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Greenland Flow Distortion


Greenland Flow Distortion - Case for Support Part 2

Summary


Greenland has a major influence on the atmospheric circulation of the North Atlantic-Western Europe region; dictating the location and strength of mesoscale weather systems around the coastal seas of Greenland and directly influencing synoptic-scale weather systems both locally and downstream over Europe. High winds associated with the local weather systems can induce large air-sea fluxes of heat, moisture and momentum in a region that is critical to the overturning of the thermohaline circulation and so play a key role in controlling the coupled atmosphere-ocean climate system.


This project will investigate the role of Greenland in defining the structure and the predictability of both local and downstream weather systems, through a programme of aircraft-based observation and numerical modelling. The Greenland Flow Distortion Experiment (GFDex) will provide some of the first detailed in situ observations of the intense atmospheric forcing events that are thought to be important in modifying the ocean in this area (but are presently poorly understood): namely tip jets, barrier winds and mesoscale cyclones. It will also investigate Greenland’s role in atmospheric flow predictability by carrying out upstream observations that are “targeted” at investigating the sensitivity of the downstream flow to the details of the upstream flow and at improving subsequent forecasts over Europe. Numerical modelling case studies of the high-impact weather systems will be evaluated and refined using the observations, thus increasing our understanding of these systems and providing accurate fields of air-sea heat and moisture fluxes. Further numerical modelling will be used to assess any improvements in predictability from the additional observations. 

Background


The high topography and mid-to-high latitude of Greenland means it has a major influence on the atmospheric circulation of the North Atlantic-Western Europe region. One can think of this sizeable 3000-m high barrier deflecting flow both over and around itself, i.e. distorting the atmospheric flow. The primary synoptic-scale North Atlantic storm track is influenced by the presence of Greenland (Petersen et al. 2004), as is the atmosphere well downstream, for example, over the British Isles and Scandinavia (Kristjansson and McInnes 1999, Petersen et al. 2003). In principle Greenland’s flow distortion can trigger a downstream Rossby wave-train that influences the flow and the predictability of weather systems thousands of kilometres, and several days, from Greenland (Shapiro and Thorpe 2004). Such remote influences on weather systems, and on the predictive skill which weather forecast models exhibit, can be termed “teleconnections”. Those occasions on which teleconnections exist are thought to exhibit greater predictive skill because of the predictable linear wave-propagation component of the responsible Rossby wave-train. In such circumstances representing the precise ray path of the Rossby wave is a critical factor in realising the potential for enhanced predictive skill. One of the factors that affects this propogation is the detailed flow distortion caused by Greenland. Predicting this flow distortion depends upon the characteristics of the impinging upstream flow and, as there are only relatively sparse routine observations of this, these characteristics are poorly defined. 
The region over and around Greenland is one that is often highly sensitive to the growth of small “initialisation errors” in numerical weather forecasts. This has been recognised through ensemble forecasting and the analysis of error growth (for example through singular vector techniques, e.g. Molteni et al. 1996) where it is possible to ascertain geographic areas of particular forecast sensitivity for the current atmospheric state. These ensemble-forecasting techniques have been used for a number of years at the ECMWF (European Centre for Medium-Range Weather Forecasts, see Molteni et al. 1996) and more recently at the UK Met Office. Using a trial forecast, the location of sensitive regions can be found in which “targeted” additional observations (could be obtained) to try and reduce initialisation errors for the forecast run proper. This concept has been tried out and proven useful during a number of major atmospheric field campaigns, such as the Fronts and Atlantic Storms Experiment (FASTEX) in 1997. It appears that targeted observations are promising (e.g. Shapiro and Thorpe 2004); however how to obtain improved observations for different atmospheric conditions (e.g. different weather regimes) is still an open question. Hence the continuing requirement for field programmes and testing being proposed under the auspices of the WMO’s World Weather Research Programme THORPEX - a global programme aimed at accelerating the benefits of forecasting over periods of 1-14 days (see http://www.wmo.int/thorpex/). 
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[image: image2.wmf]In October-December 2003 a regional THORPEX observational campaign took place over the North Atlantic, with UK involvement via the UK Met Office and the ECMWF. Figure 1 shows a map of forecast sensitivity based on singular vector techniques from this experiment. Additional observations in the sensitive areas around the targeting time would be likely to significantly improve the forecast over western Europe (the rectangular area highlighted) two days later at the validation time. These sensitive areas change for each individual forecast, but this one is typical for winter (Shapiro and Thorpe 2004), showing large areas of sensitivity upstream of Europe over Iceland and the Denmark Strait. Indeed for forecast improvement over Western Europe, a targeting area in the seas around Greenland is frequently the optimum location (e.g. http://www.wmo.int/thorpex). During field campaigns, these targeted observations are usually carried out by instrumented aircraft releasing dropsondes.
The concept of targeting (or adapting) observations for short-to-medium term forecasting has arisen for two reasons. Firstly the development of mathematical techniques to calculate areas of sensitivity along with sufficient computing power to allow their use operationally (Palmer et al. 1998); and secondly the arrival of relatively inexpensive observational platforms that could, in theory, be sent to the target areas, for example, Unmanned Airborne Vehicles and driftsondes (which carry a number of dropsondes that can be released remotely). In the future these new platforms may augment some radiosonde stations, making operational targeting a realistic prospect within years.

Greenland’s impact on the atmosphere is not all remote. The high topography of Greenland also interacts with the synoptic-scale atmospheric circulation locally to produce a number of intense, mesoscale weather systems, which have a serious impact on maritime and other human activities around Greenland. For example tip jets: westerly high wind-speed jets initiated at Cape Farewell, at the southern tip of Greenland, (Doyle and Shapiro 1999, Pickart et al. 2003b, Moore 2003, Moore and Renfrew 2004); reverse tip jets: easterly high wind-speed jets initiated at Cape Farewell (Moore 2003, Moore and Renfrew 2004); barrier winds: high wind-speed flow along the South-East coastline of Greenland (Cappelen et al. 2001, Moore and Renfrew 2004); and mesoscale cyclones or polar lows: 100-500-km scale cyclones that are common in this area (Harold et al. 1999, Klein and Heinemann 2002). These high-impact weather systems present a much more immediate modelling and prediction challenge, which has not been addressed largely because in this geographically-remote maritime location there are relatively few in situ observations. As well as a local forecasting challenge these same intense mesoscale weather systems can also induce large exchanges of heat, moisture and momentum between the ocean and atmosphere (Doyle and Shapiro 1999, Pickart et al. 2003b, Moore and Renfrew 2004, Shapiro et al. 1987), and thus strongly couple the atmosphere and ocean in this crucial region.

Greenland is located adjacent to the ‘overturning region’ of the North Atlantic’s thermohaline circulation (the major transporter of heat and salinity in the world’s ocean), being between the two major centres of deep ocean convection: the Greenland-Iceland-Norwegian Sea area and the Labrador Sea (Marshall and Schott 1999); as well as being adjacent to a possible third area of deep ocean convection in the Irminger Sea (Pickart et al. 2003a, 2003b, Bacon et al. 2003). In addition, the continental shelves around Greenland are important for freshwater transport and water mass modifications of Arctic water via the Iceland, Irminger and Labrador Basins (Haine 2004 and references herein). An international programme ASOF (Arctic and Subarctic Ocean Fluxes – see http://www.asof.npolar.no/) has been set up to investigate the role of the Arctic Ocean in the thermohaline circulation and its overturning in the North Atlantic. ASOF Task 5 concerns “monitoring and understanding the import and modification of Arctic waters within the subpolar Atlantic Ocean and their subsequent export south.” The water-mass modifications are driven by vigorous air-sea interactions induced by high-latitude weather systems; thus understanding these key, relatively small-scale ocean processes is predicated upon an accurate knowledge of their atmospheric forcing. It is well known that during open ocean convection large air-sea heat fluxes and a strong wind stress curl act to pre-condition and then may directly trigger ocean convection (e.g. LabSea Group 1998, Renfrew and Moore 1999). It seems reasonable to suppose that atmospheric forcing may be of similar importance in the exchange of freshwater across the East Greenland shelfbreak, which in turn impacts the stratification of the subpolar North Atlantic (Haine 2004). 
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Moore and Renfrew (2004) use satellite-derived scatterometer winds to develop a climatology of high wind-speed events around the seas of Greenland. They find bullets of high wind speeds off Cape Farewell and in the Denmark Strait, and through a composite analysis, determine that these are associated with tip jets (Figure 2), reverse tip jets and barrier winds – all caused through an interaction between synoptic-scale cyclones and the topography of Greenland. It is thought that tip jets are associated with high heat fluxes and a strong wind stress curl (Doyle and Shapiro 1999, Pickart et al. 2003b) and thus may act to trigger ocean convection in the Irminger Sea. One working hypothesis is that the pre-conditioning for this is due to the northerly barrier winds and northeasterly reverse tip jets bringing cold off-sea-ice air down over the relatively warm Irminger Sea and providing a persistent cooling. However at present there are no in situ observations to quantify the air-sea turbulent flux exchanges associated with tip jets, reverse tip jets, or barrier winds. The QuikSCAT satellite data (e.g. Figure 2) is impressive, but only provides winds over the surface ocean (not over sea ice); at present no accurate surface air temperature, surface heat fluxes, nor any information of the vertical structure exist. Furthermore, these mesoscale weather systems are not properly resolved in global meteorological reanalyses, for example, the wind stress curl associated with tip jets is two orders of magnitude too low in the NCEP reanalyses compared to estimates from QuikSCAT (Pickard et al. 2003b) and one might expect similar problems with surface heat flux estimates.  

In the successful multi-disciplinary Labrador Sea Deep Convection Experiment (LabSea Group 1998), notable progress was made in observing, modelling and forecasting the cold-air outbreaks, which act to pre-condition and then trigger ocean convection in the Labrador Sea. For example, Renfrew and Moore (1999) describe aircraft-based observations of air-sea heat fluxes and boundary-layer roll cloud structures, Pagowski and Moore (2001) and Liu et al. (2004) simulate these events using numerical models, Bumke et al. (2002) describe ship-based observations of turbulent fluxes, and Renfrew et al. (2002a) use these to ascertain the quality of NCEP reanalyses and ECMWF analyses in the area, while Moore and Renfrew (2002) extend these results to the western boundary currents of the world ocean. The Renfrew et al. (2002a) study highlighted a serious flaw in the heat flux parameterisation of the NCEP model which has since been corrected in their operational model (although not for the reanalyses model). To assess the quality of atmospheric forcing around the seas of Greenland, a similar approach of in situ observations, case study numerical modelling, and comparison with meteorological analyses products must be employed. 

In aiming to improve the representation and predictability of high-impact weather systems in numerical weather prediction (NWP) models, we have the ability to also improve their representation in climate models. This is because the atmospheric components of the Hadley Centre’s climate models (HadGEM etc) are built around the same core UK Met Office Unified Model (the UM) used for NWP. Thus improvements to (say) boundary-layer parameterisations to obtain better simulations of the observed air-sea heat fluxes during tip-jet events, will lead to better short-to-medium term weather forecasts locally and remotely (i.e. downstream over Europe) and, if implemented in the UM for a coupled climate simulation, will lead to improved representation of such events and so a more accurate forcing of the model ocean, and so a more accurate climate prediction. 

 In short, Greenland plays a major role in both short-to-medium term weather forecasting for the North Atlantic-Western Europe region and, through meso-scale weather systems, in the global coupled climate system. This proposal aims to improve understanding and thereby enable improved prediction of Greenland’s interaction with the atmosphere over all of these timescales.

Objectives

· Improve our understanding and ability to predict interactions between the atmospheric circulation and the topography of Greenland, both locally and downstream over Western Europe.

· Obtain hitherto rare in situ observations of high-impact weather systems and their associated air-sea fluxes in the coastal seas of Greenland.

· Improve the numerical modelling of these weather systems, testing (for example) the boundary-layer and turbulence parameterisations, and thus improving the quality of the atmospheric forcing fields that are essential for accurate atmosphere-ocean coupling and the thermohaline circulation.  

· Increase knowledge of the sensitivity of the large-scale downstream flow to the flow distortion caused by Greenland; thereby investigate the prediction of high-impact weather systems over Europe through the use of targeted observations upstream in sensitive areas of the flow.

Methodology

The objectives of the proposal will be met through an instrumented-aircraft field campaign (the Greenland Flow Distortion Experiment, GFDex) and the use of a common NWP model (the UM) by all the UK researchers. For GFDex we are requesting 50 hours of flying time on the FAAM (the Facility for Airborne Atmospheric Measurements), over 3 weeks, based out of Keflavik, Iceland, in February and March 2007. The Experiment will  be supported with real-time forecasting support from the UKMO and ECMWF, a facility that was found to be essential for flight planning when trying to capture mesoscale weather systems during the Labrador Sea Experiment (Renfrew et al. 1999). Through the auspices of THORPEX, sensitive areas for targeted observations (e.g. Fig. 1) will be provided through an agreed collaboration with the UK Met Office and ECMWF. 

An analysis of synoptic meteorological stations around the coast of Greenland by Pickart et al. (2003b) showed that in December-March, tip-jet events occur roughly every 10 days and last around 3 days. An analysis of wintertime QuikSCAT surface winds over the ocean by Moore and Renfrew (2004), using a high threshold (wind speeds > 25 m s-1), found the probability of occurrence of tip jets or reverse tip jets was around 15% and barrier winds around 12%. Harold et al. (1999), using infra-red satellite observations to find cyclonic cloud structures, found the region between Greenland and Iceland to be one of relatively high mesoscale-cyclogenesis and relatively high cyclone density; while Klein and Heinemann (2002) cite anecdotal evidence for the high frequency of mesoscale cyclones forming and affecting the SE coast of Greenland, around 65oN. Thus there is evidence that during a 3-week wintertime field campaign, between 5-10 high-impact weather systems will occur and, even though some may not be well-forecast, there should be ample opportunities for research flights into some of these events. In general the missions to investigate these local weather systems will include a high-level dropsonde component, to map out the general structure of the system, and a low-level boundary-layer component, to measure the boundary-layer structure and associated air-sea turbulent fluxes. In some missions it should be possible to combine the high-level flight component with a set of targeted observations for that time; in other missions the aircraft will be used exclusively for mesoscale weather system aims. For periods of the field campaign when there are no high-impact weather system goals, missions for exclusively targeted observations will be planned. Assuming 10 missions in total, we would aim for around 6 weather system flights and 6 targeted observation flights, with 2 flights having dual aims. 

GFDex will be co-ordinated, as far as possible, with other atmospheric and oceanographic fieldwork planned for winter 2007. There is the possibility of another instrumented aircraft operating in this area at this time from the DLR in Germany (Dr Andreas Dörnbrack), in which case we will collaborate to coordinate flights in order to maximise observations of certain weather systems. It is highly likely that there will be a suite of oceanographic instruments in the Irminger Sea and East Greenland Shelf at this time as part of an ASOF Task 5 Process Study with its aims being as described earlier – see also Haine (2004). The ASOF Task 5 Process Study is planned for the winter of 2007, with moorings, floats, gliders and possibly a research cruise. Meteorological field work and modelling are an integral part of the ASOF Task 5 plans, with this proposal being key.

The aims of this proposal will be met by a team of university researchers working in collaboration with international project partners and scientists from the UKMO and the ECMWF. Figure 3 outlines a timeline of tasks for the 3 full-time researchers for whom we are requesting funds.

Figure 3 Timeline of tasks for the three fulltime researchers. 

There will be two PhD students tied to the project, one based at the University of East Anglia and one at the University of Reading. Both students will start well before GFDex to allow them to undergo training in meteorology, research techniques and become familiar with the Unified Model, e.g. starting preliminary numerical modelling experiments. Both students will take part in the fieldwork.

The UEA student will have the goal of improving the numerical modelling of high-impact weather systems found around Greenland and investigating their structure and dynamics. They will carry out numerical simulations of some of the case study events of GFDex, using the aircraft data as validation, and tuning the simulations by changing parameters and parameterisations. In this way, accurate air-sea flux fields for a number of case studies will be determined. It may be the case that changes in parameters or parameterisations are recommended for the UM which may then be implemented in the Hadley Centre’s climate models, particularly where simulations of atmosphere-ocean coupling in this region are important.

The U. Reading student will have the goal of investigating predictability downstream over Europe. The sensitivity of both the flow and its predictive skill using NWP models – the predictability - can be determined by running model hindcasts (i.e. forecasts of past events) with and without the targeted observations. From these cases, the student will be able to ascertain general criteria for the utility of targeted observations in this region and for certain weather regimes. Particular foci of the research will be: (i) the dynamical and thermodynamical properties of the atmosphere in the predicted sensitive regions (are sensitive regions located in places with special flow characteristics?); (ii) the dynamical properties of the Rossby wave-train, its ray path and energy propagation; (iii) the sensitivity of the ray path to perturbing the upstream flow in the sensitive regions; (iv) how strongly is the predictability of the downstream flow determined by the number and quality of observations in the sensitive regions? Two techniques to determine areas of forecast sensitivity will be employed and compared – the ETKF technique (Bishop et al. 2001) implemented at the UK Met Office and singular vectors from the ECMWF.


We are also requesting funds for a 3-year postdoctoral research assistant (PDRA) to be based at UEA. Ideally the PDRA will be employed 6 months after the students (Fig. 3), as this person should not need the period of training in meteorology and research. This means extending their post 6 months beyond the end of the PhD posts (making the overall project 3.5 years). The PDRA would spend the 9 months before the experiment organising logistics, helping to put together flight plans and helping to co-ordinate with the project partners, the FAAM project manager and collaborators at the forecast centres. If time allows, they should also become familiar with running the UM for case study simulations. During GFDex the PDRA will play an important deputy mission scientist role in the field campaign for PI and CoI. After the experiment they will carry out much of the aircraft data analysis (although some of this will be carried out by the PI, CoI and through project partners) and some limited numerical modelling. Note initial data processing will be done in collaboration with the FAAM and the BADC (British Atmospheric Data Centre).  In collaboration with the UEA PhD student, they will analyse the structure and dynamics of the weather systems where high-quality observations were obtained, for example, analysing the force-balance of tip jets, reverse tip jets and barrier winds and addressing the hypotheses of Moore and Renfrew (2004). The data analysis will include mapping out the spatial and temporal structure of air-sea heat fluxes associated with these events; thus providing high-quality validation data for comparison with other in situ observations, the UM simulations and with operational analyses/reanalyses. This work will inform the quality of the various options for driving ocean models. 

Contributions from Project Partners and Collaborators

This project will benefit greatly from direct resources, observational data and scientific expertise being provided by a number of national collaborators and international project partners. The UK Met Office will be providing forecasting support during GFDex, including sensitive area forecasts, and assistance to the Reading PhD student in their hindcast predictability studies. The ECMWF will also provide sensitive area forecasts during GFDex for the targeted observations.  

International scientists involved in the ASOF Task 5 Process Study will contribute directly to the project. Analysis of some of the proposal’s aircraft observations, a regional-scale NWP effort and selected cloud resolving modelling work will be undertaken by Project Partner (PP) GWK Moore (University of Toronto). This PP will bring considerable experience in the analysis of aircraft observations and numerical modelling. He will provide staff time (up to 3 years of PDRA time) to the project for data analysis and modelling. A meteorological buoy (or buoys) will be deployed by PP R. Pickart (Woods Hole Oceanographic Institute) over the East Greenland Shelf to cover the winter of 2007. One such buoy is currently being tested off Cape Farewell. The buoy observations will provide a long time-series from the area, which will complement the time-limited aircraft observations, and thus enable a comprehensive comparison with meteorological reanalyses products. This comparison will be a collaboration between the PP and the UEA, with the PP providing staff time (~6 months PDRA time) to the project. The ocean observational work will be complemented by idealised and data assimilation-driven high-resolution numerical ocean modelling, which requires high-resolution atmospheric forcing fields. An assessment of the quality of such atmospheric forcing fields is essential, whether from high-resolution NWP such as the case study simulations from GFDex, or from analyses/reanalyses, and this will be done in the project through collaboration with PP T. Haine (John Hopkins University). The PP will provide staff time (~6 months PDRA time) to the project for the assessment of air-sea flux quality. All three PPs are submitting funding proposals during 2005 and some of the above contributions are contigent on these proposals being successfully funded – see their letters of support for details. 

National and International Perspective

This project addresses two of NERC’s priority areas, “Climate Change” and “Environmental Risks and Hazards”. It also addresses issues that are relevant to rapid climate change (c.f. the RAPID programme), to atmosphere-ocean interactions (c.f. the SOLAS programme) and to the prediction of high-impact weather systems over the UK (c.f. the FREE programme and the Universities Weather Research Network - UWERN). The multi-faceted nature of the project objectives and co-ordination with our project partners dictated our submission of this proposal to this standard NERC grant round.


The project will be of central importance to the two major international research programmes mentioned earlier: it would form a component of the WMO’s World Weather Research Programme THORPEX and it would largely fulfil the proposed atmospheric component of the ASOF Task 5 process study. In addition the project will fall within the 2007-2008 International Polar Year. At present, the UK does not have any aircraft-based field commitments to THORPEX and this project would fill that role. The THORPEX Implementation Plan Chapter 10 (http://www.wmo.int/thorpex/ep_tip.html) highlights the requirements of a project in the polar regions, focussing on forecasting in the polar regions for the benefit of the local community and in areas where the polar regions act as a source for severe weather events in mid-latitudes. This project will fulfill the these ambitions as the field campaign will take place within the IPY and the project as a whole will address both local and remote predictability issues. It will address three of the five core THORPEX/IPY objectives, namely, “determining present environmental status by quantifying spatial and temporal variability”, “quantifying and understanding environmental and human change in order to improve predictions”, and “advancing our understanding of polar-global teleconnections on all scales, and of the processes controlling these interactions”. In addition the THORPEX Implentation plan highlights seven aims for THORPEX/IPY projects, all of which would be met, to some degree at least, by this project. 

As described earlier the project would form the major part of the meteorological component of the proposed ASOF Task 5 Process Study. In doing so, the project will also fulfill the broad aims of the WMO’s World Climate Research Programme’s CLIVAR (Climate Variability) initiative and its CliC (Climate and Cryosphere) initiative both of which endorse ASOF. It is clear that this project would fill a number of roles within well-established international programmes, placing UK science in the forefront of these programmes, during what should be a high profile International Polar Year for the UK. 

Project and Data Management

The PI will manage the project, with input by the CoI and the Project Partners. The PI will supervise the UEA PhD student and postdoc, and co-supervise the Reading PhD student; while the Co-I will supervise the Reading PhD student and co-supervise the UEA PhD student. The PI will act as project co-ordinator for the field campaign (GFDex): liasing pre- and post-experiment between the UEA and Reading, the international Project Partners, the FAAM, the UK Met Office and the ECMWF. The PI will be responsible for organising three 2-day GFDex planning meetings in Exeter, in Reading and at the FAAM, checking field-forecasting support and organising logistics for the field campaign. The PI will act as data manager for the GFDex observations, being responsible for their archiving at the BADC.

Justification of Resources

There are considerable costs associated with the use of the FAAM at a detached location and in winter (e.g. de-icing costs). However to fulfil the projects aims, use of the FAAM is absolutely essential. Analysis of the observations generated from 50 h of flying is a considerable task, and so a 3 year PDRA is required (ideally with a few years experience). The complementary numerical modelling is suitable for a PhD student, as are the hindcast studies of the Reading PhD student. The project will benefit greatly from the staff time for data analysis and numerical modelling being input from the Project Partners.  


The PI and Co-I are requesting travel for two visits to each other’s institute per year for PhD supervision. Travel funds for the GFDex planning meetings are requested. The PI is requesting funds for a two-week visit to the U. Toronto for collaboration on the analysis of some of the aircraft data and assistance in supervision of the U. Toronto PDRA. Funding is requested to present research outcomes at international conferences: one for the PI, Co-I and PhD students, two for the postdoc. Funds for a high-end PC for numerical modelling and a laptop for the field campaign are requested.
Relevance to Users

The aims and objectives of the proposal will be of interest to the regional weather research community (for example, scientists within UWERN, the UK Met Office and the ECMWF) and scientists within the climate prediction community (within NERC, the Met Office and government). This means the results will also be of relevance to users of weather and climate predictions. In terms of weather prediction, particularly those living or working in the vicinity of Greenland or those resident downstream over Europe. Improved understanding and knowledge of high-impact weather systems around Greenland will be of interest to oceanographers and climate scientists with an interest in the thermohaline circulation. The results will be of interest to DEFRA, the Met Office and policymakers with an interest in climate change.
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Figure � SEQ Figure \* ARABIC �1� Map of forecast sensitivity (shaded areas) from an ECMWF forecast during the Atlantic Regional THORPEX Campaign in December 2003. Targeted observations in the sensitive areas should improve the forecast over northern Europe (the boxed area) 42 h after the targeting time. The background  contours show mean-sea-level pressure.





Figure � SEQ Figure \* ARABIC �2� Surface wind speed and wind vectors associated with tip jet events from a QuikSCAT climatology, note only statistically significant data are shown. 








