
Chapter 6

SNOW-WEB: A new technology for

Antarctic meteorological monitoring

6.1 Introduction

The importance of AWS data in Antarctica is illustrated by the wealth of studies that have incorporated

such records into their analyses since the large-scale introduction of AWS units into the Antarctic in

the early 1980s. Early results from AWS studies are summarized by Stearns and Wendler (1988). Data

are particularly useful in analysing local and mesoscale meteorological effects and have been used to

study the temperature and wind characteristics of many regions of the continent. The Ross Ice Shelf

Air Stream and associated Transantarctic Mountain barrier flow (O’Connor et al., 1994; Seefeldt et al.,

2007; Steinhoff et al., 2009) have been particularly well-studied due to the development of a network of

AWS sites on the Ross Ice Shelf over the course of several decades. Around Ross Island, AWS data have

been used to predict strong winds that may prevent aircraft activity (Holmes et al., 2000) and aided in

the study of the anomalously calm area of Windless Bight (O’Connor and Bromwich, 1988). Within the

Transantarctic Mountains data have been used to study katabatic and anabatic flows (Zawar-Reza et al.,

2010). In the McMurdo Dry Valleys, katabatic and foehn activity have been investigated (Doran et al.,

2002a; Nylen et al., 2004)). Data from the high plateau of East Antarctica have also been analysed (Zhou

et al., 2009), as has the area around Terra Nova Bay (Cogliani et al., 1996). These articles represent only

a small cross-section of published research dealing with Antarctic AWS data. It is clear that a large sum

of knowledge on Antarctic meteorology has been acquired through the use of such devices. Furthermore,

AWS data have also been employed to determine and validate long-term temperature trends and changes

in circulation. Information of this type is extremely important given that the spatial temperature trends

of Antarctica are neither fully known nor fully understood. Single long-running AWS sites can furnish

data on long-term trends in a local area, such as at Fossil Bluff on the Antarctic Peninsula (Harangozo

et al., 1997) and three West Antarctic stations investigated by Shuman and Stearns (2001). Data have

also been used in large-scale and continental-wide assessments (Jacka et al., 2004; Steig et al., 2009).

Studies that have utilised gridded reanalyses datasets, such as the NCEP/NCAR or ERA40, are also

dependent on in situ data for both input and verification (for example, Yu et al. (2010)).

Over the summer Antarctic field season of 2011/12, a team from the University of Canterbury carried

out tests of a novel meteorological monitoring system called SNOW-WEB, which is described in this
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chapter. Field testing has confirmed that the concept of wireless data transfer over tens of kilometres

in Antarctica is viable and has provided a large amount of meteorological data for study. This chapter

reports on the development of the system and our findings thus far. Section 6.2 gives a description of the

SNOW-WEB network. Section 6.3 reports on the deployment and withdrawal of the equipment during

the 2011/12 field season and the functioning of the network during its deployment. In section 6.4 we

perform a validation of the data collected by the network using pre-established weather station data

from the observation region. In section 6.5 a comparison is performed with output from the Antarctic

Mesoscale Prediction System (AMPS). Section 6.6 presents a case study that highlights the advantages

of SNOW-WEB data. Section 6.7 offers a summary and details on planned future development of the

network.

6.2 SNOW-WEB description

SNOW-WEB is a distributed system of environmental monitoring sensors designed and constructed by

the Atmospheric Group, Department of Physics & Astronomy, at the University of Canterbury, New

Zealand. The system is specifically designed for use in Antarctica. It consists of a series of low-cost and

low-power weather stations that can be deployed over a large area, in order to provide robustness and

redundancy to weather and climate monitoring and to facilitate high-resolution meteorological studies.

The system is unique in Antarctica in that each node is equipped with a wireless transceiver, enabling it

to communicate remotely with its neighbours via the mesh-networking ZigBee protocol. Data can then be

routed back to a coordinating computer at a manned station in the region. The wireless communication

is handled by Digi XBee-Pro Series 2 wireless transceivers, operating at 2.4 GHz. The transceivers are

pre-installed with advanced wireless mesh-networking protocols for the purposes of routing data. Each

transceiver has a unique serial number, which can be used to address packets specifically to that device.

This unique address is also used to identify nodes from their transmissions by logging software. One

major limitation of remote data transfer at this frequency is that line-of-sight is required between nodes

for transmissions to succeed. This is a particularly pressing issue in Antarctica, where surface wind flows

tend to be tied to the underlying terrain, and thus line-of-sight problems are most likely to occur in

areas where the wind field is interesting due to complex topography. By strategically placing nodes and

using high-gain antennae these areas can still be sampled. Whilst the SNOW-WEB deployment range

was dictated mostly by logistical considerations, terrain can limit the range of networks that rely solely

on wireless communication.

The SNOW-WEB system incorporates three types of node, with important distinctions between their

operation. What follows is a description of the hardware and workings of each flavour of node. Further

description of the firmware design of nodes is provided in appendix A.

6.2.1 Coordinator node

The coordinator node is a transceiver programmed with firmware that takes control of the network,

constructs a table of networked nodes, and handles packet routing. For the purposes of the SNOW-

WEB network, all data packets containing meteorological and GPS positioning information are routed

towards the coordinator, which is connected to a computer via USB. The computer is programmed with

data-logging software, such that users can download data and view it in real-time. The software also

handles user remote control of the network.
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During the 2011/12 field season, the coordinator node of the SNOW-WEB network was located

at Scott Base, Ross Island. A communications mast provided elevation and hence better line-of-sight

transmissions for the attached 1.5 m passive isotropic antenna to increase the range of broadcast and

transmission.

6.2.2 Primary node

Within the ZigBee mesh-network framework, primary nodes are designated as routers. This means that

they must be powered all the time, as they are required to route transmissions from distant nodes towards

the coordinator. They act as the spine of the network as all information proceeds through them.

Primary nodes are controlled by an AVR ATmega64 microcontroller which is used for data logging and

initial processing. They are equipped with a temperature and relative humidity (RH) sensor (Sensiron

SHT75), and wind speed (NRG #40H) and direction (NRG #200P) measuring devices. They also

include a GPS module (Navman Jupiter 130) for ice shelf and glacier movement studies. The GPS also

provides accurate time information for synchronization across the network, and its 1-second output is

used as a timer for processes such as data collection and transmission. A Secure Digital (SD) memory

card provides ample onboard data storage for the nodes, which is particularly important if the network

fails.

The default time resolution of the primary node is a 30-second meteorological data collection interval,

accompanied by the collection of GPS data at 2 minute intervals. However, wireless connectivity allows

the user to change the default interval of data collection from 30 seconds to 10 seconds, if an interesting

meteorological event is evident. Ultimately, future designs will have logging software loaded onto the

coordinator node that will be able to intelligently ascertain significant changes in weather conditions and

alter the time resolution accordingly. Wireless connectivity also allows the user to manually reset the

network or an individual node via the coordinator, if that node has failed. Individual nodes can also be

queried for specific data, such as remaining power or memory capacity.

Automatic communications between the primary and coordinator nodes are straightforward. A stan-

dard format of data string is defined, and each time the node records either meteorological or GPS data

it is forwarded on to the coordinator node to be recorded on the computer at the base station.

Figure 6.1 shows a photograph of the mechanical design of the primary node, consisting of a series of

2.2 m circular-section anodized aluminium poles, which interlock to form a mast from 2 m to 6 m high,

in 2 m intervals. The masts varying height allows the user to overcome problems of line-of-sight due to

uneven terrain. The mast is anchored at the surface by a wooden base, attached with an articulated joint

to aid in erection. The base is dug into the snow or ice for support. Four guy ropes are attached to the

top of the mast and secured at ground level by snowbags, pegs or ice screws, depending on the terrain.

At 2 m above snow-level, a boom is attached, on which are mounted the atmospheric sensors, with the

temperature and relative humidity sensor contained in a radiation shield. Cables from these lead to a

well-insulated box below the boom, which houses the data logger and battery. A 1 m passive isotropic

antenna is mounted at the top of the mast. Primary nodes are powered by a single 12 V sealed lead-acid

battery, and charged by two 5 W solar panels, which are attached to the mast below the electronics box,

perpendicular to the ground for maximum incident radiation directly from the sun and reflected from

the snow surface. The vertical alignment also ensures minimum snow accumulation.
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Figure 6.1: Photograph of primary node mechanical design.

6.2.3 Secondary node

Secondary nodes are scaled down primary nodes, designed to increase the spatial extent of the network

whilst maintaining low power consumption. They are controlled by a much lower power microprocessor,

the AVR ATtiny2313a. This limits their functionality to collecting temperature and relative humidity

data, and transmitting to their parent node. Secondary nodes are designated as end device nodes in the

ZigBee scheme. This means that they do not route data; they merely communicate with a parent node,

a router or coordinator that is also part of the network. This allows the secondary nodes to turn their

transceivers to sleep for the majority of the time.

The lessened processing power of the secondary node and the lack of GPS or a real-time clock to

provide time information dictates that the secondary must send its raw data to its parent primary, which

then processes and saves the data and forwards it to the coordinator. The lack of processing power also

means that the secondary node cannot be controlled via wireless connections, it simply sleeps, wakes

up, takes a reading, forwards the reading to the parent node, and then returns to sleep. This allows the

secondary node to have low power consumption.

The mechanical design of the secondary node is shown in figure 6.2. It consists of an aluminium

tripod, on which sits an insulated cylindrical tube, which houses the electronics and a ≈ 20cm passive

isotropic antenna. On top of the tube is a radiation shield, containing the temperature and relative

humidity sensor (SHT75). For deployment, the three legs of the tripod are dug into the snow or ice, and

covered. The upright pole of the tripod is extendible, such that the sensors can be accurately positioned

at 2 m above snow level. The tripod design allows rapid deployment of the secondary nodes, which is a
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Figure 6.2: Photograph of secondary node mechanical design.

significant advantage in the Antarctic environment. Secondary nodes are powered by a 3.7 V lithium-ion

battery pack, and a single 5 W solar panel, mounted on the tripod, perpendicular to the ground.

6.2.4 Sensors and uncertainties

The temperature and relative humidity sensor used on both the primary and secondary nodes is the Sen-

siron SHT75. The manufacturer specified uncertainty on this device is ±0.5 ◦C at 0 ◦C, which increases

linearly to ±1◦C at −20 ◦C. The average summertime temperature in the SNOW-WEB testing area is

approximately −5 ◦C, hence the general uncertainty of the sensor over the observational period will be

in the region of ±0.6 ◦C. For relative humidity the uncertainty is ±2 % within the range of 10 % and

90 %.

Wind speed data are collected by a vertical axis cup-type anemometer, the NRG #40H. An electrical

pulse is induced at a specific point in each rotation of the device. The microprocessor times the interval

between successive pulses to determine the angular frequency. A calculation is then performed to convert

this frequency into a wind speed based on the physical properties of the anemometer. The maximum

counting period of the microprocessor limits the minimum wind speed that the device can record to

0.6 ms−1, hence all wind speed values below this are recorded as 0 ms−1. The highest wind speed that

can be handled by the sensor is given as 96 ms−1, which is vastly higher than any wind encountered

in Antarctica during the summer months. Measurement uncertainty is ±0.14 ms−1 at 10 ms−1, but
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probably slightly higher away from this magnitude as the linear transformation from frequency to wind

speed becomes less accurate. We consider a conservative estimate of the uncertainty on the wind speed

to be ±0.3 ms−1.

Wind direction information is recorded via an NRG #200P wind vane. The device measures direction

via a potentiometer connected directly to the vane. The potential is communicated to the microprocessor

via an analogue to digital converter. The stated linearity of the potentiometer is 1 %, thus a conservative

estimate of the uncertainty of the device is ±3 ◦.

6.3 Field report

6.3.1 Deployment environment

For approximately two months of the austral summer field season of 2011/12, SNOW-WEB was deployed

on, and in the vicinity of, Ross Island, Antarctica. The wind flows in Ross Island are described in section

2.3. Ross Island is clearly interesting in a meteorological sense and, given its vicinity to research bases,

logistically ideal for the testing of new AWS technology. Validation and understanding of meteorological

data is also aided in that the region around Ross Island has a high density of AWS sites and 12-hourly

radiosonde launches from McMurdo Station. The area is also serviced by the finest AMPS grid of 1.67

km and hourly time resolution.

6.3.2 Deployment

SNOW-WEB was deployed from Scott Base, with a field camp at Room With A View, a snow-covered

outcrop at the top of the Hut Point Peninsula between Scott Base and Mount Erebus. The light-

weight design of the nodes allowed for ski-mobile and Hägglund to provide adequate transport for the

deployment. A four person team deployed ten primary nodes and eight secondary nodes along the Hut

Point Peninsula and across the ice shelf to the south during early December 2011. An experienced team

could erect a primary node in less than one hour and a secondary in fifteen minutes. Node communication

was tested at the time to ensure adequate line-of-sight transmission for a robust network. Careful

planning also ensured that several pathways for data transfer were established from the farthest nodes to

guard against data loss due to node failures. The coordinating node was located at Scott Base and the

farthest node was located approximately 25 km away at Room With a View. Both the coordinating node

and the farthest node were equipped with larger (≈ 1.5m) isotropic antennae for enhanced data transfer

range. A line of nodes was then populated to the west and south of Room With a View, descending

the Hut Point Peninsula onto the ice shelf towards Scott Base, with the closest node (P4) stationed

approximately 3 km from the base. Several nodes were also deployed on the ice shelf to the south, along

the flagged route to Windless Bight. This ensured a second path for data from the farthest nodes and

also allowed an elevation profile to be sampled. Figure 6.3 shows a map of the resulting network layout.

Altitudes of nodes above mean sea-level are given in table 6.1. Final changes to the network firmware

were made on 10 December 2011.

SNOW-WEB was left in place for nearly two months of the summer season. During this time, its

data logging and transfer routines, electronic and mechanical design, and remote control systems were

tested. A second four person team withdrew the network in late January 2012. Nodes were retrieved

from 30 to 31 January, giving a total observational time of 52 days.
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Figure 6.3: SNOW-WEB distribution in vicinity of Hut Point Peninsula for 2011/12 field season. Primary
nodes are designated with a P and blue dot. Secondary nodes are shown by red dots and an ‘S’. Locations
of McMurdo Station (McM), Scott Base (SB) and the Windless Bight (WB) AWS site are shown in
black. R1 (grey) is a repeater deployed to further network connectivity. P3 is situated at Room With A
View. Inset shows greater Ross Island area. Satellite imagery is provided by LandSat Image Mosaic of
Antarctica (LIMA).

6.3.3 Network evaluation

During the observational period, SNOW-WEB nodes transferred a total of 12.2 MBytes of useful data

to the coordinating node at Scott Base, and recorded 24.5 MBytes via onboard SD card. Remote control

of the network, carried out from Scott Base directly after the deployment and prior to withdrawal times,

was demonstrated to be functional. Individual nodes could be polled for data or given commands, and all

currently networked nodes could be manipulated from Scott Base. Equipped solar panels provided ample

power for the nodes. Sensors and electronics also showed themselves to be robust enough for the summer

months, with no physical failures while deployed. The mechanical designs of both the primary and

secondary nodes were shown to be adequately hardy, with a few minor changes needed to the primary to

aid in efficient erection in the often hostile Antarctic environment. The secondary node design, although

in need of some development, was exceptionally quick and easy to deploy, and robust enough for the

summer season.

SNOW-WEB successfully transferred meteorological and GPS data from distances of up to 25 km

to a manned station via wireless networking. However, an unresolved networking error of the secondary

nodes, thought to be a problem with the sleep routine, prevented any significant amount of data being
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Node P1 P2 P3 P4 P5 P6 P7 P8 P9 P10
Elevation (m) 26 18 265 18 70 30 144 19 29 231

Node S1 S2 S3 S4 S6 S7 S9 S10 R1 SB WB
Elevation (m) 18 18 199 29 26 124 21 21 57 27 41

Table 6.1: SNOW-WEB node elevation data, as well as meteorological stations used in subsequent
analysis. Elevation data is sourced from the Radarsat Antarctic Mapping Project (RAMP) (Liu et al.,
2001).

collected from all but two secondary nodes, S9 and S10. Wireless transfer from the primary nodes

was far more successful. However, transfer was sometimes erratic and unreliable. In total, accounting

for coordinator down-time, 42 % of available data was successfully transferred to the coordinator. SD

memory card records are more comprehensive, but also included some failures. A diagram illustrating

the types of data collected over the experimental period is shown in figure 6.4.

Figure 6.4 shows that all primary nodes with the exception of P4 and P8 recorded a significant

volume of data to their onboard SD cards. Several failures are evident though, particularly towards the

end of the experiment. P3 and P5 for instance, both failed in mid-January due to a firmware overflow

associated with corrupted SD memory cards. The overflow caused the primary nodes to continuously

reset and cycle power. This resulted in the node leaving and rejoining the network each minute, and

hence precluded both SD and wireless records from the affected nodes. As the experiment continued,

further nodes were affected by this fault and ceased recording data.

Very little SD memory data was retrieved from P4 or P8. In the case of P4, this was due to a defective

SD card reader, although this node did record some data via SD in mid-January. P8 recorded significant

data to its SD card, but the data was lost due to a physical failure of the main data chip. Fortunately,

each of these nodes transferred a significant volume of data to the coordinating node, which at least in

part demonstrates the robustness of the system to physical failures.

Figure 6.4 shows that P5 collected a significant amount of data. However, upon observation of the

data many anomalous points can be identified. Temperatures exceeding 30 ◦C are present, as are wind

directions that are regularly out of sync with the rest of the network. Similar recording patterns seen

in P5 SD records upon retrieval have led us to believe that data from this node is unreliable due to an

error within the microprocessor. The remainder of this chapter will disregard P5 data for this reason.

Malfunctions in the logging hardware caused occasional gaps in the wireless transfer record. These

gaps are shown by dark blue (for times and nodes where SD data are present) or grey (for times where

no data are present) in figure 6.4. Other networking drop-outs are harder to explain. Analysis carried

out on the data in search of drop-out cascades, in which one node leaves the network causing others to

follow, proved inconclusive. This is possibly due to the fact that several transfer paths were present in

the network topography. Thus, a single drop-out might not affect the total transfer to a great degree.

Importantly, drop-outs did not appear to be dependent on atmospheric conditions.

A lack of adequate routing throughout the network is another possible explanation for the erratic

nature of the data transfer. It was found that if the coordinator gave a network reset command then

several, if not all, of the primary nodes would rejoin the network and resume data transfer. It is possible

that network traffic proceeded through a small sub-set of nodes, which became over-loaded and incapable

of ferrying signals. As the primary nodes need occasional messages from the coordinator in order to stay
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Figure 6.4: Diagram showing the data collected from each node over the course of SNOW-WEB de-
ployment. Times shown in light and dark blue represent data saved to the onboard SD memory. Red
represents times when data were recorded via the coordinating node. Green represents times when both
methods occurred simultaneously. White represents times when no data were recorded. Dark blue and
grey areas show times when the coordinating computer was not operational, and so recording via wireless
transfer could not occur.

on the network, these messages may have been queued, and hence the nodes would leave the network to

search for another.

A second possibility is inadequate flow control. Some nodes were found to be forwarding the data of

other primary nodes but never transmitting their own. P1 for instance, forwarded much data from more

distant nodes in a route analysis exercise. However, figure 6.4 shows that P1 almost never transferred

data to the coordinator. Communication of the data from the microprocessor to the transceiver, while

the transceiver was busy could have induced this effect.

Despite developmental problems with the SNOW-WEB networking and data collection routines, we

consider the summer field season of 2011/12 to be a successful proof of concept demonstration of SNOW-

WEB. Data were transferred wirelessly over tens of kilometres for ten nodes and the network primary

nodes operated autonomously for the entire 52 day experimental period. A significant volume of data was

also recorded. Further work on improvements in the SNOW-WEB mesh-networking scheme is on-going.

6.4 Data validation

Subsequent to the withdrawal of the SNOW-WEB network, a significant volume of data was retrieved

from the onboard SD memory cards and coordinating computer at Scott Base. Before data can be used

in any meteorological analysis it must be validated to ensure its accuracy and reliability. In order to
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Node
SNOW-WEB

T σT U σU RT,SB RT,WB RU,SB RU,WB

P1∗ -4.49 3.43 2.55 1.99 0.77 0.81† 0.52† 0.48†

P2 -4.12 3.43 2.42 2.35 0.78 0.78 0.63† 0.30
P3 -4.16 3.11 2.88 1.91 0.72 0.61 0.35 0.43†

P4 -2.79 3.07 3.02 2.34 0.77 0.77 0.64† 0.25
P6 -3.68 3.43 2.48 2.43 0.68 0.79 0.51† 0.36†

P7 -5.71 3.16 3.27 1.98 0.73 0.71 0.40† 0.41†

P8∗ -3.95 3.12 2.71 2.40 0.73 0.76 0.56† 0.43
P9∗ -4.32 3.45 2.50 1.85 0.77 0.85† 0.50† 0.55†

P10 -4.92 3.02 3.58 2.14 0.75 0.69 0.33 0.38†

S9∗ -4.21 2.98 - - 0.79 0.77 - -
SB -2.76 3.11 3.85 2.46 - 0.70 - 0.24
WB∗ -3.62 3.75 2.06 1.29 0.70 - 0.24 -

Table 6.2: Statistics for SNOW-WEB. T represents temperature, while U is the scalar wind speed. R is
the correlation coefficient. †denotes that a correlation is significantly different from that of SB vs WB at
the p ≤ 0.01. Units for temperature are ◦C, and wind speed ms−1. ∗ denotes that the node is situated
on the ice shelf towards WB.

do this, the data must be compared to pre-existing sources of data in the surrounding area. That the

area around Ross Island is the busiest region of Antarctica in terms of human activity aids this objective

immensely. There exists a relatively dense network of AWS sites in the region. We will employ data

from the AWS at Scott Base (SB), which is operated by NIWA, and the AWS at Windless Bight (WB),

which is operated by the University of Wisconsin. The locations of both AWS sites are marked in figure

6.3. An in-depth meteorological assessment of the deployment region is beyond the scope of this chapter.

We will focus on fundamental atmospheric parameters and statistics in order to validate the data such

that it can be used for meteorological purposes in the future.

For the purposes of validation, data series are truncated after 44 days. Inspection of figure 6.4 shows

that after this time several of the nodes had stopped working. Mean values taken after this time are

therefore unrepresentative of the network as a whole. Validation ignores S10, which was located directly

beside S9 for the purposes of a separate radiation shield study, and therefore provides no independent

data. As stated in section 3, P5 suffered a prolonged malfunction, and so data from this node are removed

from further analysis.

The second to fifth columns of table 6.2 summarise the mean and standard deviations of temperature

and wind so that simple comparisons can be made between SNOW-WEB nodes and SB and WB. Scalar

wind speed is used in the analysis rather than resolving into zonal and meridional components. Complex

topography is known to turn wind in the region such that a comparison of zonal and meridional wind

speeds over spatially distant stations makes little sense. We use scalar wind speed to represent the overall

wind field of the area.

Table 6.2 shows that the majority of SNOW-WEB nodes have temperature means and standard

deviations that are similar to the established meteorological stations. The coldest nodes are those on

the slopes leading up to Room With a View (P7 & P10), while the warmest are those close to the base

of the peninsula (P4, P6 & P8). The average temperatures at all nodes are colder than that at SB.

This is probably due to the ground conditions at the AWS. SB is situated on volcanic rock, which has

a significantly lower albedo than the snow-covered ice shelf and peninsula on which SNOW-WEB and

WB are located. This may also reduce the amplitude of the diurnal cycle of SB, as it stays warmer for
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longer during the “night”. Node temperatures are slightly colder than that at WB.

P4 shows a particularly warm mean temperature, while P7 is particularly cold. It is thought that

extremely localized effects may alter the climatology at these stations. P4 is particularly susceptible

to the north-westerly wind (see fig. 6.5a), which may cause warming in this area. P7 was situated

approximately half way up the slope towards Room With a View, and was subject to strong down-slope

winds and reduced incident radiation due to the slopes to the north, compared to nodes at the top of

the ridge. The diurnal variation of temperature of P7 shows that it is as cold at night as nodes on the

ice shelf, but not as warm during the day, while ridge-top nodes are warmer at night. This reduces the

overall mean at P7 relative to the rest of the network. It is possible that a small calibration bias exists

between temperature sensors, although it did not appear in calibration experiments upon the retrieval

of the nodes. Temperature standard deviations are comparable across the network and AWS sites.

Mean wind speeds are highest at elevated stations, although SB shows the largest speeds in the region.

Convergence is observed towards this point in wind roses in figure 6.5a. Calmer conditions are observed

at the base of the peninsula and the ice shelf. WB shows the lowest wind speeds. That the speeds

measured by SNOW-WEB nodes have magnitudes between those at SB and WB follows expectations

and is encouraging in terms of validation. Wind standard deviations are more variable than those for

temperature, and appear to scale with increasing wind speed.

Table 6.2 also shows correlation coefficients of temperature between SNOW-WEB nodes and SB

and WB AWS sites. The correlation between SB and WB is shown for reference and entries that are

significantly different from this value at p ≤ 0.01 are marked. Nodes have consistently high correlations

(> 0.7) with both weather stations, which are not significantly different to the correlation between SB

and WB. Nodes on the ice shelf show slightly higher correlations with WB than SB. These nodes are

marked with an asterisk in the table. For temperature, P1 and P9 have the only correlations which are

significantly different from the the SB-WB correlation. High correlations of P1 and P9 with WB are

likely a reflection of the respective ground conditions and reduced topographical influence further from

the peninsula. Nodes at higher altitudes (P3, P7, P10) show slightly higher correlations with SB, but

they are not significantly different from the SB-WB correlation. The correlations of relative humidity

(not shown) are of the same order as temperature. The high magnitudes of the correlations further

suggest the validity of the SNOW-WEB network data.

Wind correlations with SB are lower than those for temperature and range from ≈ 0.35 at elevated

nodes to 0.63 at P4, the closest node to SB. All nodes except P3 and P10 have significantly higher

correlations with SB than the SB-WB correlation, which is rather low. Correlations between the nodes

and WB are also reduced. All nodes have significantly higher correlations with WB than SB, except

those nodes closest to SB and the base of the peninsula (P2, P4 & P8). Given the well-known influence

of topography on modifying wind fields over relatively small distances, it is not surprising that the

wind correlations are lower compared to the temperature. The fact that those nodes close to SB show

higher correlations is encouraging in terms of data validation. Differences across the network are likely

due to underlying differences in the wind field rather than any fault of the SNOW-WEB network. All

correlations are significant at the p ≤ 0.01 level, except the wind speed correlation of P4 with WB, which

is rather low, though still larger than the SB-WB value.

For the purposes of a qualitative assessment of the wind direction and distribution, a wind rose map of

the region is displayed in figure 6.5a. The wind rose map shows that the mean wind field of SNOW-WEB

data and pre-existing weather data is qualitatively similar. The direction is modified somewhat by the

topography of the region, and hence varies across the station records. However, as mentioned in Seefeldt
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(a) SNOW-WEB (b) iAMPS

Figure 6.5: Wind roses for SNOW-WEB, SB and WB data from in situ records and interpolated iAMPS
records. Roses represent the 16 cardinal compass points. The distance spanned by petals from the centre
represents the frequency of wind from that direction. Coloured sections of each petal represent frequency
of wind speeds from that direction. The circle surrounding each rose shows the point of 10 % occurrence,
except at SB in (a), where it represents 20 %. Roses are rotated such that compass points are aligned
with the map projection. Frequencies are calculated based on the number of available observations.

et al. (2003), the dominant wind is light and from the north-east at all stations. The strong southerlies

also mentioned in the article do not occur frequently within the SNOW-WEB dataset, which is probably

a product of the season. Strong RAS events that would cause such flows are far more prevalent in the

winter and spring (Seefeldt and Cassano, 2008). A secondary peak is seen from the north-west, which is

observed even at ridge-top nodes, suggesting that it originates from the sea on the northern side of the

peninsula. This peak is confirmed at SB. The distribution is rather different at WB, with eponymously

calm conditions. The wind is directed from the north and east predominantly, with occasional north-west

and south-easterly components.

6.5 AMPS intercomparison

We now examine the SNOW-WEB observations relative to output from archived AMPS forecasts per-

formed by the Mesoscale and Microscale Meteorology (MMM) division at the National Centers for

Atmospheric Research (NCAR). The generation of AMPS running during the SNOW-WEB deployment

period is based on the Polar Weather Research and Forecast (WRF) model. It is initiated with a first-

estimate informed by local weather data including AWS and radiosonde records. A description of the

development and use of AMPS in Antarctic meteorological studies is given in chapter 1. The polar-WRF

is described in more detail in chapter 7.

The highest resolution AMPS sector exists over Ross Island. It is comprised of a 1.67 km polar

stereographic grid and is output at hourly time steps. Forecasts are performed every 12 hours at 00:00
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Node
T (◦C) u (ms−1) v (ms−1)

R R′ ∆T ∆T ′ R ∆u R ∆v
P1 0.78 0.82 1.04 0.28 0.61 0.54 0.55 -0.53
P2 0.73 0.80 1.35 0.65 0.61 0.69 0.59 -0.53
P3 0.77 0.79 1.06 -0.04 0.55 0.62 0.45 -0.16
P4 0.70 0.80 2.58 1.81 0.62 0.82 0.57 -0.61
P6 0.68 0.80 1.77 0.32 0.66 1.31 0.44 -0.34
P7 0.72 0.79 -0.25 -1.76 0.66 1.27 0.47 -0.57
P8 0.71 0.77 1.12 0.66 0.63 0.96 0.60 -0.36
P9 0.80 0.81 1.25 0.39 0.58 0.60 0.54 -0.56
P10 0.77 0.76 0.74 -0.38 0.63 0.01 0.49 -0.73
S9 0.75 0.79 1.44 0.77 - - - -
SB 0.79 0.79 2.36 2.32 0.68 -0.01 0.59 -0.95
WB 0.76 0.81 1.99 -0.14 0.53 0.24 0.15 -0.16

Table 6.3: Computed values of correlation (R) and bias (∆x) between SNOW-WEB node data (including
SB and WB) and iAMPS. u (v) is the zonal (meridional) wind speed. Prime values of correlation and bias
are calculated from a subset of records that occur concurrently with scalar wind speeds above 4ms−1.

and 12:00. Following Seefeldt and Cassano (2008), we allow a 12 hour spin up for the initial conditions

to adjust to the model grid, meaning that the output used is that from 12 to 23 hours after the forecast

initiation. As such, output representing the times 00:00 to 11:00 on 10 December will be extracted from

the 12:00 forecast on 9th December. Output for 12:00 to 23:00 on 10 December is taken from the forecast

of 00:00 on 10 December. At times when the output is missing from a particular forecast we use output

from the previous forecast. For example, if 12 to 23 hour forecast time output is missing from the 00:00

forecast on 10 December then the 24 to 35 forecast hour output from the 12:00 9 December forecast

is used in its place. Using this method we are able to compile an uninterrupted time series from 10

December 2011 to 31 January 2012.

We use the model air temperature given at an altitude of two metres above ground level. Zonal and

meridional winds are logarithmically interpolated to the surface from the two closest pressure levels.

AMPS output is interpolated to the locations of the ten SNOW-WEB nodes and the two AWS sites used

in the earlier comparison. Interpolation is performed from the four closest grid cells to each weather

station. An average is calculated which is weighted by the reciprocal of the distance between the node and

the centre of the grid cell, such that the closest cell has the highest weight. This form of interpolation is

known to reduce the variance of the resulting interpolated data set. To counteract this, the interpolated

model values are scaled by a factor of σAMPS/σinterp, where σAMPS is the mean standard deviation of

the four chosen AMPS grid cells, and σinterp is the standard deviation of the interpolated output. We

will refer to the AMPS output interpolated to the spatial positions of SNOW-WEB and AWS sites as

iAMPS.

Table 6.3 shows statistical relationships between iAMPS values and SNOW-WEB data. We use

two statistical metrics to measure the correspondence between SNOW-WEB and iAMPS. The first is

the correlation coefficient. The second is the mean bias, which is calculated by taking the difference

in records between SNOW-WEB and iAMPS and averaging over all records. Biases are calculated as

SNOW-WEB data minus iAMPS, and thus a positive bias indicates that SNOW-WEB averages are

higher than iAMPS. Relationships for AWS sites are included for reference.

For temperature, we see a high degree of correlation between iAMPS and SNOW-WEB. All corre-

lations are above 0.7 and statistically significant at p ≤ 0.01. Biases range between +1 ◦C and +2 ◦C.
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Stations highlighted as differing from the norm in the previous section show untypical biases, although

the magnitudes of their correlations are comparable to the rest of the network. The bias of P4 is larger

than the remainder of the in situ data. P7 shows a slight negative bias. These correspond to results from

the previous section, which showed that P4 had an unusually high mean temperature and P7 unusually

low.

Complications often arise when measuring temperature in the Antarctic environment because of

the high albedo of the ice- or snow-covered surface. Semiconductor-based temperature sensors require

thermal equilibrium with the surrounding air to measure temperature accurately. High levels of incident

radiation due to the reflectivity of the surface can cause direct heating of radiation shields, which is

compounded at low wind speeds due to stagnant air trapped inside. The temperature sensor will then

record a temperature that is positively biased compared to the air outside of the shield. Composite days

of temperature biases between SNOW-WEB and iAMPS (not shown) reveal more highly positive biases

during the early afternoon at all SNOW-WEB nodes and at WB, suggesting that this effect may impact

on the general mean. With this effect in mind, we recalculate the correlation and bias between SNOW-

WEB and iAMPS using only those records which are concurrent with SNOW-WEB scalar wind speeds

greater than 4 ms−1. The results are shown in table 6.3 as primed variants of the original computed

values. Correlations generally increase slightly compared to the original values, although the increases

are not statistically significant. The reduction in the bias is large. Biases are reduced to less than 1 ◦C

in most cases and at P3, P10 and WB become slightly negative. The bias at P4 is still higher than the

remainder of the network, although lower than the original value. All changes in bias (except those of

SB and P8) are significantly different from zero at p ≤ 0.01 derived from a two-sided Student’s t-test.

These results indicate that direct heating of radiation shields has caused large positive biases within

SNOW-WEB temperature data. However, the effect is observed just as strongly at the established

weather station at WB. Genthon et al. (2011) have also reported that large biases are observed by

weather stations on the Polar Plateau during the summertime. As such, times of strong warming in

SNOW-WEB data, concurrent with low wind speeds should be interpreted carefully. Only the value of

bias at SB is unchanged by calculating over the subset of data, which suggests that the large positive

bias at this station is caused by some other mechanism, perhaps because of the ground conditions at this

node. Inspection of the albedo of the AMPS grid shows values of 80 % in the area surrounding Scott

Base, which is representative of snow or ice cover, but not of exposed rock. The higher albedo used in

iAMPS calculations may act to decrease the temperature there.

Temperature biases shown in table 6.3 at higher wind speeds fall within the range reported by Hines

and Bromwich (2008) (their table 4), for AWS comparison experiments with the Polar WRF on the

Greenland Ice Sheet. Correlations seen in Greenland appear to be slighter higher than those shown here,

which may reflect the relative paucity of data for initiating forecasts in Antarctica, rather than problems

with the SNOW-WEB dataset.

Table 6.3 also shows equivalent statistics for the zonal and meridional wind at each node. Zonal and

meridional winds are used in place of the scalar wind speed as SNOW-WEB nodes and interpolated

AMPS output represent the same point in space, and as such both the wind speed and direction should

be the same. Correlations are reduced compared to temperature, although they are still significant at

p ≤ 0.01. Correlations computed at SB are similar to those at SNOW-WEB nodes. Correlations at WB

are reduced, suggesting that iAMPS does not reproduce the complicated flow in this area.

Wind is a more difficult variable to simulate in general, particularly in regions of complicated topog-

raphy where it can change rapidly over small distances. Bromwich et al. (2005) reported correlations

140



in this region of 0.15 to 0.31 for zonal and 0.05 to 0.27 for meridional winds for the 3.3 km grid of the

previous generation of AMPS running the polar MM5 model. Much larger correlations were computed

for AWS sites on the less complex topography of the ice shelf to the east (their figures 11b & d). The

correlations presented here therefore likely represent an improvement in predictive skill of the current

AMPS configuration. It should be noted that these results are valid only for the summer season and may

not reflect year-round values. However, Bromwich et al. (2005) reported reduced correlation coefficients

at coastal sites in the summertime compared to winter, attributing the cause to an increased land/sea

temperature contrast that is not resolved well by the coarser AMPS grids.

Wind biases are generally small between iAMPS values and SNOW-WEB data, with magnitudes less

than 1 ms−1, except at P6 and P7. Due to the vector nature of the wind, biases must be carefully

interpreted. The prevailing wind in the region is from the north-east. When resolved to its zonal

component this produces a negative mean value, as the wind travels in the negative x-direction. Thus,

the fact that SNOW-WEB nodes show positive biases for zonal wind implies that iAMPS winds have a

larger easterly component of the prevailing wind. This is the case across the network and AWS sites,

except at P10 and SB where zonal biases are small. Zonal biases are particularly large and positive at P6

and P7, which are situated at the base of the peninsula and about half-way up the slope, respectively. It

is possible that topographic influences not resolved in the AMPS grid modify the wind at these nodes.

Negative biases of meridional wind speed imply that iAMPS has a reduced northerly wind component,

which is seen at all nodes.

Mean differences between SNOW-WEB and iAMPS winds are perhaps better illustrated by an ana-

logue to the wind rose map shown in figure 6.5a, and as such we include one in figure 6.5b. Qualitative

assessment of the two diagrams shows a degree of similarity between SNOW-WEB and iAMPS on a

mean basis. However, iAMPS winds are consistently more easterly than SNOW-WEB, particularly at

P6 and P7. Directions of peaks from the north-east appear to match rather well, although they are more

frequent in iAMPS. That the differences between SNOW-WEB and iAMPS are also observed at SB

and WB suggests that discrepancies are due to deficiencies in AMPS rather than SNOW-WEB. Given

that the bias of the easterly wind component increases with proximity to the base of the peninsula, we

suggest that AMPS underestimates the ability of the peninsula to act as a barrier and turn the wind to

the north, possibly as a result of topographical smoothing.

For the purpose of comparing spatial and temporal variability of iAMPS with that of SNOW-WEB,

table 6.4 shows the statistics of mean, standard deviation and correlation for iAMPS. Values are equiv-

alent to those in table 6.2 for SNOW-WEB. Temperature distribution patterns are similar. SB is the

warmest interpolated point and P10 the coldest, but temperatures vary more greatly over the region

in SNOW-WEB records than in iAMPS. Furthermore, the standard deviation of SNOW-WEB data

is larger, suggesting that SNOW-WEB records are more variable than iAMPS. Inspection of iAMPS

temperature records shows that they are smoother in general than those of SNOW-WEB (for example,

see fig. 6.7). this is unsurprising given the model resolution. Wind speed distribution is reproduced

well. Speeds are higher in general, but show highest values at P7, P10 and SB and lowest at WB, as

seen for observations in table 6.2. iAMPS wind standard deviations match well with their SNOW-WEB

counterparts, suggesting that the time variability is captured well during this period.

For temperature, iAMPS values show significantly higher correlations than SNOW-WEB data with

both SB and WB. None of the correlations shown by iAMPS is significantly different from the SB-WB

value and all are above 0.9, except P3-WB. This suggests a reduced degree of spatial variability present

in iAMPS temperature data. Wind correlations with SB are also increased and significantly different
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Node
iAMPS

T σT U σU RT,SB RT,WB RU,SB RU,WB

P1 -5.53 2.83 3.21 2.30 0.96 0.97 0.85† 0.46†

P2 -5.47 2.72 3.70 2.51 0.99 0.93 0.92† 0.30
P3 -5.63 2.75 2.89 1.96 0.94 0.88 0.50 0.56†

P4 -5.37 2.72 3.63 2.40 0.99 0.92 0.93† 0.32
P6 -5.45 2.79 3.56 2.35 0.97 0.96 0.81† 0.49†

P7 -5.46 2.68 3.92 2.52 0.96 0.94 0.60† 0.57†

P8 -5.42 2.79 3.43 2.36 0.96 0.94 0.88† 0.54
P9 -5.58 2.84 3.14 2.18 0.95 0.98† 0.77† 0.54†

P10 -5.74 2.71 3.63 2.40 0.95 0.90 0.52 0.58†

S9 -5.33 2.77 3.28 2.36 0.98 0.95 - -
SB -5.12 2.66 3.96 2.32 - 0.93 - 0.35
WB -5.61 2.84 2.13 1.29 0.93 - 0.35 -

Table 6.4: Statistics for iAMPS. T represents temperature, while U is the scalar wind speed. R is the
correlation coefficient. †denotes that a correlation is significantly different from that of SB vs WB at
p ≤ 0.01. Bold font denotes that correlation is significantly different from the corresponding SNOW-WEB
correlation at p ≤ 0.01. Units for temperature are ◦C, and wind speed ms−1.

from SNOW-WEB in the iAMPS values, although wind correlations with WB tend to be more similar

to those computed from SNOW-WEB data. The lower correlations seen in SNOW-WEB data suggest

that local variability is present in the region and that it is under-represented in iAMPS.

In summary, standard statistics presented in this section have shown that the correspondence between

SNOW-WEB data and iAMPS output is high, particularly for temperature records. Winds correspond

less well, but are qualitatively similar between datasets.

6.5.1 EOF comparison

In order to better compare spatial patterns between SNOW-WEB data and iAMPS output we use an

empirical orthogonal function (EOF) analysis. EOF analysis is essentially an eigenvalue decomposition

of the covariance matrix of data taken at spatially distinct locations. The technique identifies standing

oscillations within the spatial data. The EOF is an eigenvector associated with a particular eigenvalue

and contains information on the strength of the oscillation as recorded at any location. The time series

of the oscillation can be computed; this is known as the principal component (PC). The proportion of

the variance that each PC accounts for within the data can also be computed. We normalize each time

series by its standard deviation such that it is dimensionless and has a variance of one. The covariance

matrix therefore becomes a correlation matrix. The correlation matrix is sensitive to missing data within

the time series. Gaps in the records of SNOW-WEB nodes are filled with data from an average day from

that node.

Figure 6.6a shows the first temperature PC of SNOW-WEB (red) and iAMPS (blue) interpolated

values and figure 6.6c its corresponding EOF. EOFs are shown superimposed over a satellite image of

the region such that spatial patterns can be readily interpreted. Red bars at node sites show the EOF of

SNOW-WEB data, while blue bars show that of the corresponding iAMPS values. The first PC describes

the diurnal cycle of the temperature data and the change due to the seasonal march. An increase is seen

leading up to the New Year and a decrease succeeding it. EOF loadings show positive values across the

entire network and are remarkably similar between SNOW-WEB and iAMPS. The correlation between
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(a) PC1 (b) PC2

(c) EOF1 (d) EOF2

Figure 6.6: First two temperature PCs and EOFs for SNOWWEB data (red) and iAMPS (blue) output.
Dashed lines on EOF bar graphs represent 0.1 increments of an arbitrary scale. They are plotted for
ease of comparison.

the two PCs is also high at 0.81, with 74 % (97 %) of the variance of SNOW-WEB (iAMPS) contained

within this EOF.

The second PC and EOF are shown in figures 6.6b and 6.6d. The correlation between the iAMPS

and SNOW-WEB PCs is still high at 0.58. However, the variance of the SNOW-WEB PC is much higher

than that of iAMPS. The percentage of variance accounted for is 9 % (2 %) for SNOW-WEB (iAMPS).

This EOF is interpreted to be the modulation of the diurnal cycle according to elevation and ground

cover. SNOW-WEB nodes at high altitudes have large negative EOF values, as the amplitude of the

diurnal cycle at these stations is decreased. Ice shelf nodes have amplified diurnal cycles due to the high

albedo of the ice and enhanced nighttime shading due to slopes to the north, hence the positive EOF

loadings at these stations. iAMPS reproduces the spatial patterns adequately, but appears to load too
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lightly at stations near the base of the peninsula and too heavily at those further away.

The first two EOFs of SNOW-WEB (iAMPS) contain 83 % (99 %) of the spatial variance. It is clear

that more spatial variability exists in the SNOW-WEB data than in iAMPS. However, the correspondence

between the first two PCs and EOFs for SNOW-WEB and iAMPS is remarkably good.

EOF analysis on the wind speed (not shown) is much harder to interpret physically. However, results

show remarkable similarity between the two datasets, particularly for the first two principal components

which are correlated at 0.52 and 0.47, respectively. iAMPS over-represents the variance contained within

the first EOF, with 55 % observed in SNOW-WEB and 75 % in iAMPS. However, the second EOF of

both datasets contains 15 % of the variance.

We have also performed varimax rotated EOF analysis, following Preisendorfer (1988) to examine

whether the EOF patterns can be physically interpreted. Differences between rotated and unrotated

EOFs and PCs are very small when 2 to 10 EOFs are rotated. This suggests that the presented EOFs

are likely to represent physical modes of variation rather than mathematical artefacts.

6.6 Case study

In order to highlight the respective advantages and disadvantages of the SNOW-WEB and iAMPS

datasets, we present a short case study of temperature and wind measurements. For logistical purposes,

the Ross Island region uses New Zealand Daylight Time (NZDT) in the summer months. As diurnal

cycles are relevant in the coming section, we use NZDT from here on. Figure 6.7 shows temperature and

scalar wind speed data series for nodes P6, P9, P2 and P10 of both SNOW-WEB and iAMPS datasets

for the day-long period of 17:00 NZDT 20 to 16:00 NZDT 21 January 2012. P6 and P9 are separated

by approximately 3.5 km on the ice shelf at the base of the Hut Point Peninsula. P6 is situated at

the transition from flat ice to the peninsula slope, adjacent to the GPS route leading to Room With

A View. P9 is located to the south-east of P6, on the Windless Bight route. P2 and P10 are situated

at opposite ends of the network range, towards Scott Base and Room With a View, respectively. The

distance between P2 and P10 is 12 km. We compare series for P6 and P9 to observe how iAMPS

forecasts reproduce the data from two nodes that are close together but in rather different topographical

areas. We compare P2 and P10 to observe differences in iAMPS over larger distances. The time series

presented is taken over a period of sustained and relatively strong winds from the north-west.

Comparison between datasets shows that temperature series (figures 6.7a & 6.7b) are generally similar,

although SNOW-WEB temperatures are several degrees higher than those of iAMPS, reflecting the

general biases discussed in section 6.5. Both datasets show a diurnal cycle at all nodes with a distinct

minimum at around 01:00 NZDT . A maximum is observed at P9 and P10 at 20:00 in SNOW-WEB

data, well before local midday. This coincides with a distinct wind speed minimum. It is possible that

this peak is due to radiative heating of the radiation shield at these nodes. A similar anomalous peak is

seen in the temperature records of P2 and P6 at 19:00. Other peaks in the temperature series coincide

well with those at SB (not shown), suggesting that they are representative of air temperature. iAMPS

temperature series are similar to SNOW-WEB for P6 and P9 (fig. 7a). Temperature series are also

similar across datasets for P2 and P10 (figure 6.7b), although P2 is somewhat warmer than its iAMPS

counterpart. Between 12:00 and 13:00, iAMPS shows a large decrease in temperature that is not seen

in SNOW-WEB data. This shift in the iAMPS temperature seems to be caused by the discontinuity

introduced by switching across AMPS forecasts and highlights a deficiency in the technique used to
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compile AMPS time series. A similar discontinuity is observed for iAMPS P2 between 00:00 and 01:00.

Discontinuities are not observed in iAMPS wind series.

Temperatures at P6 and P9 appear to be more similar in iAMPS output compared to SNOW-WEB.

To quantitatively assess the spatial variability of the temperature series we compute the root-mean-

squared (RMS) temperature differences between P6 and P9 for SNOW-WEB and iAMPS. Anomalous

peaks in the SNOW-WEB data are removed so as to reduce the influence of heating of radiation shields.

SNOW-WEB shows an RMS difference of 1.2 ◦C, while that of iAMPS is 0.7 ◦C, implying that in this

case, SNOW-WEB temperatures vary more rapidly with distance than iAMPS. Reduced variability

observed in iAMPS is not a product of overlap of the interpolation routine; P6 and P9 do not share

any AMPS grid points in their respective interpolations. This suggests that small-scale meteorological

differences are not well-simulated in AMPS, due to smoothing across grid cells. The temperature bias

between P2 and P10 in iAMPS is more pronounced, reflecting the larger distance between the two nodes.

SNOW-WEB records, however, still show a larger bias. The RMS difference value between these nodes

for SNOW-WEB (iAMPS) is 2.5 ◦C (1.3 ◦C).

Wind speeds vary more greatly between datasets, particularly at P6 and P9 (figure 6.7c). Strong

flow from the north-west is represented in both, but the onset of high winds in iAMPS is later and more

sudden than in SNOW-WEB at these nodes. iAMPS shows sharp increases in wind speed at both nodes

at around 00:00. Speeds peak and rapidly decline by 07:00. iAMPS winds at P9 are reduced relative to

P6, but the timing of peaks and troughs is similar. In contrast, the SNOW-WEB series show a sudden

onset of high winds at P6 at around 19:00, five hours before the increase seen in iAMPS. The wind at

this node remains strong until its rapid decline between 11:00 and 12:00. The increase of wind is more

gradual at P9. It peaks at 06:00 and declines over the course of the succeeding hour, well before the

decline at P6. Wind speed at P9 is consistently lower than at P6. Comparing RMS differences again,

we see that SNOW-WEB has a magnitude of 3.5 ms−1 over the period, while that of iAMPS is reduced

at 1.2 ms−1.

The difference between wind speeds is much better represented at P2 and P10 (figure 6.7d), the

more distant of the comparison pairs. Winds at these nodes are forecast well during this time, with P10

showing a gradual decline in speeds up to 08:00, and a large sustained peak at P2. The onset of high

winds at P2 is later in iAMPS, however. Both datasets show large biases between wind speed at P2

and P10. The RMS difference between P2 and P10 is 4.7 ms−1 (5.0 ms−1) for SNOW-WEB (iAMPS),

suggesting that iAMPS represents variation in wind speed more accurately at larger distances. Wind

directions are reproduced well throughout the event, particularly during the periods of strongest wind.

These results show that temperature variation with distance is more pronounced in SNOW-WEB

over AMPS at both scales inspected. Wind speed variation is more accurately matched. The ability of

AMPS to predict biases in wind speed is dependent upon its ability to resolve differences in topography.

For larger distances this seems to be resolved rather well, with accurate biases well matched between

datasets. However, the bias between P6 and P9, which are close together in space but rather different

in terms of topography, is under-represented in iAMPS. The distributed nature of SNOW-WEB allows

us to observe these effects in detail.
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(a) Temperature, P6 blue, P9 red (b) Temperature, P2 blue, P10 red

(c) Wind speed, P6 blue, P9 red (d) Wind speed, P2 blue, P10 red

Figure 6.7: Time series of temperature and scalar wind speed for 17:00 NZDT 20 to 16:00 NZDT 21
January 2012. Solid lines show data for SNOW-WEB nodes. Lines with symbols in corresponding colours
show equivalent iAMPS series.

6.7 Summary

SNOW-WEB is a meteorological monitoring system, novel both in its electronic and mechanical design,

that has the potential to overcome several drawbacks of conventional Antarctic weather stations. Field

testing has shown that the concept of a light-weight, easily deployable, and cost-effective network of

weather stations is a viable one. Although the design has only been tested in summer in the Antarctic,

the ease with which the nodes can be erected, particularly the secondary design, was considered a

success. Development must now be undertaken to ensure the network is capable of lasting the long

Antarctic winter and is more robust to failure. Power generation was not problematic for the summer

field tests, but will prove a challenge for the future of the project. Large battery banks and wind turbines

are being considered as solutions.

The networking aspect of the project has proved itself viable in Antarctica. A significant quantity of

meteorological and GPS data were transferred wirelessly to Scott Base over the course of the deployment.

Nodes were also controlled remotely from the base in real time using a mesh-network. To our knowledge,
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this is a first in Antarctic weather station systems. Development must be carried out on the logging

firmware of the devices to ensure fewer stalled nodes in the future and prevent problems originating in

individual nodes from flooding the network. A long-term test of the firmware must be carried out before

the next field season. Work must also be performed on the networking component of the project to

produce a more robust mesh, capable of operating unsupervised for months at a time.

We have performed statistical data validation on the collected meteorological data using established

sources. Firstly, verification was carried out using AWS data from the surrounding region. SNOW-WEB

data has been shown to correlate well with AWS data and mean and standard deviation statistics are

similar. Comparison has also been performed using Antarctic Mesoscale Prediction System forecast

records. AMPS forecasts for the summer of 2011-12 show high correlations with SNOW-WEB data and

that of established weather stations, and biases are generally low. Comparison statistics for SNOW-

WEB are approximately the same as those for the established weather stations, suggesting that SNOW-

WEB data is as reliable as that of weather stations already operating in the region. EOF analysis of

SNOW-WEB and forecast data shows a high degree of similarity, acting to reinforce the validity of both

SNOW-WEB and AMPS data. We have shown that the latest generation of AMPS has likely improved

summertime wind prediction capabilities in this region. However, computed biases only describe the

reproduction in AMPS of the prevailing conditions. Wind roses show several smaller peaks in wind

direction. It is these less frequent peaks that represent the periods of high winds that may ground

aircraft or prevent landings at runways near the tip of the Hut Point Peninsula. Following Nigro et al.

(2011), a more detailed analysis of AMPS predictions in the region and their variation with wind regimes

is planned.

Deficiencies have become apparent in AMPS, SNOW-WEB and AWS datasets. A simple case study

has highlighted that the resolution and extent of SNOW-WEB allows the recording of local-scale processes

that are not simulated well in the AMPS record because the spatial variation of the data is too smooth.

However, analysis of temperature differences according to wind speed has shown that SNOW-WEB

and other AWS units in the region suffer from large positive biases due to direct radiative heating of

radiation shields. This effect is amplified at times when wind speeds are low as air stagnates within the

radiation shields and generates a warm region around the temperature sensor. Concerning the validation

of SNOW-WEB data, this is a drawback but one from which a large number of Antarctic AWS units

also suffer. We are considering the inclusion of artificially aspirated radiation shields to prevent warm

air stagnation for future generations of SNOW-WEB. Aspirated shields represent a significant increase

in power consumption, but they would only be required to function in the summertime when ample light

is available for power generation.

We conclude that with careful interpretation SNOW-WEB data from the 2011/12 field season can be

usefully employed in the study of mesoscale meteorology in the area surrounding the Hut Point Peninsula.

However, given the caveats of SNOW-WEB and AMPS data specified above, it is clearly advantageous

to employ a combination of data types. We intend to utilize the summer field season data in dynamical

studies of the area and perform high-resolution model validation, such that the mesoscale meteorology

of the region can be further understood.
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Chapter 7

Studies towards the development of

a high-resolution mesoscale model of

the area surrounding Ross Island

7.1 Introduction

In the final research chapter of this thesis we develop results shown in the previous chapter, and that of

other authors (see chapter 1), regarding the improvement of the model representation of the area around

Ross Island. In this chapter we further investigate the impact of varying grid sizes on the prediction of

winds in the Ross Island region using the polar-WRF model. We test two versions of the same model

and vary only grid specification and time steps, over a 59 hour period beginning at 15:00 (UTC) 20

December 2011, and ending at 01:00 (UTC) 23 December 2011. During this period the Ross Ice Shelf

is subject to synoptic developments that impact heavily upon the conditions at Ross Island and cause a

large amount of variability in a relatively short time frame.

The development of high resolution model representations can be hampered by the lack of obser-

vational data sources at a similar resolution with which to validate model output. For the purposes

of this study, we employ data from the SNOW-WEB system of weather stations. SNOW-WEB units

were deployed along the Hut Point Peninsula for approximately two months in the summer of 2011/12.

Units were deployed at separations on the order of kilometres and have records of wind and temperature

conditions, and thus constitute an excellent dataset with which to aid in model development. A thorough

description of the SNOW-WEB system is given in chapter 6.

This chapter is organised as follows: in section 7.2 we describe the data used for the study, including

the model domains and parametrizations. In section 7.3 we describe the synoptic aspect of the simulated

event and its impact at AWS units across the Ross Ice Shelf. In section 7.4 the impact of the event on the

meteorology of Ross Island is discussed, and high resolution observations from SNOW-WEB and other

AWS units are used to assess the accuracy of both model runs. Finally, in section 7.5 we summarise

results and draw conclusions. It should be noted that the results presented in this chapter represent a

preliminary study only.
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Scheme Optimal configuration
Microphysics WRF Single-Moment 6-class (WSM6) microphysics scheme (Hong and Lim, 2006)

Short-wave Dudhia (MM5) Shortwave radiation scheme (Dudhia, 1989)

Long-wave RRTMG (Mlawer et al., 1997)

Surface layer Unified Noah Land-surface model (Chen and Dudhia, 2001)

PBL Mellor-Yamada Nakanishi and Niino Level 2.5 TKE (MYNN 2.5; (Nakanishi and
Niino, 2004))

Cumulus Grell-Devenyi ensemble (Grell and Devenyi, 2002)

Table 7.1: A list of physical parametrisations used in the polar WRF model.

7.2 Data and model specification

The model used throughout this study is the polar-modified version of the Weather Research and Fore-

casting Model (WRF). The development of the WRF model to more accurately depict the high-latitude

environment is described by Hines and Bromwich (2008), Bromwich et al. (2009) and Hines et al. (2011).

A first guess for the model initialization is provided by output of the National Centers for Environment

Prediction (NCEP) FNL (Final) Operational Global Analysis dataset, which uses the same model as the

Global Forecast System (GFS), but run about an hour later in order to incorporate extra observational

data (http://rda.ucar.edu/datasets/ds083.2/). For reference, a list of physical parametrisations used in

the model is given in table 7.1.

In this study we examine two separate integrations of the same model, and vary only the time and

spatial resolutions between model runs. The study is performed in order to aid in the development of a

system that can accurately depict surface atmospheric conditions in the topographically complex region

surrounding Ross Island, in the north-west of the Ross Ice Shelf. As such, high resolution nested grids

are located over this area. The first model run, which will be referred to as R1 throughout, has a total

of four domains. Each of these domains is displayed in figure 7.1. Locations of AWS units, which are

described in section 3.2.2, are also shown. Both models use 37 vertical eta-levels, with 10 of these levels

being situated below ≈ 1000m, in order to capture complex boundary layer interactions. Eta-levels are

defined as η = A/100000 +B, where A and B are both constants. Levels are terrain following near the

surface and approximate to pressure levels towards the model top.

Run 1 consists of four two-way nested polar stereographic grids, with the horizontal and time reso-

lution increasing with successive domains. Domain 1 of R1 contains a large swath of Antarctica centred

on the Ross Ice Shelf, where we focus our study. The domain outputs at a three hourly time resolution,

and 64 km grid resolution. Domain 2 of R1 consists of a 16 km resolution grid over the greater ice

shelf area, as far north as Cape Adare and incorporates the southern Ross Sea and parts of Victoria

Land to the west of the ice shelf. The slopes of West Antarctica, to the east, are also included. The

time resolution of output is one hour. The third domain of R1 has a grid resolution of 4 km. The grid

is centred on Ross Island, and includes the northern ice shelf to the east, islands and Minna Bluff to

the south, and the Transantarctic Mountains to the west. As for previous grid, the time resolution of

output is one hour. The fourth, and final grid incorporated in R1 has a resolution of 1 km, and an

output time step of 0.5 hours. The grid describes the area around the Hut Point Peninsula, the feature
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(a) R1, domain 1. (b) R1, domain 2.

(c) R1, domain 3. (d) R1, domain 4.

Figure 7.1: Maps of model domains from model topography for R1. Locations of AWS units are shown
as red dots, and 2-letter abbreviations corresponding to table 7.3. Abbreviations for SNOW-WEB nodes
are as in chapter 6. For all maps, contours shown are at 50 m, 100 m and then every 400 m until 3600
m. Thick black lines indicate the locations of cross-sections used later in this chapter.

along which SNOW-WEB nodes were deployed in the summer field seasons of 2011/12. The grid also

describes the majority of Ross Island, including all of Mount Erebus and roughly half of Mount Terror.

The finest grid is focused on this area, firstly, as the topography of the region is complicated and in

need of a high-resolution representation within the model, and secondly, because the close distribution

of SNOW-WEB nodes provides the opportunity to validate high resolution model output.

Domains incorporated into run 2 (R2) correspond roughly to those used in R1. However, run 2 also

has an extra, high resolution grid centred on the Hut Point Peninsula, which we will describe shortly.

The first domain of R2 contains the entire Antarctic continent and has an output time step of three

hours and a grid spacing of 60 km. As for domain 2 of R1, the second domain of R2 covers the greater

Ice Shelf region, but is slightly larger than that in R1. In particular, the R2 grid covers part of West

Antarctica not included in R1, in order to better capture flows originating on the Siple Coast. Although
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(a) R2, domain 1. (b) R2, domain 2.

(c) R2, domain 3. (d) R2, domain 4.

(e) R2, domain 5.

Figure 7.2: As in figure 7.1, but for R2. The black line in figure 7.2b shows a cross-section through the
Transantarctic Mountains used later in the manuscript.
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Run Grid Resolution
(km)

Number of
grid points
(x,y)

Output time
step (hours)

Internal time
step (seconds)

1

1 64 59, 63 3 30
2 16 88, 128 1 30/4
3 4 60, 60 1 30/16
4 1 80, 80 0.5 30/64

2

1 60 99, 99 3 30
2 15 120, 148 3 30/4
3 4 100, 100 1 30/16
4 1 200, 200 1 30/64
5 0.25 200, 200 1 30/256

Table 7.2: Summary of grids used for each model run.

the difference is not large, a consequence is that two extra AWS units are located within R2. The grid

resolution is 15 km and the output time step is three hours. The third domain of R2 has a grid resolution

of 4 km and an output time step of one hour. It is centred on Ross Island, similar to domain 3 of R2,

but the spatial extent is larger and covers quite a large area to the south of Minna Bluff, and the sea

to the north of Ross Island. Domain 4 of R2 is more similar in spatial extent to domain 3 of R1. The

grid spacing is smaller, however, at 1 km. The output time step is also one hour. The final grid of R2

represents the area around the Hut Point Peninsula and the west of Windless Bight, as in domain 4 of

R1. In domain 5, the R2 grid has a resolution of 250 m, meaning that the topography is exceptionally

well represented. The areal extent is reduced compared to the corresponding grid in R1. The output

time step is one hour. Topographic data for this grid were sourced from a synthesis of the RAMP (Liu

et al., 2001) digital elevation model and the Advanced Spaceborne Thermal Emission and Reflection

Radiometer (ASTER) global digital elevation model (GDEM). ASTER GDEM is a product of Japan’s

Ministry of Economy, Trade and Industry (METI) and NASA. The resolution and spatial extent of grids

for both R1 and R2 are summarized in table 7.2.

To assess the performance of both model runs, we use data taken from AWS units across the Ross

Ice Shelf. The locations of AWS units are indicated in maps in figures 7.1 and 7.2. No AWS units

are shown for domain 1 of either model, as we choose to focus on the higher resolution model output.

AWS records are described in section 3.2.2. For this study we use the highest time resolution available

(10 minutes). Weather stations used in the subsequent analysis are listed in table 7.3. We give each

station a two-letter abbreviation, by which they will be referred for the sake of brevity. We also use

data from the SNOW-WEB system of weather stations described in chapter 6. SNOW-WEB data is

used specifically for its high resolution description of the region around the Hut Point Peninsula. The

locations of SNOW-WEB nodes are marked in figures 7.1d and 7.2e.

7.3 Synoptic conditions

The time period covered by this study begins at 15:00 (UTC) 20 December 2011 and ends at 01:00

(UTC) 23 December 2011, and as such includes exactly 59 hours of data coverage. Model integrations

are necessarily longer as we include 24 hours’ worth of spin-up time, but we will restrict our investigation

to this period. The modelled event represents the strongest wind speeds recorded at Scott Base and by
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Station name Abbr Altitude (m) Station name Abbr Altitude (m)
Marble Point MP 108 Eric Er 45
Scott Base SB 27 Gill Gi 54
Pegasus North PN 8 Elaine El 62
Windless Bight WB 40 Margaret Mt 67
Linda Li 42 Marlene Ml 88
Laurie II LI 34 Sabrina Sa 88
Ferrell Fe 45 Tom To 80
Emilia Em 51 Brianna Br 525
Marilyn Ma 63 Harry Ha 945
Schwerdtfeger Sc 54 Theresa Th 1463
Vito Vi 50

Table 7.3: Metadata for AWS units used in the analysis of Ross Sea region case study. Stations are
arranged in order from north-east to south-west. Geographical locations are shown in figures 7.1 and
7.2. All stations are maintained and records collated by the University of Wisconsin, Madison, except
Scott Base (SB), which is maintained by NIWA.

SNOW-WEB nodes during the summer deployment of the 2011/12 field season. To describe the event,

we use data from several AWS records from a variety of locations on the ice shelf. Further, we employ

the model output from the second run to describe the MSLP variation over the period and the generated

wind field. To describe the synoptic aspect of the event, we use the second domain of R2 as this domain

contains the entirety of the ice shelf, and thus adequately depicts the synoptic conditions. Results from

domain 2 of R1 are similar, as they cover essentially the same region, suggesting that the difference in

grids between domain 2 in R1 and R2 does not make a large difference in results. All times will be given

in UTC, which is 13 hours behind local time during the summer months.

Figure 7.3 shows time series of the wind speed (blue) and wind direction (red) of four AWS sites:

Linda (Li), Marilyn (Ma), Eric (Er) and Marlene (Ml). AWS sites are marked on the maps in section

7.2. Li is located to the east of Minna Bluff, in the north-west of the ice shelf. Ma is located in the

vicinity of the Transantarctic Mountains, to the south of Ross Island. As discussed further in chapter

3, Ma is downstream of the area of strong katabatic drainage from Byrd Glacier. Eric is located farther

south than Ma, and still in the vicinity of the mountain range. Ml is located in the south-east of the ice

shelf, close to the Siple Coast. These locations give an adequate cross-section of the winds across the

shelf during this event, particularly as the strongest and most variable winds occur towards the western

side of the ice shelf at the base of the Transantarctic Mountains. Each of the stations has a complete

record of the event, except Li, which misses one hour (17:00 (UTC) 22/12/11). The record for Li at this

time exists, but is unphysically high and has thus been removed.

In figure 7.4 we show the mean sea-level pressure output of domain 2 of R2. Due to space restrictions,

we do not show the model output for every hour of the integration, but choose to display surface conditions

every 12 hours, starting at 12:00 21/12 and ending at 00:00 23/12. We also show corresponding surface

wind conditions in figure 7.5. For reference, the AWS units identified in figure 7.3 are shown in figure 7.4.

Wind conditions in figure 7.5 are overlaid with wind conditions taken from AWS records, using coloured

wind barbs. The colour scale of the barbs is equivalent to that of the model wind. This provides an

initial insight into the accuracy of the model on synoptic scales. The reproduction of the wind in the

model is remarkably good at this scale.

MSLP model output describes the movement of a cyclonic system across the ice shelf. The cyclone is

present in the first hour of the study period (15:00 20/12), situated over Cape Colbeck to the north-east
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(a) Wind speed and direction, Linda (Li).

(b) Wind speed and direction, Marilyn (Ma).

(c) Wind speed and direction, Eric (Er).

(d) Wind speed and direction, Marlene (Ml).

Figure 7.3: Wind speed (blue) and direction (red) for AWS records for the period 15:00 20/12/11 to
01:00 23/12/11. Wind direction is measured clockwise from north, thus 0 ◦ and 360 ◦ both represent
north, 90 ◦ is east, 180 ◦ south, and 270 ◦ west.
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(a) (b)

(c) (d)

Figure 7.4: MSLP for domain 2 of R2. MSLP is masked over regions higher than 1000 m above sea-level.
For reference, the locations of the weather stations used in figure 7.3 are marked.

of the ice shelf. Over the period between 15:00 20/12 and 12:00 21/12, the cyclone moves first towards

the south-west before encountering the Transantarctic Mountains and turning towards the north-west.

The change in direction occurs in the model at about 03:00 21/12. At around the same time, an area of

high pressure tracks into the region from the south-east. This high pressure zone is visible in figure 7.4a
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towards the south-east of the ice shelf and over the Siple Coast, while the low pressure zone exists in the

north-west margin of the shelf. Also visible is the strong pressure gradient that the interaction of the low

and high pressure zones produces, which is directed from the north-west towards the south-east across

the shelf. Figure 7.5a indicates flow towards the Transantarctic Mountains between the high and low

pressure zones. The movement of the pressure minimum explains the wind directions at the AWS units

shown in figure 7.3 for the part of the record between 15:00 20/12 and 12:00 21/12. Li (fig. 7.3a) and

Ma (fig. 7.3b) are to the north of the approaching cyclonic system, and thus have wind directions that

are broadly from the east. The wind speed tends to increase as the cyclone approaches these stations.

Eric (fig. 7.3c), which is invariably on the west side of the cyclone has mostly southerly winds during

this period, while the winds at Ml (fig. 7.3d) shift from south-east to north-east as the cyclone passes

to the north at 12:00 21/12. A larger cyclonic system is also observed in the north-east, to the north of

Cape Colbeck, which deepens between the beginning of the time period and 12:00 22/12.

Winds in figure 7.5a are noticeably strongest at the base of the Transantarctic Mountains. In this

area, strong winds have been shown in to be generated by barrier wind dynamics (see section 2.3) To

illustrate this mechanism further, in figure 7.6 we show a cross section through the area of strongest

wind in 7.5a, which is indicated by the solid black line in figure 7.2b. The cross-section includes a

depiction of the model topography, shown as the grey filled area. Cross-sections are shown for wind

speed parallel (U ′) and perpendicular (V ′) to the section, potential temperature (θ), vertical wind (W ),

and the vertically integrated Froude number (Fr). As discussed in section 2.1, the Froude number is

a dimensionless measure of the ability of an air parcel to overcome a barrier. Following Nigro et al.

(2012b), we estimate the Froude number as an integrated measure from the position of an air parcel to

the height of the barrier, via the equation:

Fr = U ′

[
g

θ′

kt∑
k=k0

(θ′ − θk) ∆z

]−0.5
(7.1)

where U ′ is the wind speed perpendicular to the barrier and parallel to the cross-section, g is the

acceleration due to gravity, θ′ is the potential temperature of a particular air parcel, and θk is the mean

potential temperature of the layer k. The sum is calculated using model output from the layer of the

air parcel k = k0, to the highest layer below the top of the topography k = kt. ∆z is the difference in

height between the two layers. In figure 7.6d Froude numbers greater than one (air able to pass over

barrier) are indicated by white, while those below one (air unable to pass over barrier) are indicated in

grey. Black areas show regions of flow away from the barrier where the Froude number does not apply.

Figure 7.6a, which shows winds parallel to the cross-section, indicates that the general flow is directed

towards the obstacle. Some flow directed away from the barrier is indicated by the positive values on

the lower slopes of the mountain. Flow parallel to the barrier (fig. 7.6b) is directed into the diagram,

that is, towards the north-west, which is expected both by the position of the cyclone at this time, and

the barrier induced flow. The speed of perpendicular flow increases towards the slope, with the strongest

flow observed in the lower model levels and close to the slope. Potential temperature contours (fig 7.6c)

show lines of constant potential temperature rising as they near the barrier in the lower levels. This is

indicative of cold air damming at these heights (Lynch and Cassano, 2006). Very little vertical motion

is seen in the lower levels, which is indicative of a stable stratification, but some downward motion

coincides with the positive motion in figure 7.6a. The Froude number (fig. 7.6d) indicates that air at the

lower levels close to the barrier is effectively dammed by the slope, generating the potential temperature

gradient seen in the previous diagram. Thus, the cross-section indicates that the strong winds seen along

157



the Transantarctic Mountains during this event are at least partly caused by barrier wind dynamics

below the height of the barrier, although the vicinity of the strong perpendicular winds to the barrier

suggests that the effect is quite shallow.

Between 12:00 21/12 (fig. 7.4a) and 00:00 22/12 (fig. 7.4b) the first cyclonic system moves north and

decays, while the high pressure zone moves to the north-west, forming a line of high pressure along the

base of the Transantarctic Mountains. The movement of the high may also reflect the result of the north-

easterly flow against the mountains induced by the pressure gradient over the previous twelve hours. The

pressure minima to the north-east deepens. The result is a strong pressure gradient across the ice shelf in

figure 7.4b that is directed from north-east to the south-west. Contours are particularly closely spaced to

the south of Minna Bluff. This period shows a marked increase in wind speed at Li (fig. 7.3a), with winds

generally coming from the south-west. The increase appears to be caused by the developing pressure

gradient, and the interaction of flow with Minna Bluff, to the west of Li. Flow streaming around the bluff

is visible in figure 7.5b. Ma (fig. 7.3b) also indicates increasing speeds in this time. In fact, the strongest

winds at this station are observed at 00:00 22/12. Figure 7.4b indicates that Ma is in the area of tight

pressure contours, and figure 7.5b indicates strong southerly winds there, as shown in the Ma time series.

The increase in wind speeds towards the mountain range suggests that strong winds here may also be

generated by a pressure gradient that has been modified by the topography. Katabatic drainage does

not seem to play a role, since the model indicates light up-slope winds at this time, perhaps because of

the high degree of damming at the base of the mountains. In addition, 00:00 is the middle of the day

in local time, when katabatic forcing would be weakest (Zhou et al., 2009). Farther to the south at Er

(fig. 7.3c), wind speed also increases and the wind is generally from the south-south-east. Winds at Ml

(fig. 7.3d) also increase and turn from northerly to south-easterly over the course of the 12 hours, in line

with the changing pressure gradient. Figure 7.5b further shows the development of a small area between

Ma and the mountains (also encompassing Sa and To, see fig. 7.2b), that shows high wind speeds. This

area has been identified before as containing a knob-jet structure from the interaction of flow with the

protruding Prince Olav Mountains (Nigro et al., 2012b) during similar strong wind events.

Between 00:00 22/12 (fig. 7.4b) and 12:00 22/12 (fig. 7.4c) the area of highest pressure continues to

move towards the north-west of the ice shelf and now occurs to the south of Minna Bluff and to the north

of Ross Island in the vicinity of Terra Nova Bay. The large pressure minimum to the north-east has filled

slightly and moved a little to the west. A smaller pressure minimum is also observed to the south-west

of the larger, which developed from the kink in pressure contours to the far east of the ice shelf in figure

7.4b and moved south-west in the previous 12 hours. The pressure gradient over the majority of the ice

shelf is now almost directly from east to west. At Li (fig. 7.3a), wind speeds drop suddenly between

01:00 and 02:00 22/12 but remain elevated at about 10 ms−1. Wind speed rises again suddenly between

11:00 and 12:00 22/12 and remains high for several hours, producing a double peak structure at the

station. This structure appears to be caused by local modification of the synoptic conditions, which will

be discussed further in the next section. Winds at Ma (fig. 7.3b) and Er (fig. 7.3c) become lighter during

this period and turn from the south towards the west, with a sharper turn observed at Er. Inspection of

figure 7.5c show winds propagating away from the Transantarctic Mountains at 12:00 22/12, suggesting

that the wind has not reached geostrophic balance with the pressure field. Weak drainage is observed

from glaciers in the Transantarctic Mountains, which is to be expected at night time, and may cause the

observed easterly component to the wind, and perhaps also contribute to the increased wind speed at

Li. A corridor of high winds is observed propagating from Byrd Glacier to Minna Bluff in figure 7.5c.

Conversely to the other AWS records, the wind speed at Ml (fig. 7.3d) increases during the period from
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(a) (b)

(c) (d)

Figure 7.5: Surface wind field for domain 2 of R2. Weather station wind records for the same period
are shown as wind barbs. Background colours indicate model wind speed. Wind barb colours represent
AWS wind speed. Data sources are shown on equivalent colour scales. Grey arrows represent model
wind direction, and point in the direction in which the wind propagates. Wind barb direction indicates
AWS wind direction and points in the direction from which the wind originates. Pink dots indicate the
position of AWS units. Wind barbs are outlined in pink to stand out. Both arrows and barbs are plotted
with respect to grid north.
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Figure 7.6: Cross-section variables for line shown in figure 7.2b for 12:00 21/12. Grey fill shows an
approximation to the topography. (a) shows U ′, wind speed parallel to cross-section. Positive values
are to the right, away from the barrier. (b) shows V ′, wind speed perpendicular to the cross-section.
Negative values indicate flow into the diagram. (c) shows vertical wind speed (surfaces) and potential
temperature (solid contours). (d) shows Froude number. Regions of Fr < 1 are shown in grey. Regions in
which Fr > 1 are shown in white. Black regions correspond to flow away from the topography, meaning
that the Froude number does not apply.

00:00 22/12 to 12:00 22/12, as it is the closest of the stations to the developing cyclonic system on the

east of the shelf. Winds at Ml during this time are from the south, suggesting that they are forced by

the synoptic pressure gradient. They increase over the period as the pressure minimum deepens.

Between 12:00 22/12 (fig. 7.4c) and 00:00 23/12 (fig. 7.4d) the majority of the ice shelf becomes

dominated by the growing cyclonic system, which has deepened and moved to the south-west of Roosevelt

Island. The large pressure minimum in the eastern Ross Sea has filled further. The highest pressure in

the region is now in the far north-east. The resulting pressure field entails a gradient from south-east

to north-west in the north-west part of the domain and from north to south in the far south. The wind

speed at Li (fig. 7.3a) drops during the period due to the weakening of the pressure gradient there. Winds

also appear to turn to the north-west, due to a kink in the pressure contours around the topography

surrounding Ross Island. Winds at Ma (fig. 7.3b) and Er (fig. 7.3c) continue to turn clockwise, and

are directed from the north-east by 00:00 23/12. At Ma this is indicative of drainage from glaciers to

the west turning south as they reach the ice shelf. Speeds also continue to drop. An area of low winds

can be observed surrounding these units in figure 7.5d, which appears to occur due to the weak pressure
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gradient in this region. Wind speed at Ml continues to climb, but the direction turns slightly back

towards the south-east, marking the movement of the pressure minimum to the west. Strong winds can

be seen to the south-west of the pressure minimum in figure 7.5d, which may occur due to modulation

of the pressure field by the mountains farther to the south-west.

7.3.1 Surface comparison

The wind variations discussed thus far have indicated that most of the variation in the wind is described

by the model well at this scale. However, in order to fully understand the strengths and limitations of

each model run, we include diagrams of the observed and modelled wind speed (fig. 7.7) and direction

(fig. 7.8). Output from both model runs are included, which are taken from the closest grid cell to

the AWS location from domain 2 of each run. Observations are shown in blue, R1 output in red, and

R2 output in green. Wind speeds are interpolated from the model 10 m surface to the nominal AWS

height of 3 m using Monin-Obukhov similarity theory with a constant roughness length of 10−4 m. The

abbreviation for each station is shown to the left of its respective diagram. The final two stations (Ha

& Th) are not contained within the R1 domain 2 grid, and so only the series for R2 are shown. AWS

pressure records and model output show a high degree of similarity, and are not shown.

Casual inspection of figures 7.7 and 7.8 indicates that the agreement between observations and model

output is good for both model runs. At almost all stations both the wind speed and direction are

simulated correctly for the majority of the period. There are some areas of disparity, however, which are

particularly apparent in areas of more complex topography. The resolution of domain 2 for both runs

is 16 km, which may not adequately describe the topography in some areas close to the Transantarctic

Mountains, near Ross Island, and the slopes of the Siple Coast.

Towards the top of figures 7.7 and 7.8 are situated time series from AWS locations in the far north-

west of the ice shelf, surrounding Ross Island. Several other AWS sites and SNOW-WEB nodes are also

located in this area, but these are reserved for the analysis of the higher resolution model grids and are

not shown for the synoptic scale diagrams. Inspection of time series for MP, Li, LI and Fe reveals that

R1 over-estimates the wind speed at MP during the period of southerly winds there (18:00 21/12 to

12:00 22/12), and under-estimates the wind speed at Li, LI and Fe during the same period. Winds at Li,

LI and Fe also turn to the south a little later in the model than in the observation, for both runs. These

examples highlight an improvement of R2 over R1, as it is clear that the winds at this time are better

estimated by the second run. This is probably due to improvements in representation of processes in the

finer grids in the second run, which feed back into the larger scale grid. The local aspect of this event

is discussed further in the next section. R2 still lags the turning of the wind at Li, LI and Fe, and the

increase in speed is also slightly later. This may indicate a slight misplacement of the cyclonic system

at this time, perhaps caused by the time resolution of the second run output being restricted to 3 hours.

Wind speed at Emilia (Em) is simulated well by both runs, although the drop in winds around 12:00

21/12 is over-estimated by the first run and smoothed out by the second. Wind direction is also well

represented, except for the period between 12:00 21/12 and 00:00 22/12. At this time both model runs

place Em in a region of northerly winds. Farther to the east, Vito (Vi) also experiences winds from the

north, which the model (especially R2) captures well. The disparity may indicate a slight misplacement

of the cyclone to the west at this time.

Moving south, a line of AWS units exists roughly along the 80 ◦S parallel (Ma, Sc & Gi), which

often encounter strong winds propagating from Byrd Glacier (Seefeldt et al., 2007). Both model runs

161



Figure 7.7: Wind speed time series for AWS units in domain 2. Blue shows observations. Green (red)
shows output from closest model grid cell in R2 (R1). AWS units are ordered from north-west (top) to
south-east (bottom). AWS abbreviations are shown to the left.
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Figure 7.8: As in figure 7.7 but for wind direction.
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show an under-estimation of the wind at these station in the first half of the record. Wind directions

are simulated well, although the model winds are too northerly at Ma and Sc between 06:00 and 12:00

21/12. As noted above, the cyclone centre maybe located a little too far to the west in the first half of the

time series. These records show little improvement between R1 and R2 as, being removed from complex

topography, the parametrisation in both runs is essentially equivalent in this area. Wind speed at Eric

(Er) is also much less accurately portrayed in the early part of the time series, although the direction is

well represented throughout. Inspection of the surface wind field during this period reveals a stream of

heightened winds that is centred on the Prince Olav Mountains and spreads along the mountain range

to the north-west. The heightened winds reach Er in the observations, but not in the model. The wind

speed at Margaret (Mt) is represented well, as is the direction, except that the direction turns to the

north a little earlier in the model than in observations. At Ml, Sa and To, which are arranged in a line

perpendicular to the Prince Olav Mountains, the model does a good job of simulating the wind speed,

particularly considering the local scale effects that these stations experience (Nigro et al., 2012b). The

second model run appears to more adequately describe the wind speed in general. Wind speeds at Br,

Ha and Th also appear to be well-represented, although there is an over-estimation at Br in the early

period, and R2 consistently over-estimates the wind speed at Ha. The speed at Th is well represented.

Wind direction at these stations is also consistently turned clockwise compared to observations in both

model runs, which may be due to local topographic constraints not represented by the model.

7.4 The impact of synoptic conditions on Ross Island

In figure 7.9 we show the wind speed and direction for four weather stations in the region surrounding

Ross Island. The first (fig. 7.9a) is Marble Point (MP), which is the most north-western of the AWS

units. The unit is located on the west side of McMurdo Sound, to the east of the McMurdo Dry Valleys.

We show the record for P3 (fig. 7.9b), the most north-eastern of the SNOW-WEB deployment, which

is situated at the Room With a View Ridge (see chapter 6). To the south-west of P3 is Scott Base (fig.

7.9c), which is located on the southern tip of the Hut Point Peninsula, close to the land/ice transition.

Finally, the AWS unit Pegasus North (fig. 7.9d), which is situated to the south of SB in the vicinity of

the Pegasus Runway, is shown. Each of the records shows low wind speed in the early record. Wind

directions at this time are variable, which corresponds with the low wind speeds. At MP (fig. 7.9a),

winds are directed from the north at the beginning of the period, following a brief change to the south-

west, the wind direction tracks to the east, and continues moving clockwise. A sharp shift to the west

occurs between 02:00 and 03:00 21/12, which then turns to the north by 12:00 21/12. During this time

wind speeds peak at about 4 ms−1. Afterwards, the wind drops off entirely, before rising again two

hours later, being directed from between south and east until about 02:00 22/12. Two distinct peaks are

observed during this time, the first being at 21:00 21/12 and the second, which is significantly larger, at

08:00 22/12. After the second peak the winds drop and slowly turn towards the north over the remaining

time period.

At P3 (fig. 7.9b), winds are low and directed from the west at the beginning of the record. At around

21:00 21/12 winds shift 180 ◦ to the east but remain low. Winds then turn towards the north and a shift

to the west is seen at 08:00 21/12. Around this time wind speeds are also observed to rise, reaching

their peak at about 13:00 21/12. Wind speeds then abate and a shift to the east is observed at about

21:00 21/12, the same time that a peak in the wind speed from the south west is observed at MP. Wind

direction remains roughly between the south and east until about 15:00 22/12. During this time a peak
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in the wind speed of about 12 ms−1 is observed at 07:00 22/12. After 15:00 22/12 the wind speed slowly

abates and direction turns towards the north, before rising slightly and turning sharply to the west at

00:00 23/12, several hours after the corresponding shift at MP (fig. 7.9a).

The wind record at SB is qualitatively similar to that at P3, which is to be expected from their

proximity. Wind directions at SB are less noisy, and during peaks the wind speed at Scott Base is

higher. This is probably simply caused by the surface flow losing energy as is traverses the slopes of the

Hut Point Peninsula before reaching P3. The fact that the stronger flow is evident at P3 at all suggests

that the air in the region is capable of surpassing the Hut Point Peninsula, unlike the Transantarctic

Mountain example given in the previous section. This is to be expected, as surface winds are strong,

summertime conditions are not generally strongly statically stable, and the Hut Point Peninsula is not

especially high (P3 has an altitude of ≈ 265m). As at P3, SB winds are low at the beginning of the

record, and are from the north-east, which is the prevailing direction at SB (Sinclair, 1982). Winds begin

to turn to the north-west at about 08:00 21/12, at roughly the same time as P3, although the direction

at SB is more northerly and wind speeds are higher for the initial strong wind event. Winds turn to the

south at the same time that P3 wind direction turns to the east. Wind direction stays from the south

and winds are strong until about 12:00 22/12. As at MP (fig. 7.9a), two distinct peaks are observed

during this period; the first is seen at 01:00 22/12, four hours after the initial peak at MP. The second

occurs at 07:00 22/12, an hour before that at MP. This peak represents the strongest wind recorded at

SB during the summer season of 2011/12. The second peak is also seen at P3 (fig. 7.9b), as is a much

reduced version of the first. As the winds at SB abate, they also turn to the east and then north, as at

P3. A sharp shift to the west is seen at the end of the record.

Finally, the record at PN (fig. 7.9d) is also similar to that of P3 and SB. However, the first high

wind event from the north-west is less pronounced in terms of wind speed at PN than at SB. The second

event, from the south, is much stronger, however. Southerly winds also last much longer at PN. They

do not abate until around 16:00 22/12, about 4 hours after the change at SB. Three wind speed peaks

are seen for this event at PN, the first coincides well with that at SB, although the second occurs two

hours prior to that at SB. The speed of peaks is also much higher than at SB. The third peak, which

is much lower than the two previously, is not visible at SB and occurs at 15:00 22/12. Afterwards, the

winds turn towards the east and north, as at P3 and SB, and a shift to the north west occurs towards

the end of the record. This shift occurs three hours before the corresponding turn seen at P3 and SB.

As in section 7.3, we use output from the second model run in order to better understand variability

in both time and space of records displayed in figure 7.9. In figure 7.10 we show MSLP output of domain

4 of R2, which contains the area surrounding Ross Island, including the high barrier of Minna Bluff to

the south, and thus depicts the pressure field that forces winds displayed in figure 7.9 well. In these

diagrams, the locations of AWS units used in figure 7.9 are shown, as is the location of Li, for which

the wind record is shown in figure 7.3a. In figure 7.11 we further show the corresponding surface wind

conditions. As in figure 7.5, model surface winds are overlaid with wind conditions from AWS records

in the area, in order that a comparison can be made between the two. In figures 7.10 and 7.11 the time

slices of model output displayed are not evenly spaced in time. Rather, we show times that correspond

with salient parts of the wind records displayed in figure 7.9.

Figure 7.10a shows the MSLP field at 12:00 21/12, which corresponds to that shown for the wider

grid in figure 7.4a. Leading up to this point, winds at stations indicated in figure 7.9 have strengthened

and turned to the north-west with the approach of the cyclonic system from the south. The effect of

the cyclonic system can be clearly seen in figure 7.10a. MSLP decreases towards the south, which is
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(a) Wind speed and direction, Marble Point (MP).

(b) Wind speed and direction, P3.

(c) Wind speed and direction, Scott Base (SB).

(d) Wind speed and direction, Pegasus North (PN).

Figure 7.9: Wind speed (blue) and direction (red) for AWS records for the period 15:00 20/12/11 to
01:00 23/12/11. Wind direction is measured clockwise from north, thus 0 ◦ and 360 ◦ both represent
north, 90 ◦ is east, 180 ◦ south, and 270 ◦ west.
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particularly apparent in the east of the domain. MSLP is much more constant in space over McMurdo

Sound, to the west of Ross Island. The pressure distribution to the east is responsible for north-westerly

winds in that region, as shown in figure 7.11a. Areas of lower pressure are also observed in the lee of

White Island and Black Island, due to apparent blocking on the windward side. A similar condition

occurs over the Hut Point Peninsula, causing enhanced winds on the lee side of the barriers. The wind

at P3, SB and PN are slightly elevated and from the north-west. The speed at PN (fig. 7.9d) is reduced

relative to the other two stations, which from figure 7.11a appears to be caused by blocking on the

windward side of White Island. The wind at MP (fig. 7.9a) is also low, apparently due to the lack of

pressure gradient there. Stronger winds are seen to the east of this station, but do not stretch as far as

the west bank of McMurdo Sound, perhaps partly because of the topographic influence of the mountains

on the western side. In this aspect, the model reproduces the wind record at MP well.

Figures 7.10b and 7.11b show the MSLP and surface wind conditions at 01:00 22/12, respectively. This

is one hour after the synoptic MSLP diagram shown in figure 7.4b, and when the first wind speed peak

from the south at SB (fig. 7.9c) occurs. Synoptic conditions at this time indicate strong southerly winds

to the south of the domain, due to the barrier wind effect observed occurring along the Transantarctic

Mountains in the previous section. Examination of figure 7.10b reveals the tightly grouped pressure

contours to the south of Minna Bluff. As in the wider grid, pressure decreases from west to east,

corresponding with the strong southerly winds seen in figure 7.11b. The flow at Li (fig. 7.3a) at this

time is from the south-west, which appears to occur due to convergence around the tip of Minna Bluff,

causing a low-level jet to stream towards the north-east. A similar stream is visible in the low-level jet

analysis of Seefeldt and Cassano (2008). High winds at Li occur prior to those at stations to the north

of the bluff (P3, SB, PN), which appears to be caused by the proximity of Li to the eastern tip of the

bluff.

High pressure zones are visible in figure 7.10b on the windward side of topographic obstacles, such as

Minna Bluff, White Island and Black Island. Lower pressures are seen on the lee side, as well as greatly

enhanced winds, suggesting that these areas are subject to down-slope wind storms caused by mountain

wave effects, as discussed by Steinhoff et al. (2008). It appears to be the down-slope wind coming from

Black Island that causes the wind speed peak at SB at 01:00 22/12 (fig. 7.11b). This also explains why

the wind speed at PN is higher and the peak slightly earlier, as PN is farther south than SB and hence

closer to the base of Black Island, from which the wind propagates. Further high resolution observations

from SNOW-WEB (see fig. 7.17) indicate that the prominence of this peak decreases farther to the north

of Scott Base.

By far the largest high pressure area in the domain is observed in Windless Bight, which has been

remarked upon by several authors (O’Connor and Bromwich, 1988; Liu and Bromwich, 1993; Seefeldt

et al., 2003), and forms when strong southerly winds encounter the slopes of Ross Island. Tip jets are

seen propagating from both the east and west sides of Ross Island (fig. 7.11b), which Seefeldt et al.

(2003) suggests are caused by convergence around the topography and the enhanced pressure gradient

directed outwards from the bight. The jet on the west side does not reach the west coast of McMurdo

Sound, as evidenced by the relatively low wind speed at MP (fig. 7.9a) at this time. It is the interplay

between the high pressure region in Windless Bight and down-slope winds propagating from the south

that appears to cause much of the variability in the intervening region. Soon after the initial peak in wind

speeds from the south, the wind at SB decreases as the high pressure zone in Windless Bight expands

towards the south, and diverts the flow above and to the west around SB. This may also be why the first

wind peak from the south is not experienced at P3 (and indeed, decreases in the intervening area, see
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(a) (b)

(c) (d)

Figure 7.10: MSLP for domain 4 of R2. MSLP is masked over regions higher than 1000 m above sea-level.
For reference, the locations of the weather stations used in figure 7.9 are marked.

fig. 7.17), as it is inside the high pressure zone at this time. Weak winds surrounding P3 are visible in

figure 7.11b. Wind direction at P3 is more easterly than SB, as dictated by the diversion of flow around

the high pressure area. Winds are also characteristically weak at the Windless Bight AWS.

The initial south-easterly peak at MP occurs some hours prior to the peak farther south, at 21:00

22/12 (cf. figures 7.9a 7.9c). Inspection of the model surface winds at this time (not shown) indicates

that the peak is caused by flow from the south of Minna Bluff recirculating around Ross Island and

entering McMurdo Sound from the north-east. Recirculation similar to this is displayed in the AMPS

output of Monaghan et al. (2005) (their figure 3), and also observed over a longer time period in chapter

5. As the north-easterly flow encounters the high mountains on the west coast of McMurdo Sound, it

appears to be turned to the right, causing strong south-easterly winds at MP, which may be considered
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a barrier wind effect.

A comparison between the first and second runs of the model is provided here as the two runs differ

greatly in several respects at this time. We show MSLP and surface wind conditions for R2 (figures

7.12a & 7.12b) and R1 (figures 7.12c & 7.12d) for the time of 01:00 22/12. Figures 7.12a and 7.12b are

reproduced from figures 7.10b and 7.11b, for ease of comparison. Conditions in the wider region at the

same time are similar between runs. The resolution of the R1 domain is 4 km, meaning that it is reduced

compared to the corresponding domain in R2. Accordingly, topography is not as well represented in

the first model run as in the second. The less accurate representation of topography leads R1 to poorly

represent the wind field to the south of Ross Island at this time. Firstly, it can be seen by comparison

of figure 7.12d with figure 7.12b that the wind speed in R1 is much reduced compared to R2 to the

east of Minna Bluff, despite the pressure gradient to the south of the bluff being similar between runs

(cf. 7.12a & 7.12c). Comparison of the topography of the bluff reveals that in R1 the highest point is

roughly 200 m above sea-level, while in R2 the corresponding value is 750 m, which is much closer to the

true height of the barrier. As the jet to the north-east of the bluff appears to be caused by stagnation

in the windward side of the barrier and convergence around the tip, it seems likely that if the height of

the barrier is under-estimated then the strength of the jet will also be under-estimated. This explains

why both the speed and direction of model data at AWS locations to the north-east of the bluff are

superior in R2, as indicated by figures 7.7 and 7.8. A further consequence of the coarser topography of

R1 is that the down-slope winds in the domain, propagating from White Island, Black Island, and Minna

Bluff are also reduced compared to R2. As it appears that the strength of these winds act to form the

high pressure zone in Windless Bight, it seems that the size and magnitude of the pressure anomaly in

this zone is also under-represented in R1, as indicated by comparison of figure 7.12a with figure 7.12c.

Consequently, wind directions in the vicinity of Windless Bight are different in R1 compared to R2. This

is illustrated by the comparison of surface winds from R2 domain 5 in figure 7.13a and R1 domain 4 in

figure 7.13b for 01:00 22/12, which both display wind data from SNOW-WEB nodes and AWS stations

deployed along the Hut Point Peninsula. For R2 (fig. 7.13a), although the flow is too northerly inside of

the bight, flow over the peninsula is correctly directed from the south-east and caused by the deflection

of the southerly flow from Black Island to the east by the high pressure region within Windless Bight.

In R1 (fig. 7.13b), strong winds are observed from Black Island, but the high pressure zone is not as

well-developed, allowing the wind to approach the Hut Point Peninsula directly from the south, contrary

to observations. The much higher resolution of the R2 domain 5 compared to R1 domain 4 may also

play a role in the better representation of the high pressure zone and associated flows.

Figures 7.10c and 7.11c show the MSLP and surface wind fields for 07:00 22/12, respectively. The

time slice is taken only six hours after the previous diagrams, as this is when the second, larger peak

in wind speed occurs at SB. In the intervening period, wind directions at SB (fig. 7.9c) and PN (fig.

7.9d) have remained rather constant, suggesting continued down-slope winds from Black Island. This

is confirmed by the model output, although the model seems to place an area of low winds between

flow from White Island and Black Island over SB, under-estimating the wind speed there. Winds at P3

(fig. 7.9b) become increasingly southerly over the period, which model output suggests is due to the

changing shape of the high pressure zone in Windless Bight. A wind speed peak from the south-east is

also observed at MP (fig. 7.9a) around this time. Results from the wider grid indicate that a loosening

of pressure contours occurs to the south of Minna Bluff between these diagrams and those discussed

previously, suggesting that wind speeds should reduce. Accordingly, winds shown in figure 7.11c are

reduced compared to those shown in figure 7.11b, despite the increase in wind speeds in observations.
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Figure 7.11: Surface wind field for domain 4 of R2. Weather station wind records for the same period
are shown as wind barbs. Background colours indicate model wind speed. Wind barb colours represent
AWS wind speed. Data sources are shown on equivalent colour scales. Grey arrows represent model
wind direction, and point in the direction in which the wind propagates. Wind barb direction indicates
AWS wind direction and points in the direction from which the wind originates. Black dots indicate the
position of AWS units. Both arrows and barbs are plotted with respect to grid north.

The wind direction at Li (fig. 7.3a) is also too westerly. In order to fully understand the source of

the second wind speed peak, we turn to the first run of the model, which has a higher time resolution

on its wider grid, allowing the model to more closely simulate synoptic conditions. This appears to be

important in the generation of the second southerly wind peak. Figure 7.14 compares MSLP and surface

winds for the time of 07:00 22/12/2011 between the two runs. Figures 7.14a and 7.14b show MSLP for

R2 reproduced from figures 7.10c and 7.11c, respectively, while figures 7.14c and 7.14d show MSLP and

winds for R1. The most prominent difference between the runs is that in R1 pressure contours in the
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south east of the domain are aligned from south-east to north-west, forcing south-easterly winds into the

region. This occurs in R2, but contours tend to have a more south-north alignment. The simulation of

observed wind direction in the south-east in R1 (fig. 7.14d)) is superior to those seen in R2 (fig. 7.14b),

as are the wind speeds observed at AWS units located between Minna Bluff and Ross Island (see figs.

7.15 and 7.17), suggesting that the synoptic aspect of the MSLP field is more accurate in R1. In the

hours after this peak, lines of constant pressure turn to a south-east/north-west alignment, effectively

transporting the flow away from Ross Island, and so the peak in wind speed quickly abates. Thus, R1

suggests that the second southerly wind peak occurs due to the alignment of pressure contours across the

ice shelf directing flow around Minna Bluff into the region to the south of Ross Island. This is confirmed

by records from SNOW-WEB nodes (fig. 7.17), which all show a peak at this time.

As discussed in section 7.3, towards the end of the record (from about 12:00 22/12 onwards), the

encroachment of an MSLP minimum to the south-east of Ross Island acts to generate pressure contours

that are aligned from south-west to north-east across the north-western part of the ice shelf. This turning

of the pressure gradient directs flow away from Ross Island, causing a reduction in the down-slope winds

there. Model output indicates that following the reduction in southerly wind speeds between Minna

Bluff and Ross Island, the high pressure zone within Windless Bight begins to discharge. As this occurs,

winds at P3 (fig. 7.9b) and SB (fig. 7.9c) become weaker and turn anticlockwise, until they settle from

the north-east, the prevailing direction. At the same time PN (fig. 7.9d) winds drift to the south-east,

which appears to be caused by the interplay of winds draining from Windless Bight, and the continuing

down-slope flow from Black Island. PN winds then turn more southerly and show a third peak in speed

as the wind out of Windless Bight abates, although this is not captured clearly by either model run. This

peak is not recorded at either SB or P3 due to their proximity to the outflow from Windless Bight. Over

the same period, flow at MP (fig. 7.9a) turns clockwise towards the north. This is represented well in

the model, and appears to occur because of a small area of reduced pressure to the north of Ross Island.

Short-lived mesoscale cyclones are known to occur in this area, particularly at times of strong outflow

from the ice shelf (Carrasco et al., 2003). These conditions are illustrated by figures 7.10d and 7.11d,

which show MSLP and surface wind for 20:00 22/12. The MSLP within Windless Bight is still slightly

elevated, causing wind flow out of the bay in all directions. To the south, the synoptic MSLP gradient

is apparent, causing south-westerly winds in the area. Some down-slope flow can still be observed in the

lee of Minna Bluff. In the final hours of the study time period, the cyclonic system to the south-east

moves along the Transantarctic Mountains to the north-west. Its influence, of wind from the west and

north-west, can be seen at PN from 22:00 23/12 onwards. The direction of winds at P3 and SB do not

turn to the west until 01:00 23/12, which may indicate that the discharge of the high pressure zone in

Windless Bight dominates the flow there for a further few hours.

7.4.1 Surface comparison

As in the previous section, we present figures of wind speed and direction for available AWS records in

the higher resolution model grids. Figures 7.15 and 7.16 display time series of observations for AWS

units in domain 3 of R1. Also included are model time series from R2 for domains 3 and 4, which have

a large overlap. For each AWS, the model time series is taken from the highest resolution grid in which

the AWS is located. As in the previous section, model time series are taken from the closest model grid

point to the AWS location and no horizontal interpolation is performed. Zonal and meridional wind

speeds are interpolated from the model 10 m surface to the 3 m (2 m) nominal AWS (SNOW-WEB)

height using Monin-Obukhov similarity theory. Comparison of wind speed records in figure 7.15 reveals
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(a) (b)

(c) (d)

Figure 7.12: (a) and (b), MSLP and surface winds for R2, domain 4 for 01:00 22/12/2011. Reproduced
from figures 7.10b and 7.11b, respectively. (c) and (d), MSLP and surface winds for the same time, but
from R1, domain 3.

that the second model run shows a marked improvement over the first run for the majority of the record.

Wind speeds in the first half of the record are broadly similar between both runs and the observations.

Wind directions are variable, but also appear to be captured well in both model runs. At all stations

except Em the direction turns clockwise (at about 00:00 21/12) earlier in the model than in observations,

suggesting that both runs over-estimate the influence of the cyclonic system in the region at this time.

In the second half of the time series, differences between the model runs become more prominent. At

MP, the second model run captures the first wind speed peak, although it is reduced and slightly later

than in observations. The second peak is not reproduced, but replaced by a gradual strengthening of

winds. The first model run shows heightened winds throughout the period from 00:00 to 12:00 22/12,
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(a) (b)

Figure 7.13: Surface wind field for domain 5 of R2 (a), and domain 4 of R1 (b) for 01:00 22/12/2011.

contrary to observations. The wind speed in R1 is more accurate than the second run after 12:00 22/12,

however. The reduced height of the barrier of Minna Bluff in the first run appears to allow ubiquitous

strong flow through the area, while the higher barrier in the second run forces a more complicated

flow. The kink in wind direction seen at MP around 03:00 22/12 is represented well by R2, although

afterwards the winds are too westerly. From 18:00 22/12 both runs capture wind direction at MP well.

Model wind speeds at PN have a similar shape between runs, but the second run appears to be slightly

more accurate in capturing the acceleration of winds around 21:00 21/12. R2 consistently over-estimates

the wind speed during the strong wind event, while the magnitude of winds in R1 is more realistic.

Neither run captures the 3-peak structure at PN. However, during the high wind event, both runs have

accurate wind directions. When the event recedes, the direction of R1 is more accurate. R2 shows a turn

to the west after about 16:00 22/12, while both R1 and observations show northerly winds, suggesting

that the second run maybe under-estimates the impact of drainage from Windless Bight at this time.

After 00:00 22/12 the wind direction of Li, LI and Fe are captured well by both model runs. However,

in the 3 hours preceding this point, it can be seen that R2 is superior for several reasons. The second

run follows the wind speeds more closely and the direction of winds changes earlier and more accurately

than in R1. This appears to be caused by the better inclusion of Minna Bluff and its associated tip-jet

in the second model run. A secondary peak is observed at these stations between 12:00 and 18:00 22/12.

The first model run appears to capture this peak, which, as discussed earlier, is caused by the alignment

of the synoptic pressure gradient and is better represented by the first model run. Em is not included

in domain 3 of R1 and as such the time series for R1 is not shown. In R2, the time series for Em for

both wind speed and direction is good. There is some discrepancy between about 12:00 221/12 and

00:00 22/12 in the wind direction, however. At this time the decaying cyclone is at its closest to Ross

Island, and as such, a small misplacement of the system could cause a large disparity in wind direction

for stations in the region.

Finally, we assess the ability of each model run to portray wind variability within Windless Bight and

in the vicinity of the Hut Point Peninsula, as represented by domain 4 of R1 and domain 5 of R2. The
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Figure 7.14: (a) and (b), MSLP and surface winds for R2, domain 4 for 07:00 22/12/2011. Reproduced
from figures 7.10c and 7.11c, respectively. (c) and (d), MSLP and surface winds for the same time, but
from R1, domain 3.

main data source for the comparison is the SNOW-WEB deployment along the Hut Point Peninsula, as

in chapter 6 we also include data from Scott Base (SB) and Windless Bight (WB) weather stations. In

figure 7.17 we show the wind speed for AWS units and model runs, while 7.18 displays the corresponding

wind directions. Units are ordered from top to bottom by their proximity to SB.

At SB, wind observations at the beginning of the record are calm and speeds are over-estimated by

both runs. The slow rise in wind speed from about 00:00 21/12 onwards is captured well by R1 but

much over-estimated by R2. The shift in directions to the north-west, which occurs at about 07:00 21/12

in observational records happens earlier in the model, particularly in R2, which may indicate that the

model over-estimates the influence of the cyclone at this time. This is in accordance with AWS units
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Figure 7.15: Wind speed time series for AWS units in domain 3 of R1 and domains 3 and 4 of R2. Blue
shows observations. Green (red) shows output from closest model grid cell in R2 (1). AWS units are
ordered from north-west (top) to south-east (bottom). AWS abbreviations are shown to the left.

shown in figures 7.15 and 7.16. The wind direction in the interim period between north-westerly and

southerly flow (16:00-23:00 21/12) is much better represented by the second run, as is the wind speed.

This suggests that the first model run under-estimates the extent of local flow in the intervening period

between the two synoptic events described. Wind speed during the period of southerly winds is better

estimated by the first run, which has been demonstrated to describe synoptic conditions slightly better.

The under-estimation of wind speed in the second run occurs due to the misplacement of a small zone

of lower wind speeds over SB (see fig. 7.11c). The direction of the wind at SB is also better represented

in R1 for the high wind event, and the remainder of the time period. Towards the end of the record,

both model runs turn to the north-west earlier than seen in the observations. At this time, observations

indicate that discharge flow is still occurring from the high pressure region within Windless Bight, which

appears to be under-estimated by the model.

Observational time series at P4, P2 and P1 are similar to those at SB, due to their proximity. Early

wind records are low and variable. The initial wind speed peak from the north-west is under-estimated by

R1 and over-estimated by R2. The over-estimation may be due to the over-representation of down-slope

acceleration in R2, which appears to be the case throughout the model/observation comparison. The

wind direction during this time is good in R2, while that of R1 is too northerly. Wind speed during the

high wind event from the south and for the remainder of the record are well captured, especially by R2.

However, in the period between high wind events, wind speeds in both runs drop much lower than those

in the observations. Wind direction during the interim period is also not as accurate, suggesting that the

model struggles in describing the adjustment from one flow type to another. During the southerly wind

event, the direction is much better in R2. This is true of all SNOW-WEB nodes, which show a slight

turning from the south to the south-east from the top to the bottom of figure 7.18, which is captured

well by R2 but not by R1, presumably due to the better topographical parametrisation in the second
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Figure 7.16: As in figure 7.15 but for wind direction.

run.

P8, P9 and P6 are located farther to the north-east and during the southerly wind event a reduction

in wind speeds is observed compared to stations closer to Scott Base, which is particularly apparent

around 00:00 22/12. This appears to be caused by the location of the stations nearer to the area of

highest pressure within Windless Bight. Neither of the model runs captures this small scale variation in

the wind speed, despite the second run having a horizontal resolution of 250m. P7, P10 and P3 continue

the trend of reducing wind speeds, due to the loss of energy of the flow entailed in climbing the slopes

of the Hut Point Peninsula. Both the wind speed peak from the north-west and that from the south are

reduced at these stations. The lack of the first peak is modelled well by both runs, as is the reduction in

the second peak at P3, although both runs still over-estimate the velocity at P7 and P10. As at other

stations, the wind direction in the period between strong north-westerly and strong southerly flows is

not well captured.

The final weather station addressed in this section is that at Windless Bight (WB), which is located

within the bay from which it derives its name. Winds at this station are characteristically lower than at

other stations throughout the study time period. This is especially true at the beginning of the record,

before the introduction of strong synoptic influences. The wind speed at this time is captured well by

both model runs, although the second run appears to model the direction slightly better than the first.

From 06:00 21/12 onwards, despite no increase in wind speed, the wind direction turns towards the west

and appears to be steady for the next 12 hours. During this time the first model run appears to produce

superior directions, and both runs have wind speeds that are too low. As the flow transitions towards

the south and south-west from about 18:00 21/12 onwards, R2 shows winds that are too northerly while

the direction in R1 is quite accurate. The wind speed of R1 is also slightly better, although neither run

captures the peak at about 08:00 22/12, which is the highest wind speed recorded at WB during the

period. After the recession of high winds, wind speeds appear to be better modelled in R2, while the

direction is too westerly for both runs.
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Figure 7.17: Wind speed time series for AWS units in domain 4 of R1 and domains 5 of R2. Blue shows
observations. Green (red) shows output from closest model grid cell in R2 (1). AWS units are ordered
from north-west (top) to south-east (bottom). AWS abbreviations are shown to the left.

7.5 Summary and conclusions

Focusing primarily on the surface wind conditions, we have performed an initial analysis of the ability

of the polar-WRF model to represent the areas of the Ross Ice Shelf and the topographically complex

region surrounding Ross Island. We have analysed two distinct model runs, in order to assess the

effects of increasing the grid resolution in the Ross Island region. Higher resolution nested grids in

this region have been shown to be more accurate in the past than lower resolution grids with similar

physical parametrization (Bromwich et al., 2005; Powers, 2007). The need for accurate modelling support
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Figure 7.18: As in figure 7.17 but for wind direction.

for this region is acute, particularly in the summer, due to the high density of air traffic and science

crews on the ground at that time. Further, while the meteorology of the area around Ross Island has

become increasingly better understood through both modelling and observational studies, there still exist

localised processes that are not fully understood. The development of more accurate models can provide

improvements in both of these areas.

The comparison focuses on the time between 15:00 (UTC) 20 December and 01:00 (UTC) 23 December

2011. Within the first day of this time period, a cyclonic disturbance travels from the south-east of the

Ross Ice Shelf to the north-east. Effects of the cyclone are recorded at weather stations across the ice

shelf and appear to be well-represented by the model. However, some wind records, particularly those
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in the north-west of the ice shelf, indicate that winds are slightly too strong and in the wrong direction

when the model locates the cyclone towards the north-west. From analysis of the inconsistencies between

the model and observations we conclude that both runs of the model depict a cyclone that is too far to

the west, which has been noted in assessments of the polar-WRF in the past (Powers, 2007), although

discrepancies between the model and AWS records may also represent failures of the model to capture

very localised processes. As the cyclonic system decays in the north-west, a high pressure zone moves

in from the south-east, creating a pressure gradient across the ice shelf, with geostrophic winds directed

towards the Transantarctic Mountains from the north-west. Consequently, a barrier wind is generated,

that is similar in profile to those discussed by Steinhoff et al. (2008) and Nigro et al. (2012b). Strong

winds are then observed propagating along the mountain range to the north-west, which appear to be

well simulated by the model. Later in the model integration, a second cyclone is formed in the north-east

of the shelf, turning the pressure gradient to an east-west alignment and forcing southerly movement. For

an extended period during the barrier wind stage and the development of the second cyclone, elevated

winds are observed on the west side of the shelf. The cyclonic system then travels south-west and later

north-west, roughly following the path of the first cyclone. The model integration ends as the second

cyclone approaches Ross Island. Comparison of the model and observed winds indicates that the effects

of the second disturbance are represented well.

In the topographically complex region surrounding Ross Island records indicate that the impact of

the northward moving cyclone is seen too early in the both model runs. Unfortunately, this may have

masked the effects of localised flows in the early period of the study. While on the larger scale the runs

are similar, results vary greatly within the smaller nested grids due to the changes in resolution and

extent. In particular, and perhaps most importantly, the topography to the south of Ross Island is far

better represented in the second run than in the first. The resulting difference is especially apparent

to the east of Minna Bluff, where a tip jet is seen propagating to the east in both the second run and

observations at around the same time as the generation of the barrier flow farther south. This jet does

not occur in the first run. In the area between Minna Bluff and Ross Island a distinct two-peak structure

is seen in observations for winds from the south. The enhanced topography of the second run generates

down-slope wind storms not observed in the first, which appear to cause the first strong wind peak in

the area. The distribution of the size and timing of the peak is improved in the second model run, as

is the direction of the wind. This is particularly apparent along the SNOW-WEB transect of weather

stations along the Hut Point Peninsula, where the second run appears to capture the variation in wind

direction well. This is a notable achievement of the high resolution grid of the second run.

Despite the enhanced spatial resolution of the second run, the first run appears to better capture

the second wind peak from the south. Inspection of wider conditions at the time of the second peak

reveals that the first run describes a pressure distribution that acts to transport air around Minna Bluff,

dictating that it directly impinges upon the south of Ross Island. This pressure distribution is not present

in the second run, perhaps because of its larger time step. The result highlights the fact that, while

the increase in resolution of small-scale complexities in topography allows the model to better represent

localised conditions, these conditions are fundamentally generated by larger scale processes, especially

when the wind is strong. As such, an adequate depiction of processes on the wider ice shelf is needed to

drive processes within the smaller region.

The higher resolution of the second run also improves the representation of the time after strong

southerly winds have abated. The run describes the drainage of the high pressure region in Windless

Bight, formed as southerly flow stagnates on the windward side of Ross Island. Winds along the Hut
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Point Peninsula turn from the south-east and south towards the north-west at this time. However, the

interplay of the drainage and continuing down-slope winds from White Island and Black Island is not

captured well by either model run. Both runs appear to capture the effects of the approaching cyclone

towards the end of the period. Although winds at some stations turn too early, suggesting that either

the cyclone is misplaced or that the drainage flow from Windless Bight ends too soon.

In general, the second model run appears to be superior in capturing the variation in wind in the

region to the south of Ross Island, and we conclude that an increase in resolution of model grids in

the area is capable of improving prediction accuracy, which is in line with results from previous studies.

However the results indicate that the model is in need of further refinement. We note the usefulness

of data gathered by the SNOW-WEB system of weather stations in this study, as its close spacing has

allowed us to assess the model at an unprecedented resolution in the region.
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Chapter 8

Conclusions and future work

The climatology and meteorology of the Ross Ice Shelf and Ross Island region is naturally complex

and subject to an array of influences on varying temporal and spatial scales. In this thesis we have

investigated several aspects of the atmosphere over the region, focusing on effects at time scales ranging

from hourly to interannual, and at spatial scales from the sub-kilometre to the hemispheric. Moreover, a

significant portion of this thesis is given over to the discussion of the development of new technologies for

observing and modelling the Antarctic atmosphere, and we have accomplished and described practical

applications of each. This chapter provides a brief synopsis of the research detailed in the remainder

of the thesis. Of course, despite salient results being confirmed, there is still a large amount of study

necessary to fully understand the weather and climate of the region. Plans for future research initiatives

will also be described.

In chapter 3 we described the application of a hybrid hierarchical agglomerative and k-means clus-

tering algorithm to the surface conditions of the greater Ross Ice Shelf and Ross Sea region, in order to

produce a synoptic climatology of the area. The merits of using a combination of two established clus-

tering methods are described within the chapter. For this research, we employed output from the ERA

Interim reanalysis for the time period of 1979 to 2011. Being a relatively recent product, we performed

a brief validation exercise on the surface wind output of the reanalysis, and found that it adequately

described winds in the region, although some under-estimation of the influence of local topography was

observed. This has been noted in reanalyses previously (Turner et al., 2009a), and appears to occur

due to the limiting factors of the horizontal and vertical resolution of the ERA Interim model. The

clustering algorithm was applied to the surface wind output, and the resulting synoptic climatology of

twenty clusters discussed at length. An analysis of the surface winds, the dependence on the pressure

field, and the resulting surface temperature, was given. The temperature analysis is particularly salient,

as the temperature was seen to be highly dependent on the speed and direction of the wind, due to

advection in the horizontal direction and mixing in the vertical direction, resulting in a temperature

field that is sensitive to circulation changes. This is especially true on the ice shelf, where variability

in the origins of air is large. Air advected from East Antarctica tends to be colder than that of West

Antarctica, and the situation is complicated further by vertical mixing in the boundary layer. For ease

of interpretation, the 20 clusters were organised into five larger groups, named: the Strong Northern

Cyclonic, Ross Ice Shelf Air Stream, Weak Northern Cyclonic, Weak Southern Cyclonic, and Katabatic

and Weak Synoptic. We also discussed the spread of clusters throughout the year, and revealed that the

Ross Ice Shelf Air Stream (RAS) group was present in all seasons, but occurred most often in the late
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winter and early spring. The location of the low pressure system that forced RAS events was also seen

to be dependent on the time of year.

Throughout chapter 3 we discussed the various forcing mechanisms that play a role in generating

the observed patterns, although we warn that a more thorough treatment would require upper-level

information not included within the analysis. We found, through reference to previous research, especially

regarding previous synoptic climatologies (Seefeldt and Cassano, 2008, 2012), that the combination of

the clustering algorithm and the ERA Interim output adequately described the daily meteorology of

the region and was able to represent the synoptic scale circulation well. We also performed a thorough

assessment of the clustering results with in situ data gathered from long-period and quality controlled

automatic weather station (AWS) units deployed in the region. By comparing clustered output of the

ERA Interim and the AWS records, we found that the temperature and wind fields agreed well between

the datasets, and that temperature anomalies within clusters were generally significantly different from

zero, lending further credence to the cluster results and the reanalysis. We further assessed the directional

constancy of the AWS wind records within clusters, and found significant differences within clusters

relative to the entire length of the record, suggesting that the clustering algorithm adequately captures

variability at these locations. While some mesoscale features of the environment are not resolved by the

ERA Interim reanalysis due to its horizontal resolution, its consistency and length are advantageous as

it allows us to place the daily meteorology of the Ross Ice Shelf and Ross Sea into a climatological time

frame. The impact of the surface wind on sea ice distribution in the region is well-known (Comiso et al.,

2011; Holland and Kwok, 2012), and we believe that further investigation in this area is warranted. The

application of results from this chapter to sea ice variability will be an area of future work. Investigation

of synoptic patterns on variability in the ABS region will also be performed. The dependence of cloud

formation on RAS events was discussed by Steinhoff et al. (2009). A cloud synoptic climatology of the

region may be attainable through the application of clustering results to cloud data. The use of AWS

relative humidity records, which are readily available, may also be a useful addition to this study.

In chapter 4 we continued with studies focusing on the wide region of the Ross Ice Shelf and Ross

Sea, following from the development of its synoptic climatology in the previous chapter. We investigated

the changes that occurred in the lowest level of the atmosphere over the region, concurrent with positive

and negative phases in two internal interannual oscillations: namely, the Southern Annular Mode (SAM)

and the El Niño-Southern Oscillation (ENSO). In recent years, both modes have been the focus of much

research regarding their effects on Antarctica. In order to characterise their effects on the Ross Ice

Shelf region in particular, we produced composites of the differences in MSLP, wind and temperature

taken from the ERA Interim reanalysis, between the five most positive and five most negative years

of the oscillation indices. These composites are exhibited within the chapter. Further, in order to

better understand the observed changes, we applied a technique developed by Cassano et al. (2007) and

Cassano et al. (2011), which allowed us to use the results of the previous chapter’s clustering routine to

examine variability with references to clusters. Changes were separated into three distinct terms: the

first described the change associated with variability within individual clusters. The second described

changes between clusters - that is, an increase in the frequency of one cluster and the decrease of others.

The third term described changes which occur due an interaction of the first two terms. The analysis

was split on a seasonal basis to shed light on the annual cycle in variability associated with SAM and

ENSO.

In general, results for the changes between positive and negative SAM instances were quite consistent

across seasons. MSLP was seen to fall significantly in positive SAM years, which is expected by the
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definition of the oscillation. Some differences between variability in the summer and winter appear to be

caused by the movement of the area of greatest sensitivity to SAM forcing to the east in the wintertime,

contrary to the observed seasonal movement of the Amundsen-Bellingshausen Sea Low (Fogt et al.,

2012b), which may be associated with the short time period of our analysis. Changes within clusters

were observed to cause the largest degree of the pressure change, but frequency changes between clusters

were also seen to be important in the springtime, when they represented a movement of synoptic cyclones

from the north to the east of the domain, which reinforced the background pattern. Wind differences

were seen to be focused to the north of the study domain and involved an increase in westerly flow

around the latitude of 60 ◦S. In summer, autumn and spring, more northward flow was also observed

over the Ross Ice Shelf, in agreement with the steepening of the east-west pressure gradient, although

the region of strongest flow shifted towards the east. Conversely, in winter, flow changes across the ice

shelf were observed to be in the opposing direction to the prevailing wind, although northward flow was

strengthened in the south-eastern Ross Sea. For the temperature change, the largest observed was in

autumn, with a deep cooling over the domain. Cooling appears to be caused mostly by changes within

each cluster and it is therefore hard to determine their cause, however, a combination of horizontal and

vertical advection appears to play a role. In autumn and winter cooling on the ice shelf appears to be

enhanced by the lower wind speeds and more stagnant air. In spring and summer, strengthened winds

appear to counteract cooling, perhaps due to the advection of air from the warmer West Antarctic region

and turbulent interactions on the ice shelf. Ocean/ice feedbacks may also be important for temperatures

over the non-permanent ice to the north of the shelf, and this area needs further investigation.

MSLP changes due to ENSO are less consistent between seasons, but appear to consist of a reduction

of the pressure, with enhanced negative changes in the eastern part of the domain. Background changes

in clusters appear to dominate the change, but inter-cluster changes also contribute to a high degree.

This is particularly apparent in spring, where the first and second terms appear to contribute equally

to the pressure change. The larger change in the east of the domain is consistent with the frequently

cited deepening of the ABS low under La Niña conditions (Fogt et al., 2012a). Changes in the MSLP

field cause large and significant changes in wind patterns with an increase in the prevailing southerlies

observed in all seasons except spring. This increase is partly caused by an increase in RAS events under

La Niña conditions. The wind changes in spring are more complex, which may in part be due to the

mixing of September (essentially winter) conditions with the other two months of the canonical austral

season. Significant anticyclonic circulation changes are observed over the Ross Sea due to a combination

of background cluster changes and frequency changes and the asymmetry of the MSLP field between La

Niña and El Niño conditions. Temperature changes correspond mainly to regions of increased (decreased)

vertical advection due to stronger (weaker) wind flows, and anomalous horizontal advection. In summer

and autumn background changes dominate, but in winter and spring changes in the frequency of clusters

are also important. We are unable to explain several observed temperature changes, in particular, the

warming observed over East Antarctica in the winter under La Niña conditions. This requires further

study.

A deficiency in the clustering algorithm has become apparent through its use in this chapter. We noted

that a large amount of the summer conditions are designated as one cluster, as the algorithm focuses

instead on more variable conditions during other times of the year. This results in summer being poorly

represented by the clustering algorithm, meaning that assessing changes in cluster frequency during the

summer may not reveal the true level of variability. We feel that re-clustering solely on summer conditions

- which are quite different to winter - would overcome this problem. However, the issue also serves to
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highlight a general problem within synoptic classification schemes. Most of the changes observed in this

chapter were seen to occur within clusters, which may imply that too few clusters were used to represent

the meteorology of the region.

In chapter 5 we applied the synoptic climatology scheme of chapter 3 to the area surrounding Ross

Island. The clustering results of the previous chapter were projected onto the smaller region by generating

composites of cluster times using long-period weather stations surrounding the island. The approach is

considered advantageous for three reasons: firstly, performing a clustering routine directly on ERA

Interim output surrounding the island has been shown to be infeasible, due to the resolution of the

reanalysis not being high enough for local topographic influences to be depicted. Secondly, this method

circumvents issues regarding gaps in the local AWS records, as time instances from across long periods

can be grouped together to form cluster composites, regardless of gaps between them. Accordingly, to be

sure of the statistical robustness of the technique, a stringent data volume filtering was applied to AWS

records before the projection of the clustering algorithm. Finally, the projection facilitates the viewing of

the area surrounding Ross Island from a larger scale perspective, as the composites effectively represent

the conditions at Ross Island depending on conditions across the remainder of the ice shelf where the

clustering algorithm is trained.

Composites of cluster times for wind and temperature anomalies exhibited in chapter 5 indicate that

the projection of the clustering algorithm from the wider area generates coherent patterns around the

island. The instance of southerly winds to the south of Ross Island was given some emphasis in this

chapter, as winds from this quarter tend to be the strongest experienced in the region and their impact

upon ground-based field staff and air traffic is large. The dynamics of such flows are complicated, as the

area is sheltered to the south by several islands and Minna Bluff. A further sheltering effect is provided

by the high barrier of Ross Island itself, which can act to dam cold air, and produce stagnation on

its southern side. We found that the observation of southerly flows at Scott Base, on the Hut Point

Peninsula, is highly dependent upon conditions at the south-west of the ice shelf. Flow must approach

the region from the south and be strong enough to overcome the barrier of Minna Bluff. This appears

to be more likely if air is advected from a region of strong vertical mixing. Such mixing acts to disrupt

the stable surface inversion, making it increasingly possible for the air to flow over barriers, as described

in section 2.1. Thus, when the wind from the south is strong and well-mixed, it is able to surmount the

barriers to the south of Ross Island and the Hut Point Peninsula and the resulting wind at Scott Base

tends to be from the south. Mixing also warms the surface air, which is apparent the relationship that

exists between the mean wind speed and the mean temperature anomaly of clusters in this region.

Using the cluster projection, we also investigated the difference in sensitivities to synoptic forcing

observed at Scott Base and McMurdo Station, two long-period manned stations located less than 3 km

apart on the Hut Point Peninsula. As has been noted previously, the temperature at Scott Base appears

to be more sensitive to disruptions in its prevailing wind direction than at McMurdo Station (Sinclair,

1982). The situation appears to be linked to the location of Scott Base within a low-level temperature

inversion. Strong winds at Scott Base mix the inversion, and can dramatically change the temperature

at the surface. At McMurdo Station, this does not occur. Thus, Scott Base is much more sensitive

to changes in circulation than McMurdo Station. The projection of the clustering algorithm onto the

smaller area has a further advantage in that it can facilitate the reconstruction of temperature records

based solely on circulation information, via the combination of the temperature anomaly associated with

each cluster and the frequency of each cluster. This was also performed in chapter 5 for Scott Base

and McMurdo Station. Results indicated that the temperature at Scott Base was heavily influenced by
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synoptic circulation, as described above, while that at McMurdo Station was less so. We further used the

reconstruction technique to probe the differences between temperature trends since the late nineteen-

seventies at the two stations. Spring warming at Scott Base appears to occur due to the more frequent

location of a cyclonic system off of Marie Byrd Land in recent years, which may be a result of changes in

the ENSO mode. However, the interaction of SAM and ENSO and changes in the amplitude of the Semi-

Annual Oscillation may also play a role (Bromwich et al., 2012; Turner et al., 2012), and further study

is needed in this area. In contrast, warming at McMurdo Station in the summer, autumn and winter,

which is significantly more positive than at Scott Base, does not appear to be caused predominantly by

changes in circulation and may represent localised warming effects.

In chapter 6 we discussed the development and testing of a novel system of atmospheric sensors, named

“SNOW-WEB”. SNOW-WEB is a distributed system of weather stations which is designed specifically

for short-term deployment in Antarctica, in order to significantly and rapidly expand the extent of the

observational network. SNOW-WEB nodes are light-weight and are easy to deploy. They are also

cost effective, meaning a large number can be deployed in a small area for relatively little expenditure.

Collected data can be viewed in near real-time, due to the onboard wireless networking capabilities of the

system, meaning that nodes are able to route data to a manned station in the region. The distributed

nature of the system also provides increased robustness, which is necessary in a region in which automatic

weather station deployments are well-known for their unreliability due to hostile and isolated conditions.

In chapter 6 we described the successful field test of the SNOW-WEB network during the summer field

season of 2011/12. 18 SNOW-WEB nodes were deployed on and around Ross Island, in the vicinity of

Scott Base, Antarctica, and remained there for a two-month testing period. The system functioned well

during this time, although some unresolved networking errors caused occasional erratic behaviour within

the wireless network. Also tested were the remote control of the network from Scott Base, which was

observed to work well, and the mechanical design of the nodes, which appeared to be fit for summer

conditions. No power issues became apparent during the deployment, although further development is

required to power stations if they are required to function through the Antarctic winter.

Upon retrieval of the SNOW-WEB nodes at the end of January 2012, a large amount of data was

obtained, both via wirelessly transferred records at Scott Base and records held onboard nodes by SD

memory. In chapter 6 we provided a summary of the records obtained and detailed the subsequent

validation exercise that was performed in order to confirm that SNOW-WEB data was of a high enough

quality to be used in meteorological studies. Through the comparison of the collected data to established

sources in the region, we concluded that SNOW-WEB data was accurate and could be used in a research

capacity. Further to this, we performed an intercomparison with the Antarctic Mesoscale Prediction

System (AMPS) a mesoscale forecast model with a high-resolution grid (1.66 km) centred on the SNOW-

WEB testing region. General results from the intercomparison were positive, particularly for the model

output, which was observed to accurately describe the surface conditions in the area. However, several

deficiencies also became apparent with the model. Most notably, smoothing of spatial variability was

observed, due to the model resolution employed. Further, the turning influence of the barrier of the Hut

Point Peninsula upon approaching southerly winds was observed to be under-estimated in the model,

which may be associated with spatial smoothing of the topography and thus the under-estimation of

the height of the barrier. Comparison of results of our assessment of AMPS and those of previous

generations of the forecast model revealed a marked improvement with the newer generation, which may

be associated with the increase in resolution and thus the improved ability to resolve the local influences

of topography. The comparison focused on mean composites, which may mask variability in the accuracy
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of the model dependent on conditions. Thus, a logical development of the validation is the application

of a second validation scheme dependent on atmospheric conditions, which will be an area of future

work. Intercomparison also highlighted some deficiencies in the data retrieved from SNOW-WEB and

other weather stations in the region. The agreement between the modelled and observed temperatures

was seen to be better when wind speeds were high. This situation suggested that radiation shielding

on deployed weather stations was inadequate, and that high temperatures concurrent with low wind

speeds in observational datasets may need careful analysis. The effect appeared to be as marked in pre-

established observational sources. Aspirated radiation shields are being considered for future generations

of the SNOW-WEB network. Meanwhile, the SNOW-WEB record consists of a two-month long dataset

of the surface winds and temperatures along the Hut Point Peninsula. We aim to continue using this

dataset to investigate small-scale flows in the region.

Following from the description of the SNOW-WEB network and its successful deployment in Antarc-

tica in the summer of 2011/12, in chapter 7 we documented studies performed using the polar-modified

Weather Research and Forecasting (WRF) model towards the development of a mesoscale model that

adequately describes the meteorology of the topographically complex region surrounding Ross Island.

Adequate model representation in the region is considered important both for research purposes and

for forecasting, due to the high volume of air traffic and ground-based field parties working in the area.

Developing the results of the previous chapter regarding AMPS output and the findings of other authors,

that a more accurate model forecast can be produced through an increase in resolution in nested grids

covering Ross Island, we chose to perform two forecast runs using the same model physical specifications.

In the first run four grids were defined, covering a large expanse of Antarctica (64 km grid spacing), the

Ross Ice Shelf (16 km), the area surrounding Ross Island (4 km), and the Hut Point Peninsula (1 km),

respectively. To investigate the differences made by better topographic representation in the area sur-

rounding Ross Island, in the second run the grids were altered. Five grids were employed, covering all of

Antarctica (60 km), the Ross Ice Shelf (15 km), the west of the ice shelf, including Ross Island (4 km),

the region directly surrounding Ross Island (1 km), and the Hut Point Peninsula (0.25 km). Thus, in

the second run, the nested grids covering Ross Island and the Hut Point Peninsula had a significantly

higher resolution than in the first. Data retrieved from SNOW-WEB nodes was used to validate the

high resolution grid, which was possible due to the distributed nature of the SNOW-WEB system and

the high spatial density of records collected during the summer deployment. Thus, the utility of the

SNOW-WEB network was further demonstrated through the exercise. AWS units maintained by the

University of Wisconsin, Madison and New Zealand’s National Institute of Water and Atmospheric Re-

search (NIWA) were further employed to validate the model integrations over larger spatial scales. The

two model integrations focused on a 59 hour period in December 2011 in which varied weather conditions

affected Ross Island, including the highest wind speed recorded at Scott Base during the SNOW-WEB

deployment.

Initially, we compared model output from the second grid of each model run to conditions described by

AWS units over the Ross Ice Shelf. We found that both model runs adequately described the movement

of a cyclonic system across the ice shelf and the intrusion into the region of a synoptic high-pressure zone,

the combination of which caused the development of a barrier wind regime against the Transantarctic

Mountains in the west of the domain. Further synoptic developments continued to generate strong

winds along the Transantarctic Mountains and also produced heightened winds in the north-west of the

ice shelf. These winds were better depicted in the second model run, due to the improved representation

of topography in the region. In both model runs, the cyclonic system was observed to move to the west
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too quickly, as has been described by previous authors working with the polar-WRF (Powers, 2007).

Within the high resolution grids in the north-west of the region, differences between the model runs were

seen to be large. In the second run, enhanced winds caused by down-slope flows on topographic features

to the south of Ross Island were observed to cause the strong winds at Scott Base. These flows were not

seen in the first run, presumably due to the smoothing of topography. Spatial variability in the region,

especially along the Hut Point Peninsula, was seen to be much improved in the second run, although a

few inaccuracies were still present. Thus, the improved resolution of the second run appeared to facilitate

an improved model forecast. However, in one respect the first run was superior to the second: a second

wind speed peak from the south was recorded in the observations and first run, but not the second.

Investigation revealed that this peak is caused by the alignment of MSLP contours allowing flow from

the ice shelf to propagate directly into the region between Ross Island and Minna Bluff. In the second

run, this alignment does not occur and thus the second wind speed peak is missing, which highlights

the importance of accurately modelling the larger scale influences upon Ross Island. Some disparities

between the second run and observations were present despite the high resolution of the Ross Island

grids. The model clearly requires more development in this area.
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Appendix A

SNOW-WEB firmware design

The technological development of the SNOW-WEB network of weather stations was an important aspect

of this PhD project, a summary and results of which are discussed at length in chapter 6. Although the

details of the development itself are not entirely necessary to describe the science performed with the

collected data, in the interest of completeness we feel that it is necessary to detail the workings of the

system. This section is supplementary to the technical description given in section 6.2.

Software for SNOW-WEB nodes was written in two rounds, the first being September to December

2010, and the second being August to December 2011. During the first round, firmware for networking

protocols was developed in-house. At this time Digi XBee Pro Series 1 transceivers were employed to

handle wireless networking. These devices are a simple point-to-point radio and do not incorporate mesh-

networking aspects. They were controlled by networking functions carried out on the microprocessor.

However, after discussing the advantages of off-the-shelf mesh-networking schemes, it was decided that

in the second round of development, networking would be handled by Digi XBee Series 2 transceivers,

which come pre-installed with advanced ZigBee mesh-networking protocols. I will describe only the

firmware written during the second phase of SNOW-WEB development, as this represents the system as

it was employed in tests in Antarctica in the 2011/12 season, the results from which form chapter 6 and

are employed in model validation in chapter 7 of this thesis.

The production of firmware for SNOW-WEB was a collaborative exercise. Codes written by myself

were based upon original firmware produced by Matthew Pannell of the Dept. Physics and Astronomy

electronics workshop. Pannell developed the fundamental timing, logging and communications firmware,

and codes for interaction with the GPS and atmospheric sensors. I developed the original communication

codes to handle the XBee Series 2 mesh-networking protocols and requirements for API functionality,

which allowed more flexibility in network communication. I produced firmware which handled the inter-

action of the secondary with the primary nodes and developed the remote control aspects of the primary

firmware. I also added Secure Digital (SD) memory card recording functionality. Firmware was written

using the CodeVision AVR (CVAVR) compiler. Originally, timing and time-keeping functions were per-

formed by an onboard real-time clock (Philips PCF8583). However, this was found to be unreliable due

to problems with the CVAVR library for dealing with the device. As such, the clock was replaced as the

time-keeper by the GPS unit, which also had an accurate one-second output and accurate time and date

information, which was of primary importance for network synchronization.

I will address low-level functionality of the SNOW-WEB network first, before moving on to the flow

control of data gathering and processing and remote control of the network.
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A.1 Primary functionality

Lower-level functionality within the firmware of the SNOW-WEB is fundamental in terms of the func-

tioning of each individual node. This includes the communications processes, logging functions and

interaction with sensors connected to the SNOW-WEB unit. Also of importance is the action of a pri-

mary node when receiving data from the secondary node. All of these things must work individually

before the overall flow of the firmware can be considered. As such, I will address these first. A large

amount of information on these processes is not necessary, what follows is a synopsis of their primary

purposes and actions.

• Communication with XBee Wireless Transceiver.

Communication with the XBee wireless transceiver proceeds via first USART of the micro-processor.

Upon a message being transferred from the transceiver, an interrupt is triggered in the firmware

that begins the process of analysing the data as it is incoming. We use the API configuration, in

which each transmission is wrapped within a specific frame. A unique identifying character prefixes

each frame, which explicitly tells the user and receiving XBee the purpose of the packet. The frame

also includes information about the data packet, such as its length and the node from which it

originated.

Information contained in the API frame is recorded as the incoming transmission is analysed,

and the data contained in the packet is transferred to a global buffer to be analysed in the main

function. It is in the interrupt stage that the processor determines the purpose of the packet,

whether it is a command from the primary node, a data transfer from a secondary node, or a

status communication from the XBee itself.

In order to output packets to the XBee network in API mode the correct frame format must be

adhered to, otherwise the transceiver will refuse the packet. The format is explained fully and the

entire series of frames is detailed in the XBee manual (Faludi, 2010). It suffices to say here that each

packet must be prefixed with its length and the address of the node to which it must be sent. Basic

API frame procedures were developed by Adrian McDonald. Further development incorporated

two modes of sending data via the transceiver: the first is to send all packets directly to the

coordinating node, which has the address ‘00000000’ in all networks. This mode was employed in

primary nodes for all data transmissions. The second mode returns specific data to the node that

had previously been received from. This was facilitated by recording the incoming address at the

interrupt stage, as mentioned above, and is used when the user polls a specific node for data over

the network.

At the end of the transmitted packet there must be a checksum, which again, must be calculated

correctly in order for the XBee transceiver to accept the packet. The checksum is calculated by

summing over the packet characters (using standard ASCII notation). The sum itself is kept as a

character throughout. It is then subtracted from 0xFF (such that the entire packet sums to 0xFF)

to complete the checksum computation.

An important aspect of the XBee wireless transceivers is that they each have a unique 16-character

identification number. The number is employed within the network scheme to address packets.

We also use the ID number to identify SNOW-WEB nodes themselves, prefixing data transmission

with the number such that the user can identify the origin of each data record. As such, upon

initialisation the processor must record the ID number of its transceiver. This proceeds by using a
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specific API frame and hexa-decimal command, which instructs the XBee to return that particular

piece of information to the processor. The XBee can be queried in this fashion regarding many of

its options and attributes, using the same API frame structure and a variety of commands. The

ID number of the node is considered important enough to the workings of the network that the

function to obtain it is performed upon initialisation of the node and the firmware will stall if it

is not returned. If the number is not returned it is indicative that there is a malfunction in the

communication between the XBee and processor, and thus this provides a routine by which the

user can determine if the XBee is working correctly. An LED will flash continuously while this

continues in order to inform the user.

• Communication with GPS module.

As for the wireless transceiver, GPS communication is interrupt based and handled by one of the

processor’s USART ports. The unit is capable of outputting information as one of several types

of NMEA string, depending on the requirements of the user. We instruct the GPS to output the

GPRMC information string once per second. This string contains information on the time, date,

latitude, longitude, speed and bearing of the device. It also informs the user of whether a satellite

lock has been acquired. The one-second interval output of the device drives an interrupt, which acts

to extract the relevant information from the NMEA as it is communicated from the GPS module.

The time and date information is particularly important as all data records are prefixed with the

time and date from the most recently received GPS string. As the time updates every second this

is considered accurate enough for meteorological purposes. The output also acts as a one-second

counter for the timing of functions such as data collection and communication. Although the

GPS output occurs once a second, it is only recorded and forwarded to the coordinator every two

minutes.

Similarly to the wireless transceiver, outgoing packets to the GPS module must be constructed to

a certain format. For this the NMEA string is used, which is a series of numbers which instruct

the GPS unit as to which information string to return and the interval at which to return them.

There must be a checksum at the end of the string, which is calculated by taking an exclusive OR

over the entire string, and concatenating to the end of the string as a 2-digit hexadecimal number.

Instructions are communicated to the GPS module at the initialisation of each node.

• SD Card Logging Functions.

SD memory card communication proceeds via an SPI connection and employs functions from the

CVAVR SD memory library. Upon the start up of the node, the microprocessor initialises the SD

memory. If it is unable to do so due to a faulty reader or misplaced card, then the program will

stall and an LED will blink continuously to inform the user of the malfunction. Once the card is

initialised the program will continue.

The CVAVR SD card library includes functions which enable the user to write .txt files to SD

memory directly from the processor. This is a convenient method, as it allows the reading of the

files by a conventional SD card reader on a laptop or other device, without the need to develop

software explicitly to extract data from the card. Upon start up, the processor will seek to start

a new file on the SD card, to which the data will be written. The name of the file follows the

convention of: YYMMDDHH.txt, for which the time and date information is taken from records
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kept from the GPS module. At the time of the generation of a new file the unique address of the

XBee node is prefixed to the beginning of the log, in order to record the particular node that wrote

the file. This is to reduce confusion when reading the file as there is the possibility of data from

several secondary nodes recording on the same SD card.

Every hour the file name is updated and a new file started. Splitting the data into separate files

reduces the potential of losing data due to corruption of overly large files. The processor is careful

not to overwrite files that already exist. This can occur if the node resets within the same hour of

starting up. If this is the case, a file name will be produced that is the same as the previous one and

the processor will seek to start a new file, which can over-write existing data. We have designed

the firmware such that the new data is simply concatenated on to the end of the pre-existing file.

As data is written to a file, the remaining memory of the medium is calculated as a percentage. This

can be requested by the user remotely via the wireless network, by transmitting an ‘S’ command

to a particular node. If the memory remaining reaches a threshold value (< 1.0 %), then the user

is informed by a message via the wireless network. The message is repeated periodically until the

memory is replaced.

For the purposes of error handling, while the SD memory is being written to an LED will be con-

stantly on. If this LED does not turn off then the user is informed that there has been an error

in the SD memory writing functions. Of course, this is of little use if the node is distant from

the user. A counter is incremented for every consecutive bad SD write, and if this counter reaches

more than four a message is sent to the coordinator communicating that an error has occurred.

The user can then decide the course of action to take.

• Communication With Sensors.

The temperature and relative humidity sensor used on both the primary and secondary nodes

is the Sensiron SHT75. The sensor communicates with the microprocessor via one of multiple

I/O ports. The sensor returns the values of temperature and relative humidity when polled by

the processor. However, values are returned as integer numbers that must be recast to floating

points and transformed to calculate the true temperature and relative humidity in ◦C and %,

respectively. The transformation for temperature is simple and linear. That for relative humidity

is quadratic and depends on the temperature at the recording time. If the microprocessor is unable

to communicate with the SHT75, then the default missing value number used in place of the correct

records is −99.9.

Wind speed data is collected by a vertical axis cup-type anemometer, the NRG #40H. An electrical

pulse is induced via the Hall effect at a specific point in each rotation of the device, which triggers an

interrupt in the microprocessor. The interval between successive interrupts is timed to determine

the angular frequency. A calculation is then performed to convert this frequency into a wind speed

based on the physical properties of the anemometer.

Wind direction information is recorded via an NRG #200P wind vane. The device measures di-

rection via a potentiometer connected directly to the vane. The potential is communicated to the

the microprocessor via an analogue to digital converter.

• Secondary/Primary Interaction.
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Figure A.1: Primary node flow diagram.

Secondary node routines are reduced relative to those of the primary, reflecting its reduced process-

ing capabilities. As such, all secondary data is forwarded to the primary node to be time-stamped,

stored on SD memory and forwarded to the coordinating node. This proceeds as follows:

Secondary data packets are prefixed with an ‘&’ such that the primary node can identify them

at the incoming data interrupt stage. The data packet is stored within the interrupt routine in

a globally accessible buffer. A binary flag is set such that the main function will call routines

to process the data. A time-stamp is generated first as the secondary node does not carry a

clock. The reduced processing power of the secondary also means that the conversion from the

integer numbers returned by the temperature and relative humidity sensor to floating point values

cannot be performed on the secondary node. The primary performs this function. It then gener-

ates a string comprised of the time-stamp, the processed meteorological data contained within the

packet, and the address of the secondary node of origin, which is recorded in the interrupt rou-

tine. The string is prefixed with an ‘S’, such that the user can easily see that the data came from a

secondary node. The string is recorded to the SD memory and forwarded to the coordinating node.
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• Watchdog Timer.

We use the built in watchdog timer of the AVR processor to act as a failsafe for firmware malfunc-

tions. The watchdog timer functions parallel to the primary functions of the processor. It counts

down from a user specified value (this is set to ≈ 2 seconds in SNOW-WEB), such that if it reaches

zero it prompts an interrupt which causes the processor to reset. The user can reset the watchdog

timer to its initial value to stop the interrupt from occurring. We reset the watchdog timer at

the beginning of the main function. This means that if the firmware stalls at some point in the

program such that the main loop is not performed for some time, then the watchdog will time out

and reset the firmware. Of course, the watchdog timer is not an excuse for bad programming, but

it is useful for dealing with unforeseen bugs in the firmware that may appear in remote tests over

long periods of time.

• Remote Control of The Network.

Wireless capabilities allow the user to remotely control individual nodes or the network as a whole.

XBee transceivers themselves can be operated remotely by using the correct API format or wireless

capabilities can be used to route specific commands to node processors. When a command is

recieved at the processor it records the address of the origin, such that it can route its reply (if

necessary) back to that particular node. A list of controls that the user has over the network is

given below:

– Return time and date - used to determine if the time-keeping of the processor is functioning

correctly.

– Return received signal strength - used in range-testing experiments, the processor polls the

transceiver for the strength of the previous received signal (ie. the incoming command) and

returns to the user.

– Change data-logging interval - the default logging interval is 30 seconds, but this can be

changed to 10 seconds if this command is used. The same command turns the interval back

to 30 seconds.

– Reset node - purposely puts the firmware into an infinite loop, and thus causes the watchdog

timer to reset the microprocessor. A random delay (seeded by the XBee ID number) occurs

before the loop such that if multiple nodes are reset at once they do not all come back on line

at the same instant.

– Return temperature and relative humidity.

– Return wind speed and direction.

– Return battery voltage.

– Return GPS data.

– Return remaining memory.

Control of timing aspects of the nodes is interrupt-driven. Counters are kept and incremented at each

timing interrupt, which originates with the GPS module. At the specified count a flag is set within the

interrupt which instructs the main program to complete sensing, logging, and communications routines.

The general flow of the main function is outlined in figure A.1.

194



Figure A.2: Secondary node flow diagram.

A.2 Secondary functionality

The basic functionality of the secondary node is similar to that of the primary, but the secondary

node firmware is much simpler and more compact. The secondary works on a 30-second sleep rota.

Its transceiver is asleep for 20 seconds of every 30 in order to save power. This can occur as within

the Zig-Bee scheme secondary nodes are designated as end-devices, meaning that transmissions are not

routed through them. Conversely, primary nodes are designated as routers, meaning that data is ferried

through them and that they must be powered on at all times. During the 10 seconds that it is awake, the

processor polls the transceiver for information on its ‘parent’ node. This is a nearby router that acts as

a storage place for messages sent to the end-device while it is in sleep mode and unable to receive data.

All network transport to and from the end-device proceeds through its parent node. After the parent

address has been returned to the processor, the secondary reads the temperature and relative humidity

data from its SHT75 sensor and this data is forwarded to its parent for processing. The parent’s address

must be known, as the data packet must be output from the transceiver to the parent processor, rather

than being forwarded onwards. Secondary node flow is summarized in figure A.2.
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