CALIPSO analyis and validation ; application to model evaluation

Executive Summary

The immediate scientific objectives of the proposal are to analyze aerosol optical data acquired in two distinct but important Canadian contexts; the relatively pristine Arctic environment and the comparatively turbid atmosphere of Southern Ontario.  The overall application, viewed from the standpoint of our enlarged community of modellers and experimentalists (MAQNet), is to employ the analysis as a means of evaluating the aerosol predictive performance of  air quality and climatological models.

In this proposal we will focus on a remote sensing validation  activity which is not funded by any of our current research projects. The process of validating a remote sensing product leads almost inevitably to a deeper understanding of the reference and test data. This understanding can then be leveraged into an important source of model evaluation information wherein the experimentalist contributes the critical element of data and event significance. The remote sensing validation objective is to support ground based and airborne measurement activities as part of  the validation of the CALIPSO retrievals in the  turbid region of southern Ontario (with Egbert as an anchor point) and the more pristine high Arctic environment near the PEARL observatory at Eureka. Our plans are to carry out field campaigns (during and outside of CALIPSO overpass times) as frequently as possible in order to obtain the greatest variety of turbidity conditions.. This research objective will be part of our parallel MAQNet responsabilities wherein we will be developing expertise and data ensembles appropriate for the Canadian air quality model (GEM-AQ), the Canadian global climate model (GCMIII) and the Northern Aerosol Regional Climate Model (NARCM). The aspect of 2D slices of aerosol backscatter along the CALIPSO orbit track will present critical process information for air quality model evaluation purposes and eventually climatologigical model evaluation.

The general philosophy of MAQNet is that any practical modelling or assimilation application necessarily involves an evaluation and research stage where one must devise a strategy for comparing measurement and model outputs. This strategy marries, on the one hand, the knowledge which experimentalists possess on the natural and instrumental limitations of their data and on the other hand the algorithmic design and model input choices which the modellers must make (in a generally iterative fashion). The key to the success of this endeavour is that the two groups work interactively together; that the experimentalist have, if not hands on access to the model then at least the ability to test and control model inputs and that the modellers understand and be guided by measuremental constraints.

Introduction

Aerosols are necessarily the focus of much atmospheric remote sensing research because of the amplitude and variability of their optical effects.  They represent an important source of anthropogenic and natural pollution and are a key contributor to the radiative forcing balance sheet. In the latter case their typically net cooling effect (and its uncertainty) is a critical input to climate change forecast models. In "classical" remote sensing of surface features, aerosols represent a source of unwanted systematic image noise which must be eliminated using radiative transfer models and available aerosol data at the time of image acquisition. The importance of accurate aerosol data for both monitoring and forecasting requirements necessitates both rigorous validation of new remote sensing techniques (usually by ground-based or airborne approaches) and comprehensive model evaluation  (as well as assimilation) exercises. 

The immediate scientific objectives of this proposal are to analyze aerosol optical data acquired in two distinct but important Canadian contexts; the relatively pristine Arctic environment and the comparatively turbid atmosphere of Southern Ontario. The direct incentive for this work is to participate in the analysis and validation of CALIPSO data. The application of this analyzed data, viewed from the standpoint of an enlarged community of modellers and experimentalists, is to employ the analysis as a means of evaluating the performance of the Canadian air quality model (GEM-AQ), the Canadian global climate model (GCMIII) and the Northern Aerosol Regional Climate Model (NARCM). Our experience with these or similar models (Campanelli et al., 2005; Aubé et al., 2004;  Thulasiraman et al., 2002; Vandermeer et al., 1999) has taught us the importance of first analyzing and understanding the measurements and the relevant opto / physical mechanisms involved in a specific event or long-term forecast (climatological) study before initiating the model evaluation investigation.

Background

Our group at the Université de Sherbrooke manages, in collaboration with Bruce McArthur at MSC, the AEROCAN network of CIMEL sunphotometers / sky radiometers (Figure 1). These instruments are automated sun tracking and sky scanning devices which enable the optical monitoring of aerosol columnar content and size (they are also the instruments employed in the global AERONET network of which AEROCAN is a federated member). In addition, we work closely with Kevin Strawbridge at MSC Egbert within the context of an individual CFCAS project for the comparison of passive sunphotometer parameters with the 2D backscatter profiles acquired by Dr. Strawbridge's mobile scanning lidar system.  
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Figure 1 - AEROCAN network of CIMEL sunphotometers.

The members of the optical measurement group belong to MAQNet, the community of modellers and experimentalists whose mandate (as part of a CFCAS funded network) is to develop and evaluate GEM-AQ. The Sherbrooke group has also maintained an active working relationship with Dr. Sunling Gong as part of an ongoing project to evaluate the recent global (optical) outputs of the GCMIII/CAM module. GCMIII/CAM is a global climate model whose aerosol physics package (CAM) is common to GEM-AQ and NARCM.   We have also enjoyed a long-term collaboration with Jean-Pierre Blanchet  where our role was to evaluate NARCM in the context of a variety of aerosol events. A number of MAQNet members recently succeeded in obtaining CFI funding (proposal led by Jack McConnell), a portion of which was to augment AEROCAN in southern Canada, develop a validation site at Bratt's Lake Saskatchewan, develop a size sensitive two channel capability for the airborne lidar (which is also run out of Egbert by Kevin Strawbridge) and implement a star photometer for night time comparisons with the Egbert ground based lidars. The Sherbrooke group was also part of a second successful CFI application whose general goal was to re-equip the Eureka Arctic site with an array of aerosol and chemical sensors (the Sherbrooke portion of this was a CIMEL instrument along with a star photometer).

In this proposal we will focus on a remote sensing validation  activity which is not funded by any of our current research projects. The process of validating a remote sensing product leads almost inevitably to a deeper understanding of the reference and test data. This understanding can then be leveraged into an important source of model evaluation information wherein the experimentalist contributes the critical element of data and event significance. The remote sensing validation objective is to support ground based and airborne measurement activities as part of  the analysis and validation of the CALIPSO retrievals in the  turbid region of southern Ontario (with Egbert as an anchor point) and the more pristine high Arctic environment near the PEARL observatory at Eureka. This research objective will be part of our parallel MAQNet responsabilities wherein we will be developing expertise and data ensembles appropriate for GEM-AQ, GCMIII and NARCM validation and assimilation goals. The aspect of 2D slices of aerosol backscatter along the CALIPSO orbit track will present critical information for air quality model evaluation purposes.  In the case of NARCM, Jean-Pierre Blanchet and his group are planning Arctic (NARCM) simulations whose evaluation we plan to collaborate on.

The general philosophy of the MAQNet group is that any practical modelling or assimilation application necessarily involves an evaluation and research stage where one must devise a strategy for comparing measurement and model outputs. This strategy marries, on the one hand the knowledge which experimentalists possess on the natural and instrumental limitations of their data and on the other hand the algorithmic design and model input choices which the modellers must make (in a generally iterative fashion). The key to the success of this endeavour is that the two groups work interactively together; that the experimentalist have, if not hands on access to the model then at least the ability to test and control model inputs and that the modellers understand and be guided by measuremental constraints.  In the end the experimentalist also benefit greatly from the insight afforded by the interactive manipulation of model physics and the ability to optimally fill in temporal and spatial gaps in sparse data.

Science and Methodology

The process of validation a remote sensing product leads almost inevitably to a deeper understanding of the reference and test data. This understanding can then be leveraged into an important source of model validation information wherein the experimentalist contributes the critical element of data and event significance.  This means that the experimentalist understands which variations are robust and reproducable and which are due to instrumental artifacts or natural variations other than that ascribed to a given phenomenom (thin homogeneous clouds mimicking super-micron aerosols being a pertinent example of the latter). Such knowledge is invaluable to the modeller who faces an intimidating array of diagnostic variables he can potentially use as evaluation indicators. 

Egbert based validation exercises

 CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations ) is slated to be launched in  August of 2005. Its payload  includes a two channel backscatter lidar (CALIOP; Cloud-Aerosol LIdar with Orthogonal Polarization) for vertical profiling of aerosols and clouds and an imaging infrared (IIR) camera for the characterization of cirrus emissivity and particle size. It will fly in formation as part of the A-train constellation and will acquire data in tandem with the MODIS sensor whose principal mission is total and fine mode aerosol optical depth (AOD) mapping. 

The bi-spectral CALIOP backscatter profiles will yield a vertical inversion product of backscatter ratio  in the form of 2D sections of sky below the CALIPSO platform. This retrieval product can be converted to extinction coefficient given apriori information on the backscatter to extinction ratio (Sa). The columnar averaged extinction to backscatter ratio can be estimated from AODs provided by CIMEL sunphotometers placed at key points along the flight line of an airborne lidar as well as from the inversion product retrieved from the combination of solar and sky radiance measured by the CIMEL instrument. The bi-spectral  and crossed polarization information from the airborne lidar combined with AOD spectrometry can be employed to yield altitude profiles of fine and coarse mode extinction coefficients (see Chaikovsky et al., 2002 for example).  This aspect of lidar processing is a novel technique which goes beyond the empirical indices of particle size such as "colour ratio" which have been used in the past. It is also coherent with recent work we have performed on AOD spectrum processing which permits the retrieval of fine and coarse mode AODs (O'Neill et al., 2003). We will investigate whether a similar product can be extracted from the bi-spectral and cross polarization information associated with CALIOP profiles by eithor tying those profiles to Sa values derived from the combination of airborne lidar and sunphotometry or possibly from the combination of CALIOP data and the MODIS or POLDER AOD (Kaufman et al., 2003 do have an algorithm for extraction of the fine and coarse mode extinction coefficient using combined CALIOP and MODIS AOD data but this algorithm was developed for oceanic pixels; its transference to dark pixels over land near Egbert or stable bright pixels over land near Eureka will be more problematic).

Our plans are to carry out field campaigns as frequently as possible (during and outside of CALIPSO overpass times) in order to achieve the greatest variety of turbidity conditions.  These experiments will be performed in the relatively turbid region of southern Ontario (the objective will be to seek out the largest possible variety of turbid conditions). In order to achieve this goal, costs need to be kept at a minimum;  to this end, the airborne lidar  system belonging to Kevin Strawbridge is in the process of being mounted on a Cessna platform. Validation experiments will include night time operations during the descending leg of the CALIPSO orbit and the use of the starphotometer based in Egbert. These measurements will yield a valuable database for  CALIOP evaluation while at the same time providing a set of benchmark tests for GEM-AQ runs.  

The aspect of 2D slices of aerosol backscatter along the CALIPSO orbit track will present critical information for air quality model evaluation purposes (we have seen the importance of this information in determining, for example, source emission profiles from downwind smoke measurements; c.f. Campanelli et al., 2005). The analysis of the CALIOP data will benefit from previous work done in the Pacific2001 experiment and at Egbert; in particular, advances have been made in our understanding of the extinction to backscatter ratios obtainable from a comparison of sunphotometry AODs and vertically integrated lidar backscatter ratios and those obtainable from the inversion of AOD and sky radiometry data (O'Neill et al., 2004). The airborne flights will be supported by mobile RASCAL measurements (scanning lidar measurements at various intervals along the flight line). The angular (scanning) dimension of these latter measurements permit a third technique for extracting the extinction to backscatter ratio (Spinhirne et al., 1980 for example). The outputs of these scans (2D backscatter ratio slices of the sky over a variety of azimuth angles) have proven invaluable in understanding the fundamental radiative transfer mechanisms in the local regions surrounding the mobile instrument. The (day-time) ground based radiometry suite will include the station CIMEL at Egbert and two transportable CIMELs near the start and end of each flight line. In addition to strategically placed CIMEL instruments an operator aboard the mobile RASCAL van will make frequent measurements of AOD using a hand-held sunphotometer. This combination of instruments will enable the monitoring of extensive variations in aerosol abundance along the flight path (hand held instrument) and intensive variations in aerosol size and type (regional information retrieved from CIME extinction and sky radiance data).

The measurement suite at Egbert will include 4-band IR radiometry for purposes of inferring the presence and size distribution of super-micron aerosols and clouds. AERONET/AEROCAN inversions in the super-micron (1 to 15 m radius region) are largely unvalidated and deteriorate in significance as one approaches the 15 m upper radius limit. Pancrati (2005) observed that IR radiometry can lead to supplemental information which allows independent evaluation of the veracity of AERONET super-micron retrievals. Three or four band IR radiometry, combined with lidar backscatter measurements, is also a valuable tool in determining the presence and size of thin homogeneous cloud such as high altitude cirrus (see Chiriaco et al., 2004 for example). This is a critical element in the evaluation of, for example, the AERONET/AEROCAN inversions where the presence of thin homogeneous cloud is not detectable using standard AERONET cloud screening procedures (O'Neill et al., 2003).

Eureka based validation exercises

No airborne lidar measurements are as yet planned for Eureka. An important advantage of Eureka's high latitude however is the frequent overpass rate of CALIPSO. This means, for example, that overpasses within 80 km of Eureka occur at a frequency greater than 30 days per month (as opposed to southern Ontario where the Cloudsat/CALIPSO validation missions are focussed on 4 overpass experiments per 16 day cycle). 

The Eureka validation exercises will consist of comparing the Rayleigh/Mie/Raman (RMR) lidar profiles acquired at the Eureka (sea level) weather station with sunphotometer measurement during the summer and starphotometer measurements during the polar winter. The RMR lidar which employs a three channel (355, 532, 1064) Nd:Yag laser is being developed for PEARL by Tom Duck at Dalhousie University.  The science objectives of these comparisons will be similar to those given for the Egbert exercises (fine / coarse mode discrimination as a function of altitude and investigations into the feasibility of an analogous CALIOP algorithm).  Indications are that the NOAA SEARCH team will also be placing Ed Eloranta's HSRL (High Spectral Resolution Lidar) at Eureka. This lidar employs particle velocity / Doppler shift technology to enable extraction of volume extinction profiles. Our objectives (always within a context of model evaluation) will be to characterize the (springtime) temporal and altitudinal behavior of the Arctic haze (fine mode) phenomenom (Shaw, 1982; Smirnov et al., 1994; Boudhaine and Dutton, 1993; Herber et al., 2002) while monitoring and discriminating between thin homogeneous cloud and super-micron aerosols. 

We will also investigate whether the combination of RMR lidar and 4-band IR radiometry will permit the extraction of size information on clear sky precipitation where the crystal layer is relatively thick (a.k.a. Diamond Dust, see Girard & Blanchet, 2001 for example). It has been hypothesized that Diamond Dust has an important influence on Artic radiative fluxes and thus on the surface radiation budget. This latter investigation is part of our collaboration with Jean-Pierre Blanchet in terms of NARCM validation in the high Arctic. This study also has potential applications to the 3-band IR image data collected by the IIR (Imaging Infrared Radiometer) on-board CALIPSO in combination with CALIOP.

Expertise

Our group at Sherbrooke in collaboration with Bruce McArthur at MSC, the AERONET group at NASA have successfully managed the expansion of AEROCAN to its present size. The Sherbrooke group includes the AEROCAN coordinator Jim Freemantle in Richmond Hill Ont. who has been a critical part of this success. The collaboration with Kevin Strawbridge at MSC Egbert has effectively given us access and will continue to give us access to substantive lidar resources for comparisons with AEROCAN measurements. 

Both Alain Royer and myself were part of the original NARCM (Northern Aerosol Regional Climatological Model) group and we continue to collaborate with Jean-Pierre Blanchet at UQAM. As well we are now members of MAQNet and the evaluation team of GEM-AQ. We have participated in numerous model / sunphotometer comparisons and are experienced in communicating and interacting with our modelling colleagues. The NOMAD aerosol optical depth (AOD) assimilation system being developed at Sherbrooke (NSERC strategic grant) is in fact the fruit of a long term collaboration with Jean-Pierre Blanchet at UQAM and Richard Menard at CMC Dorval. Finally our active membership in MAQNet  and our associations with NARCM and the GCMIII aerosol modelling groups ensures that we have access to considerable modelling resources and interactive expertise.
Targeted

The proposed scientific objectives fit clearly within the target themes of (i) understanding key climate system processes including greenhouse gas sources and sinks (ii) understanding key meteorological and chemical processes that impact air quality and (iv) developing air quality and climate system models. 

The proposed Arctic leg of the work will clarify the optical contribution of northern aerosols and accordingly advance our understanding of both the direct and indirect forcing effect of aerosols as a mechanism for climate change. In the case of theme (ii), lidar profiles and their horizontal variation coupled with the complementary information retrieved from sunphotometry and sky radiometry are invaluable towards understanding the dynamics of the planetary boundary layer and the free troposphere.  The Pacific2001 work of Strawbridge & Snyder (2003) and O'Neill et al. (2004) illustrates this very well for the complex case of the lower Fraser Valley.

In the case of theme (iv), eight years of work with the modelling community has demonstrated to us that the confrontation of model outputs with real data is an essential phase of model development and a perequiste for model evaluation. This confrontation, at least in the early stages, almost inevitably leads to algorithm modification, input data refinement, or output parameter re-thinking. A classic example of the latter point are noise and detection limitations of real data which must be appropriately modeled if one is to avoid anomalous statistical averages. The experimental objectives we propose represent fundamental tests of the 2D performance of an air quality model in the case of the airborne and satellite based lidar profiles. 

National Context
Barrie et al. (2004) point out the need for an integrated approach to global atmospheric monitoring which couples ground-based, airborne and satellite data to an active modelling program. The experimentalist group within MAQNet is striving towards a similar but national goal of helping to provide the necessary infrastructure and scientific resources for a Canadian aerosol monitoring program which is linked in a real fashion to GEM-AQ (as well as GCMII and NARCM through the agency of the CAM link and other collaborations associated with MAQNet).  This goal was in fact the central strategy of the recently awarded CFI grants to York University and the University of Toronto; an important component of these grants was the enhancement of the Canadian Aerosol Optical Network (AON) whose objectives include the networking of passive and active instruments across Canada.  We accordingly view the research objective being proposed as elements of an overall Canadian monitoring/ modelling strategy. The aspect of CALIPSO validation (and various potential links to the A-train suite of sensors) permits Canadian participation in an earth observation program which will dominate atmospheric remote sensing research for years to come.

Funding
Need

The funding requested includes the salary of a  postdoctoral fellow. The pdf will be involved in the QA assurance and processing of the sunphotometer, starphotometer and lidar data at Eureka. He will have similar duties at Egbert but will also actively participate in the preparation and execution of the sunphotometric portion of the CALIPSO validation experiments in southern Ontario. The research efforts of the PDF will be dedicated to the data acquisition and analysis efforts in support of the CALIPSO validation initiative and the active interaction with the GEM-AQ resource person at Sherbrooke. 

We have no current funding for CALIPSO validation support and no explicit funding for its preparation and utilization as a source of model validation. Comparisons between CALIOP data and ground-based observations is an important research activity for us (and we so indicated in our recent NSERC Discovery grant applications where one is required to define a program of research over four years).  The importance of CALIPSO products and their utility for model validation (and eventually model assimilation) is a recognized aspect of aerosol monitoring over the lifetime of CALIPSO and the A-train constellation in general.

We plan to also fund a Ph.D. student by other means (partial funding available through the PEARL CFCAS major initiative proposal submitted by Jim Drummond). In the budget for this proposal we also request a small complement to the Ph.D. student's stipend. His or her project will focus on the development of an optical depth and Angstrom exponent climatology for the high Arctic, low Arctic  stations included in AEROCAN.  We will also require that a specific fraction of both the PDF's and the Ph.D. student's  time be allocated to working with the GEM-AQ ,GCMIII and NARCM investigators towards the modelling and evaluation of the Arctic and southern Ontario data. 

Funding from other sources and leveraging

We receive funding for one pdf from MAQNet. This person's role is to facilitate communication between experimentalists and MAQNet modeller's, to initiate model runs for specific events by providing source emission information and QA'd optical data (whether ground-based, airborne or satellite-based) and to analyze these runs in comparison with the optical data. We accordingly feel that we are very well placed to exploit the results of the CALIPSO validation  exercises in terms of GEM-AQ evaluation. Given the strong links between GEM-AQ, NARCM and GCMIII the same person will help in the evaluation activities of these models.

MSC Egbert has and will support the lidar / sunphotometry comparisons with their experienced technical staff. As such we limited our requests to research support for  the single postdoctoral fellow and Ph.D. student discussed above. O'Neill, Royer and Strawbridge have an individual CFCAS grant for the analysis of scanning lidar (RASCAL) data at Egbert. This project is about 2/3 over and has been instrumental in building up our expertise on comparisons between lidar and sunphotometry. The launching of CALIPSO in the fall of 2005 is in actual fact very timely, coming as it will, on the heels of the current lidar/sunphotometer project.

Collaboration

An overview of our collaborative links was given in the introduction; in this section we briefly complement what was stated above. The MAQNet grouping has ensured that we work closely with the key air quality modelling (GEM-AQ) group at York University (Campanelli et al., 2005), Sunling Gong's GCMIII/CAM group at MSC (Thulasiraman et al., 2004, conference presentation), and Richard Menard's assimilation group at CMC Dorval (Cosme et al., 2004 conference presentation).   Our collaboration with Jean Pierre Blanchet's NARCM group has been and continues to be an important link for us to the modelling community (and this will continue with the Arctic modelling runs planned by that group). We are also developing, in collaboration with a former Ph.D. student of Norm O'Neill (Martin Aubé at the College de Sherbrooke) a simple but efficient aerosol optical depth assimilation system which employs AEROCAN data and MODIS imagery as input (NSERC strategic grant held by O'Neill and Royer).  A considerable amount of aerosol model evaluation work at the meteorological scale was also performed with Doug Westphall and Jeff Reid at the Naval Research Laboratory (NRL), Monterey on Asian dust transport to Canada (Thulasiraman et al., 2002).

Our ongoing and substantive collaboration with Bruce McArthur at MSC and the AERONET group at GSFC/NASA (led by Brent Holben) has ensured the quality of AEROCAN data and the growth of the network over the next few years.  Both MSC and NASA provide technical services which amount in each case to a significant part of a person-year each year and will provide human resources to the project being proposed here (see the sheet on contributions from other organizations). The work with Kevin Strawbridge at Egbert and during the Pacific2001 experiment in the Vancouver area is enabling a growing expertise in the comparisons of sunphotometry and lidar data which will be exploited during the CALIPSO/MODIS validation experiments. Alain Royer's infrared radiometry initiatives have led to active collaborations with Jean-Pierre Blanchet's modelling group and Michel Legrand's IR radiometry group at the Laboratoire d'Optique Atmosphérique (LOA) in Lille, France.
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