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ABSTRACT
The first climatology of strong wind events (SWEs) at McMurdo Station, Antarctica
based on the in-situ observations and reanalysis fields is presented. SWEs occur
throughout the year, but with a minimum during the summer. They are associated with
negative mean sea level pressure (MSLP) and upper height anomalies across the Ross
Sea/lce Shelf, as well as positive temperature anomalies at the station. Wind directions
during SWEs exhibit a bimodal distribution of 135 - 180° and 45 - 90°. This distribution
occurs because of the interaction of the predominantly southerly flow with the
orography of Black and White Island and Minna Bluff. The east-northeast flow is
associated with winds that are deflected around the orography, while the more southerly
events have sufficient energy to override the barriers. The bimodal wind distribution is
most common during the winter season since the southerly flow is stronger as a result of
deeper cyclonic systems. SWEs also occur when there are large, positive MSLP
anomalies at McMurdo Station as ridges of high pressure build from the interior and
enhance the pressure gradient between the continental high and offshore lows. The
interannual variability in the number of winter SWEs is large. Years with many SWEs
are associated with a deep climatological low centred over the north eastern Ross Ice
Shelf. Years with few winter SWEs have a weakened mid-tropospheric vortex over the
Ross Ice Shelf. There are periods when the index of the El Nifio-Southern Oscillation
(ENSO) correlates with the number of SWEs. However, the links are not statistically
significant in the longer term. A similar link was also observed between the Southern
Annular Mode (SAM) and the interannual variability in the number of SWEs. The
relationship was found to be stronger when the phase of ENSO and the SAM were the

same.
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1. INTRODUCTION

Strong wind events (SWEs) are an important feature of the Antarctic coastal region
because of the part that they play in the general circulation of the high southern latitudes
(Parish and Bromwich, 1998) and their effects on logistical operations. These events
play a significant role in the heat budget of the troposphere over the Antarctica
(van Lipzig et al., 2002, van As et al., 2007) and the surface mass balance through the
transport of precipitation and snowdrift (van As ef al., 2007). Blowing snow caused by
the SWEs is also important for the safety of the aircraft operations. During the winter,
wind speeds as low as 7 ms” can result in blowing snow (Holmes et al., 2000). The
Ross Sea region is logistically accessible by a number of international Antarctic
programmes managed by the United States of America (USA), France, Italy, and New
Zealand. McMurdo Station, which is the logistic hub for the US Antarctic Program
(USAP), is the largest scientific research programme in the Antarctic. Airfields near
McMurdo Station handle intercontinental flights to and from Christchurch, New
Zealand and intracontinental flight from the South Pole and other continental locations.
There are over 700 flights to McMurdo Station each year and nearly 175 were aborted
due to bad weather conditions (Lazzara, 2008). Figure 1(a) shows the map of Antarctica
with the locations named in the text and Figure 1(b) shows the locations and the

topographical features in the vicinity of McMurdo Station.

There have been a number of earlier studies into strong winds along the coastal
regions of the Ross Sea (Figure 1(a)) based on satellite imagery (Breckenridge, 1985;
Bromwich, 1989a, 1991, 1992; Bromwich et al., 1992; Bromwich & Kurtz 1984;

Carrasco and Bromwich, 1993; Kurtz & Bromwich 1985). These studies showed that



the events were due to the interaction of downslope katabatic flow with the depressions
just to the north of the coastline in the circumpolar trough. The studies also showed the
importance of topographic and synoptic modulation in the intensity of the katabatic
wind. Observational studies, undertaken using an array of automatic weather stations
(AWSs) (Breckenridge et al., 1993; Bromwich et al, 1993; Bromwich, 1989b)
deployed on the Ross Ice Shelf mainly focused on case studies of katabatic and other
SWEs. Some of the earlier observational studies have shown that the southwest corner
of the Ross Sea region is an area of frequent cyclogenesis (Bromwich, 1991; Carrasco
1994; Carrasco and Bromwich 1993). Keable et al. (2002) and Simmonds et al. (2003)
also found high cyclone density over the Ross Ice Shelf during winter and suggested
that these were quasi-stationary features, which reflected localised interaction of the
wind field with the Antarctic topography. Bromwich et al. (2011) showed that the
Adélie Land coastal region is one of the most prominent cyclogenesis regions in the
Southern Hemisphere. In the this study, using an automated cyclone-tracking scheme,
they showed that these cyclones generally took an eastward track and spiralled
southeastwards onto the Ross Ice Shelf and coastal Marie Byrd Land (Figure 1(a)).
Therefore, it is possible that the number of SWEs affecting McMurdo Station is also

dependant on the synoptic condition over the neighbouring area.

High-resolution, non-hydrostatic numerical models have been used to
understand the wind flow around the Ross Island region (Figure 1(b) (Seefeldt et al.,
2003, Monaghan et al., 2005) and these showed the importance of topographic features
on the wind flow over the region. The archive of the numerical weather model forecasts
from the Antarctic Mesoscale Prediction System (AMPS) from 2003 to 2005 were used

to examine the seasonal and annual climate of the McMurdo Station area



(Monaghan et al., 2005). The results of this study also highlighted the fact that the
orography exerts an important influence on the near-surface wind field. However, the
AMPS operational forecast archive over Antarctica only covers a short period from
2001 to the present. In addition, during the 10-year period (2001-2011), there have been
a number of modifications to the configuration of the AMPS and the system currently
uses the Polar WRF model rather than the Polar MMS5 model that was utilised in the
earlier period. Therefore, usage of the model output data to develop a climatology
would create a number of biases due to the modifications in the model system.

The first climatology of SWEs at McMurdo Station based on the long term in-
situ observations and reanalysis data is presented in this paper. Here, a strong wind
event (SWE) at McMurdo Station is defined as an occasion when the wind speed is
Beaufort scale 6 and above which is 22 knots or 11.3m/s. (Please refer http://www.
metoffice.gov.uk/weather/marine/guide/beaufortscale.html). The selection of a
minimum wind speed threshold was based on several factors, including the analysis of
the long term REference Antarctic Data for Environmental Research (READER) dataset
and the initiation of blowing snow. Based on several observational studies, King and
Turner (1997) and Schwerdtfeger (1984) used a blowing snow threshold of 10 ms™.
Birnbaum et al (2010) and Van As et al (2007) defined SWEs at Kohnen station as
events that have a minimum value of 10.8 ms™. From the READER data from 1979 to

2005, it can be deduced that the annual mean wind speed for McMurdo Station is
52 ms". The selected threshold value also exceeds the criterion: the mean + 2 X
standard deviation value for the six hourly-mean values of a 28-year period at

McMurdo. The frequency distribution of 10-minute average wind speeds showed that

wind speeds of up to 5 ms' have the highest frequency of occurrence (61.36%)



(See Tablel). Wind speed between 11-15 ms” were found to be 5.99 % of observed
wind speeds whereas wind speeds between 16-20 ms™ were only observed on 0.51%
occasions. Table 1 shows that setting a higher threshold of wind speed in defining a
SWE would reduce the number of SWEs significantly and severely limit the scope of

the study.

This paper is organised as follows. The various forms of data used in the study
are discussed in Section 2. Section 3 describes the general climatology of SWEs at
McMurdo Station and the synoptic conditions under which they occur. The interannual
variability in the number of SWEs and its possible linkage with the major modes of
climate variability such as El Nifio-Southern Oscillation (ENSO) and Southern Annular
Mode (SAM) are discussed in Sections 4, 5 and 6. Section 7 considers the trends in the

number of SWEs. The last section presents a discussion and the conclusions of the

paper.
2. DATA AND METHOD

This study is mainly based on the in-situ surface observations from the Reference
Antarctic Data for Environmental Research (READER) database created by the
Scientific Committee on Antarctic Research (Turner et al, 2004) and automated
weather station data (AWS). The READER data provide one of the longest, most
reliable and consistent series of Antarctic surface climate data available. The data have
been thoroughly quality controlled and where possible data obtained from the national
programmes that maintain the stations. Many stations in Antarctica were established
during the period of the International Geophysical Year (IGY). The McMurdo Station

data are available from 1956 to 2007, however, the data used in this paper were limited



to 1979 onwards as this is the period when satellite data are available and the reanalysis
fields are reliable. McMurdo Station observations are taken at the McMurdo Weather
Office, which is located in Building 165. The instrumentation is on the roof of that
building. It should be noted that new buildings were constructed in the vicinity of the
instrumentation site during the period 1979-2005. Therefore, it is possible to have some
artificial biases in the long term trend calculations (Personal conversation Mathew
Lazzara, University of Wisconsin). The 6 hourly surface observations were used for
preparation of the climatology of SWEs. The surface meteorological parameters used
for the study consisted of temperature, station pressure, mean sea level pressure
(MSLP), wind speed and direction, MSLP anomaly and temperature anomaly. AWS
observations from the University of Wisconsin Antarctic Automatic Weather Station
(UWAAWS) program were also used in the study. There is a dense network of AWSs
on the northwest Ross Ice Shelf. The AWS observations consist of ten-minute interval
wind speed, wind direction, temperature, and atmospheric pressure. Radiosonde data
from McMurdo Station, wind speed and wind directions are used to investigate the

topographical influences on SWE:s.

National Center for Environmental Prediction (NCEP) reanalysis fields
(Kalnay et al., 1996) of many meteorological fields have been used to depict the
synoptic conditions during the SWEs across the Ross Ice Shelf region. One of the
motivations to use NCEP reanalysis data over European Centre for Medium-range
Weather Forecasts (ECMWF) field is NCEP analysis data are freely available and
downloadable whereas the ECMWEF archive is accessible only to registered users in the
member states and co-operating states. The NCEP reanalysis pressure field has been

used to illustrate synoptic condition during the SWEs and the role of pressure anomaly



on the occurrence of SWEs as well as to investigate the dependence of interannual
variability of SWEs on the synoptic condition. The NCEP reanalysis data used in this
study has proven to be reliable in capturing weather patterns and the synoptic
climatology of the Southern Hemisphere (Bromwich et al., 2007). However, it should
be noted that there are uncertainties in some aspects of the data sets. Pezza et al. (2008)
pointed out that there is an artificial trend in MSLP in the reanalysis data which can
affect the accuracy of the fields especially in the data-sparse regions of the Southern

Hemisphere.

3. THE CLIMATOLOGY OF SWEs AT MCMURDO STATION BASED ON

STATION OBSERVATIONS

3(a)  The annual distribution in the number of SWEs

Based on the definition of SWEs noted earlier, the total number of SWEs in each month
at McMurdo Station for the period 1979 to 2005 is given in the Figure 2. The figure
shows that there is an extended broad winter maximum (June, July and August (JJA)) in
the number SWEs and a minimum during summer (December, January and February
(DJF)). The winter peak in number of SWEs is due to the increased storm activity over
the Ross Sea during that season (Simmonds et al., 2003). The annual cycle in the
number of SWEs exhibits a weak semi-annual oscillation with secondary peaks in
March and September, which coincide with the southward migration and deepening of

the circumpolar trough (Meehl, 1991).
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3 (b) The bimodal distribution in the direction of SWEs.

The McMurdo Station wind regime shows that the predominant direction for all seasons
is from the north east and that there are no significant changes in the wind directions
over the year. The wind rose for McMurdo Station shows that the strongest winds are
always from the southeast to southwest quadrant i.e. from 135° to 180°, except during
summer and spring (September, October and November (SON) when a small number
(less than 1%) of SWEs are from an easterly direction. Figure 3 shows the distribution
of directions of all SWEs from 1979 to 2005. The pattern clearly shows a bimodal
distribution, with one group of SWEs clustered between 135° to 180 ° and a second

group over 45° to 90°.

In order to further investigate the splitting of wind direction between these two
groups, the monthly wind direction was examined for all SWEs from 1979 to 2005 for
each month (Figure 4). In December and January most of the SWEs are from the
southeast sector. However, there were some instances of SWEs from a north easterly
direction. At the end of summer (February) almost all SWEs were from south and south
westerly direction and splitting in the direction was not present. The bimodal direction
of wind was found to be established in the autumn (March, April and May (MAM) and
in the winter period. During late spring (November), the splitting of wind directions

became less noticeable.

3(c)  The synoptic situations associated with the different wind directions

The number of SWEs from 45 to 90° (41%) is slightly more than from 135 to 180°

(34%). However, the mean wind speeds of the events were observed to be higher than
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from the direction 135 to 180° (southeasterly) (15 ms™) compared to the other direction
(12 ms™). The synoptic situation responsible for the splitting of the wind direction has
been deduced from the NCEP reanalysis field. The climatological mean of MSLP was
calculated from 1979 to 2005 from NCEP reanalysis data. Then, the average MSLP
from all cases of SWEs from northeasterly and southwesterly directions during the
climatological base period was calculated separately. Anomalies were obtained by
subtracting the averages of these added SWE cases from the climatological MSLP. The
area considered was from 90-65° S. Figures 5 (a) and 5 (b) show the average MSLP
anomaly for all SWEs from the directions 45 to 90° and 135 to 180° respectively. The
predominant feature of these figures is the presence of negative pressure anomalies,
which correspond to a low pressure system in the vicinity of the Ross Ice Shelf. The
average MSLP anomalies for all SWEs with a northeasterly direction show a weak
positive pressure anomaly positioned on the Ross Ice Shelf / Ross Sea and negative
pressure anomaly on the north of Ross Sea (Figure 5 (a)). For winds from 135 - 180°,
the MSLP field had negative pressure anomalies over the Ross Ice Shelf / Ross Sea
(Figure 5 (b)). Though the resultant MSLP pressure in Figures 5 (a) and (b) shows the
average of several different synoptic patterns, it shows the summary of MSLP condition
associated with the bimodal direction of SWEs. Therefore, the average MSLP pattern
associated with the development of SWEs consists of a deeper synoptic low pressure
system located nearer to the northern edge of the Ross Ice Shelf. In summary, one of the
factors that control bimodal directions of SWEs is the position and strength of the low

over the Ross Ice Shelf/ Ross Sea.

Figure 1(b) shows a detail map of the AWS locations and topographical features

of McMurdo Station. The topography of the region is complex as it consists of Ross
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Island, Black and White Island and Minna Bluff, which influence the surface wind flow
over the region. To investigate further the mechanisms behind the bimodal direction,
scatter plots of wind speed and wind direction from the years 2003 to 2005 were
examined. The scatter plots of wind speed less than 10 ms™ as well as for all wind
events prevail in all directions. Figure 6 shows a scattered diagram of all McMurdo
SWEs from 2003-2005. It is evident that when the speed is greater than 15 ms™, the
SWEs were mainly from the south and with a few events with speed ranging from 11 to
15 ms™ from the northeast. This may be explained by the fact that when the wind speed
is less than 15 ms™, the prevailing southerly wind flows around the topographic barriers
of Minna Bluff and Black and White Island. The flow that passes to the east of Black
and White Island is deflected into a north easterly as it encounters Ross Island
(Sinclair, 1988, Seefeldt et al., 2003). Here, two cases were chosen to illustrate and
understand the surface wind flow around Ross Island in relation to the bimodal direction
of SWEs. The first case represents the low wind speed regime when the speed at
Williams Field AWS was less than 15 ms™. Even though it is difficult to generalise, all
the SWEs using two cases, the selected case studies illustrate more feature to be the
representatives of two categories. Figure 7(a) shows streamlines at 2300 UTC 10
October 2003 from the 3.3 km grid of AMPS output when the wind speed at Williams
Field AWS was less than 15 ms™. When the speed is greater than 15 ms™, the southerly
flow will have enough energy to override the topographical features and on such
occasions McMurdo Station experiences a southerly flow. This is illustrated in the
Figure 7(b). A comparison of the surface wind directions from the AMPS data with that
from the AWS data carried out by Parish et al. (2006) showed that there was only a

minor deviation from the observed wind directions. However, AMPS cannot fully
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resolve the high resolution features of the topography and its impact on the surface
winds. For example, the Mt. Erebus (on Ross Island) was resolved by the 3.3-km grid
with a height of 2700 m instead of 3794 m. Similarly, the heights of Black and White
Island were also underestimated in the AMPS. Therefore, in actual situations, there will
be fewer streamlines across the topography during the low wind condition attributable

to greater blocking effect produced by these topographical features.

Here, the Froude number is used (Fr) to examine the relationship between wind
speed, stability and flow around the topographical features. When Fr>1 the air flow will
have sufficient kinetic energy to traverse the topography, but if Fr<1 this will not occur.
Instead, flow will be forced around the topographical feature. The Froude number can

be represented as

where U is the wind speed, h is the height of the topographical feature , 48 is the
difference in potential temperature between the surface and the top of topographical
feature, and # is the average potential temperature of the layer between the surface and
the height of the topographical feature. Here we used h=1000 m as an average height of

both Minna Bluff and Black and White Island and the wind speed was taken as 15 ms™.

Figure 8 gives the Fr number during January, April, July and October, which
were selected to represent the summer, autumn, winter and spring periods respectively.
Twice daily radiosonde data from McMurdo Station were used to calculate the Fr
number. From the figures, it is evident that the numbers of events with Fr greater than 1

are more common during the summer than during other seasons, which indicates
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possibility of more occasions of flow to override the topography and more southerly
SWEs. It is apparent that during summer when the atmosphere is comparatively
unstable, less energy is required to override the topographical barrier, therefore more
possibility of southerly SWEs occur. This shows that the atmospheric stability is also a

factor that controls seasonality in the bimodal direction of SWEs.

To confirm the effects of topography on the wind direction over this area, data
from AWSs near Ross Island was analysed. AWS Laurie II (77.50°S 170.79°E) is
located to the east of the island and AWS Ferrell (77.83°S 170.83°E) to the south cast
away from influences of the complex topography of the northwest Ross Ice Shelf (see
Figure 1(b)). Figure 9 (a) shows a scatter plot of AWS Laurie II 10 minute mean wind
directions when the wind speed exceeds Beaufort scale 6 in the year 2003. The wind
directions here are primarily confined to 180° to 270° and the bimodal distribution of
wind directions is absent at the station. Similarly, wind observations at AWS Ferrell
show the prevalence of south to southwesterly with no bimodal distribution in the
directions (Figure 9 (b)). It is evident that in the absence of the topographical features
south of McMurdo Station the bimodal direction is not observed. This shows that
topography, the mean position, strength of the low pressure systems in the vicinity of
the Ross Ice Shelf as well as the stability of the atmosphere play an important part in

controlling the bimodal direction.

3 (d) The Synoptic Environments giving SWEs on the Ross Ice Shelf

The number of SWEs at the coastal station in Antarctica are influenced by the cyclone
density as well as the locations on the coast where storms passing from west to east over

the Southern Ocean. However, McMurdo Station is away from the main storm track
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because of its southerly location (Turner et al., 2009). The synoptic situation under
which the SWEs at McMurdo Station develop has been analysed using the MSLP and
the temperature anomalies. Figure 10 (a) shows a scatter plot of MSLP anomalies with
wind speed for SWEs. Analysis of the frequency distribution of MSLP anomalies with
the SWEs shows that about 63% of SWEs are associated with a positive MSLP anomaly
greater than 10 hPa and 37% of SWEs are associated with a negative MSLP pressure of
less than 10 hPa. This resulted in a fan-shaped distribution with SWEs of highest wind
speed associated with large negative pressure anomaly, which can be interpreted as the
passage of low pressure systems. Some of the SWEs are also associated with positive
MSLP anomalies, which show ridges developing from the interior or the involvement of
air coming down from the Antarctic plateau.

Figure 10 (b) illustrates the relationship between the temperature anomaly and
wind speed, which shows the majority of SWEs are associated with large positive
temperature anomalies. This shows the involvement of warmer air associated with the
disruption of the inversion due to the strong winds or re-circulated maritime air. The
case of SWEs with negative anomalies is generally associated with the strengthening of
high pressure developing over the interior bringing very cold air to the coast. In this
case there is little involvement of maritime air masses and despite breaking down the
inversion, it results in negative temperature anomalies. However, the number of such
cases here is less than those associated with positive temperature anomalies. In
summary, many of the SWEs over the McMurdo Station area are associated with
positive temperature anomalies and negative pressure anomalies showing that SWEs are

associated with depressions that penetrated onto the Ross Ice Shelf.

A typical example of a SWE with a negative MSLP pressure anomaly of
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- 22.5 hPa noted during the period of study is shown in Figure 11(a). This figure
illustrates the MSLP from the NCEP reanalysis field at 1200 UTC 15 May 2004 and in
this particular case the temperature anomaly was +7.3°C with a wind speed of 17 ms™.
The maximum southerly wind of 38 ms™ was reported at McMurdo Station during this
event. Detailed analysis of this event involved in producing the severe winds at
McMurdo are given by Powers (2007) and Steinhoff et al. (2008). The minimum MSLP
observed at the station during this event was 947 hPa. Here the low tracked from the
Amundsen Sea to Marie Bird Land and the Siple Coast (See Figure 1(a) to refer the
locations) and then on to the Ross Ice Shelf, before moving westwards towards the
station bringing in the warm maritime air. This case illustrates that SWEs at McMurdo
Station are linked with synoptic scale systems that have penetrated into the Ross Ice

Shelf and enhanced the southerly flow.

Figure 11(b) shows the MSLP chart from the NCEP reanalysis at 0600 UTC
26 May 1982 when a SWE was associated with positive pressure anomaly. For this
event the pressure anomaly at McMurdo Station was +10.2 hPa with a MSLP of
1002.9 hPa and a temperature anomaly of -4.2°C. The negative temperature anomaly
indicates the involvement of cold, plateau air. As with any other coastal station in
Antarctica, conditions over the interior can have a significant effect on the development
of SWEs. The synoptic environment associated with the large positive pressure
anomalies shows high pressure developing from the interior of the continent towards the
coast. The mechanism responsible for the development of this particular SWE was the
generation of a pressure gradient induced by the ridge developing from the continental
interior and a trough extending from the north of Ross Ice Shelf in the circumpolar

trough (CPT). There was a weak trough over the Ross Sea. The combined effects of the
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trough and continental high building from the interior towards the coast increased the
existing gradient over the Ross Ice Shelf and the interior continent into stronger
pressure gradient, which in turn caused a strong surge of north easterlies with a wind

speed of 15.8 ms™.

4. INTERANNUAL VARIABILITY IN THE NUMBER OF SWEs

Many meteorological parameters measured at the Antarctic stations have a high inter-
annual variability, and this is also the case with the number of SWEs. Figure 12 shows
the number of SWEs of Beaufort scale 6 and above in winter at McMurdo Station from
1979 to 2005. It is evident from the figure that the inter-annual variability is large and
varies from less than 10 events in 1994 to 42 in 1984. The number of SWEs in any one
winter at the station can vary due to a number of factors, such as the number and depth
of depressions over the Ross Ice Shelf and the Ross Sea. These variations could be a
result of natural variability in the number of depressions in this area. However, the
region is also on the periphery of the ‘polar of variability’ in storm activity, which has
been attributed to the off-pole nature of the Antarctic continent (Lachlan-cope et al.,

2001).

The MSLP anomaly pattern for years of many events (not shown) consists of a
negative anomaly over the Ross Ice Shelf, Amundsen Sea and Adélie Land and a larger
positive MSLP anomaly over the Bellingshausen Sea area (See Figurel(a) to refer the
locations). The anomaly pattern in years of few SWEs shows a small positive pressure
anomaly over the Ross Ice Shelf. A number of previous studies (Carleton and Fitch,
1993; Simmonds et al., 2003, Hoskins and Hodges, 2005) have indicated a high

frequency of cyclogenesis along the Antarctic coast near 150°E. The studies have also
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shown that these low pressure systems generally take an eastward track and spiral
southeastward into the Ross Sea and coastal Marie Byrd Land (Bromwich et al, 2011).
It is also possible for the eastward propagating low pressure systems to recurve and be
forced to penetrate into the north of the Ross Ice Shelf depending on the position of the
positive pressure anomaly or the high pressure ridge over the Bellingshausen Sea
region. This suggests that the synoptic condition over the area around 150°E can
influence the number of winter SWEs at McMurdo Station. In addition, the strength and
the position of Amundsen Sea Low (ASL) and the presence high pressure ridge over the
Bellingshausen Sea also influence SWEs numbers. To investigate the effect of upper
level factors in controlling the interannual variability, the geopotential height anomaly
for years with many and few SWEs were analysed. Figure 13 presents the average
winter 500 hPa height anomaly for the year 1984, which had many (42) SWEs. The
prominent feature for years with many events is a negative geopotential height anomaly
over the Ross Ice Shelf/Ross Sea and a positive anomaly over the Antarctic Peninsula
region. For the years 1994, 1997, 1998 when few events were reported, the 500 hPa
geopotential height anomaly shows a low negative anomaly over the Ross Ice Shelf
with positive anomaly over the continent on the eastern side of the Ross Ice Shelf. The
synoptic activity in the area has also been linked to changes in the major modes of
climate variability, such as the ENSO and SAM and the role of these in modulating the

number of SWEs will be considered in the following sections.
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5. LINKS BETWEEN THE NUMBER OF SWEs AND THE MAJOR MODES

OF CLIMATE VARIABILITY

Previous studies showed that in the Ross Sea area there are some indications of
consistent changes in atmospheric circulation at different stages of the ENSO cycle
(Cullather et al., 1996; Bertler et al., 2004). This part of the study attempts to determine
if ENSO affects the number of SWEs and examines the mechanisms that could control

such a relationship.

Table 2 lists the El Nifio and La Nifla winters based on the 3 month running
mean SST anomaly in the Nifio 3.4 region obtained from the Climate Prediction Center

of NCEP. (http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/

ensoyears.shtml.) For this study, a year was selected as being in the El Nifio phase if at
least 3 winter months had a running mean SST anomaly that was positive and greater
than 0.5 and La Nifia if it was less than -0.5. Here only winter months are considered in
order to obtain the link between ENSO and inter-annual variability of winter SWEs

since the variability in the number of SWEs is large during winter.

In Figure 12, the markers represent the El Nifio (triangle marker) and La Nifia
years (star marker). The figure shows that all the El Nifio years coincide with years of
fewer SWEs except for 1987 and 2004. The mean numbers of SWEs during El Nifio
years and La Nifa years from 1979 to 2005 are 14 and 21 respectively. This indicates
that on average there is less storm activity in the McMurdo Station region during

El Nifio events than non El Nifio periods.
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The mean MSLP anomaly was derived from the NCEP reanalysis data for all
El Nifio years from 1979 to 2005 (not shown). This had a positive pressure anomaly
near the Antarctic Peninsula and over the Bellingshausen Sea with a weaker positive
MSLP anomaly over the Ross Ice Shelf. A weak negative pressure anomaly was also
apparent over the northern Ross Sea. This pattern of positive and negative anomalies is
part of the Rossby wave train from the tropical Pacific that is present during El Nifio
events, and which extends towards the Antarctic Peninsula in a southeasterly direction
(Turner, 2004). The mean MSLP data for winter shows that the ASL occupies a location
near the eastern edge of the Ross Ice Shelf, extending farther east and closer to the
Antarctic Peninsula. This climatological feature is associated with more cyclonic
activity in this region. The average MSLP anomalies for the four La Nifia cases during
the period between 1979-2005 (not shown) had a negative pressure anomaly (deeper
ASL) extending longitudinally from Marie Byrd Land to the Bellingshausen Sea (See
Figure 1(a) to refer the locations). A small negative pressure anomaly was present over
the Ross Ice Shelf. This would suggest a larger number of depressions or more intense
systems across the region, which demonstrates ENSO modulating the interannual
variability of SWEs. However, when MSLP anomalies during individual El Nifio years
were analysed, the patterns shows a rather anomalous signature over the Antarctic in
some years with a weak negative pressure anomaly over the Bellingshausen Sea.
Similar anomalous patterns were evident for some La Nina years. Examining the MSLP
anomalies during several years of El Nifio and La Nifia, it is evident that even though
the Ross Sea region is sensitive to the impact of ENSO on MSLP, the signal is not
consistent. It should also be noted that the MSLP anomaly patterns for more or fewer

SWE:s at the station do not have their largest signatures in the area of the Ross Sea/Ross
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Ice Shelf, but are found to the west of the Peninsula over the Amundsen-Bellingshausen
Seas. This suggests that the number of SWEs is also modulated by regional MSLP
anomalies and not just the pressures in the immediate vicinity of the station. The strong
similarity of the patterns with the anomalies associated with El Nifio and La Nino events
implies that tropical climate variability plays a part in dictating the number of SWEs,
though there is only a weak long term relationship. The dependence of decadal
variability and seasonality of SWEs with the Southern Oscillation Index (SOI) index
was also investigated, considering the correlation of the number of SWEs with the SOI
in a shorter period between 1980 to 1990 and 1990 to 2000 over the austral summer,
spring and autumn. The analysis failed to capture any statistically significant

relationship.

In summary, there is some indication of the role of ENSO in modulating the
number of SWEs in the Ross sea region but the lack of consistency in the response
indicates the possibility of a non-linear relationship. In addition, it is difficult to make

any robust conclusions based on the short record that is available.

6. THE RELATIONSHIP BETWEEN THE INTER-ANNUAL VARIABILITY

IN THE NUMBER OF SWEs AND THE SAM

Climate variability in the high-latitude Southern Hemisphere is dominated by the
southern annular mode, a large-scale pattern of variability which is also referred to as
High-Latitude Mode. Thompson and Solomon (2002) showed that the greatest increases
in the SAM were in the austral summer and autumn (December—May). The variability
in SWEs are greatest during autumn compared to summer. Therefore, to investigate the

relationship between the variability of SWEs and SAM, the SAM index from Marshall
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(2003) for 1979 to 2005 autumn was used. Figure 14 presents the autumn SAM index
from 1979 to 2005 and the number of autumn SWEs. Prior to 1990 the number of SWEs
was not correlated with the SAM index. From 1990 to 2000 the SAM and inter-annual
variability of SWEs are in the same phase with a correlation coefficient of 0.6 (<5%
significant). The relationship again changed over 2000 to 2005 to a weak correlation of
0.33. The numerical definition employed to define the SAM is the difference between
the normalised monthly zonal MSLP at 40°S and 65°S. The negative phase of SAM
implies lower MSLP at 65°S and more SWEs. This explains only a small portion of the
inter-annual variability in the number of SWEs and there can be a lot of other factors
influencing the phase changes that must be invoked in order to understand the
variability fully. In addition, there is an in-phase relationship between SOI index and
SAM from 1990 to 2000 (Fogt and Bromwich, 2006). This shows that to get a
significant positive correlation between the SAM and interannual variability of SWEs
both tropics and the high latitude variability need to be in phase. There was no
statistically significant relationship observed between the SAM and interannual

variability in the number of SWEs during the other seasons.

7. THE TREND IN THE MEAN WIND SPEED AND THE NUMBER OF

SWEs

A major problem in determining the trend in the number of SWEs is the relatively short
in-situ record that is available and the incomplete nature of the wind records during the
winter months from the stations, which have large gaps.

An examination of the trends in the mean monthly wind speed at McMurdo

Station shows (Figure 15) that there has been a decrease throughout the year with a
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major drop in March. The long term mean (1979-2005) MSLP for March shows (Figure
16) that McMurdo Station (marked by black dot in the Figure 16) is south of the
average position of the circumpolar trough. Therefore, the broad scale wind speed is
controlled by the gradient between the low centre over the Amundsen/Ross Sea and the
average pressure over the interior. The long term trend (1979-2005) in MSLP for March
shows that there are a number of areas around the coast of East Antarctica where the
trend in MSLP is positive (Figure 17). There are large positive trends in pressure over
the Ross Ice Shelf and the coastal area. This has resulted in a weaker pressure gradient
across the station, which is reflected in the decreasing trend in the wind speed.

The Figure 18 shows the number of winter SWEs at McMurdo Station from
1979-2005. A small negative trend is observed (-0.25) which is not significant. The long
term trend in mean winter MSLP pattern is similar to the pattern in March (see Figure
17) with a large positive pressure trend over the Ross Ice Shelf, which is in agreement

with the decrease in the number of SWEs at McMurdo Station (see Figure 18).

8. DISCUSSION AND CONCLUSIONS

In this paper the SWEs at McMurdo Station on the northwest Ross Ice Shelf were
considered using the available in-situ data and reanalysis fields. The definition of a
SWE in this study was taken as a 10 minute mean surface wind speed of greater than
Beaufort Scale 6 (22 knots or 11.3 m/s).The annual cycle in the number of SWEs
shows a semi-annual oscillation. The SWEs at McMurdo Station exhibits a bimodal
distribution in direction, which is more pronounced during the winter. On the Ross Ice
Shelf the prevailing wind direction is southerly and when the wind flow lacks the

energy to override the topography it flows around Minna Bluff and Black and White
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Island. When it approaches Ross Island it splits in to easterly and westerly streams
around the island. Therefore, during such a flow, McMurdo Station experienced SWEs
from a northeasterly direction. If the southerly flow is strong enough to override the
topographic features south of McMurdo Station, the station experiences southerly
SWEs. The bimodal distribution in the direction of SWEs was also found to be
associated with the location and strength of low pressure system north of the Ross Ice
Shelf as well as wind speed and atmospheric stability. At McMurdo Station the
strongest winds were mostly a result of the deep depressions that penetrated into the
Ross Ice Shelf and were associated with large negative pressure anomaly and positive
temperature anomaly. Some SWEs occurred when there was a large positive pressure
anomaly and negative temperature anomaly as a ridge of high pressure from the interior

enhances the pressure gradient between the continent and low offshore.

The inter-annual variability in the number of SWEs at McMurdo Station is large
and is associated with a deep trough centred over the northeastern Ross Ice Shelf. The
variability is not dependent on the amplitude and location of the atmospheric long-
waves around the Antarctic rather it is dependent on the intensification of the trough on
the Ross Ice Shelf. The tropical atmospheric and oceanic variability is also linked with
variability in the number of SWEs. Although there is no long term stable relationship
between the phase of ENSO and number of SWEs, it was shown that fewer SWEs are
associated with El Nifio events. The correlation between an index of the SAM and inter-
annual variability in the number of SWEs shows a decadal variability and the
relationship was found to be stronger when the phase of ENSO and the SAM were the

same.
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Since 1979, when reliable atmospheric analyses became available, McMurdo
Station observations show a small decrease in the number of SWEs, but the trend is not
significant. Although gaps in the McMurdo Station in-situ record can have an effect on
the trend in the number of SWEs, the decrease in the number of SWEs is consistent with

the positive trend in the gradient of MSLP over the McMurdo Station area.

One of the key features of SWEs at McMurdo Station is the bimodal distribution
in the wind direction. SWEs are strongly influenced by the interaction of surface flow
with the complex local orography, such as Minna Bluff, Black and White Island. The
NCEP reanalysis fields used for the synoptic analysis have a horizontal resolution of
200 km and cannot resolve Black and White Island although it is known to be important
in the wind flow in the area (O’Connor and Bromwich, 1998; Seefeldt et al., 2003).
Even though there are two detailed case studies of the May 2004 McMurdo windstorm
(Powers ,2007; Steinhoff et al.,2008) it is essential to carry out more in depth case
studies of SWEs in this area in order to understand the mechanisms involved in the

development of SWEs using higher resolution models.
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TABLES

Table 1. Frequency of occurrence of winds in 5 ms™ bins.

Range of wind
speed (ms™)
Frequency of

occurrence (%)

0-5 06-10 11-15 16-20 21-25  26-30 30<

56.30  37.05 5.99 0.51 0.10 0.02 0.03

Table 2. List of El Niflo and La Nifia winters based on the 3 month running mean SST
anomalies between 1979 and 2005.

El Nifio Years La Nifa Years
1982 1985
1987 1988
1991 1998
1992 1999
1994
1997
2002

2004
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Figure 1(a).A map of Antarctica continent with AMPS terrain contours (shaded, 250 m
interval) showing the locations named in the text. Black dot represents the

location of McMurdo Station and the box shows region shown in Figure 1(b)
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Figure 1(b).A map of the northwest Ross Ice Shelf region with terrain contours from
AMPS (shaded, 250 m interval). McM and WF stand for McMurdo Station
and Williams Field respectively. LII and F indicate AWSs Laurie II and

Ferrell.
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Annual distnibution of number of SWEs from 1979 to 2005
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Figure 2.Annual distribution of the number of SWEs for the period 1979 — 2005 for
McMurdo Station based on a threshold of a single 6-hourly observation with a

wind speed greater than Beaufort scale 6.
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Directions of all SWEs from 1979-2005
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Figure 3.The wind directions of SWEs at McMurdo Station correspond to the SWEs

that are indicated in Figure 2.
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Figure 4.An illustration of seasonal variations in the bimodal distribution of all SWEs

during the period of study (wind direction is given on the ordinate and number

of events in each month on the abscissa).
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Figure 5(a).MSLP anomaly (hPa) for all SWEs from the directions 45° to 90° for the
period 1979-2005. The location of McMurdo Station was indicated by the

black dot.
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Figure 5(b).MSLP anomaly (hPa) for all SWEs from the directions 135° to 180° for the
period 1979-2005 with a contour interval of 2 hPa. The location of McMurdo

Station was indicated by the black dot.
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Wind speed and wind direction of SWEs at Mchurdo (2003-2005)
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Figure 6. A scatterplot of wind speed (m s against wind direction (in deg) measured at

McMurdo Station for the period (2003-2005) when the wind speed was

greater than Beaufort scale 6 and above.
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Figure 7. Surface streamlines from the 3.3 km AMPS grid (a) at 2300 UTC 10 October
2003 and (b) 0400 UTC 16 May 2004. RI, BI, WI and MB denote Ross

Island, Black Island, White Island and Minna Bluff respectively.
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Figure 8.The Froude number calculated for January, April, July and October 2003 using

the radiosonde data from McMurdo Station.
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Wind direction at AWS Laurie-2003
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Figure 9(a).The wind direction from AWS Laurie II for the events with wind speed

above 10 ms™.
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Figure 9(b). The wind directions from AWS Ferrell for the events with wind speed

above 10 ms™..
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Wind speed and MSLP anomaly
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Figure 10(a).Scatter plot of MSLP anomaly against wind speed for all SWEs during the
years 1979-2005. (Triangle and circle on the graph denotes selected SWE

example on 15 May 2004 and 26 May 1982 respectively)

Wind speed and temperature anomaly
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Figure 10(b). Scatter plot of temperature anomaly against wind speed for all SWEs
during the years 1979-2005. (Triangle and circle on the graph denotes selected

SWE example on 15 May 2004 and 26 May 1982 respectively)
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Figure 11(a). The MSLP (hPa) at 1200 UTC 15 May 2004 when McMurdo Station
experienced a SWE. The location of McMurdo Station is shown by a black

dot. The a contour interval is 4 hPa

Figure 11(b). The MSLP (hPa) at 0600 UTC 26 May 1982 when McMurdo Station
experienced a SWE. The location of McMurdo Station is shown by a black

dot. The a contour interval is 2 hPa
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Interannual variability of SWE
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Figure 12. The interannual variability of winter (JJA) SWEs at McMurdo Station from
1979 to 2005. The El Nifio and La Nifia years are indicated by triangle and star

marker respectively.
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Figure 13. The mean winter (JJA) 500 hPa height anomaly (meters) for 1984 when there
were 42 SWEs at McMurdo Station. The location of McMurdo Station is

shown by a black dot.
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Figure 14. The interannual variability in the number of autumn SWEs for the period

1979-2005 denoted by black line. Also shown is the autumn mean SAM index

(dashed line).



47

Tan  Feb  DMar  Apr DMay Jun  Jul  Auwg Sep  Oct HNov  Dec

L0t

E

o 03 -

[1h]

&

T 05 -
07 -

Trend in wind speed (1972-2005)

Figure 15. Long term (1979-2005) trend in the McMurdo Station wind speed in March.
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Figure 16.The long term (1979-2005) average MSLP (hPa) for March with a contour

interval of 4 hPa. The location of McMurdo Station is shown by a black dot.
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Figure 17. The long term (1979-2005) trend in MSLP (hPa) for March. The location of

McMurdo Station is shown by a black dot.
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Figure 18. Trend in the number of winter SWEs at McMurdo Station from 1979- 2005.



