Program for the quantitative and physically coherent optical evaluation of spatio-temporal aerosol models.

Introduction and review of literature pertinent to the proposal

     Aerosol microphysical modelling in air quality and climate models has achieved a certain maturity while the quantitative and physically coherent evaluation of model predictions is still relatively primitive. Although a fair number of comparisons with aerosol data can be found in the literature these comparisons are too often qualitative in nature and tend to gloss over comparison analyses which account for limitations in both models and measurements. A major weakness in model evaluation activities is the often adhoc nature of strategical collaboration and protocol development involving modellers, remote sensing experimentalists and spatial statisticians.  This scientific infrastructure problem results in a failure to exploit the years of experience which can be brought to the table by the members of each community. 

     The literature is more of a strategical planning nature in general terms of the importance of a collaborative network involving modellers, remote sensing experimentalists and evaluation statisticians. 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. Assimilation, while being an activity which is distinct from model evaluation, can and often does offer insights into modelling weaknesses or model strengths (see  Collins et al., 2000 for example) : the assimilation literature on strategical initiatives for coordinating remote sensing activities with modelling is growing in proportion to the ever increasing number of atmospheric remote sensing platforms, the sophistication of their retrieval products and to the relatively new remote sensing initiative of constellation sensors acquiring near-synchronous data (see for example, O'Neill and Lahoz, 2000).

     Berk et al. (2002) argued that model evaluation strategies were often inadequate to achieve the goals which researchers had (often ambiguously) set out for themselves and that evaluation in general was often approached in an adhoc fashion. Other major issues according to these authors included the observations that model evaluation strategy was strongly dependent on context, that appropriate statistical tools were not being employed by theme experts, that that there was a lack of interaction between experimentalists, modellers and statisticians and even that (judging by the literature) the very definition of model evaluation was ambiguous. 

     The tendency in assimilation work is that assimilation data should be minimally processed and that the model should produce outputs which mimic the measurement parameter in observation space (Cosmo et al., 2004) . By the same token Berk et al. (2001) noted that data employed to evaluate models can have large uncertainties and can be heavily biased (most notably by overprocessing of raw data). Inversion algorithms for ground-based, airborne or satellite data produce output products which are more amenable to direct comparisons with models but introduce non-trivial uncertainties and instabilities (see Dubovik et al., 2000 for example) which add a significant element of complexity to model evaluation strategies.  

     Quantitative approaches to geophysical model evaluation employ statistical parameterizations  (Wigley and Santer, 1990 ; Mebust et al., 2003), diagrams (Räisänen, 1997; Taylor, 2001) and scores (Murphy and Epstein, 1989 ; Taylor, 2001) to arrive at indicators of model performance relative to real data.  Other work has focussed on defining relationships between model inputs and outputs as a means of developing a formal strategy for the choice of runs which one employs to characterize model performance (Archer et al., 1997 ;  Lim et al., 1997). Berk (2001) points out that much of model evaluation analysis involves summary statistics which can be very insensitive to spatially local indicators of performance and that users of classical statistical indicators must be cognizant of the assumptions underlying a particular evaluation tool.
Short and long term objectives

     The general objective of my research activities over the next five years are to better marry the aerosol optical expertise we have developped and are developing in collaboration with other optical researchers with the expertise offered by our modelling collaborators (both at the air quality and climate model levels) and to develop a stronger relationship with the spatial statistics community. This involves not only the implementation of formal statistical protocols for evaluating geophysical models but, as well, a careful investigation of the opto-physical meaurement constraints which induce disparities in comparative analyses (the need to isolate clouds from aerosols in both measurements and models being a relevant example) and an incorporation of these constraints into the evaluation procedure. 

Recent research progress related to the proposal

(Note; numbered citations are listed on my PDF 100,  AOD = aerosol optical depth)

     The buildup of our AEROCAN sunphotometer network over the past ten years has provided the infrastructure as well as the motivation for a range of research activities.  This activity, as well as our parallel work with a variety of modelling groups, has led to a fairly unique and innovative role for our group at Sherbrooke.

     The most fundamental research activity (and the key to our contributions in model validation activities) relates to the characterization of aerosol optical properties over a range of sites and conditions and the development of new techniques for data analysis. Examples of the former include the demonstration that aerosol optical depth statistics were log-normal over the entire AERONET network15  and more recent work on the optics of Boreal forest fire smoke where we showed a systematic change in particle size with smoke age9. Examples of the latter include the development of a spectral deconvolution algorithm for separating coarse (super-micron) and fine (sub-micron) optical depths5 and more recent work on the development of spectral curvature algorithms for the fine mode component (submitted by O'Neill et al., 2004). In parallel to this work we have been carrying out collaborative research activity with Kevin Strawbridge and his lidar group at Ebert Ontario (CARE site of MSC). The first publication resulting from this work showed how the extinction to backscatter ratio derived from the lidar and extinction data could be rendered coherent with the phase function derived from AERONET inversion results by decoupling the fine and coarse mode refractive indices1.  Satellite remote sensing comparisons have been made with POLDER and MODIS2 while we are currently working on a draft paper which compares the MODIS fine mode fraction with the same quantity derived from our spectral deconvolution algorithm. This latter paper and the associated spectral curvature papers are examples of the minimal processing philosophy discussed in the introduction : while elaborate microphysical inversions are a valuable analysis tool, the development of optical parameter algorithms in optical (observation) space helps in understanding robust data features and lends confidence to the data one makes available to model comparison activities.

     In terms of relating our work to aerosol model evaluation we have collaborated with Jean-Pierre Blanchet's group on NARCM evaluation, Doug Westphall's NRL group on NAAPS evaluation, Sunling Gong's on GCMIII / CAM evaluation and Jack McConnell's York University group on GEM-AQ evaluation. Recent publications include comparisons with NAAPS and TOMS during the April 2001 Asian dust storm8.  My own graduate student, Martin Aubé successfully produced a model for assimilating aerosol optical depth which we are currently turning into an on-line system to be employed primarily by classical (surface) remote sensing groups who require atmospheric correction of their satellite data. We are currently working on two article drafts which deal with GEM-AQ evaluation for simulations made during the 2002 Québec smoke event and two year climatological comparisons with the GCMIII / CAM model. Key points of comparison for these two research initiatives were, respectively, the fine/mode coarse mode discrimination from the spectral deconvolution algorithm and parameters derived in the fine-mode spectral curvature paper. 

Methodology

     Passive and active optical measurements provide robust indicators of atmospheric state which can be employed to infer a variety of information on the physical properties of aerosols. Existing technologies yield measurements of variable accuracy and dimensional coverage in space and time. Model evaluation strategies must exploit the complementarity of ground-based, airborne and satellite measurements while recognizing the accuracy constraints of each type of data in a formal and rigorous fashion. 

    In order to achieve such an end one must build up the infrastructure of optical measurement instrumentation and, equally important, an infrastructure of collaborative measurement programs to permit an understanding of the complementarity and physical coherence of different types of measurements.  In parallel to this activity one must work closely with the modelling community to arrive at an understanding of the needs and limitations of both the models and the measurements as a perequesite to developing a coherent model evaluation strategy. This latter activity must, in turn, be carried out in collaboration with spatial statistcians who understand the theoretical framework for incorporating the diversity of uncertainties and outputs of models and measurements into a rigorous evaluation paradigm.

     Over the past 10 years we have and will continue to expand the AEROCAN network infrastructure as well as collaborative activities between other optical measurement groups as well as modelling groups. The number of sites will have increased from 6 in 1994 to 19 in 2005. This expansion has not been easy and we are currently in the early stages of implementing, in collaboration with Bruce McArthur at MSC, a capability for performing our own calibration protocols at the Bratt's Lake site and, in collaboration with Richard Menard at CMC Dorval, of increasing the frequency of acquisition as well as the sampling download frequency to satisfy protocols for CMC aerosol-assimilation models.  The expanded network will include sites at Eureka on Ellesmere Island and Resolute Bay on Cornwallis Island for the characterization of high-Arctic and Arctic aerosols respectively.

     We have also undertaken to complement the CIMEL sunphotomters / sky radiometers of the network with starphotometers at Eureka and Egbert (Ontario): this will add a seasonal (wintertime) complementarity to the high Arctic measurements as well as a day/night continuity to both sites.  We also plan to place a limited number of sky imaging devices at critical southern sites such as Halifax and Bratt's Lake : the images from these devices are extremely valuable in giving a contextual interpretation to an objective analysis of thin cloud presence during sunphotometer measurements (while AERONET applies a cloud screening protocol in an operational fashion it is our experience that this cloud screening is susceptible to errors of both commission and omission). 

     We have been carrying out a collaborative program of simultaneous measurements and analysis of lidar and sunphotometry data with Kevin Strawbridge at Egbert for the past three years and will soon have a similar program, in collaboration with Tom Duck, at Eureka (and unfunded collaborative activities with Tom Duck at Halifax and Jim Whiteway at York University). This work is geared towards an understanding of the physical coherence of such measurements and an analysis of reasons for apparent inconsistencies in such comparisons. The application is the assemblage of notable events for evaluation of the GEM-AQ model and secondly to prepare for the validation of the satellite products which will be generated by the CALIPSO aerosol lidar as well as the CALIPSO / MODIS tandem. The collaboration with Kevin Strawbridge has included successful grant applications for enhancing his scanning, zenith-pointing and airborne lidars to a multi-wavelength capability (as an indicator of particle size vertical structure and, from the passive/active analysis standpoint, a means of better evaluating the particle sizing capabilites of the sunphotometers). 

     There has been a deliberate effort within our group to colloborate with aerosol dynamics modelling groups at both the climatological and air quality scales. This collaboration has permitted a significant evolution in my own understanding of the capabilities and limitations of aerosol models and how their evaluation must be adapted to the significant constraints imposed by field data. The work envisaged for the coming proposal period will accordingly concentrate on (a) methods for better characterizing and filtering the evaluation data and (b) on achieving model evaluation criteria which permit a more formal and quantitative understanding of the processes which contribute to data versus model differences. 

     In the former case we will investigate, for example, thin homogeneous cloud contributions to both sunphotometer, lidar and satellite measurements and how best to remove or at least minimize their impact with respect to the passive measurements. Another key area of data characterization will be the development of rigorous and realistic error models which can be employed in model evaluation studies to properly gauge model performance. Even minimally processed measurements such as aerosol optical depth can be subject to errors which current quality assurance procedures do not account for while error propagation for slightly more processed data such as the (size dependent) Angstrom exponent is typically ignored in model evaluation studies. 

     The incorporation of the errors models into our model evaluation procedure will be an objective during the next five years. In addition we will continue to investigate diagram approaches such as that of Taylor (2001), performance indices such as those of Wigley and Santer (1990) as well as indices which distinguish between systematic and uncorrelated contributions to model versus data differences. We have often found that the correlation between model and data appears to be a function of spatio-temporal offsets (i.e. to the meteorology) :  the use of cross correlation techniques as a tool for quantifying this effect and adjusting model initialization data or procedures will also be investigated. Along these lines we want to also study indicators of model performance which are spatially and temporally dependent : a non trivial problem given the intermittency and accuracy problems of satellite data over land, the often weak temporal duty cycle of sunphotometer measurements plagued by cloud and solar elevation constraints or the general sparsity of operational lidar data. 

Anticipated Significance
     The novelty of the research derives from the fact that our understanding of aerosol optics over Canada (due as much to network expansion as to innovative scientific analysis) has made significant and recognized advances over the past ten years; the resulting opto-physical insight combined with a dynamic and fairly unique collaboration between the measurement and modelling community will ensure a leading model evaluation role for the type of program which is being proposed here. Rigorously quantitative success in model evaluation will have a significant influence on model development whether for air quality or climate change applications (the determination of modelled aerosol emission parameters as deduced from iterative downwind comparisons of model and measured optics being a case in point). Model improvement will in turn influence data assimilation strategies as well as the quality of estimates between the typically large spatio-temporal gaps typical of  atmospheric aerosol databases. Improvements in aerosol prediction capabilities will have beneficial impacts on diverse activities ranging from the atmospheric corrections of (classical) surface remote sensing data to the formulation of public health policies.

Training related to proposal

     The proposed program requires a postdoctoral fellow to oversee the model evaluation in the collaborative sense described in this proposal. This means a multi-disciplinary scientist who can communicate with the physical scientists, the modellers and spatial statisticians. It is unlikely that we can find a young candidate who is an expert in all three fields : rather we would be more likely to find someone strong in one of the fields but who will have the skills necessary to learn from our modelling / empirical network of researchers and communicate efficiently and intelligently with members of the other two disciplines.  This type of person will be an invaluable resource to the type of multi-disciplinary approach which modelling and measurement programs are increasingly tending towards.  

     We have also requested funding for a Ph.D student who will undertake the 3D evaluation of GEM-AQ in comparisons with CALIPSO-MODIS data acquired across the whole Canadian domain. This activity is delayed by two years from the start of the current proposed program in order to allow for the coming on-line of CALIPSO products in late 2005 and in turn to permit our CALIPSO-MODIS validation program to mature (this program is already partially funded for Egbert and we have sought funding from CFCAS to finance Eureka and parts of the Egbert validation).  The training and career of the Ph.D. student will undoubtably benefit from his involvement in the CALIPSO and A-train remote sensing program  : cutting edge research which, for example, the Canadian Space Agency recognizes as a priority for Canadian atmospheric research. Finally, two years of funding are requested for a MSc student to carry out runs of GEM-AQ in order to analyze, in collaboration with myself and the postdoctoral fellow, a series of benchmark pollution events which I have chronicled using remote sensing and in-situ data (and which we are  continuously updating).   
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