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Abstract
	Precipitation and high winds are associated with the advection of cloud masses into the Antarctic continent, or cloud mass meridional transport (CMMT). Such poor weather conditions on the ground result in the loss of time and money and also pose a risk to personnel safety. This work represents the first Antarctic meridional cloud mass transport climatology, strictly constrained to the occasional meridional shift from the predominantly zonal flow, resulting in the advection of cloud masses into the continent. This new climatology of Antarctic CMMT events covers the twenty-year period from 01 November 1992 through 31 October 2012 and is composed of event counts and duration. In order to determine CMMT regions, the continental coast is divided into seven sectors: Marie Byrd Land, Ellsworth Land, Queen Maud Land, Enderby Land, Queen Mary Coast, Wilkes Land and Victoria Land. October is the most active month overall for the entire continent while austral summer (December-February) is the least active season. When considering activity normalized by coastal length, Ellsworth Land (75°W - 120°W) is the most active, followed by Marie Byrd Land (120°W – 150°W), both located in West Antarctica. The impacts of CMMT events are easily traced by considering associated weather conditions, such as atmospheric pressure fluctuations, observed from automatic weather stations (AWS), providing a verifying timeline of events. It is noted that Marie Byrd Land experienced a hiatus in CMMT event activity from June 1998 through December 2000, which corresponds with the strong La Niña of 1999-2000.  


1. Introduction
The origins of cloud mass meridional transport (CMMT) research dates back to the first generation of satellite composite imagery centered on the Antarctic (Lazzara et al., 2003; Lazzara et al., 2011; Kohrs et al., 2013). Sequences of imagery revealed the formation of cloud systems, their development and movement throughout the lifecycle (Staude, 2007). Generally, the cloud systems track zonally, whereas the shift from the predominantly zonal flow to meridional transport results in the advection of cloud masses perpendicular to the coast and into the continent, easily discernible with satellite imagery.  As with cloud masses, cyclones primarily move zonally, but occasionally deviate poleward and thus bring moisture into the Antarctic interior (Uotila et al., 2014; Tsukernik and Lynch, 2013).  The cloud masses advected into the continent are often associated with precipitation, high winds and thus generally poor weather conditions.  Such weather is not conducive for field research. Moreover, such conditions are often associated with accumulation events. 

Given the importance of meridional cloud mass transport events from both operational and climatological perspective, the purpose of this project is to identify regions of Antarctica that are favorable for meridional cloud mass transport and to quantify these processes. A climatology of CMMT events is created, spanning the two decades between 1 November 1992 and 31 October 2012, giving temporal insight into events that occur in seven spatially defined sectors: Marie Byrd Land, Ellsworth Land, Queen Maud Land, Enderby Land, Queen Mary Coast, Wilkes Land and Victoria Coast (Table 1). Atmospheric pressure data from University of Wisconsin-Madison Automatic Weather Stations (AWS) is used to illustrate the influences of CMMT events for a case in July 2004. Additionally, CMMT event activity is compared to variations of large-scale dynamical climate phenomena using a variety of climate indices.  Understanding the dynamics behind the formation of CMMT events, and using readily available composite satellite data to track them, can save time and money while ensuring safety during Antarctic field season research campaigns as well as automatic weather station maintenance and construction.

Previous analysis of meridional moisture transport into the Antarctic continent revealed the Western Antarctic region was shown to be much more active then the Eastern coastline, albeit the latter representing a much larger region (Tsukernik and Lynch, 2013). The moisture transport mostly corresponds to short-lived transient events, consistent with CMMT events analyzed in this study, and this transport is particularly high along the West Antarctic coast, driven most effectively by low pressure systems in the Ross Sea (Nicolas and Bromwich, 2011).  The relationship between summer and winter events is quite peculiar. The overall occurrence of meridional moisture transport events does not have a pronounced maximum and/or minimum in either summer or winter for the region from the subtropics to the Pole (e.g. Tsukernik and Lynch, 2013). There is a strong seasonal cycle in the coastal region. In austral summer, when Antarctic air is warmer and holds more moisture, the coastal region in general experiences less storm activity and thus less meridional transport occurs. The meridional transport is a maximum in the austral winter.  

This paper is composed of five sections.  The methods of analysis and pertinent definitions are discussed in section 2. The twenty-year climatology results are described in section 3, where regional and sector-by-sector analysis is also presented.  Section 4 is reserved for discussions on the impacts of CMMT events, suggesting possible connections to the Amundsen-Bellingshausen Sea Low and various climate indices.  The summary and final remarks are given in section 5.  

2. Methods
a. Satellite Composites
Infrared and water vapor satellite composite sequences, courtesy of the Antarctic Meteorological Research Center (AMRC), Space Science and Engineering Center (SSEC) of the University of Wisconsin-Madison, were reviewed in order to determine the location and duration of CMMT events.  The AMRC has developed Antarctic infrared composite satellite images since October 1992 (Lazzara et al., 2011).   The composite images were nominal 10-kilometer resolution through November 2002, when they were upgraded to nominal 5-kilometer resolution.  Through April 2009, the composites were constructed on a 3-hourly basis; after which the images were upgraded to hourly.  The satellite composites are constructed using satellite data from both geostationary and polar orbiting satellites, including, but not limited to, GOES, METEOSAT, NOAA and TERRA (Kohrs et al., 2013).  Composite mosaics are stitched together from various satellite images with the Man computer Interactive Data Access System (McIDAS) (Lazzara, 1999).  The process involves combining geostationary imagery initially; polar orbiting images are merged overtop.  The polar orbiting satellite imagery often takes precedence by virtue of this ordering.  When there are overlapping images from two different satellites, the lower brightness values are displayed, as dictated by a conditional minimum (Lazzara et al., 2003).

b. CMMT and Sector Definitions
A CMMT event is defined as the poleward propagation of large, synoptic scale cloud masses associated with extratropical cyclones onto the Antarctic continent (definition similar to Staude, 2007; Figure 1). The continual propagation and penetration of the Antarctic coast for a minimum of 48 hours are required for the initiation of a CMMT event. In the event of two CMMT events occurring within twelve hours of each other and in the vicinity of each other, the events were assumed to be a part of the same system and thus recorded as one CMMT event instead of two distinct events.  The methodology for counting CMMT events entails viewing satellite composite loops at various animation speeds in the forward and backward directions.  Associating start and end times for an event involves repeated viewing of the event to ensure the best determination of the event characteristics.  While this methodology was consistent throughout the analysis, the subjectivity of the counting process, counted by eye rather than using an algorithm, introduces the possibility of potential human error. We explore this further in a following section.

	Traditionally, the Antarctic Continent is divided into two broad regions; a smaller West Antarctica and much larger land area of East Antarctica; the two are divided by the Transantarctic Mountains.  In this study, each broad region has been further divided into smaller sectors, determined by observed CMMT activity.  Marie Byrd Land and Ellsworth Land constitute West Antarctica, while Queen Maud Land, Enderby Land, Queen Mary Coast, Wilkes Land and Victoria Coast constitute East Antarctica.  Figure 2 depicts the sectors schematically and the longitudinal bounds can be found in Table 1. 

Due to complex geography and meteorological conditions, we excluded the Antarctic Peninsula and the Ross Sea region from our final analysis. The Antarctic Peninsula’s geography makes is hard to distinguish between “zonal non-propagating into the Antarctic interior events” and “meridional CMMT event propagating into the region” The Ross Ice Shelf and Amery Ice Shelf were not included for the study primarily because of complicated synoptic and mesoscale processes, often resulting in mean southerly flow in the region (Parish and Bromwich, 2007).

When a CMMT event affects a specific sector, it is assumed to influence only the designated “pie” area extending up to the South Pole. However, in reality some CMMT initially affect one sector and continue to propagate into an adjacent sector. These special cases are termed ‘skirting events.’  The event must maintain the poleward advection of cloud masses onto the coast during the entire duration.  While the events continue to occur further inland, due to limitations with the infrared satellite composites, we consider activity strictly along the coast. Introducing skirting events helps demonstrate that CMMT events are not confined to specific sectors, but rather interact, potentially, with many.  The longest lasting events were skirting events that spanned various sectors in West and East Antarctica.

	Since the focus of this study is on the coastal penetration of CMMT events, coast length is of importance.  Sector longitudinal definitions are based on observed CMMT activity, and thus sectors have variable coastal lengths. In order to accurately compare the different sectors, we considered the varying length of coastline associated with each sector and normalized the results of the study to account for coastal length differences. We employ the distance feature in McIDAS, which calculates distance on a navigated frame, to determine the length of the coast of each sector.  Marie Byrd Land has the least amount of coast (865 km) and Queen Maud Land has the largest amount of coast (1,950 km) (Table 1). We calculated days affected per coastal length and number of events per coastal length and normalized these values to fall between 1 and 10 in order to determine the most and least active sectors. It is noted that normalization by sector area was considered, resulting in the reordering of the top two active sectors, providing similar results and no additional insight (not shown).  

c. Objectivity Testing
We conducted a test for a complete year for the sole purpose of comparing counting techniques to previous methodology, as this climatology was a collaborative effort.  A review of the 2009 infrared (11 m) satellite composite data was completed for comparison with the count completed by other participants (Snarski, 2012).  The count was kept separate and not referenced to eliminate biases.  We found high correlations (.997) between different study participants’ infrared counts. These results indicate similar counting methodology between the authors working on the CMMT counts and confirm that our methodology is robust. 

d. Climate Indices
	We compare CMMT activity to large-scale climate phenomena through considering a variety of climate indices. The El Niño-Southern Oscillation (ENSO) is the largest climate variation phenomenon on decadal and sub-decadal climatic time scales as discussed in previous studies (e.g. Rasmusson and Wallace, 1983; Bigg, 1990; Trenberth, 1997; Diaz and Markgraf, 1992). ENSO is characterized by sea-surface temperature (SST) irregularities in parts of the tropical Pacific Ocean (Trenberth, 1997).  The warm phase of ENSO is referred to as “El Niño,” while the cold phase is called “La Niña.”  The Niño 3.4 region SSTs- between 5ºN and 5ºS from 170ºW to 120ºW- are regarded as an important indicator of the phase of the cycle (Trenberth and Hoar, 1996).

	We considered four ENSO-related climate indices in an attempt to identify connections between the climate phenomena and CMMT events. The Southern Oscillation Index (SOI, data courtesy of the Australian Bureau of Meteorology) is used in this study and is defined as the normalized mean sea level pressure anomaly difference between Tahiti, French Polynesia (17.5ºS, 149.6ºW) and Darwin, Australia (12.4ºS, 130.9ºE) (Troup, 1965; Parker, 1983).  The SOI measures the strength and phase of the Southern Oscillation.  A large positive SOI indicates a La Niña year; large negative values represent an El Niño year.

	The Multivariate ENSO Index (MEI, data courtesy of the NOAA Earth System Research Laboratory) uses six variables observed over the tropical Pacific in order to monitor ENSO.  Those six variables are: sea-level pressure, the zonal and meridional components of the surface wind, sea surface and surface air temperature, and the total cloudiness fraction of the sky.  Wolter and Timlin (2011) have discussed the methods behind the calculation in great detail.

The Oceanic Niño Index (ONI, data courtesy of the Climate Prediction Center) takes into account the warming trend in the Niñ0-3.4 region since 1950 that results in an inaccurate reflection of interannual ENSO variability.  The ONI is calculated using the Niño-3.4 Index but based on centered thirty-year base periods updated every five years.  Finally, we also use the El Niño Modoki index (EMI, data courtesy of the Japan Agency for Marine-Earth Science and Technology).  The El Niño Modoki (Ashok et al., 2007) differs from a conventional El Niño in that the maximum sea surface temperature anomalies are located in the tropical central Pacific, as opposed to the tropical eastern Pacific for the canonical El Niño.  

A fifth index, the Southern Annular Mode (SAM, data courtesy of the British Antarctic Survey) describes the principal mode of variability of the Southern Hemisphere atmospheric circulation, which is generally zonally symmetric with concurrent anomalies of opposite signs in the midlatitudes and Antarctica (Marshall, 2003).  The SAM is defined as the normalized monthly zonal mean sea level pressure difference between 40ºS and 65ºS.

3. CMMT Satellite Composite Climatology
	A twenty-year climatology of CMMT events has been compiled using infrared satellite composites, spanning the two decades between 01 November 1992 and 31 October 2012.  This climatology includes counts by region and sector, average durations, and trends associated with regions and time of year.  The following description of the climatology begins with an investigation into the entire continent as a whole, then by broad regions (West and East Antarctica), followed by a sector-by-sector examination.
	
Over the twenty-year climatology period, the Antarctic continent was impacted by over 920 CMMT events that affected a total of over 2,650 days, or roughly one event every third day.  This count includes events that range from two to ten days in duration, impacting any of the seven defined sectors, including skirting events.  As a whole, October is the most active month, accounting for more than one in ten CMMT events (Figure 3a).  January and February are the least active months in terms of days affected and number of events, respectively.  As a result, the austral summer (December-February; DJF) is the least active season, with one-fifth of all events occurring over this 3-month period.  Austral spring (September-November; SON) is the most active season, accounting for nearly 30% of events.  Two-day CMMT events are the most common event duration (over one-half of all events), followed by three-day events (one-quarter), and rapidly decreasing in frequency for longer events (Figure 3b).  

a. West Antarctica
West Antarctica, defined as the Marie Byrd Land and Ellsworth Land sectors, is preferentially favored for CMMT events by area, seeing over 400 events between 1992 and 2012.  The climatology revealed that a total of nearly 1,300 days, or nearly three and a half years, have been affected by CMMT events in West Antarctica over the twenty years.  With nearly half of all CMMT event transport occurring in West Antarctica, our results verify those of others (Nicolas and Bromwich, 2011; van den Broeke et al., 2006) This is a significant finding as West Antarctica sees nearly half of the total CMMT events and is significantly smaller in size than East Antarctica.  The austral winter (June-August; JJA) accounted for over half of the days affected over the time period (Figure 3a, dark gray).  Similar to the pattern seen throughout the entire Antarctic continent, two-day events, followed by three-day events, were the most common durations.  The longest recorded event was a ten-day skirting CMMT event that occurred in November of 1997, beginning in Marie Byrd Land and ending in Ellsworth Land.  Of the two sectors, Ellsworth Land saw over 1.5 times as many CMMT events as Marie Byrd Land, generally consistent with the meridional cyclone propagation numbers discussed in Uotila et al., (2013) (Figure 5).  By coastal length, Ellsworth Land is the most active sector in terms of number of events and days affected.

b. East Antarctica
	The East Antarctic climatology is composed of the Queen Maud Land, Enderby Land, Queen Mary Coast, Wilkes Land and Victoria Land sectors.  A comparable 1,395 days, or nearly four years, were affected in East Antarctica over the twenty-year period; however, it should be noted that frequency by coastal length normalization is higher in West Antarctica. We found the late austral spring months (October and November) to be the most active, with October accounting for one-eighth of total days affected (Figure 3a, light gray); October in West Antarctica, for comparison, accounted for only one-twelfth of days affected. DJF is no more or less active than JJA. 

c. Sectors
	Marie Byrd Land (West Antarctica), defined as the sector between 150°W and 120°W longitude, is the second most active sector when considering coastal length (Figure 5, blue).  A total of 78 CMMT events, affecting 203 days, impacted Marie Byrd Land during the twenty-year period.  The month of January is favored for CMMT events, accounting for one out of every seven events.  Interestingly, the surrounding months of December and February saw fewer than half as many events. The majority of all CMMT events occurring within Marie Byrd Land were two-day events (65%).

	Ellsworth Land (West Antarctica), defined between 120°W and 75°W longitude, not including the Antarctic Peninsula, is the most active sector of the continent by coastal length consideration (Figure 5, red). Ellsworth Land was impacted by 122 CMMT events, resulting in 354 days being affected over the climatology period.  The most active month is May, seeing nearly one-fifth of all Ellsworth Land events, while the quietest months, January and September, only saw one out of every 20 events.  Austral fall (March-May; MAM) is the most active season, accounting for one-third of CMMT events followed by winter, spring and summer.  Two-day events were most common within Ellsworth Land.

	Queen Maud Land (East Antarctica), 30°W-30°E, is the sector that saw the highest number of CMMT events during the climatology period and was the third most active sector after considering differences in coastal length (Figure 6, dark blue).  The number of events occurring within Queen Maud Land (125 events) is slightly higher than Ellsworth Land (122 events), affecting a total of 334 days.  Queen Maud Land is the most active East Antarctic sector in terms of both days affected and total number of CMMT events.  October and November are the most active months, seeing over a quarter of all Queen Maud Land events combined and nearly 30% of days affected. SON is thus the most active season; JJA is the least active season.  The majority of events span two days.  
	
Enderby Land (East Antarctica), 30°E-75°E, was impacted by 62 CMMT events, affecting 164 days during the twenty-year period (Figure 6, red).  It was ranked 5th (by coastal length) in terms of CMMT activity, seeing less than half of the events and days affected in Queen Maud Land.  January was the most active month, making DJF the most active season (41.9% of events), while SON and JJA are the least active seasons (16.1% of events, each).  Interestingly, the month of May saw no CMMT events over the entire two decades.  Over half of the events were two-day events.  

	Queen Mary Coast (East Antarctica), 80°E-120°E, is the least active sector of the Antarctic continent, both in terms of days affected and the number of CMMT events (Figure 6, green).  Just 35 events, or 3.8% of all CMMT events affecting the continent over the climatology period, affected just under three months worth of days.  Two-day events occurred over two-thirds of the time, the highest percentage of two-day events out of all sectors.  June and July were the most active months, each experiencing four events affecting 11 days over the climatology period.  May is the least active month, with three days affected as the result of a single CMMT event.  There is little seasonal variability (JJA: 28.6% of events; MAM: 20% of events). 

	Wilkes Land (East Antarctica), defined as the sector between 120°E-150°E, was impacted by 50 CMMT events affecting 131 days during the twenty-year climatology period (Figure 6, purple).  Two-day events were the most common duration length of Wilkes Land events.  In terms of days affected, December is the most active month (16.8% of days affected).  In terms of number of events, however, June is the most active.  JJA is the most active season, with over one-third of all Wilkes Land events occurring during that season. SON is the least active season, where less than one-fifth of CMMT events occurred over the two decades that comprise the climatology period.

	The final sector, Victoria Land (East Antarctica), is defined as the sector between Wilkes Land and the Ross Ice Shelf, spanning 150°E-180°E, and including McMurdo Station  (Figure 6, light blue).  Victoria Land is the 6th (by coastal length) most active sector, impacted by 39 CMMT events affecting 97 days.  November is the most active month, while June did not see any events over the twenty-year climatology.  This resulted in JJA being the least active season, impacted by one-eighth of Victoria Land CMMT events.  SON is the most active season, with one-third of all events occurring over this three-month period.  Two-thirds of all Victoria Land events lasted two days, while the longest event was a five-day CMMT that occurred in February 2004.  

d. Skirting Events
	A skirting event is an important, specific type of event that affects at least two sectors, while still conforming to the previously described CMMT event criteria.  This study found over 400 CMMT events to be of the skirting type, affecting nearly one-fifth of the study period.  Skirting CMMT events are most common during JJA, accounting for nearly one-third of all skirting events. On the other hand, DJF is the least active, with just under 15% of events occurring during this season.  The most active month is July (13% of days affected) and January is the least active month (3.5% of days affected). The number of skirting events in each broad region was roughly the same (205 and 208 events for West and East Antarctica, respectively). Normalized by coastal length, West Antarctica was more active.  Additionally, the West Antarctic skirting events tended to last longer, affecting just under 700 days compared to just less than 600 days affected for East Antarctic skirting events.  Nearly half of all events were two days in duration; the longest CMMT event to occur during the climatology period was a ten-day, West Antarctica skirting event during November 1997 involving Marie Byrd Land and Ellsworth Land.  

4. Discussion
a. Amundsen-Bellingshausen Sea Low and Precipitation
Studies have found trends in warming since the mid 1950’s over West Antarctica and the Antarctic Peninsula (Morris and Vaughan, 1994; Steig et al., 2009; O’Donnell et al., 2011; Bromwich et al., 2012). This warming has been linked to the reduction of sea ice in the nearby Bellingshausen Sea (Stammerjohn et al., 2008), associated with a positive precipitation trend (Turner et al., 2005). The warming has been found by Bromwich et al., 2012 to be consistent with a westward shift and deepening of the Amundsen-Bellingshausen Sea Low (ABSL), a climatological center of low pressure in the region (Fogt et al., 2012; Turner et al., 2013; Hosking et al., 2013).  Studies using the European Centre for Medium-Range Weather Forecasts (ECMWF) Interim Re-Analysis (hereafter referred to as ERA-Interim) data and regional climate modeling studies (Tsukernik and Lynch, 2013; van Lipzig and van den Broeke, 2002) have found that the Amundsen Sea region is the largest contributor to the meridional moisture transport. For the purposes of this study, the Amundsen Sea is confined within the boundaries of the Ellsworth Land sector (75°W – 120°W).  This satellite composite climatology has found this region to be one of the most active sectors for the meridional transport of cloud masses. West Antarctic activity, which we found peaks in austral winter, is consistent with the observed increase in cyclone activity east of the Ross Sea during the austral autumn, winter and spring minimum in the Amundsen Sea Low mean sea level pressure (Coggins and McDonald, 2015). It should be noted that a relationship exists between meridional winds and sea ice extent, and this relationship is strongest in the West Antarctic Peninsula region defined by Harangozo (2006), which includes a portion of our definition of West Antarctica (particularly Ellsworth Land).  Further investigation into the impact of CMMT events on sea ice extent is needed.

	One importance of studying CMMT events comes from the need to examine the factors that influence changes in Antarctic snowfall amounts. Model-based studies have shown that snowfall amounts are greatest in coastal regions, with precipitation peaks in MAM, and quickly decreasing with increasing latitude (van de Berg et al., 2006). It should be noted that van de Berg et al. (2006) found the modeled surface mass balance higher near coastal regions in East and West Antarctica when compared to observations presented in a surface mass balance compilation completed by Vaughan et al. (1999). Van de Berg et al. (2005) found that West Antarctica experiences particularly high amounts of accumulation, in good agreement with the Vaughan et al. (1999) observation compilation; our work finds West Antarctica experiences the highest frequency of CMMT events.  Using the ERA-Interim dataset, a recent study found that transient eddies associated with synoptic scale systems are the greatest contributors to meridional water vapor flux (Tsukernik and Lynch, 2013).  Tsukernik and Lynch (2013) also found the maximum of the total mean meridional flux occurs during fall and early summer, in line with the CMMT satellite climatology for the Antarctic continent as a whole. As a response to increases in ocean temperature, changes in atmospheric circulations might induce a poleward shift in precipitation extremes along with an increase in frequency of precipitation events (Lu et al., 2014).  Consequently, since the meridional transport of moisture is the dominant mechanism for poleward precipitation, an increase in the frequency and intensity of CMMT events might result.  

b. CMMT Impact
The effects of CMMT events are most obvious when considering AWS data of typical meteorological variables.  A CMMT event, lasting 1500 UTC 24 July 2004 through 0900 UTC 27 July 2004 affected the Marie Byrd Land sector of West Antarctica.  Pressure values recorded by four University of Wisconsin-Madison AWS (Elizabeth, Harry, Theresa and Henry) all show decreases in surface pressure as a result of the poleward propagation of the CMMT event (Figure 7).  The stations are listed in order of location, with Elizabeth station located closest to the coast and Henry station furthest inland.  The sequential pressure minima correspond to the location of the stations; coastal AWS experience the pressure minima before inland stations, which record the minima a matter of hours later.  This sequence demonstrates the poleward propagation of CMMT events and highlights the importance of understanding the events.  These events affect the weather over vast areas, extending from the coast to near the South Pole.  

c. Connection to Climate Indices
In preliminary analysis, Staude (2007) investigated CMMT occurrences and correlations to climatic indices for sea surface temperature over a ten-year period from 1992 to 2002, finding variability in CMMT event climatology, namely that the frequency of events in Marie Byrd Land and Ellsworth Land peaked during 1997 and 1998, during a period of strong El Niño.  Upon checking against climate indices, there was little correlation found between events in these West Antarctic regions and ENSO indices.  Staude (2007) found that the relationship between Marie Byrd Land and Nino-3.4 was the strongest, producing a correlation value of 0.3.  When accounting for lags, the correlation fell.  Upon performing Student’s t-tests, the relationship was not considered to be statistically significant.  

We included additional climate indices for comparisons to the work completed by Staude (2007).  We considered the Southern Oscillation Index (SOI), the Southern Hemisphere Annular Mode (SAM) Index, the Multivariate ENSO Index (MEI) and the El Niño Modoki index (EMI).  EMI was chosen as it is described as El Niño events with a maximum SST anomaly in the central and western Pacific (e.g., Ashok et al., 2007) compared to the traditional ENSO considered by Staude (2007).  Correlation coefficients were calculated using the Pearson Product-Moment Correlation Coefficient (r) equation as follows:

			(1)
where Xn is the specific data value from data set #1, X0 is the average of data set #1, with the same convention for Y relating to data set #2.  In each instance, data set #1 is the number of CMMT events for a sector (determined using either ‘days affected’ or ‘number of events’) and data set #2 is one of the four climate indices: SOI, SAM, MEI and EMI.  

	The twenty-year data set of CMMT events yielded results that implied no strong correlation between CMMT events and the climate indices we considered.  The range of correlation coefficients was between -.13 to .12, indicating little, if any, linear correlation between CMMT events and the climate indices considered.  The strongest correlations were observed for the EMI and SAM, with a positive correlation between number of events and EMI for Wilkes Land (.12) and a negative correlation between days affected and SAM for Victoria Land (-.13).  While all correlations were low, the correlation between CMMT events and climate indices was consistently lowest for the MEI.  Lag was not considered for this study, as, in general, Staude (2007) found the zero-lag cases to correlate best. Considering that CMMT events occur on much smaller scale, the lack of correlation is not surprising. Moreover, the meridional nature of CMMT events suggests that zonal circulation (such as SAM) would not have a significant effect on it (as shown by Uotila et al. 2014 and Tsukernik and Lynch, 2013). The effects of ENSO were expected to be more localized.  In fact, we found that Marie Byrd Land, one of the most active sectors, did not encounter any CMMT events from June 1998 through December 2000.  When considering the Oceanic Niño Index (courtesy of the National Oceanic and Atmospheric Administration), this hiatus in CMMT event activity aligned with the strong La Niña of 1999-2000.  A similar CMMT hiatus occurred in Marie Byrd Land during the 2010-2011 La Niña.  This suggests that there does exist higher correlations between ENSO and CMMT events during La Niña, which may allow for ideal fieldwork conditions and limited flight cancellations in Marie Byrd Land during a strong La Niña. 

d. Zonal Wave Three
Large-scale indices in general have poor correlation with short-lived synoptic scale events, except for the meridional propagation of cyclones and the zonal wave three index (Uoitila et al. 2013). Zonal wave three (ZW3)- a significant asymmetry embedded in the primarily zonal extratropical circulation in the Southern Hemisphere- is a dominant feature of the circulation on various time scales (Raphael, 2007). A strong ZW3 indicates an atmospheric circulation pattern with a larger meridional component, resulting in an alternating pattern of colder air associated with equatorward flow and warmer air associated with poleward flow (Raphael, 2007). 

In order to illustrate this pattern using CMMT event counts, we re-grouped the sectors into three regions generally corresponding to the anomalous 500-hPa geopotential height patterns associated with a strong ZW3, characterized by meridional flow (Raphael, 2007).  These new regions, with preferred northerly (poleward) flow consistent with Raphael (2007) and Uotila et al. (2013) include the Southern Pacific Ocean region (Marie Byrd Land and Ellsworth Land), the Southern Atlantic Ocean region (Queen Maud Land), and the Southern Indian Ocean region (Wilkes Land).  CMMT event counts were then summed up over two year increments over the climatology period.  In general, activity between the regions is anti-correlated, particularly for the Southern Atlantic Ocean region and the Southern Indian Ocean region.  However, from 2000 to 2005, high and low activity periods in each region corresponded with similar activity periods in the other regions (Table 2).  While determining the reasoning behind this temporary change in correlations is outside of the scope of this work, we suggest influences by ZW3 as a possible explanation.  High amplitude variability in the 500 hPa zonal anomalies (Iza), constructed by removing the zonal mean of the geopotential height from each of three grid points corresponding to the approximate location of the ridges of ZW3 (van Loon and Jenne, 1972), occurred during a handful of periods between 1958 and 2001 (Raphael, 2004).  In 1997/2000, a strong fluctuation from negative Iza to positive Iza occurred, indicating a shift in the flow from zonal to meridional (Raphael, 2004). A spike in the regional, two-year summed CMMT event activity occurred during the November 2000- October 2002 period (Table 2), directly following the shift from zonal to a more meridional flow in 1997/2000 as indicated by ZW3 (Raphael, 2004).    

Raphael (2007) also found that less sea ice is found where the transport is poleward, as is the case during a CMMT event.  The influence of zonal wave three is greatest in late austral fall and early winter, when ice generally grows in the region, which is the most active time in West Antarctica.  In the Amundsen-Bellingshausen Seas, the results of Raphael (2007) suggest that sea ice expansion is reduced as the flow becomes more meridional, consistent with the findings of Harangozo (2006).  West Antarctica is the most active region for CMMT events, characterized by meridional flow, and thus may reduce the expansion of sea ice.

5. Summary and Conclusions 
	The prominent results of this study include a completed, in depth twenty-year satellite composite climatology of CMMT events throughout the entire Antarctic continent. Over half of all events are two days in duration and the longest event was a skirting CMMT event in November 1997, which spanned ten days and was confined to West Antarctica.  For the continent as a whole, the most active years were 1999 and 2002 for the number of days affected (182) and number of events (63), respectively.  October was the most active for the continent, though it should be noted that on a sectoral basis the most active month varies. We found West Antarctica to be the favored region over East Antarctica for CMMT events, when normalized by coastal length., Ellsworth Land (75°W - 120°W) is the most active sector and Queen Mary Coast (120°E-80°E) is the least active sector of the Antarctic continent.  We found no obvious connection between CMMT event counts and various climate indices, including SOI, SAM, MEI and EMI.   One of the most interesting findings comes from a hiatus in CMMT activity in Marie Byrd Land.  From June 1998 through December 2000, during the strong La Niña event of 1999-2000, Marie Byrd Land did not experience any CMMT events.  A similar, shorter hiatus in CMMT activity was observed in Marie Byrd Land during the 2010-2011 La Niña, indicating a potential link between La Niña and CMMT activity in West Antarctica that did not show up in the long-term time series correlations.  

Testing existing programs to automatically track CMMT events would be beneficial for future work concerning this topic. Counting events by hand is a time-intensive process, thus creating an automatic counting system that is just as accurate, if not more accurate, than our hand counting effort would advance the project further. Scarcity of ground observations cannot provide sufficient validation of CMMT events contributing to Antarctic accumulation. However, AWS observations (where available) confirm changes in weather condition during the passage of a CMMT event.  Additional work correlating AWS data to CMMT events may provide insight to the track, development, and lifecycle of the events.  While this study uses AWS pressure fluctuations to demonstrate the geographic extent of such events, acoustic depth gauges in conjunction with wind speeds and other meteorological data can be used to enhance the understanding of CMMT events, particularly the impact of precipitating and blowing snow affecting the snow pack.  This climatology can also be extended as the archive of composite imagery expands in order to get a more accurate representation of CMMT activity.  
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Table Captions

Table 1: Antarctic sectors defined by their longitudinal boundaries for use in studying CMMT events.  When a CMMT event continuously propagates poleward while crossing between one predetermined sector and another, that event is counted as a ‘skirting event.’

Table 2: CMMT event counts summed in two-year increments grouped by Antarctic regions corresponding to the anomalous 500-hPa geopotential height patterns associated with a strong ZW3, characterized by meridional flow.

Update Image Captions above once completed
Tables 
	CMMT Sector
	Longitudinal Boundary
	Coastal Length 

	Marie Byrd Land
	150W – 120W
	865km

	Ellsworth Land
	120W - 75W
	1100km

	Queen Maud Land
	30W - 30E
	1950km

	Enderby Land
	30E - 75E
	1600km

	Queen Mary Coast
	80E - 120E
	1700km

	Wilkes Land
	120E - 150E
	1225km

	Victoria Land
	150E - 180E
	1425km



Table 1: Antarctic sectors defined by their longitudinal boundaries and coastal length as computed by McIDAS.  When a CMMT event continuously propagates poleward while crossing between one predetermined sector and another, that event is counted as a ‘skirting event.’


	
	Southern Pacific Ocean Region (Marie Byrd Land and Ellsworth Land) Event Counts
	Southern Atlantic Ocean Region (Queen Maud Land) Event Counts
	Southern Indian Ocean Region (Wilkes Land) Event Counts

	1992-1994
	18
	13
	6

	1994-1996
	15
	9
	5

	1996-1998
	18
	9
	3

	1998-2000
	11
	16
	3

	2000-2002
	31
	19
	6

	2002-2004
	18
	10
	5

	2004-2006
	21
	12
	2

	2006-2008
	27
	14
	7

	2008-2010
	21
	12
	6

	2010-2012
	20
	11
	7



Table 2: CMMT event counts summed in two-year increments grouped by Antarctic regions corresponding to the anomalous 500-hPa geopotential height patterns associated with a strong ZW3, characterized by meridional flow.


Image Captions
Figure 1: Infrared satellite composite depicting a cloud mass meridional transport event at 1200 UTC 23 May 2009 near Queen Maud Land.  The white outlined region draws attention to the CMMT event just prior to landfall.

Figure 2: An infrared satellite composite image at 1200 UTC 23 May 2009 depicting a CMMT event just prior to landfall at near Queen Maud Land overlaid by a map of Antarctica with regional sectors of the Antarctic continent (outlined in color) used for tracking CMMT events. 

Figure 3: (a) Twenty-year climatology of Antarctic CMMT event counts per month spanning all sectors and including skirting events.  Dark gray shading represents West Antarctic sectors (Marie Byrd Land and Ellsworth Land); light gray shading represents East Antarctic sectors (Queen Maud Land, Enderby Land, Queen Mary Coast, Wilkes Land and Victoria Land). (b) Twenty-year climatology of Antarctic continent CMMT event durations, ranging from two to ten days in duration.

Figure 4: (a) Twenty-year climatology of West Antarctica (Marie Byrd Land and Ellsworth Land) CMMT event counts per month.  Austral summer months (DJF) are significantly less active, seeing less than half as many events as the active month of July.  (b) Twenty-year climatology of East Antarctica (Queen Maud Land, Enderby Land, Queen Mary Coast, Wilkes Land and Victoria Land) CMMT event counts per month. 

Figure 5: Number of events per month for Marie Byrd Land (blue) and Ellsworth Land (red).  

Figure 6: Number of events per month for East Antarctic sectors: Queen Maud Land (dark blue), Enderby Land (light blue), Queen Mary Coast (green), Wilkes Land (orange) and Victoria Land (red).

Figure 7: Automated Weather Station 10 minute pressure data during July 2004 for Elizabeth station (orange), Harry station (red), Theresa station (green) and Henry station (blue).  Colored pressure values correspond to station colors.


Images 
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Figure 1: Infrared satellite composite depicting a cloud mass meridional transport event at 1200 UTC 23 May 2009 near Queen Maud Land.  The white outlined region draws attention to the CMMT event just prior to landfall. Is this image necessary anymore?

[image: ]
 Figure 2: An infrared satellite composite image at 1200 UTC 23 May 2009 depicting a CMMT event just prior to landfall at near Queen Maud Land overlaid by a map of Antarctica with regional sectors of the Antarctic continent (outlined in color) used for tracking CMMT events. 
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Figure 3: (a) Twenty-year climatology of Antarctic CMMT event counts per month spanning all sectors and including skirting events.  Dark gray shading represents West Antarctic sectors (Marie Byrd Land and Ellsworth Land); light gray shading represents East Antarctic sectors (Queen Maud Land, Enderby Land, Queen Mary Coast, Wilkes Land and Victoria Land). (b) Twenty-year climatology of Antarctic continent CMMT event durations, ranging from two to ten days in duration.
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Figure 4: (a) Twenty-year climatology of West Antarctica (Marie Byrd Land and Ellsworth Land) CMMT event counts per month.  Austral summer months (DJF) are significantly less active, seeing less than half as many events as the active month of July.  (b) Twenty-year climatology of East Antarctica (Queen Maud Land, Enderby Land, Queen Mary Coast, Wilkes Land and Victoria Land) CMMT event counts per month. 
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Figure 5: Number of events per month for Marie Byrd Land (blue) and Ellsworth Land (red).  
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Figure 6: Number of events per month for East Antarctic sectors: Queen Maud Land (dark blue), Enderby Land (light blue), Queen Mary Coast (green), Wilkes Land (orange) and Victoria Land (red).
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Figure 7: Automated Weather Station 10 minute pressure data during July 2004 for Elizabeth station (orange), Harry station (red), Theresa station (green) and Henry station (blue).  Colored pressure values correspond to station colors. 
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