makeup and responsibilities of special working groups, asneeded, to address special task areas.f.Establish a data protocol that will promote the timely publication anddissemination of scientific results.Table 1 lists the FST members, their institutions, and working groups in which they will beparticipating. S refers to both stratus and Arctic cloud systems. Figure 1 shows a schematic of therelationships between the agencies, the agency program managers, the FIRE Project Office, andthe FST.Table 1 - ˚FIRE-III Science Team: C = Cirrus only;

C,A = Cirrus principal,Arctic/Stratus secondary; C,A = Cirrus and Arctic/Stratus equal; C,

A = Cirrussecondary, Arctic/Stratus principal; A = Arctic/Stratus onlyNameOrganizationSponsoring AgencyResearchThrust

Tom AckermanPSUNASAC

Bruce AlbrechtPSUONRA

Chris BrethertonU WashingtonNASAA

Kenneth CampanaNMCNOAA

C ,ABill CottonCSUNASAC,A

Steve CoxCSUNASA

C ,AJudy CurryU ColoradoNASAA

Tony Del GenioGISSNASAC,A

Leo DonnerGFDLNOAAC

Wynn EberhardNOAA-ETLNOAAC,

AChris FairallNOAA-ETLNOAAA

Hermann GerberGerber ScientificNASAC,A

Jim HackNCARNSF

C ,AJohn HallettDRINASA

C , A

Mike HardestyNOAA-ETLNOAAC,

Andy HeymsfieldNCARNASA

C ,APeter HobbsU WashingtonNASAA

Jim HudsonDRINASAC,

AGeorge IsaacAESNASAA

Mike KingGSFCNASAC,

AYefim KoganU OklahomaONRA

Sonya KreidenweisCSUNSF

C ,ABob KropfliNOAA-ETLNOAAC,

ASteven KruegerU UtahNASAA

Paul LawsonSPECincNASA

C ,ADon LenschowNCARNASAA

Kuo-Nan LiouU UtahNASAC

Martin MillerECMWFNASAC,

APat MinnisLaRCNASAC,A

M. MishchenkoGISSNASA

C ,APeter PilewskieARCNASAC,A

Michael PoellotU North DakotaNASAC

David RandallCSUNASAC,

ABill RossowGISSNASAC, A

51Ken SassenU UtahNASAC

Jim SpinhirneGSFCNASAC,A

David StarrGSFCNASAC

Graeme StephensCSUNASA

C ,ABrian ToonARCNASA

C ,ASi-Chee TsayGSFCNASAC,

ATaneil UttalNOAA-ERLNASA,NOAAC,

AFrancisco ValeroARCNASAC,A

Shouping WangMSFCONR, NASAA

Ron WelchSDSMTNASAC,A

Bruce WielickiLaRCNASAC,A

Don WylieU WisconsinNASAC,A

Qing-Yu ZhaoNMCNOAA

C ,A3.1 FIRE Working GroupsFIRE has been designed to address a number of complicated scientific problems. The FIREstrategy is to assemble those members of the scientific community with interests in these problemsand to create an environment which encourages them to collectively pursue the solutions to theseproblems. FIRE working groups representing the themes of cirrus cloud systems, marinestratocumulus and arctic cloud systems, and data management will be constituted from the FSTmembership as follows:i.Cirrus Working Groupii.Arctic Working Groupiii.Data Management Working GroupThe Cirrus and Arctic Working Groups will accept the following responsibilities:i.Define specific goals to be collectively pursued; these include, but are notlimited to the following:a.satellite intercomparisons;b.satellite-in situ intercomparisons;c.case studies;d.GCM parameterizations.ii.Identify responsible individuals in each of the collective study areas referredto in item i and monitor the progress of the collective research.iii.Define data sources, requirements and schedules essential to working groupstudies.iv.Exchange data among FST and working group members.v.Oversee publication of joint research results from tasks identified in item i.

52The Data Management Working Group (DMWG) will be comprised of key members fromthe Cirrus and Arctic working groups, as well as from the FIRE Central Archive. The FIRE DataManager will chair the DMWG. The responsibilities of the DMWG are:i.provide interaction and coordinate data management decisions among theFIRE data gathering working groups, the FIRE Central Archive, and theprincipal investigators.ii.ensure uniform FIRE data characteristics (throughout all working groupsand FIRE researchers)iii.define listings of uniform parameter units and conventions for reduced dataproducts.iv.oversee the plans, progress, and performance of the FIRE Central Archive(see section 4.1.3).4.0 DATA MANAGEMENTData management is an ongoing activity, beginning immediately in the pre-experimentphase and continuing through the end of FIRE-III. Collaboration and data exchange of data amongFIRE investigators will be required to produce integrated analyses of multi-platform, multi-scale,and multi-spectral data sets; these integrated analyses are central to the accomplishment of theFIRE-III science objectives. In addition, the data management activities will seek to ensure theavailability of FIRE data and analysis products to the entire science community. To maximize thesedata management goals, the FST will develop a data management and protocol plan consistent withthe supporting agencies’ goals for the sharing of the data, the rapid dissemination of results, anddocumentation of measurements obtained.At a minimum, the data management activities will disperse most of the data reduction andprocessing functions to the FIRE investigators engaged in collecting and analyzing the data, but tohold the resultant data sets and analysis products centrally for ready access by all FIREinvestigators. The FIRE Central Archive, located at the Langley Research Center EOSDISDistributed Data Active Archive (DAAC), and the FIRE Project Office will provide a centralizedsource of information and copies of data which are centrally archived. The FST, composed of theinvestigators, will coordinate the decentralized data reduction and analysis activities. In addition,the FIRE Central Archive will transfer, from time to time, certified FIRE data to the scientificcommunity.Data management activities in FIRE will insure the exchange of data among FIREinvestigators that is required to produce the integrated analyses of multi-platform, multi-scale, andmulti-spectral data sets; these integrated analyses are central to the accomplishment of the FIREscience objectives. In addition, the data management activities will insure the availability of FIREdata and analysis products to the entire science community. These activities will be carried out byfour organizational components within FIRE:(1)the Cirrus and Arctic Working Group,(2)the individual FIRE principal investigators,(3)the FIRE Central Archive, and(4)the FIRE Project Office.

53The strategy embodied in this organization is to disperse most of the datareduction and processing functions to the FIRE investigators engaged in collecting and analyzing the data, but tohold the resultant data sets and analysis products centrally for ready access by all FIREinvestigators. The FIRE Central Archive and the FIRE Project Office will provide a centralizedsource of information and copies of data which are centrally archived, whereas the FIRE WorkingGroups, composed of the investigators, will coordinate the decentralized data reduction andanalysis activities. In addition, the FIRE Central Archive will transfer, from time to time, certifiedFIRE data to EODIS and/or other organizations for permanent archive and for open access by thescientific community.4.1 Data Management Responsibilities4.1.1 Working GroupsThere are two data-gathering FIRE working groups - a Cirrus Working Group, and anArctic Working Group. These working groups will be composed of FIRE principal investigatorspursuing research relevant to that working group. The data management responsibilities of theindividual principal investigators, as dispersed elements of the FIRE data processing system, couldbecome onerous if not coordinated properly. Therefore, the FIRE Working Groups must governthese individual activities to insure progress toward the FIRE science objectives. The datamanagement functions of the FIRE Working Groups are:1.To determine the content and format of all principal investigator data sets tobe submitted to the Langley Research Center Distributed Active ArchiveSystem (LaRC DAAC). If requested, only FIRE-III researchers will haveaccess to data in the LaRC DAAC during the time period for datacertification.2.To set standards for data quality, documentation of all data sets, andcertification criteria for data products that will be released to the at-largescientific community.3.To assign a data �category� (section 8.5) to each data parameter that reflectsit’s usefulness to subsequent data analysis and whether and when it shouldbe archived.4.To select case study data sets for special intensive processing (includingreformatting) by all relevant principal investigators and to identify otheradditional processing of data to accomplish FIRE-III objectives.5.To coordinate data management decisions and ensure uniform FIRE-III datacharacteristics.6.To certify, within 6-24 months after acquisition, those data products fromthe LaRC DAAC that will be released to the scientific community.4.1.2 Principal InvestigatorsAll data reduction and analysis functions in FIRE-III reside with the scientists carrying outtheir research as part of the program. To encourage the interactions of these researchers needed tointegrate the various observations and models into a more comprehensive understanding of clouds

54and their effects, FIRE-III investigators will have free and timely access to all data collected duringFIRE-III, either by individual principal investigators or collected from satellites. Coordination ofdata analysis and modeling activities requires all principal investigators to perform certain othertasks as part of the FIRE-III data management scheme. These functions are:1.To provide to the LaRC DAAC written information concerning data holdings,including all data collected as part of FIRE-III and other data deemed relevant toFIRE-III research.2.To save all data collected in unreduced form for five years so that reduction ofdata can be repeated if necessary.3.To provide to the LaRC DAAC copies of all category 1, 2, 3 (when practical),and 4 (if desired) observations in a mutually-agreed upon format (see section 7.2for definition of data category) accompanied by complete instrument, reductionalgorithm and data format documentation.4.To provide, within 9 months after acquisition, to the LaRC DAAC copies ofany data analysis products deemed relevant to the accomplishment of FIRE-IIIobjectives, accompanied by appropriate documentation.5.To provide for archival of all submitted data sets by producing back-up copiesof all data and taking other necessary precautions to ensure the preservation of theFIRE-III data.6.To provide to other FIRE-III investigators or the LaRC DAAC, upon request,copies of other data sets acquired for FIRE-III research, that are relevant to otherFIRE-III studies.7.To provide to other FIRE-III investigators reasonable access to unreducedobservations to facilitate particularly crucial multi-data analyses.4.1.3 Langley DAACThe LaRC DAAC will serve as the FIRE-III Central Archive. The LaRC DAAC isresponsible for archiving and distributing NASA science data in the areas of radiation budget,clouds, aerosols, and tropospheric chemistry. It will also archive some of the data sets which resultfrom the EOS program and other elements of Mission to Planet Earth.The DAAC has developed an on-line computer system which allows the user to logon,search through the DAAC’s data inventory, choose desired data sets, and place an order. Data maybe received either electronically (via FTP) or on media such as 4mm tape, 8mm tape, or CD-ROM(prepackaged datasets only).Users with an X-Windows terminal (e.g., Motif) or a Sun Open Windows display systemwith access to Internet, may log onto the system by entering:xhost + eosdis.larc.nasa.gov(or: xhost + 192.107.191.17)telnet eosdis.larc.nasa.govlogin name: ims password: larcims

55At the prompts, enter x for the X-Windows interface and then your display name (name ofyour workstation followed by �:0� or internet address followed by �:0�).Users with access to NCSA Mosaic can use the following URL address:http://eosdis.larc.nasa.gov/Users without access to a terminal with an X-Windows display system but who haveaccess to Internet may log onto the system by entering:telnet eosdis.larc.nasa.govlogin name: ims password: larcimsAt the prompt, enter c for the character interface and then press return.Users who cannot access the system or who have questions concerning the Langley DAACmay contact:Langley DAAC User and Data ServicesMail Stop 157BNASA Langley Research CenterHampton, VA 23681-0001Phone: (804) 864-8656 FAX: (804) 864-8807email: larc@eos.nasa.govFor further information on LaRC DAAC contact Ms. Sue Sorlie, Langley ResearchCenter, 804-864-8660, s.e.sorlie@larc.nasa.gov or John Olson at 804-864-8609,olson@magician.larc.nasa.gov.The LaRC DAAC will provide a centralized data holding and on-line system in order tofacilitate easy access to all FIRE-III data by all FIRE-III investigators. Since most of the satellitedata are not collected directly by FIRE-III principal investigators, the LaRC DAAC will also beresponsible for holding of the satellite data sets required for FIRE-III research from the relevantsatellite operating agencies. The specific data management functions of the FIRE-III Data Archiveare:1.To hold all reduced observations and data analysis products submitted byindividual principal investigators or groups of principal investigators uponthe request of the FIRE-III Science Team.2.To hold all satellite data sets required for FIRE-III as specified by the FIRE-III Science Team.3.To provide, upon request, copies of any data sets to FIRE-III investigators(at minimal cost to investigators).4.To produce a data ingest request of the complete FIRE-III data holdings ofthe archive and the individual principal investigators indicating the currentanalysis status of these data. The data ingest request entries should provideinformation about the location of the data holding, the instrument(s)

56performing the observations, the temporal and spatial resolution of the data,and the format of the data.5.To update the data ingest request every year and to make it available toFIRE-III investigators in both hard copy and electronically (on-line dial-up)form.6.To restrict access to the data products in the LaRC DAAC to onlyresearchers associated with the FIRE-III project, if so requested by theFST. The at-large scientific community will not then have access to thesedata sets until they are released.7.To �release�, on an annual basis, certified FIRE-III data from the permanentarchive for unrestricted access by the at-large scientific community. The�transfer� process removes the access restraints to the at-large scientificcommunity.8.To provide for archival of the permanent FIRE-III data in the data archiveby producing back-up copies of all data and taking other necessaryprecautions to ensure the preservation of the data.9.To publish documentation, such as a FIRE-III Data Archive Users Manualthat describes the contents of the FIRE-III Data Archive, data formats, datarequest information, and other pertinent descriptive material.4.1.4 Project OfficeFIRE data management structure vests the primary data processing function with theindividual scientific investigators, the information and archival functions with the Central Archive,and the decision-making with the FIRE Working Groups. The Project Office must provide forliaison among these different groups. The specific data management functions of the project officeare:1.To provide liaison between the FIRE Working Groups (and individualprincipal investigators) and the data collecting agencies and agenciesoperating observing platforms required by FIRE.2.To provide liaison between the FIRE Central Archive and the satellite andother data collecting groups to facilitate the acquisition of the data setsneeded for FIRE.3.To provide for a close working relationship among the FIRE WorkingGroups and the Central Archive by including a representative of the CentralArchive on the Project Office staff who can attend FIRE Science Teammeetings.

574.2 Data ProductsThere are several types of data products that will be acquired, submitted, and archived atthe LaRC DAAC. These products, which will be obtained from a variety of instruments onboardsatellite, airborne, or surface-based platforms during the field experiment, are as follows:1.Guide/Summary--written information about the data holdings of theindividual PI’s, including location of the data holdings instrument(s)performing the observations; resolution and area coverage of the data; date,time, and location of the observations; format of the data; and analysis statusof these data.2.Raw data--original observations acquired by the instrument, in instrumentunits (voltages, etc.).3.Reduced data--observations converted to the physical quantity directlysensed by the instrument with quality control inspection and removal of baddata.4.Value-added products--physical quantities derived from the observations,including documentation on the analysis algorithm and any auxiliary datasets used in the analysis.5.Calibration, quality, and navigation information--describes the conversionto physical units, the conditions of observation and the location of theobservation.6.Instrument documentation and data tape format description.7.Data for special case studies which have been arranged for intercomparisonof multi-platform observations.8.Data selected for special processing to facilitate model studies.9.Status and bibliography of FIRE-III publications.The data acquired by the individual experimenters will be reduced to final values andforwarded to the LaRC DAAC. The format for the submittal of data to the archive must be inASCII or HDF/netCDF (see Appendix F). In addition, a written description of the readme file orpertinent remarks should be included in the data file or in a separate file to be submitted with thedata. The Langley DAAC will assist data producers putting data into HDF.Transfer of the final data between the investigators and the LaRC DAAC may beaccomplished by electronic data transfer using ftp.Transfer of the data from the data archive to the investigators will be done either physically(using DATs, 9-track tapes or floppy disks) or interactively (via electronic transfer) where suchsystems are available (email or ftp).4.3 Data CategoriesEach of the data products will be assigned a data �category� by the science team which willreflect its usefulness to subsequent data analysis and whether and when it should be archived.

58Table 2 outlines the definition of the four data categories. The FIRE-III Science Team will beresponsible for these assignments, coordinated with the responsible PIs.Table 2 - ˚Definition of Data �Categories�CategoryDefinitionUsefulnessArchive?

1Fundamental measuredparameterCriticalASAP or 3-6 months2Fundamental measuredparameter�A lot of people will use it�9-18 months3Reduced or value-addedparameterUsefulWelcomed; not required4.4 Data Protocol and Publications PlanThe FIRE-III data protocol and publication plan has been prepared to encourage an orderlyand timely analysis, interpretation, and publication of the data obtained during FIRE-III. It ishoped that the development and distribution of this plan will enhance the science output bypromoting cooperation among the investigators and encouraging the early publication of results,thereby enriching the scientific interpretation of the data obtained from single and ensemble ofinstruments.The FIRE-III Science Team (FST) is responsible for the certification of data submitted tothe permanent FIRE-III data archive located at the Langley Research Center (LaRC) DistributedActive Archive Center (DAAC). The certification process will normally take 6-24 months afteracquisition. During the certification process period, the following set of data protocol andpublication ground rules will be agreed upon and abided to by all FST members as a condition oftheir participation in the FIRE-III project.4.4.1 Data Protocol1.FST members will have free and timely access to all FIRE-III data acquiredduring the project. The normal vehicle for data dissemination will be atransfer of data via the LaRC DAAC; however, direct transfer of databetween investigators is also encouraged.2.Each investigator’s data is proprietary until the data appear in publication or,if the data are included in the LaRC DAAC, until this archive ispublished/released to the scientific community. FST members who collectFIRE-III data are responsible for the reduction, analysis, interpretation andpublication of their data and research results.3.An investigator whose unpublished data are to be used in an investigationhas the right to be included among the authors of any resulting publication.The investigator may refuse co-authorship but not the use of his data. Theinvestigator must provide information concerning the quality of the data andmay require that suitable caveats regarding the data be included in thepublication. It is the responsibility of the sponsoring investigator to solicitthe participation of the investigator whose data are to be used as early aspossible during the formative stages of the investigation.

594.FST members may release their own data to whomever they wish. Theymay not release the data of other investigators without consent.5.Selected sets of reduced data obtained by investigators participating incollaborative research will be made available to FST participants within 9months following acquisition.6.The FST will normally provide the forum in which collaborativeinvestigations are planned and executed; however, this is not meant todiscourage collaborative investigations outside the scope of FIRE-III.7.Any data sets resulting from collaborative investigations among FSTmembers will be made available to the LaRC DAAC. This includes allcollaborative efforts both within and outside the FST.8.Scientists who are not FST members, co-investigators, or associates mayparticipate in investigations using unpublished FIRE-III data provided theyare sponsored by a FST member and they make available whatever data theyplan to use to the LaRC DAAC at the beginning of the participation. Co-investigators and associates may participate in the investigation of a FSTmember.4.4.2 Data PublicationEarly publication of results from FIRE-III research is strongly encouraged. Towards thisgoal, the following minimum publication plan has been developed:1.An overview synopsis of the FIRE-III program will be prepared byprogram personnel and key FST researchers for publication in anappropriate journal. The paper will describe the scientific objectives,operational plans, and potential results of the major FIRE-III activities to thescientific community during the early stages of FIRE-III.2.Asynopsis of the key operational activities and possible results from theFIRE-III field experiment will be prepared by project personnel and keyFST researchers for publication in an appropriate journal. This paper will bedesigned to be a �quick look� publication to inform the scientific communityat an early stage of the implementation of the mission and possiblehighlighted observations.3.Publication of results from the FIRE-III field experiment may be in a specialissue of an appropriate journal. The special issue decision will be made bythe FST. The issue will contain (a) an overview paper and (b) sciencepapers.The overview paper will be co-authored by program personnel and keyresearchers and will include a statement of the goals of the particular fieldmission. It will describe the field site, the instrumentation involved in thedeployment, flight plans, and other operational activities.

60The science papers will be contributions from the FIRE-III investigators.They will be �stand-alone� papers that the investigators will preparesummarizing measurements, data interpretation, and data correlations.Collaborative papers between different groups are strongly encouraged.4.Afirm timetable for the publication of the special issue papers will beestablished whereby all of the papers will be submitted for publication priorto a mutually agreed date, usually within a year after the field experimentcompletion.5.Oral presentations of selected results by the investigators and the projectmay be presented together at an appropriate conference.6.Additional publications or presentations by FIRE-III investigators beyondthose identified above are expected and encouraged. Other publicationsshould, however, be in harmony with the data protocol and publication plancontained in this document.5.0 INTENSIVE FIELD PROGRAM MANAGEMENT5.1 Operations PlansThe FIRE Project Office and FST will prepare detailed operations plans for the twoobservational components of FIRE: the Arctic Cloud Experiment and a possible Tropical CirrusExperiment. The Arctic plan must be developed as soon as possible in light of the short lead timeon the field experiment.5.2 Lead Mission ScientistsDr. Judy Curry, University of Colorado, has been appointed as the Lead Mission Scientistfor the Arctic Cloud Experiment; Dr. David Starr, GSFC, has been appointed as the Lead MissionScientist for the potential Tropical Cirrus IFO. The Lead Mission Scientists will be the scientificspokespersons for their respective field experiments. They will coordinate the planning andimplementation of the science objectives, conduct planning and debriefing sessions, and be thechief representatives of and arbitrators for the participants in the field missions.5.3 Mission Selection TeamDuring the intensive field phases of the cirrus and Arctic activities, a Mission SelectionTeam (MST) will be formed. The MST will be comprised of no more than five FST scientistsrepresenting the multiple goals of FIRE; it will be chaired by the FST Lead Mission Scientist whohas the following responsibilities immediately prior to and during the intensive field observationperiods. The MST will accept the following responsibilities:i.solicit and represent ideas of other FIRE scientists in operations, decisions,and scheduling.

61ii.review on a daily basis the candidate missions proposed by the MPT (seesection 5.4) and select the planned operations and scheduling of all FIREplatforms for the following day.iii.select on a daily basis a Mission Scientist (DMS) and an Alternate MissionScientist (see section 5.5) to plan and carry out operations selected by theMST.iv.assemble forecast information for use in daily operations planning. *v.maintain up-to-date experiment accomplishment records for use in dailyoperations planning. *vi.maintain current status reports on all data gathering components throughoutthe experiment. *vii.review daily post mission reports prepared by the Mission Planning Team(see section 5.4).*assisted by the FIRE Project Office.All deliberations of the Mission Selection Team will be open and in the absence of a clearconsensus among its members; the chairman will assume responsibility for making operationsdecisions.On issues concerning specific platforms such as aircraft or special rawinsonde ascents, anappropriate spokesperson from the contributing organization will be given the opportunity toadvise the MST and to participate on the MPT.5.4 Mission Planning TeamAMission Planning Team (MPT) will be active during the cirrus and Arctic IFO phases.The Mission Planning Team will contain at least three FST members, individuals representingparticipating aircraft facilities, and FIRE Project Office support personnel. The MPT members forthe following day will be identified on a daily basis by the MST. Ideally, on any given day, theMPT will contain candidate mission scientists for the following day’s operations. It will not beuncommon for members of the MST to also serve as members of the MPT. The MPT’sresponsibilities are listed below.i.Prepare candidate missions for the following day’s operations and presentthese to the MST for consideration.ii.Following a decision by the MST, support the Mission Scientist inpreparing a detailed mission plan for the following day’s operations.iii.Prepare a post mission summary of each day’s operations including anevaluation of the success of the operations. This daily summary will bemade available to the FIRE Project Office and the MST and become a part ofthe FIRE data archive.

625.5 Daily Mission ScientistA Daily Mission Scientist (DMS) will be identified on a daily basis by the MST at the sametime the following day’s mission is selected. In the event that the DMS plans to be aboard anaircraft during the mission, an Alternate Mission Scientist will be selected by the MST and willperform ground-based functions during the execution of the mission. The DMS will be in chargeof the detailed planning of the following day’s operations and the execution of that plan. He will beresponsible for making any real time decision required during the execution of the plan. He willoversee the preparation of a post mission summary of each day’s operations including anevaluation of the success of the operations.A Mission Scientist must have an overall grasp of the scientific objectives of FIRE as wellas an appreciation of operational constraints of the various platforms and personnel.The Mission Scientist will be selected from a pool of lay FST researchers according to thescientific objectives to be addressed in the upcoming mission and the scientific background of theindividual. Ideally, the Mission Scientist would be the previous mission’s Alternate MissionScientist so as to provide continuity between missions and familiarity with on-going meteorologyconditions and forecasts.5.6 IFO Meeting ScheduleThe schedule of IFO meetings (and data management milestones) is given in Table 7.5.6.1 Simulated IFOApproximately 2-3 months before the intensive field mission, a simulated IFO will beconducted at an appropriate site. The purpose of the meeting will be to simulate the missionplanning, based on realistic meteorological conditions and using those major platform instrumentsthat will participate in the actual IFO. Representatives from the satellite, aircraft, and surface-basedinstruments will participate, as well as the IFO meteorologist/forecaster and other key researchers.Meteorology forecasts will be based on actual meteorology conditions experienced by the IFO areaone year previously.The mission planning will include: research objectives to be addressed;platforms/instruments that will operate; and deployment strategy including flight plans, operatingschedules, data taking modes, etc. Constraints to be considered include finite resources (aircraftflight hours allocated, cost of rawinsonde/satellite data, etc.), realistic operational schedules(aircraft/crew constraints, personnel/instrument fatigue, etc.), uncertainty of meteorology forecast,etc. The mission plans will be evaluated for expected results, based on actual meteorologicalconditions experienced on the mission day, and improvements/modifications will be discussed.The meteorological forecast for the next day will be presented and the cycle repeated.5.6.2 Pre-Mission MeetingApre-mission meeting will be held on the day before the start of the intensive fieldmission. The purpose of the meeting will be to welcome all participants, describe the missionoperations strategy, provide information on local logistics, determine the operational status of theparticipating platforms/instruments, and allow the local media an opportunity to interact with themission, principal investigators, and other participants. Amission planning meeting for the firstday of operations will follow immediately.

635.6.3 Post-Flight DebriefAfter each experiment flight there will be a post-flight debriefing of all the experimenters.This debriefing is intended to communicate and document pertinent subjective observations madeduring the completed mission and allow the experimenters an opportunity to modify subsequentplans or procedures for the following experiment. Each experimenter should have a �quick-look�capability for inspection of his sensor performance. Acopy of the �quick-look� data (raw stripcharts, tables, etc.) may be submitted to the Data Manager for possible comparison/correlation withother experiment data.5.6.4 Post-Mission DebriefA post-mission debriefing will be held on the day following the conclusion of the mission.Each experimenter will describe his sensor performance, a summary of sensor operating times, asample of data obtained, a description of the data format that is planned to be submitted to the dataarchive, and a listing of experiment days to be analyzed in a priority order. The Working Groupwill review the missions and measurements obtained during the mission. If appropriate, it willprioritize experiment days to be analyzed, key areas of data reduction and analysis, identifypossible data collaboration and exchange, and modify the data reporting schedule.5.6.5 Science Data Workshop-IApreliminary data reduction workshop will be held approximately 4 months after theconclusion of the mission. The experimenters will describe the performance of their sensors, asample of the preliminary reduced data, an estimate of the sensor accuracy and precision, andreport on key measurement results. The FIRE-III Science Team will review the measurements andanalyses obtained to date, determine a priority list of case study days, identify possiblecollaborative research activities, and discuss future plans. The DMWG will ascertain the dataparameters that have been acquired during the experiment, decide on category elements such asreduced, value-added, and investigator-held data, and assign category priorities and data submittalschedules.5.6.6 Science Data Workshop-IIApproximately one year after the field experiment, a Science Data Workshop-II will be heldto review the key research results. The FIRE-III Science Team will review each of the majorscientific objectives in light of the measurements and analyses performed to date, review the statusand availability of the data, explore synergistic relationships among the data, actively plancollaborative research activities, and discuss future plans. The DMWG will review the reduced dataparameters that have been submitted, review the data category elements and priorities, andrecommend possible verification and quality assurance activities.5.6.7 Science ConferenceAbout 24 months after the field experiment, the FIRE-III Science Conference will be heldfor the presentation of individual and group science results. This conference may be either a standalone meeting or possibly held as part of an international science conference. The DMWG willreview all data products that have been submitted, review the status of the quality assurance andverification activities, and make recommendations concerning the certification process of the datasets that will eventually be released to the scientific community.

645.7 Data Management ScheduleThe schedule of events for the submittal of data to the archive is given below and in table 3.5.7.1Summary Information and Preliminary Category-1 Data SubmittalApproximately 3 months after FIRE-III, the experimenters will submit the summaryinformation and preliminary category-1 data to LaRC DAAC.5.7.1 Final Category-1 Data SubmittalApproximately 6 months after FIRE-III, the experimenters will submit the final category-1data information to LaRC DAAC.5.7.2 Preliminary Category-2 and-3 Data SubmittalApproximately 9 months after FIRE-III, the experimenters will submit the preliminaryreduced category-2 and category-3 (if desired) data products to LaRC DAAC.5.7.3 Final Category-2 and -3 Data SubmittalApproximately 18 months after FIRE-III, the experimenters will submit the final reducedcategory-2 and-3 (if desired) data products to LaRC DAAC.5.7.4 Release of Data to Science CommunityAfter the certification of the data has been completed (probably within 6-24 months), theLaRC DAAC will release the data to the scientific community. Any proprietary rights (see section4.4.1) to the data and data interpretation will be voided at this time.Table 3 - IFO Meeting and Data Management ScheduleTime,MonthsIFO MeetingsData Management Activity

-3Simulated IFO

-1 (day)Pre IFO Review; First Mission Planning

0IFO

IFO+1 (day)Post IFO Review; prioritize case studydays

3Science Data Workshop-I; definition ofdata product categories, identification ofcase study investigationsSubmit preliminary summaryinformation and category-1 data

6Submit final category-1 data

9Submit preliminary category-2 and -3 data

12Science Data Workshop-II; review datastatus and availability, recommendverification and quality assuranceactivities

18Submit final category-2 and -3 data

24Science Conference; authorize release ofdata to scientific communityRelease data to scientific community

656.0 FIRE MISSION/MEETING MILESTONESThe listing of the key FIRE missions and meetings is given in Table 4. An attempt has beenmade to coordinate the various meetings between the Cirrus and Arctic working groups so thatthose researchers who are participating in both missions can attend. Whenever the two groups holdcoincident meetings, a full-up FST meeting will also be held so as to integrate the extended-timeand modeling activities as much as possible. The milestone list reflects a minimum meetingschedule; other meetings may be scheduled (i.e., meetings to plan for/review Tropical CirrusMission) as required. Also included are some key cirrus collaborative experiments, such as theSubsonic Aircraft Contrail and Cloud Special Study (SUCCESS) and the StratosphericTropospheric Experiment: Radiation, Aerosols, and Ozone (STERAO). As a minimum, the entireFST will meet at least once per year.Table 4 - Tentative Schedule of FIRE ActivitiesMonth1 9 9 6 1 9 9 7 1 9 9 8

January

FebruaryArctic Cloud SiteInspectionArctic Cloud SimulatedExperiment

March

FIRE-III ST MeetingSUCCESS Simulated Exp.STERAO-B-I Experiment

AprilSUCCESS ExperimentSTERAO-B-I ExperimentArctic CloudExperiment

MaySUCCESS ExperimentArctic Cloud Site Survey-B

FIRE-III ST MeetingArctic CloudExperiment

JuneSTERAO-B-II Site Inspection

JulyAugustArctic Cloud Site Survey-ASTERAO-B-II Experiment

FIRE-III ST Meeting

SeptemberSTERAO-B-II Site SurveySTERAO-B-II Experiment

October

Arctic Cloud WG Meeting

Cirrus WG MeetingSUCCESS Science WorkshopTropical Cirrus Site Survey-B

NovemberTropical Cirrus Site Survey-A

FIRE-III ST MeetingSTERAO-B Science Workshop

December

7.0 NATIONAL AND INTERNATIONAL COLLOBORATIONSFIRE Phase III is a research project to be conducted by U.S. scientists to provide a U.S.national contribution to the ISCCP of the World Climate Research Program. In the sense that thescientific problems addressed by FIRE-III are truly international, it is in the best interests of FIRE-III to encourage the free exchange of information with our national and international colleagues.Although resources do not permit direct support of foreign participation in FIRE-III, ways will besought to allow collaboration, such as full participation and data sharing as members of the FST.Other forms of collaboration will also be encouraged. Cooperation and coordination with theresearch projects of other countries will be accomplished through the ISCCP Working Group onData Management (DMWG), which is responsible for this function under the Joint Scientific

66Committee of WMO and International Committee of Scientific Unions. Reports of FIRE-IIIactivities will be made at the annual ISCCP WGDM meetings.

67Appendix E - AcronymsTable 1 - List of Acronyms.2D-CAn instrument used to detect small ice crystals

2D-PHeymsfield abstract

ACE-1Atmospheric Chemistry Experiment; first mission

ACSYSArctic Climate System Study

AEAPAtmospheric Effects of Aviation Program

AESAtmospheric Environmental Service (Canada)

AGASPArctic Gas and Aerosol Sampling Program

AIDJEXArctic Ice Dynamics Joint Experiment

AIRSAtmospheric Infrared Sounder

AMSAlternate Mission Scientist, American Meteorological Society

ARCAmes Research Center

ARCSAtmospheric Radiation and Clouds Station

ARCSSArctic System Science

ARCSyMArctic Regional Climate System Model

ARMAtmospheric Radiation Measurements Program

ARMCASArctic Radiation Measurement in Column Atmosphere-surface System

ASCIIAmerican Standard Code for Information Exchange

ASTEXAtlantic Stratocumulus Transition Experiment

AVHRRAdvanced Very High Resolution Radiometer

BASEBeaufort Arctic Storms Experiment

C-130QNCAR aircraft

C-131AUniversity of Washington aircraft

CAGESA Canadian hydrological experiment planned for the MacKenzie river basin

CARCloud Absorption Radiometer

CARAFECloud, Aerosol and Radiation Arctic Field Experiment

CARSSLiou abstract

CCDCharged-Coupled Diode

CCMContinuous Core Measurements

CCNcloud condensation nuclei

68CEPEXCentral Equatorial Pacific Experiment

CERESClouds and the Earth’s Radiant Energy System

CFDContinuous Flow Diffusion

CIMMSCooperative Institute for Mesoscale Meteorological Studies

CIRESCooperative Institute for Research in Environmental Science

CMCCanadian Meteorological Centre

CNCloud Nuclei

COARECoupled Ocean-Atmosphere Regional Experiment

CSUColorado State University

CV-580Canadian National Research Council aircraft

CVICounterflow Virtual Impactor

D1An ISCCP data type

DAACDistributed Active Archive Center(EOS)

DMADifferential Mobility Analyzer

DMSDaily Mission Scientist, dimethyl sulfide

DMSPDefense Meteorological Satellite Program

DMWGData Management Working Group

DODDepartment of Defense

DOEDepartment of Energy

DRIDesert Research Institute

DXAn ISCCP data type

ECMWFEuropean Center for Medium-range Weather Forecasts

EDXEnergy-dispersive x-ray

ENSOEl Nino Southern Oscillation

EOSEarth Observing System

EOS-AMseries of EOS satellites with morning crossings of equator

EOS AM-1first launch in EOS series

EOSDISEarth Observing System Data and Information System

EOS PMseries of EOS satellites with afternoon crossings of equator

ER-2NASA ARC aircraft

69ERBEarth Radiation Budget instrument (NIMBUS 6 &7)

ERBEEarth Radiation Budget Experiment (on ERBS)

ERBSEarth Radiation Budget Satellite

ERLEnvironmental Research Laboratory(NOAA)

ERSEuropean Remote-sensing Satellite

ETLEnvironmental Technology Laboratory(NOAA)

FARSFacility for Atmospheric Research (U. Utah)

FIREFirst ISCCP Regional Experiment

FIRE IFIRE Phase I(1984-1989)

FIRE IIFIRE Phase I(1990-1994)

FIRE IIIFIRE Phase III(1995-)

FSSPForward Scattering Spectrometer Probe

FSTFIRE Science Team

FTIRFourier Transform Interferometer Radiometer

GACGlobal Area Coverage

GCMGeneral Circulation Model

GCSSGEWEX Cloud System Studies

GEWEXGlobal Energy and Water Cycle Experiment

GFDLGeophysical Fluid Dynamics Laboratory

GISSGoddard Institute for Space Studies

GOESGeostationary Orbiting Environmental Satellite

GPSGlobal Positioning System

GSFCGoddard Space Flight Center

GTSGlobal Telecommunications System

HDF/netCDFhierarchical data format/net common data format

HIRSHigh Infrared Radiation Sounder

HISHigh-resolution Interferometric Sounder

IFNice forming nuclei

IFOintensive field observations

INice nuclei

70INAAInstrument Neutron Activation Analysis

INDOEXIndian Ocean Experiment

ISCCPInternational Satellite Cloud Climatology Experiment

IWCice water content

IWPice water path

LAClocal area coverage

LandsatNASA Earth observing satellite series

LaRCLangley Research Center

LEADEXLead Experiment

LESlarge-eddy simulation

LITELidar In-space Technology Experiment

LWCliquid water content

LWPliquid water path

MASMODIS airborne simulator

MASTMonterey Area Ship Track Experiment

MODISModerate-resolution Imaging Spectrometer

MPTMission Planning Team

MSFCMarshal Space Flight Center

MSTMission Selection Team

NASANational Aeronautics and Space Administration

NCEPNational Center for Environmental Prediction

NIMBUSNASA series of research meteorological satellites(1-7)

NOAANational Oceanic and Atmospheric Administration

NRCNational Research Council

NSA/AAONorth Slope of Alaska/Adjacent Arctic Ocean

NSFNational Science Foundation

N.W.T.Northwest Territories

OGPOffice of Global Programs

ONROffice of Naval Research

PDLPolarization Diversity Lidar

71P.I.Principal Investigator

PMSHallett abstract

POLESPolar Exchange at the Sea Surface

PSUPenn State University

PVMParticulate Volume Monitor

RAMSRadiation Airborne Measurement System

RASSRadio Acoustic Sounding System

SARSynthetic Aperture Radar

SASSSubsonic Assessment Program (part of AEAP)

SBIRSmall Business Initiative Research

SCAR-BSmoke, Clouds and Radiation-Brazil

SCICEXSubmarine Science Ice Experiment

SCMSingle-Column Model

SDSMTSouth Dakota School of Mines and Technology

SEMscanning electron microscopy

SHEBASurface Heat Budget of the Arctic Ocean

SOCEX-I & IISouthern Ocean Cloud Experiments

SPECStratton Park Engineering Co. Inc.

SPECTRESpectral radiation Experiment

SPFRSpectral Flux Radiometer

SRBSurface Radiation Budget

SSM/ISpecial Sensor Microwave/Imager

SUCCESSSubsonic Aircraft: Control and Cloud Effects Special Study

T-39NASA LaRC aircraft

TEMTransmission Electron Microscopy

TIROSTelevision Infrared Observation Satellite

TIROS NThird generation of NOAA operational meteorological satellites

TMThematic Mapper

TOGATropical Ocean and Global Atmosphere

TOVSTIROS Operational Vertical Sounder

72TSCTilt-Scan Camera

TWPTropical Western Pacific

UHFUltra-High Frequency

UNDUniversity of North Dakota

URLUniversal Resource Locator (a web address)

UWUniversity of Washington

WB-57FNCAR aircraft

WCRPWorld Climate Research Program

WGDMWorking Group on Data Management

WPDNAckerman abstract

WMOWorld Meteorological Organization

73Appendix F - FIRE AbstractsCoordinated Parameterization Development and Large-Eddy Simulation for Marine and ArcticCloud-Topped Boundary Layers............................................................1C. S. Bretherton, University of WashingtonApplication of LES to Understanding and Parameterizing the Arctic Cloudy Boundary Layer..................................................................................................1Judith Curry, University of Colorado, William Cotton, Colorado State UniversityBoundary-Layer Dynamics and Cloud-radiative Studies in SHEBA: Development of anAtmospheric Lidar and a Wind Profiler....................................................2C. W. Fairall, C. Grund, and R. G. Strauch, NOAA Environmental TechnologyLaboratoryFIRE III Research.............................................................................2Peter Hobbs, University of WashingtonFIRE III Research.............................................................................3James Hudson, Desert Research InstituteCanadian Participation in FIRE III..........................................................4George Isaac, Atmospheric Environment ServiceRemote Sensing and Retrieval of Arctic Stratus Clouds and Surface Characteristics.5Michael King and Si-Chee Tsay, NASA/Goddard Space Flight CenterStudy of midlatitude and Arctic aerosol-cloud-radiation feedbacks based on LES model withexplicit ice and liquid phase microphysics.................................................5Yefim Kogan, Cooperative Institute for Mesoscale Meteorological Studies, DouglasLilly, School of Meteorology, University of OklahomaCloud-Scale Numerical Modeling of the Arctic Boundary Layer........................6Steven Krueger, Dept. of Meteorology, University of Utah FIRE-III Research............................................................................7D. H. Lenschow and Q. Wang, National Center for Atmospheric ResearchFIRE III Research.............................................................................8David Randall, Colorado State UniversityRadiative Energy Exchanges In The Polar Regions.......................................8William Rossow and Barbara Carlson, Institute for Space Studies, Goddard SpaceFlight CenterStudies of the Radiative and Microphysical Properties of................................9

74Cloud, Aerosol and Surface Bi-Directional Reflectance..................................9Si-Chee Tsay and Michael King, NASA Goddard Space Flight CenterFIRE III Research.............................................................................9Tanneil Uttal, NOAA Environmental Technology Laboratory A Parameterization Study of Marine Boundary-Layer Clouds..........................10Shouping Wang, NASA Marshall Space Flight Center

75Appendix F - Abstracts of FIRE Phase III Arctic ProjectsCoordinated Parameterization Development and Large-Eddy Simulation for Marine and Arctic Cloud-ToppedBoundary LayersC. S. Bretherton, University of WashingtonLarge-eddy simulations of subtropical and summertime Arctic cloud-topped boundarylayers will be carried out. The subtropical boundary layer simulations will focus on two issues: (1)improving entrainment closures based on in-cloud turbulent kinetic energy and cloud-top jumps,which are currently quite uncertain, and ascertaining what resolution in the entrainment zone isrequired for an LES to reliably predict entrainment, and (2) assessing the role of penetrativecumulus entrainment in stratocumulus breakup. We hope to incorporate key findings in both ofthese areas to improve current GCM parameterizations of the cloud-topped boundary layer. Athirdarea of study will be testing the feasibility of several proposed mechanisms for multiple cloudlayering in the summertime Arctic in an LES and comparing against field data.Application of LES to Understanding andParameterizing the Arctic Cloudy Boundary LayerJudith Curry, University of Colorado, William Cotton, Colorado State UniversityThe goal of this research is to improve our understanding of physical processes occurringin the arctic cloudy boundary layer and our ability to parameterize them in climate models. Theapproach taken here is to use Large-Eddy Simulation (LES) to interpret the interactions amongturbulence, cloud microphysics and radiative transfer in the following different arctic cloudyboundary layer types: warm-season layered clouds with decoupled mixed layers; and wintertimeice crystal plumes emanating from leads. The LES results will be compared with observations, andparameterizations suitable for large-scale models will be developed. The results will be evaluated inthe context of the forthcoming Arctic FIRE experiment, particularly the optimal measurements to beobtained from aircraft (including flight patterns) and the large-scale measurements required tointerpret cloud life-cycles. Specifically, we propose to accomplish the following:*develop and implement a new subgrid-scale parameterization and othermodifications for the LES to accommodate the stable boundary layers thatare present in the Arctic;*introduce new parameterizations into the LES related to the impact ofturbulence on droplet spectra and the influence of droplet spectra on theradiation fluxes;*simulate and interpret the interactions among turbulence, cloudmicrophysics and radiative transfer in the different arctic cloudy boundarylayer types;

76*compare the LES output with case studies obtained from the Arctic StratusExperiment and BASE;*evaluate the importance of diabatic terms in second-moment equations, anddevelop a parameterization for these terms for second-order closure modelsif necessary;*evaluate the applicability of existing cloud fractional coverage schemes toArctic stratus and develop a new scheme if necessary; and*examine scale interactions using the LES nested in a mesoscale model(RAMS).Boundary-Layer Dynamics and Cloud-radiative Studiesin SHEBA: Development of an Atmospheric Lidar and aWind ProfilerC. W. Fairall, C. Grund, and R. G. Strauch, NOAA Environmental Technology LaboratoryThis is an NSF SHEBA Phase-1 project to develop, construct, and test a lidar and windprofiler for future deployment in the ice station of the Surface HEat Budget of the Arctic Ocean(SHEBA) program, planned for an 12-month field program beginning in March 1997. Thesesystems will be used in conjunction with other surface-based remote sensors (e.g., Doppler cloudradar, microwave radiometer, Doppler sodar, FTIR radiometers) and in situ sensors for studies ofboundary-layer dynamical and cloud-aerosol/radiative effects on the ice surface energy budget. Thework will be coordinated with the FIRE-III Arctic Cloud research program. The wind profiler willbe a portable, scaled down version of the NOAA network UHF profilers and be designed toprovide wind and temperature profiles continuously to 2.5 km altitude. Through additional dataprocessing, it will also provide information on velocity and scalar turbulence profiles andprecipitation. Based on an analysis of LEADEX data, most of the temporal variability in the verticalgradients of temperature, dew point, and (to a lesser extent) winds occurs below this altitude. Thelidar will be a derivative of a system being developed for cloud and aerosol monitoring and willmeasure optical depth and provide cloud ice/water discrimination. It will feature both verticallypointing and zenith angle scan capabilities. The scanning capability is shown to be critical forobtaining information about complex ice crystal habit and structure. Both systems will feature highreliability in Arctic conditions and will operate �unattended� except for occasional changing ofstorage media or transfer of data. In the first year of the project, the lidar will be designed andconstructed. An existing prototype radar (being developed for another program) and the lidar thenwill be tested in Alaska for one month. In the second year of the project, the radar will beconstructed following evaluation of the test results. Both systems will be field tested in Alaska asecond time then deployed at the SHEBA ice station.FIRE III ResearchPeter Hobbs, University of Washington

77Subject to the availability of funding, the Cloud and Aerosol Research Group at theUniversity of Washington intends to bring its new twin-engine, turbo-prop, Convair-580 researchaircraft to the Arctic to participate in a portion of the 6-week FIRE-III intensive field project. Theaircraft will be instrumented for state-of-the-art measurements of aerosols, cloud microstructures,and cloud radiative properties, including the NASA-built CAR 13-wavelength radiometer and lidar.Our proposed research, which will be carried out in collaboration with Drs. Michael King and Si-Chee Tsay, includes the following:(1)Measurements of cloud-active aerosols and their precursors.(2)Measurements of the statistical properties of the microphysical structures ofarctic stratus and other clouds.(3)Direct measurements of the spectral radiative properties of arctic stratus, andcomparisons with values derived from simultaneous measurements of cloudstructure.(4)Comparisons of in situ measurements of cloud properties with remotesensing measurements from the ER-2 and satellites.We expect also to carry out a number of measurements concerned with the radiativeproperties of sea-ice, snow, tundra etc., and the energy balance of the arctic. However, since theseare more related to SHEBA, they are not discussed here.FIRE III ResearchJames Hudson, Desert Research InstituteI plan to mount both of the DRI instantaneous CCN spectrometers (Hudson 1989) aboard aresearch aircraft and operate them throughout the project. The most likely aircraft is the NCAR C-130, where they have been in two previous projects-Telford California stratus project (December1994) and SCMS (July-August 1995). Two spectrometers are desirable in order to efficiently dosample processing upstream of one of the CCN spectrometers. This allows the other instrument tocontinuously monitor the ambient CCN spectrum. Continuous ambient spectra are vital in aircraftoperations where the concentrations change rapidly with position (e.g., there are often verticaldifferences in concentration and/or spectral slope that are significant for cloud microphysics; alsohorizontal differences due to scavenging and production). The sample processing mechanismsinclude:(1)Volatility-subjecting the sample to various temperatures to indirectlyestimate particle composition (Hudson and Da 1996) especially with respectto NaCl, sulfates, and carbon.(2)Size vs. supersaturation-classifying the sample according to dry particle sizewith an electrostatic classifier (DMA). This allows an estimate of the relativesolubility of the particles. Hudson and Da (1995) showed that CCN frompolluted air masses tend to act as though they have more insoluble materialinternally-mixed with the soluble material that makes them CCN. CCN fromcleaner air masses, however, act like pure soluble substances. These two

78techniques are complementary; when taken together they derive significantinformation about CCN composition.(3)Different inlets-The CCN spectra of droplet residue material from thecounterflow virtual impactor (CVI) can be used to determine the effects ofentrainment on cloud droplet spectra (Twohy and Hudson 1995). If the CVIis not available then a cloud interstitial inlet can also produce similarinformation about the effects of cloud dynamics on cloud droplet spectra.When both spectrometers monitor the ambient there is increased confidencein the measurements not to mention the enhanced reliability of twoinstruments. In addition to comparing the cloud droplet and CCNconcentrations I amkeenly interested in comparing the shapes of the two spectra. Martin et al. (1994) suggestedthat the shape of the cloud droplet spectrum is related to the shape of the CCN spectrum. IndeedHudson and Li (1995) found significant differences in the shape of the CCN spectra in pollutedand clean air masses; this is an additional difference to the well-known difference in numberconcentration. However this may or may not go the same way in the Arctic. The shape (breadth) ofthe droplet spectrum is very important for the initiation of drizzle (autoconversion), which has beensuggested to be related to CCN concentrations (e.g., Albrecht et al. 1995). Drizzle initiation mayalso depend on CCN spectral shape, testing this requires measurements at supersaturations lowerthan the actual cloud supersaturations, which are generally quite low for stratus clouds anyway(e.g., Hudson and Svensson 1995). Such low supersaturations (<0.1%) are only possible with theDRI spectrometer. We expect significant variations in CCN concentrations, spectral shape, andcomposition during FIRE-III. CCN spectral measurements are necessary in order to keep separatethe effects on cloud microphysics of differences in cloud dynamics from the differences in theaerosol. Comparisons with identical CCN measurements in several other stratus projects-FIRE,ASTEX, SOCEX-1 and 2, MAST, ACE-1-will be indispensable.Canadian Participation in FIRE IIIGeorge Isaac, Atmospheric Environment ServiceObservations collected by the Canadian PIs, together with the other FIRE III data, will beused to understand Arctic cloud formation, development, and their effect on climate change.Special emphasis will be put on the interaction of clouds with Arctic aerosols, the influence of theaerosol chemistry upon cloud microphysical characteristics, and the general role clouds play inredistributing, transforming, and transporting Arctic chemical constituents. Using theobservations, microphysical, chemical, dynamical and radiative properties, as well as the verticaland horizontal spatial distribution characteristics, of the clouds studied will be determined.Parameterizations will be developed, describing these properties, that might be used in GCMs.Where possible, these parameterizations will be tested and evaluated in column models, cloudresolving models and full scale GCMs. It is anticipated that the National Research Council Convair580 will be involved and would fly out of Inuvik, N.W.T. Some specialized groundinstrumentation, such as lidars and radars, might also the used. The possibility of placinginstrumentation for measuring chemical constituents on the ice flow and other surface sites will beexplored. This research will involve a large number of Canadian scientists and is dependent uponCanadian funding approval. Formal plans for this work, including PIs designated for each task,have yet to be developed.

79Remote Sensing and Retrieval of Arctic Stratus Cloudsand Surface CharacteristicsMichael King and Si-Chee Tsay, NASA/Goddard Space Flight CenterNASA Goddard Space Flight Center This investigation continues studies of the radiativeand microphysical properties of Arctic stratus clouds and snow/sea ice surface. The ModerateResolution Imaging Spectroradiometer (MODIS), being developed as part of the Earth ObservingSystem (EOS) and scheduled to be launched in 1998 on the EOS AMplatform, is a NASA facilityinstrument designed to meet the scientific needs for satellite remote sensing of clouds, aerosols,water vapor, and land and ocean surface properties. To support the development of MODIS remotesensing and retrieval algorithms, the MODIS Airborne Simulator (MAS) was developed forNASA’s high-altitude ER-2 aircraft. This airborne sensor is capable of providing narrowbandspectral coverage similar to MODIS of reflected solar and emitted thermal radiation. Over the pastfew years, MAS has flown in many field campaigns throughout the world, including recently inAlaska. These diverse data sets provide critical measurements for assessing the scientific capabilityand usefulness of MODIS channels, as well as enabling unique information to be acquired fromstudies of the Earth’s atmosphere and surface. Analyses of various cases obtained during previousFIRE-I and II experiments are an important element of this investigation. The intent of thisinvestigation is to support our participation in the FIRE-III field campaigns and to analyze dataobtained by MAS during previous campaigns. Specifically, we intend to:(1)participate in flight planning and direction of the NASA ER-2 aircraft overArctic stratus clouds off the north slope of Alaska during the 1997 fieldcampaign,(2)build a well-calibrated and feature-rich data set to improve MODIS cloudmasking algorithms,(3)distinguish clouds from snow covered tundra and sea ice surfaces,(4)retrieve stratus cloud properties (i.e., optical thickness and effective particleradius) over highly reflecting surfaces, and(5)perform statistical analyses of stratus cloud properties by using high spatialresolution MAS data.Study of midlatitude and Arctic aerosol-cloud-radiationfeedbacks based on LES model with explicit ice andliquid phase microphysicsYefim Kogan, Cooperative Institute for Mesoscale Meteorological Studies, Douglas Lilly, Schoolof Meteorology, University of OklahomaThe complexity of cloud-radiation problem results in large uncertainties in estimating thecloud forcing in global climate models. Of particular importance are cloud-radiation feedbacks in

80midlatitude, subtropical, and high-latitude low level clouds. Continuing investigation of thesecloud systems is a major goal of the FIRE III program. The proposed work will have two majorthrusts:(1)Continuing the study of marine stratocumulus clouds using LES simulationsbased on FIRE I and FIRE II/ASTEX observational data. The data will beused to validate the CIMMS LES model and to improve our understandingof the interaction between the microphysical, radiative, andthermodynamical processes. Validation of the model against observationswill result in further refinement and improvement in the model physical andnumerical formulation. (2)Large-eddy simulations of arctic cloud systems, including low level stratuswith liquid and mixed phase microphysics. The modeling part of theresearch will be based on the CIMMS 3-D LES model of a stratocumuluscloud layer that includes an explicit formulation of aerosol and cloud dropsize-resolving microphysics and radiation. The study of mixed phase cloudswill use the new version of the CIMMS model which includes also explicitformulation of the ice-phase microphysics. Depending on the physics andthe scale of the studied phenomena, the model may be also formulated in a2-D framework with bulk treatment of microphysics. In accordance with theFIRE III objectives, model simulations and data analysis will aim at theimprovement of existing parameterizations of cloud and radiative processesin LES and GCM models. The analysis of ASTEX and FIRE IIIobservational data sets will be made in collaboration with the researchersfrom British Meteorological Office, University of British Columbia andUniversity of Colorado.Cloud-Scale Numerical Modeling of the ArcticBoundary LayerSteven Krueger, Dept. of Meteorology, University of UtahThe interactions between sea ice, open ocean, atmospheric radiation, and clouds over theArctic Ocean exert a strong influence on global climate. Uncertainties in the formulation ofinteractive air-sea-ice processes in global climate models (GCMs) result in large differencesbetween the Arctic and global climates simulated by different models. Arctic stratus clouds are notwell-simulated by GCMs, yet exert a strong influence on the surface energy budget of the Arctic.Leads (channels of open water in sea ice) have significant impacts on the large-scale budgetsduring the Arctic winter, when they contribute about 50 percent of the surface fluxes over theArctic Ocean, but cover only 1 to 2 percent of its area. Convective plumes generated by wide leadsmay penetrate the surface inversion and produce condensate that spreads up to 250 km downwindof the lead, and may significantly affect the longwave radiative fluxes at the surface and thereby thesea ice thickness. The effects of leads and boundary layer clouds must be accurately represented inclimate models to allow possible feedbacks between them and the sea ice thickness. The FIRE IIIArctic boundary layer clouds field program, in conjunction with the SHEBA ice station and theARM North Slope of Alaska and Adjacent Arctic Ocean site, will offer an unprecedentedopportunity to greatly improve our ability to parameterize the important effects of leads and

81boundary layer clouds in GCMs. We will make extensive use of FIRE III measurements and ahigh-resolution numerical model, the University of Utah Cloud Resolving Model, to increase ourunderstanding of the physical processes that determine (1) the formation and structure of Arcticstratus clouds and (2) how leads over the Arctic Ocean affect the large-scale budgets of sensibleheat, water vapor, and condensate. This is necessary before developing lead and boundary layercloud parameterizations based on general physical principles. We will:(1)Determine in detail how large-scale processes, in combination with cloud-scale radiative, microphysical, and dynamical processes, govern theformation and multi-layered structure of Arctic stratus clouds.(2)Quantitatively determine the effects of leads on the large-scale budgets ofsensible heat, water vapor, and condensate in a variety of Arctic winterconditions. FIRE-III ResearchD. H. Lenschow and Q. Wang, National Center for Atmospheric ResearchOur intended FIRE-III research will utilize previous field observations of Arctic clouds,boundary layer, and ice surface to perform integrated analyses of both the Arctic clouds andboundary layer, and evaluate instrument capabilities for making measurements in the Arcticenvironment. We plan to use the data set obtained from the Beaufort and Arctic Seas Experiment(BASE) as the primary data source for two important reasons. First, BASE obtained measurementsin the Arctic boundary layer during the fall/winter transition season which is not well documented.Several types of structure were measured during this experiment, including stably-stratifiedboundary layers, mixed-phase boundary-layer clouds, boundary layers modified by leads andpolynyas, and multi-layered cloud structures. Second, a primary platform for BASE was thenewly-instrumented NCAR C-130 which will likely be deployed in FIRE-III/SHEBA. Evaluationof the capability of the instruments on the C-130 to measure in the Arctic is an essential step inpreparing for FIRE-III/SHEBA. In addition to the BASE data set, we plan to analyzemeasurements from the Arctic Stratus Experiment and the Arctic Ice Dynamics Joint Experiment(AIDJEX) which measured the summertime Arctic boundary layer; and from the Lead Experiment(LEADEX) which measured the effects of open leads during winter/spring. Although these detests(excluding BASE) have been studied by other researchers, our analyses will focus on addressingproblems that were uncovered during and after these experiments with a view towards improvingmeasurements in FIRE-III/SHEBA. The primary objectives of the proposed research are to:(1)understand the Arctic cloud and boundary layer structure, especially theinteractions among cloud microphysics, turbulence, and radiation using insitu aircraft measurements;(2)understand the moisture, heat, and momentum exchange between theatmosphere and the Arctic ocean water/ice surface;(3)assess the instrumentation capability on the newly-deployed NCAR C-130for making measurements in the Arctic environment and provide a basis forimproved measurement capabilities for the FIRE-III/SHEBA fieldcampaign;(4)optimize the aircraft measurement strategy in the Arctic for FIRE-III/SHEBA;

82(5)provide analyses from in situ measurements useful for interpreting andvalidating satellite remote sensing and retrieval algorithms, and forvalidating results from numerical modeling of the Arctic clouds andboundary layer (in collaboration with Judith Curry, University ofColorado).FIRE III ResearchDavid Randall, Colorado State UniversityWe propose to investigate the Arctic climate simulated by the current version of the CSUGCM, with particular attention to cloudiness and the surface energy budget. We propose todevelop a one-dimensional model of the Arctic atmosphere-sea ice-ocean system, which will existin two versions, which differ only in their treatment of the atmosphere. The first version will bebased on the second-order bulk model developed by Randall et al. (1992), and the second will usea one-dimensional version of the third-order closure developed by Krueger (1988). These one-dimensional models will be tested using the FIRE Arctic data in �single-column model� mode.Following these tests, at least one of the two versions will be transferred to the CSU GCM, andused in simulations of the present climate and of climate change due to increasing CO2.Radiative Energy Exchanges In The Polar RegionsWilliam Rossow and Barbara Carlson, Institute for Space Studies, Goddard Space Flight CenterSome evaluations of the surface energy balance in the polar regions, that currentlymaintains a persistent sea and land ice cover, suggest that it may be very sensitive to climateperturbations; however, little change in polar ice/snow cover over the past century has beendocumented, even though global temperatures have changed somewhat. This situation reflects agenerally poor understanding of the polar energy balance and the feedback processes controlling it.There has been recent significant progress in quantitative methods for analysis of satellitemeasurements of the atmosphere, clouds and surface; however, the paucity of quality in situobservations has prevented verification of these methods under more difficult polar conditions.Very few of these methods have even been applied to study of the polar regions. As one steptowards determining the polar energy balance and the key controlling processes, we propose tocombine all of the available satellite measurements into a single consistent analysis that measuresthe key properties of the atmosphere, clouds and surface required to infer the surface and top-of-atmosphere radiation balance and its seasonal variations. Building and improving upon the ISCCPanalysis of imaging radiometer data, we will add measurements by infrared and microwavesounders to deal with the complex variations of surface and cloud properties. Using energy balancemodels, together with these observations, we can infer the required energy transports (mostly bythe atmosphere) required to balance radiative fluxes and examine the sensitivity of ice and snowcover to variations in these fluxes. If this work is funded as part of a U.S. contribution to theCanadian GEWEX experiment called BASE and a new project called SHEBA, then the value ofour combined satellite analysis will be greatly enhanced by comparison with coordinated surfaceand aircraft observations and more complete atmospheric and sea ice modeling efforts ofcollaborators.

83Studies of the Radiative and Microphysical Properties ofCloud, Aerosol and Surface Bi-Directional ReflectanceSi-Chee Tsay and Michael King, NASA Goddard Space Flight CenterThis investigation continues studies of the microphysical, optical and radiative properties ofArctic clouds and aerosols, and characterizes the anisotropy of various types of Arctic surfaces.Tools of this investigation include a multispectral scanning radiometer (CAR; Cloud AbsorptionRadiometer), which is mounted on the University of Washington’s C-131A aircraft for the purposeof measuring the angular distribution of scattered radiation deep within a cloud layer, from whichthe single-scattering albedo of clouds can be determined as a function of wavelength. Recentimprovements in the CAR further advance its capability in characterizing the radiative properties ofaerosols and surfaces. Over the past few years, the CAR has flown in many national andinternational field campaigns, providing unique information in studies of cloud, aerosol andsurface properties. Analyses of various cases obtained during previous experiments are animportant element of this investigation. The intent of this investigation is to participate in the 1997FIRE-III and upcoming SCAR-B (Smoke, Cloud And Radiation - Brazil) field campaigns, and toanalyze data obtained by the CAR as well as other ancillary and coordinated microphysics/radiationdata sets during previous campaigns. Specifically, we intend to:(1)validate experimentally the relationship between cloud single-scatteringalbedo and effective particle radius from CAR radiation measurements in thediffusion domain,(2)determine the radiative properties (i.e., optical thickness, single-scatteringalbedo and phase function) of aerosol from CAR radiation measurementsfor use in developing atmospheric corrections, and(3)characterize the bidirectional reflectance distribution function (BRDF) overArctic snow and sea ice surfaces, as well as other types of surfaces, todevelop physically based surface BRDF models.FIRE III ResearchTanneil Uttal, NOAA Environmental Technology LaboratoryThe National Oceanic and Atmospheric Administration (NOAA) Environmental TechnologyLaboratory (ETL) is presently involved in studies of radiatively important cloud properties,utilizing data from the First ISCCP Radiation Experiment (FIRE II) and the Atlantic StratocumulusTransition Experiment (ASTEX). Important remote sensing techniques based on radar, lidar andIR radiometer measurements have been developed at ETL that remote sensing of profiles of cloudproperties such as particle concentrations, sizes, LWC,and IWC from the ground that were notpossible even a few years ago. The proposed work includes analysis of FIRE II and ASTEX datasets with an emphasis on comparison of cloud properties between different climatic regimes. Inaddition, NOAA/ETL has received separate funding for FY96 to conduct a similar measurementcampaign in the tropical Western Pacific as part of the DOE/ARM program. In this proposal wealso plan to augment the mid-latitude, sub-tropical and tropical data sets with an arctic data setcollected in conjunction with the FIRE III and SHEBA programs in 1997. Deployment of a 35GHz radar, lidar, and IR radiometer will allow characterization of arctic clouds, haze, and aerosol

84which will be directly comparable to FIRE III, ASTEX, and TWP results. This will provide theradiation/climate community with an unprecedented data set for four major climatic zones. Theemphasis in this study will be on the intercomparison of cloud properties to answer importantquestions of global variations of upper tropospheric and boundary layer clouds. A Parameterization Study of Marine Boundary-LayerCloudsShouping Wang, NASA Marshall Space Flight CenterThe goal of the proposed research is to formulate a new parameterization of marineboundary-layer clouds for a large-scale model. We propose to develop a model based on thebuoyancy sorting concept developed by Raymond and Blyth (1986), mass flux-layered model ofWang (1993), and the prognostic cloud scheme developed by Tiedtke (1993). For the applicationin the marine boundary layer, we need to improve the representation of the cloud-top entrainment,large-scale condensation and evaporation in the cloud scheme. We also emphasize the interactionbetween the cumulus and stratocumulus clouds in the boundary layer. In the processes, somelarge-eddy simulation runs will be conducted to study the interaction that is crucial to our newparameterization. We will also implement the new prognostic cloud scheme into a traditionalsecond-order turbulence closure model. Thus, the stratocumulus, trade-wind cumulus regimes andthe transition between them can be predicted with a unified cloud scheme. All the one-dimensionalmodels will be tested with ASTEX and FIRE data. Following the tests, we plan to implement themodels into a general circulation model.

85

86

87

88Table 5: BaIloon-Based Measurements and Surface Characterization

Instrument

Data Products

LocOp Mode

USER*

Provider

C Test?**BalloonBBSSWS, WD T, RH ProfilesS,BPeriodicAll***YRadio-WS, WD, T, RH ProfilesSPeriodicAllFIREY sondesTBSBLWS,WD,T.RH Pro-SPeriodicAll?Y filesBL CloudMicrophys ProfilesBL Cloud Rad Profiles

89Surface CharacterizationGround Rad plus Sky Rad above (measured at same places) give:AlbedoSpectral AlbedoEmissivityWSflArea Surf Images (tower)S,BPeriodicAll?Y Snow, Ice CoverageSDG ArrayAverage Snow DepthS,BAll7Peri-odicEddy CorrSensi & latent Heat FluxesSContinuousab?Y Over Major Surf TypesNotes:Cold test of instrumentation which has riot previously satisfactorily performed on aroutine basis under the conditions expected during Arctic FIRE t is very important Theassumption that in instrumentation typically used at lower latitudes will performsatisfactorily in the Arctic without modification is usually wrong Hence, a test,modification, retest cycle should be incorporated in P1 planning. On request, ARMwill provide access to its Cold Test Site in Barrow during the winter of 96~97.

90

91

92

93

94StratocumulusMicrophysicsandBoundaryLayerStructure:ProgresStratocumulusMicrophysicsandBoundaryLayerStructure:RecomendedResearch

95 (Albrecht, Considine)12. Diurnal variation of cloud and boundary layer structure from surface-based remotesensing (Miller, Albrecht)13. Entrainment zone studies using 94 GHz radar data (Albrecht)14. Turbulence structure and boundary layer evolution during ASTEX LagrangianIOPS (Wang, Lenschow)15. Intercomparisons of convective updrafts and downdrafts observed from aircraftand surface-based cloud Doppler radar (Wang, Frisch, Lenschow)16. Spectral analysis of microphysics (Gerber)17. Correlate CCN with drizzle and standard deviation (Hudson)18. Examine SOCEX and ACE-1 data and look at whole spectrum, including tail ofdrop size distribution (Hudson)

Modeling Studies/Integrated Data Sets: Selected Recent Projects1. GCSS (GEWEX Cloud System Study) Boundary Layer Cloud ModelingIntercomparison Workshops:a. Stratocumulus-topped boundary layer (FIRE-I) (Moeng et al., 1996)b. ASTEX Lagrangian cases (FIRE-II) (Krueger, Bretherton)1D models:

96- AERO (Peter Bechtold - France)- ECMWF (Joao Texeira - UK)- KNMI (Eric van Meijgaard)2D models:- CSU (Bjorn Stevens-USA)- U Utah (Steve Krueger, Ching-Hsuan Chen - USA)- U Washington (Matt Wyant/Chris Bretherton - USA)2. Cloud parameterization (ASTEX) (Xu, Randall, 1996)3. Drizzle parameterization (ASTEX) (Randall, Chen)4. Microcell simulation (ASTEX) (S. Wang)5. Mesoscale structure (ASTEX) (Bretherton, Rand)6. ECMWF boundary layer model tests (ASTEX)

Modeling Studies/Integrated Data Sets: Planned Future/Ongoing

Projects1. ASTEX cloud climatology (Uttal, et al.)2. ASTEX Lagrangian turbulent fluxes (Wang)3. Idealized modeling studies4. ASTEX Lagrangian studies (Krueger, Bretherton) - have compiled results from 6models

971D: AERO, KNMI, ECMWF2D: CSU, Utah, Washington5. Further idealized modeling studies of stratocumulus to cumulus transition(Krueger) - dynamics of decoupling (2D CEM) - roles of various forcings (2D CEM) -1Dturbulence closure modeling6. 3D direct numerical simulations of smoke-topped boundary layers(Krueger) - model developed to explicitly simulate entraining eddies - gain insight intolaboratory flows.

Satellite Remote SensingOn-going FIRE Phase II satellite remote sensing research focuses on four types ofstudies:(1) Improvement of radiative transfer models used to retrieve cloud propertiesfrom satellite radiance measurements;(2) Testing of satellite analysis schemes against more detailed field datasets;(3) Comparison of results obtained from different satellite instruments;(4) Comparison of behavior of target cloud types in different locations andclimate regimes.

Cirrus clouds(1) Studies are underway to examine, in detail, different models of theradiative effects of irregular and regular ice crystal shapes and shape distributions, aswell as sizes and size distributions. Radiative transfer models are being compared with avariety of field datasets. Existing models are being extended to other infraredwavelengths to retrieve more information about nighttime cirrus, including temperature,optical thickness and particle size.

98(2) Several team efforts are exploring different ways to derive cloud layerinformation from different combinations of wavelengths and satellite instruments. Theseresults are being tested against lidar and radar observations.(3) Two global analyses of cirrus clouds based on HIRS measurements arebeing compared with ISCCP and SAGE information about upper troposphericcloudiness. By combining these analyses, a much clearer characterization of cirrus isbeing developed.(4) Cirrus particle size retrievals have been developed and tested against FIRE data.Global surveys of cirrus behavior (optical thickness and particle size variations) areunderway to compare and contras" cirrus already studied by FIRE and cirrus in otherclimate regimes, particularly the polar and tropical regions.

Boundary-layer Clouds(1) Improved microwave models are being developed to retrieve boundary layer cloudtop temperature and liquid water path information in the presence of upper-level clouds.(2) Most retrieval methods developed for satellite data have already been tested againstFIRE data. Studies of more detailed behavior are underway using higher resolution satellitedatasets. Studies of possible aerosol effects are also underway.(3) Global intercomparisons of visible, infrared and microwave retrievals of theproperties of marine boundary layer clouds have been completed. Studies are beginning forcontinental cases.(4) Higher resolution climatologies of marine stratus regimes have been completed.Comparisons of behavior in different regions are underway, including extension to continentalclouds. Detailed examination of the statistics of small-scale optical thickness variations and theirradiative consequences in marine boundary layer clouds show potential to identify the dynamicalprocesses that determine these finer scale properties.

99Appendix I - ReferencesAlbrecht, B. A., 1989: Aerosols, cloud microphysics, and fractional cloudiness. Science, 245,1227-1230.Albrecht, B. A., C.S.Bretherton, D.W.Johnson, W.H.Schubert and A.Shelby Frisch, 1995: TheAtlantic Stratocumulus Transition Experiment -- ASTEX. Bull. Amer. Meteor. Soc., 76,889-904.Anderson, P.S., 1994: Amethod for rescaling humidity sensors at temperatures well belowfreezing. J. Atmos. Oceanic Tech.,.Baum, B. A., R. F. Arduini, B. A. Wielicki, P. Minnis, and S. C. Tsay, 1994: Multilevel cloudretrieval using multispectral HIRS and AVHRR data: Nighttime oceanic analysis. J.Geophys. Res., 99, 5499-5514.Blanc, T.V., 1983: Apractical approach to flux measurements of long duration in the marineatmospheric boundary layer. J. Clim. Appl. Meteor., 22, 1093-1110.Cahalan, R. F., D. A. Short and G. R. North, 1982: Cloud fluctuation statistics. Mon. Wea.Rev., 110, 26-43.Cahalan, R. F., W. Ridgway, W. J. Wiscombe, Harshvardhan, and S. Gollmer, 1994:Independent pixel and Monte Carlo estimates of stratocumulus albedo. J. Atmos. Sci., 51,3776-3790.Clements, B., F. Barnes, T. Ackerman, J. Mather, M. Ivey, M. Reynolds, and L. Hatfield, 1995:ARCS deployment in the Tropical Western Pacific. Proc. 4th ARM Science Team Meeting,San Diego, CA, March 19-23.Cole, H., 1993: The TOGA COARE ISS radiosonde temperature and humidity sensor errors.NCAR SSSF Technical Report, National Center for Atmospheric Research, Boulder, CO.Curran, R. J., H. L. Kyle, L. R. Blaine, J. Smith and T. D. Clem, 1981: Multichannel scanningradiometer for remote sensing cloud physical parameters. Rev. Sci. Instrum., 52, 1546-1555.Curry, J. A., 1983: On the formation of continental polar air. J. Atmos. Sci., 40, 2278-2292.Curry, J. A. and G. F. Herman, 1985: Infrared radiative properties of Arctic stratus clouds. J . Clim. Appl. Met., 24, 525-538.Curry, J. A., 1986: Interactions among turbulence, radiation and microphysics in Arctic stratusclouds. J. Atmos. Sci., 43, 90-106.Curry, J. A., E. Ebert, and G. F. Herman, 1988: Mean and turbulence structure of thesummertime Arctic cloudy boundary layer. Quart. J. Roy. Met. Soc., 114, 715-746.Curry, J. A., F. G. Meyer, L. F. Radke, C. A. Brock and E. Ebert, 1990: The occurrence andcharacteristics of lower tropospheric ice crystals in the Arctic. Int. J. Climate, 10, 749-764.Curry, J.A., and E.E. Ebert, 1992: Annual cycle of radiative fluxes over the Arctic ocean:Sensitivity to cloud optical properties. J. Climate, 5, 1267-1280.Curry, J. A., M. McPhee, R. Moritz, D. Perovich, and D. Randall, 1995: The SHEBA SciencePlan. Univ. Washington Polar Science Center Tech. Report, Seattle, WA.

100Curry, J. A., W. B. Rossow, D. A. Randall and J. L. Schramm, 1996: Overview of Arctic cloudand radiation characteristics. J. Climate (in press).Darnell, W. L., W. F. Staylor, S. K. Gupta, N. A. Ritchey and A. C. Wilber, 1992: Seasonalvariation of surface radiation budget derived from International Satellite Cloud ClimatologyProject C1 data. J. Geophys. Res., 97, 15,741=15,760.Fairall, C. W., E. F. Bradley, D. P. Rogers, J.B. Edson, and G.S. Young, 1995: Bulkparameterization of air-sea fluxes in TOGA COARE. J. Geophys. Res., in press.Francis, J. A., 1994: Improvements to TOVS retrievals over sea ice and applications to estimatingArctic energy fluxes. J. Geophys. Res., 99, 10,395-10,408.Frisch, A.S., D.H. Lenschow, C. W. Fairall, W. H. Schubert, and J. S. Gibson, 1994: Dopplerradar measurements of turbulence in marine stratiform cloud during ASTEX. J. Atmos.Sci., 52, 2800-2808.Frisch, A.S., C. W. Fairall, and J. B. Snider, 1995: Measurement of stratus cloud and drizzleparameters in ASTEX with a Ka-band Doppler radar and a microwave radiometer. J.Atmos. Sci., 52, 2788-2799.Greenwald, T. J., G. L. Stephens, T. H. Vonder Haar and D. L Jackson, 1993: Aphysicalretrieval of cloud liquid water over the global oceans using special sensormicrowave/imager (SSM/I) observations. J. Geophys. Res., 98, 18,471- 18,488.Grelle, A., and A. Lindroth, 1995: Flow distortion by a solent sonic anemometer: wind tunnelcalibration and its assessment for flux measurements over forest and field. J. Atmos.Oceanic Tech., 11, 1529-1542.Gossard, E., 1994: Measurement of cloud droplet size spectra by Doppler radar. J. Atmos.Oceanic Tech., 11, 712-726.Hahn, C. J., S. G. Warren, J. London, R. M. Chervin, and R. Jenne, 1982: Atlas ofsimultaneous occurrence of deference cloud types over the ocean. NCAR Tech. Note TN-201, 212 pp.Han, Q.-Y., W. B. Rossow and A. Lacis, 1994: Near-global survey of effective cloud dropletradii in liquid water clouds using ISCCP data. J. Climate, 7, 465- 497.Han, Q.-Y., W. B. Rossow, R. Welch, A. White and J. Chou, 1995: Validation of satelliteretrievals of cloud microphysics and liquid water path using observations from FIRE. J.Atmos. Sci., 52, 4183-4195.Herman, G. F. and J. A. Curry, 1984: Observational and theoretical studies of solar radiation in Arctic clouds. J. Clim. Appl. Meteor., 23, 5-24.Herman, G. F. and R. Goody, 1976: Formation and persistence of summertime Arctic stratusclouds. J. Atmos. Sci., 33, 1537-1553.Hignett, P., 1991: Observations of diurnal variation in a cloud-topped marine boundary layer. J.Atmos. Sci., 48, 1474-1482.Horst, T. W., and J. C. Weil, 1994: How far is far enough?: The fetch requirements formicrometeorological measurement of surface fluxes. J. Atmos. Oceanic Tech., 11, 1018-1025.Hudson, J. G., 1989: An instantaneous CCN spectrometer. J. Atmos. and Ocean. Techn., 6 ,1055-1065.

101Hudson, J. G., 1993 a: Cloud condensation nuclei. J. Appl. Met., 32, 596.Hudson, J. G., 1993 b: Cloud condensation nuclei near marine cumulus. J. Geophys. Res., 98,2693 - 2701.Hudson, J.G. and H. Li, 1995: Microphysical contrasts in Atlantic stratus. J. Atmos. Sci., 52,3031-3040.Hudson, J.G. and G. Svensson, 1995: Cloud Relationship Microphysical in California MarineStratus Clouds. J. Appl. Meteorol., 34, 2655-2666.Hudson, J.G. and P.R. Frisbie, 1991: Cloud condensation nuclei near marine stratus. J.Geophys. Res., 96, 20795-20808.Hudson, J.G. and X. Da, 1996: Volatility and size of cloud condensation nuclei. J. Geophys.Res., in press.Intrieri, J.M., G.L. Stephens, W.L.Eberhard, and T.Uttal, 1993: A method for determining cirruscloud particle sizes using lidar and radar backscatter technique. J.Appl. Met., 32, 1074-1082.Jones, P. A., 1992: Cloud-Cover distributions and correlations. J. Appl Met., 31, 732-741.Kaimal, J.C., and J.J. Finnigan, 1994: Atmospheric Boundary Layer Flows. Oxford UniversityPress, New York, pp 289.Karl, T. R., P.D. Jones, R.W. Knight, G. Kukla, N. Plummer, V. Razuvayev, K.P. Gallo, J . Lindsey, R.J. Charlson, and T.C. Peterson, 1993: Anew perspective on recent globalWarming: Asymmetric trends of daily maximum and minimum temperature. Bull. Am.Meteorol. Soc., 74, 1004-1023.Kaufman, Y.J., R.S. Fraser, and R.L. Mahoney, 1991: Fossil fuel and biomass burning effect onclimate-Heating or cooling. J. Clim. 4, 578-588.King, M. D., M. G. Strange, P. Leone and L. R. Blaine, 1986: Multiwavelength scanningradiometer for airborne measurements of scattered radiation within clouds. J. Atmos.Oceanic Technol., 3, 513-522.King, M. D., W. P. Menzel, P. S. Grant, J. S. Myers, G. T. Arnold, S. E. King, M. D., 1987:Determination of the scaled optical thickness of clouds from reflected solar radiationmeasurements. J. Atmos. Sci., 44, 1734-1751.King, M. D., Y. J. Kaufman, W. P. Menzel, and D. Tanr�, 1992: Remote sensing of cloud,aerosol, and water vapor properties from the Moderate Resolution Imaging Spectrometer(MODIS). IEEE Trans. Geosci. Remote Sens., 30, 2-27.King, M. D., W. P. Menzel, P. S. Grant, J. S. Myers, G. T. Arnold, S. E., Platnick, L. E.Gumley, S. C. Tsay, C. C. Moeller, M. Fitzgerald, K. S. Brown and F. G. Osterwisch,1996: Airborne scanning spectrometer for remote sensing of cloud, aerosol, water vaporand surface properties. J. Atmos. Oceanic Technol., in press.Krueger, S. K., 1988: Numerical simulation of tropical cumulus clouds and their interaction withthe subcloud layer. J. Atmos. Sci., 45, 2221-2250.Krueger, S.K., G.T. McLean, and Q. Fu, 1995 a: Numerical simulation of the stratus-to-cumulustransition in the subtropical marine boundary layer. Part I: Boundary-layer structure. J.Atmos.Sci., 52, 2839-2850.

102Krueger, S.K., G.T. McLean, and Q. Fu, 1995 b: Numerical simulation of the stratus-to-cumulustransition in the subtropical marine boundary layer. Part II: Boundary-layer circulation. J.Atmos. Sci., 52, 2851-2868.Leith, C. E., 1973: The standard error of time-average estimates of climate means. J. Appl.Meteor., 12, 1066-1069.Lin, B., and W.B. Rossow, 1994: Observations of cloud liquid water path over oceans: Opticaland microwave remote sensing methods. J. Geophys. Res., 99, 20,907-20,927.Lin, B. and W. B. Rossow, 1996: Cloud water path variations over oceans from SSM/I andISCCP data. Submitted to J. Climate.Liu, G., and J.A. Curry, 1993: Determination of characteristic features of cloud liquid water fromsatellite microwave measurements. J. Geophys. Res., 98, 5069- 5092.Liu, G., J.A. Curry and R-S. Sheu, 1995: Classification of clouds over the western equatorialPacific Ocean using combined infrared and microwave satellite data. J. Geophys. Res.,100, 13,811-13,826.Luers, J.K, and R.E. Eskridge, 1995: Temperature corrections for the VIZ and Vaisalaradiosondes. J. Appl. Met., in press.McInnes, K.L., and J.A. Curry, 1995: Modelling the mean and turbulent structure of thesummertime Arctic cloudy boundary layer. Bound. Lay. Meteor., 73, 125-143.McMillin, M.L., 1991: Evaluation of a classification method for retrieving atmospherictemperatures from satellite measurements. J. Appl. Meteor., 30, 432- 446.Macke, A., 1993: Scattering of light by polyhedral ice crystals. Applied Optics, 32, 2780-2788.Martin, G.M., D.W. Johnson, and A. Spice, 1994: The Measurement and Parameterization ofEffective Radius of Droplets in Warm Stratocumulus Clouds. J. Atmos. Sci., 51, 1823-1842.Martner, B.E., D.B. Wuertz, B.B. Stankov, R.G Strauch, E.R. Westwater, K.S. Gage, W.L.Ecklund, C.L. Martin, and W.F Dabberdt, 1993: An evaluation of wind profiler, RASS,and microwave radiometer performance. Bull. Am. Met. Soc., 74, 599-613.Matrosov, S.Y., B.W. Orr, R.A. Kropfli, and J.B. Snider, 1994: Retrieval of vertical profiles ofcirrus cloud microphysical parameters from Doppler radar and infrared radiometermeasurements. J.Appl. Met., 33, 617-626.Menzel, W. P., D. P. Wylie, and K. I. Strabala, 1992: Seasonal and diurnal changes in cirrusclouds as seen in four years of observations with the VAS. J. Appl. Met., 31, 370-385.Meyer, F. G., J. A. Curry, C. A. Brock, and L. F. Radke, 1991: Springtime visibility in theArctic. J. Appl. Meteor., 30, 342-357.Miller, M.A., and B.A. Albrecht., 1995: Surface-based observations of mesoscale cumulus-stratocumulus interaction during ASTEX. J. Atmos. Sci., 52, 2809-2826.Minnis, P., P.W. Heck, D.F. Young, C.W. Fairall and J.B. Snider, 1992: Stratocumulus cloudproperties derived from simultaneous satellite and island- based instrumentation. J. Appl.Meteor., 31, 317-339.Minnis, P., P.W. Heck and D.F. Young, 1993: Inference of cirrus cloud properties using satellite-observed visible and infrared radiances. Part II: Verification of theoretical cirrus radiativeproperties. J. Atmos. Sci., 50, 1305-1322.

103Minnis, P., K.-N. Liou, and Y. Takano, 1993: Inference of cirrus cloud >properties usingsatellite-observed visible and infrared radiances. Part >I: parameterization of radiancefields. J. Atmos. Sci., 50, 1279-1304.Mishchenko, M. I. and L. D. Travis, 1994: Light scattering by polydispersions of randomlyoriented spheroids with sizes comparable to wavelengths of observation. Appl. Optics, 30,7206-7225.Nakajima, T., M.D. King and J.D. Spinhirne, 1991: Determination of the optical thickness andeffective particle radius of clouds from reflected solar radiation measurements. J. Atmos.Sci., 48, 728-750.Novakov, T. and J.E. Penner, 1993: Large contribution of organic aerosols to cloud-condensation-nuclei concentrations. Nature, 365, 823-826.Persson, P.O.G., D. Ruffieux, and K.L. Davidson, 1992: Characteristics of the lowertroposphere during LEADEX-92. Proc. 3rd AMS Polar Meteorology Conf., Sept. 29 -Oct. 2, Portland, OR.Persson, P.O.G., D. Ruffieux, S.D. Burk, C.W. Fairall, and D.E. Wolfe, 1995: Observationsand 1-D simulations of ice pack surface energy budgets during LEADEX-92. Proc. 4thAMS Polar Meteorology Conf., Jan. 15-20, Dallas, Tx.Pinto, J.O., J.A. Curry, and C.W. Fairall, 1995: Radiative and microphysical properties of low-level Arctic clouds from ground-based measurements. J. Geophys. Res. (in press).Pinto, J.O., and J.A. Curry, 1995: Atmospheric convective plumes emanating from leads, Part 2,Microphysical and radiative processes. J. Geophys. Res. (in press).Racette, P., R. F. Adler, A. J. Gasiewski, D. M. Jackson, J. R. Wang, and D. S. Zacharias,1996: An airborne millimeter-wave imaging radiometer for cloud, precipitation andatmospheric water vapor studies. J. Atmos. Oceanic Technol., in press.Randall, D. A., Q. Shao, and C.-H. Moeng 1992: Asecond-order bulk boundary-layer model. J . Atmos. Sci., 49, 1903-1923.Randall, D. A., B. A. Albrecht, S. K. Cox, P. Minnis, W. Rossow, and D. Starr, 1995: On FIREat ten. Adv.Geophys., 38, 37-177.Raymond, D. J., and A. M. Blythe, 1986: Astochastic mixing model for non-precipitatingcumulus clouds. J. Atmos. Sci., 43, 2708-2718.Rogers, D.C., 1988: Development of a continuous-flow thermal gradient diffusion chamber for icenucleation studies. Atmos. Res., 22, 149-181.Rossow, W. B, 1989: Measuring cloud properties from space: A review. J. Climate, 2, 201-213.Rossow, W. B., L. C. Garder, P.-J. Lu, and A. Walker, 1991: International Satellite CloudClimatology Project (ISCCP) documentation of cloud data. In WMO/TD-No 266(Revised), World Meteorological Organization, Geneva, 76 pp.Rossow, W.B., and R.A. Schiffer, 1991: ISCCP cloud data products. Bull. Amer. Meteor. Soc.,72, 2-20.Rossow, W.B., and L.C. Garder, 1993: Validation of ISCCP cloud detections. J. Climate, 6 ,2370-2393.Rossow, W.B., A.W. Walker and L.C. Garder, 1993: Comparison of ISCCP and other cloudamounts. J. Climate, 6, 2394-2418.

104Rossow, W.B., and Y-C. Zhang, 1995: Calculation of surface and top-of-atmosphere radiativefluxes from physical quantities based on ISCCP datasets, Part II: Validation and firstresults. J. Geophys. Res., 100, 1167-1197.Ruffieux, D., P.O.G. Persson, C.W. Fairall, and D.E. Wolfe, 1994: Arctic atmospheric boundarylayer measured with a monostatic minisodar during LEADEX-92. Proc. 7th Symp.Acoustic Remote Sensing and Assorted Techniques of the Atmosphere and Oceans, Oct. 3-7, Boulder, CO.Ruffieux, D., P.O.G. Persson, C.W. Fairall, and D.E. Wolfe, 1995: Ice pack and lead surfaceenergy budgets during LEADEX-92. J. Geophys. Res., 100, 4593-4612.Schotanus, P., F.T.M. Nieuwstadt, and H.A. R. de Bruin, 1983: Temperature measurement witha sonic anemometer and its application to heat and moisture fluxes. Bound.-LayerMeteorol., 26, 81-93.Schuepp, P.H., M.Y. LeClerc, J.I. MacPherson, and R.L. DesJardins, 1990: Footprintpredictions of scalar fluxes from analytical solutions of the diffusion equation. Bound.-Layer Meteorol., 50, 355-373.Schweiger, J.A., and J.R. Key, 1994: Arctic Ocean radiative fluxes and cloud forcing estimatedfrom the ISCCP C2 cloud dataset, 1983-1990. J. Appl. Meteor., 33, 948-963.Sherr, P.E., A.H. Glaser, J.C. Barnes and J.H. Willand, 1968: World-Wide Cloud CoverDistributions for Use in Computer Simulations. NASA Contractor Report CR-61226, 140pp.)Smith, W.L., H.M Woolf, C.M. Hayden, D.Q. Wark and L.M. McMillin, 1979: The TIROS-NOperational Vertical Sounder. Bull. Amer. Meteor. Soc., 60, 117-118.Spinhirne, J. D., M. Z. Hansen and L. O. Caudill, 1983: Cloud top remote sensing by airbornelidar. Appl. Opt., 21, 1564-1571.Stackhouse, P. W., Jr., 1995: An assessment of the effects of cloud inhomogeneity on ice cloudradiative properties. Ph.D. thesis, Colorado State University, 283 pp.Takano, Y., and K. N. Liou, 1989: Radiative transfer in cirrus clouds. I. Single scattering andoptical properties of oriented hexagonal ice crystals. J. Atmos. Sci., 46, 3-20.Tiedtke, M., 1993: Representation of clouds in large-scale models. Mon. Wea. Rev., 121, 3040-3061.Tsay, S.-C., K. Stamnes, and K. Jayaweera, 1989: Radiative energy budget in the cloudy andhazy Arctic. J. Atmos. Sci., 46, 1102-1018.Tsay, S.-C. and K. Jayaweera, 1984: Physical characteristics of Arctic stratus clouds. J. Clim.Appl. Meteor., 23, 584-596.Twohy, C.H. and J.G. Hudson, 1995: Cloud condensation nuclei spectra within maritimecumulus cloud droplets. J. Appl. Meteorol., 34, 815-833.Twomey, S., 1971: The composition of cloud nuclei. J. Atmos. Sci., 28, 377-381.Twomey, S., 1977: The influence of pollution on the shortwave albedo of clouds J. Atmos. Sci,34, 1149-1152.Twomey, S., 1991: Aerosols, clouds, and radiation. Atmos. Environ., 25A, 2435.

105Walsh, J.E., R.L. Weaver and W. Chapman, 1993: Aregional model for studies of atmosphere-ice-ocean interaction in the Western Arctic. Meteorol. Atmos. Phys., 51, 179.Wang, J. R., S. H. Melfi, P. Racette, D. N. Whitemen, L. A. Chang, R. A. Ferrare, K. D.Evans, and F. J. Schmidlin, 1995: Simultaneous measurements of atmospheric watervapor with MIR, Raman lidar, and rawinsondes. J. Appl. Meteor., 34, 1595-1607.Wang, S., 1993: Modeling marine boundary-layer clouds with a two-layer model: Aone-dimensional simulation. J. Atmos. Sci., 50, 4001-4021.Warren, S.G., C.J. Hahn, J. London, R.M. Chervin and R.L. Jenne, 1988: Global distribution oftotal cloud cover and cloud type amounts over the ocean. NCAR Tech. Note TN-317+STR, National Center for Atmospheric Research, Boulder, Co., 42 pp. plus 170maps.Welch, R. M., S. K. Sengupta, A. K. Goroch, P. Rabindra, N. Rangaraj, and M. S. Navar,1992: Polar cloud and surface classification using AVHRR imagery: An intercomparison ofmethods. J. Appl. Meteor., 31, 405-420.White, A.B., C.W. Fairall, and J.B. Snider, 1995: Surface-based remote sensing of marineboundary-layer cloud properties. J. Atmos. Sci., 52, 2827-2833.White, A.B., C.W. Fairall, A.S. Frisch, B.W. Orr, and J.B. Snider, 1996: Recent radarmeasurements of turbulence and microphysical properties in clouds. Atmos. Res., in press.Wielicki, B.A., J.T. Suttles, A.J. Heymsfield, R.M. Welch, J.D. Spinhirne, M-L.C. Wu, D.O.Starr, L. Parker and R.F. Arduini, 1990: The 27-28 October 1986 FIRE IFO cirrus casestudy: Comparison of radiative transfer theory with observations by satellite and aircraft.Mon. Wea. Rev., 118, 2356-2376.Wielicki, B. A., and L. Parker, 1992: On the determination of cloud cover from satellite sensors:The effect of sensor spatial resolution. J. Geophys. Res., 97, 12799-12823.Wielicki, B. A., B. R. Barkstrom, E. F. Harrison, R. B. Lee III, G. L. Smith, and J. E. Cooper,1996: Clouds and the Earth’s Radiant Energy System (CERES): An Earth ObservingSystem Experiment. Bull. Amer. Met. Soc., 76, 2125-2153.Wolfe, D.E., C.W. Fairall, J.R. Jordan, and D.W. Gregg, 1992: Remote sensing of the Arcticboundary layer. Proc. 3rd AMS Polar Meteorology Conf., Sept. 29-Oct. 2, Portland,OR.Wyant, M.C., C.S. Bretherton, H.A. Rand, and D.E. Stevens, 1996: Numerical simulations and aconceptual model of the stratocumulus to trade cumulus transition. Submitted to J. Atmos.Sci.Xu, K.-M., and D. A. Randall, 1996: Explicit simulation of cumulus ensembles with the GATEPhase III data. Comparison with observations. Submitted to the J. Atmos. Sci.Yamanouchi, T., K. Suzuki, and S. Kawaguci, 1987: Detection of clouds in Antarctica frominfrared multispectral data of AVHRR. J. Meteor. Soc. Japan, 65, 949-962.Young, D. F., S. Mayor, P. Minnis, J. M. Intrieri, S. Matrosov, and J. Snider, 1994:Comparison of satellite and surface-based remote sensing of cloud microphysical propertiesduring FIRE Cirrus Phase II. Proc. 8th Conf. Atmos. Radiation of the Amer. Met. Soc.,Nashville, TN, Jan. 23-28, 231-233.

106