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Abstract

This thesis explores novel applications of data from the ERS-1 and 2 satellite
altimeters in the Arctic. The use of such data in this region has been restricted in the
past by the presence of sea ice, which vastly affects the radar echo received from the
surface. The altimeter instruments are optimised for operation in ice-free seas, which
generate diffuse, low power echoes. When sea ice is present, higher powered
specular echoes are observed. Evidence is presented to support the hypothesis that
these echoes originate from regions of calm water between ice floes, thus-allowing the

direct measurement of sea surface height in areas of very high ice concentration.

Results from a full simulation of the ERS altimeter tracking system have enabled the
development of processing algorithms which dramatically reduce short wavelength
instrument noise. This has enabled direct measurements of sea surface height to be
made for the first time in ice-covered seas. Maps of sea surface height variability and
eddy kinetic energy are presented, and compared with the corresponding output from
two Arctic Ocean models. An empirical tide model based purely on the altimeter data

has also been developed and is compared with existing models.

Open ocean-like echoes have been observed in areas of 100% ice cover, and are
shown to originate from the surfaces of ice floes. The associated height
measurements are seen to deviate from those of the surrounding water by an amount
which is attributed to ice elevation. From these measurements, estimates of ice
thickness have been made, allowing the first direct large-scale observations of this
parameter from space. A preliminary validation of these measurements is performed
using in situ observations from upward-looking sonar (ULS) instruments.
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Chapter 1 The Arctic climate system

1.0 Introduction

The main aim of the work presented in this thesis is to exploit the use of satellite radar
altimetry in the Arctic Ocean as a means of measuring parameters of fundamental
importance to studies of the climate system. The Arctic region is a key component of
the global climate system, primarily through its effects on the Earth's surface heat
balance and global thermohaline circulation [Aagaard and Carmack, 1994]. There
are many potential climatological applications of this work, some of which are listed
here:

. ARCTIC OCEANOGRAPHY - studies of mesoscale and large-scale sea
surface height variability on intra-seasonal, seasonal and inter-annual

time-scales.

. OCEAN MODEL VALIDATION - comparison of the variability and
energy content on a range of temporal and spatial scales.

. CLIMATOLOGY - measurements of Arctic sea ice thicknesses for the

monitoring of global climate change.

. SEA ICE MODEL VALIDATION - comparison of the temporal and
spatial variations of sea ice thickness.

This work has also enabled the development of:

. An Arctic Ocean tide model, the predictions of which have been compared

with those of other models and in situ tide gauge measurements.

. An accurate Arctic mean sea surface, which is a vital starting point for the

above applications of altimeter data.

We begin with a discussion of the Arctic climate system and its global influence.

15
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Each component of the climate system reacts to external forcing with varying degrees
of rapidity [Cubasch and Cess, 1990]. For example, the atmosphere responds to its
forcing on a timescale of hours or days, whereas the ocean responds on timescales
ranging from days for the surface layer to millennia in the deep ocean. In the
cryosphere, a whole spectrum of timescales can be found, ranging from days for sea
ice, to millennia for ice sheets. Land processes in the geosphere react on timescales of
days to months, while the biosphere can react on timescales of hours (plankton
growth) to centuries (tree growth). The sea ice component of the climate system is
therefore influenced relatively rapidly by external factors.

1.1.2 Global climate change

The climate is a naturally varying system, with timescales ranging from hundreds of
millions of years to a few years [Folland et al., 1990]. This is the result of internal
fluctuations in the chaotic system, and changes in external forcing, such as solar
variability or volcanic eruptions [[PCC, 1994]. Figure 1.2 shows schematically
variations of global temperature on three different timescales. Since the late 19th
century to the present, global mean surface air temperatures have risen by between 0.3
and 0.6°C with a corresponding increase in sea level of between 10 and 25 cm [I/PCC,
1995].

The influence of mankind on the global climate is difficult to ascertain, as it will be
superimposed on the background signal of natural climate variability. In spite of this,
the available evidence suggests a discernible anthropogenic influence on global
climate [[PCC, 1995]. A major factor in human-induced climate change is the
increase in concentration of greenhouse gases, such as carbon dioxide, methane and
chlorofluorocarbons. The result of these concentration increases is an enhanced
greenhouse effect, above that due to the presence of natural concentrations of such
gases [Trenberth et al., 1996]. Figure 1.3 shows the extent of the recent increase in
atmospheric carbon dioxide since the industrial revolution.

17



F..( T (.0 . (...
o
) 03 2 1
) &
4 ( F(... (. ( #
o
2 14 &
4
jo "
o =
& # n &' II! n n n
!II !! L} n ( 0 3 !Il n 1 n
$ n ! n n &
0 S A3#
DF.
W =E ZD8.
D .
NI ] 7|
oo
D;. 1 6-
#X -
& Y
D .
D..
F.
F..
& #D 6" % "
0 ;E( =E( ! 7 1 3¢
A")" " 0 S 13 #



1.1.3 Global climate models

In order to assess the response of the climate system to different external forcing,
coupled general circulation models (CGCMs) have been developed which are able to
model large-scale effects with a reasonable level of skill [Gates et al., 1996]. These
models include representations of the atmosphere, ocean, cryosphere and land surface,

and their interactions.

The usefulness of these models lies in their ability to estimate the effects of changes
in greenhouse gas forcing on global surface air temperature. For example, the IPCC
selected six greenhouse gas scenarios in order to model their effect on global
temperature [I[PCC, 1992]. The results showed an increase in global surface air
temperature of between 1°C and 3.5°C by 2100 in the best and worst case scenarios
respectively [/PCC, 1995]. Other models predict different temperature changes.
Washington and Meehl [1996] used a global coupled ocean-atmosphere-ice model
with CO, increasing at 1% per year compounded for 75 years to predict a globally
averaged surface air temperature of 3.8°C at the time of CO, doubling.

The development of CGCMs has increased rapidly since 1990 as cheaper and more
powerful computers have become available, and the current generation of models are
able to simulate the observed climate with a reasonable level of skill. Considerable
uncertainties do still remain, and large, poorly understood discrepancies have been
observed in the predictions of different models. In spite of this, the anticipated
advances in our modelling capability over the next few years will provide us with the
most powerful tool available for the assessment of future climate.

1.2 Influence of the Arctic on the global climate system

1.2.1 The global thermohaline circulation

The Arctic Ocean is known to have a significant influence on the large-scale
thermohaline circulation of the world ocean [JSC Study Group on ACSYS, 1992;
Aagaard and Carmack, 1994], which is an important mode of global heat
redistribution. Figure 1.4 shows a schematic diagram of what has become known as
the great ocean thermohaline conveyor belt, indicating the path of this circulation
system around the globe.
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Freshwater export from the Arctic in the form of both ice and water in 1968 was
found to be anomalously high. Aagaard and Carmack [1994] describe this event as
the modern day equivalent of a halocline catastrophe, proposed by

paleoclimatologists, in which the convective gyres are capped by freshwater.

Table 1.1 shows the freshwater budget for the Arctic Ocean, and highlights the extent
of the freshwater export through Fram Strait, predominantly in the form of sea ice, to

the convective gyres to the south.

Source or sink Transport (km3yr!)

Ice export through Fram Strait -2790
Water export through Fram Strait -820
Runoff 3300
Precipitation less evaporation 900

Water import through Bering Strait 1670
Water export through Canadian Archipelago -920
Import with Norwegian Coastal Current 250

Saline water import through Barents Sea -540
Saline water import with West Spitsbergen Current -160
Net 890

Table 1.1 Freshwater budget for the Arctic Ocean. Values are positive for sources

and negative for sinks (from Aagaard and Carmack [1989)).

Aagaard and Carmack [1989] suggest that the apparent imbalance in the budget,
manifest as a net surplus of freshwater, is probably indistinguishable from zero, after
uncertainties in the contributing terms have been taken into account.

1.2.2 QOcean-ice-atmosphere interactions

The ocean-ice-atmosphere system in the Arctic is intimately coupled, and an
understanding of the surface heat balance, the sea ice mass balance, surface radiative
properties, and interactions between the three components is essential for accurately

simulating present and future Arctic climate [Moritz and Perovich, 1996].
The surface energy balance is determined by the absorbed insolation, net long

wavelength radiation, atmospheric sensible and latent heat fluxes, and the heat
conduction in the sea ice (or the ocean heat flux at open water surfaces) [JSC Study
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Group on ACSYS, 1992]. The presence or absence of sea ice is an important factor in
determining this balance for two main reasons: (i) sea ice is an effective barrier to
sensible and latent heat fluxes between the ocean and the atmosphere, and (ii) sea ice
and snow are highly effective reflectors of incoming solar energy. We begin here

with a discussion of the first point.

The transfer of heat from the Arctic Ocean to the atmosphere occurs mainly in the
shelf regions where the presence of leads, polynyas and seasonal open water permit
large heat fluxes. Maykut [1982] showed that conversely, the short wavelength
radiation absorption by summer leads resulted in annual net radiation totals more than
double those over ice. By using a coupled atmosphere-mixed layer ocean model,
Vavrus [1995] drew a similar conclusion, highlighting the importance of including
leads in climate models. In addition, Maykut and McPhee [1995] demonstrated that
the oceanic heat flux to the ice in the central Arctic originates mainly from the short

wavelength radiation entering the upper ocean through leads and thin ice.

In the central Arctic, the annual net surface heat fluxes are comparatively small, due
to strong stratification of the upper ocean layer between about 50 and 150 m which
restricts vertical diffusion. It is this layer which basically insulates the surface from
the warm deep Atlantic waters, resulting in the perennial sea ice cover. Aagaard and
Carmack [1994] discuss the effects of perturbations in the upper open forcing
resulting in a modification of the vertical structure. They hypothesise that an increase
in the vertical heat flux across the mixed-layer interface would lead to a reduction in

ice cover. This would result in major changes to the surface radiation balance.
1.2.3 Radiation balance of the Earth's surface

In the previous section, we mentioned that the effectiveness of sea ice and snow in
reflecting incoming solar energy was a key component in the surface energy balance.
The primary way in which this property of sea ice and snow affects climate is through
the ice albedo feedback mechanism [Moritz and Perovich, 1996] (albedo being
defined as the ratio of the total scattered power to the total incident power when the
latter is distributed isotropically). If the surface temperature rises, snow and ice cover
will decrease, leading to a decrease in surface albedo (since the albedo of water is less
than that of snow or ice). The result of this albedo decrease is an increase in the
absorption of solar radiation at the surface, and consequent further warming. The
importance of this mechanism in numerical climate modelling studies has also been
emphasised (e.g., Ingram et al. [1989]; Rind et al. [1995]).
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mixing of upper ocean water properties. The strong interactive processes which occur
between the ocean and ice near the ice edge are also a controlling factor in the
advance and retreat of ice [Johannessen et al., 1987]. Perpetual tidal motion also
plays an important role in the mixing and stirring of water in the deep Arctic Ocean,
and has an effect on ice cover in the shelf regions [Kowalik and Proshutinsky, 1994].

At present, our knowledge of the hydrographic structure and circulation of the Arctic
Ocean is sparse, and is based on observations made from a small number of
hydrographic stations and relatively short intensive sections [JSC Study Group on
ACSYS, 1992]. Large-scale observations are lacking, which are crucial for

understanding the strength and variability of the circulation.

1.4 Characteristics of Arctic sea ice

1.4.1 Physical properties of sea ice

Sea ice is a complex material formed by the freezing of sea water, and exists in
several forms. The ice cover in the Arctic is often very compact, although regions of
open water are frequently present. Wind and ocean currents cause differential ice
motion and result in fracturing of the ice cover forming open water regions. These
regions include leads which range in width from metres to kilometres, and broader
polynyas which can occupy thousands of square kilometres. Deformation of the ice
cover, combined with the effects of wave motion and ocean swell, breaks the ice into
irregular-shaped floes surrounded by regions of open water, examples of which can be
seen in figure 1.8. |

Parkinson et al. [1987] discuss the formation of sea ice in some detail, which is
beyond the scope of this thesis. We will however point out the main ice types which
are found in the Arctic, and which are of relevance to the work presented later on.
These are (i) new ice, (ii) first-year ice, (iii) multiyear ice, and (iv) summer ice.
Schematic diagrams of some of the physical properties of these ice types can be seen
in figure 1.9.

The term new ice encompasses a range of ice types formed under different
environmental conditions. Such ice exhibits thicknesses of between 0.1 mm and 10
cm, with an elevation very close to sea level, and is unlikely to have any snow cover.
Further thickening of the ice then occurs, to give a secondary category of ice known
as young ice. When the ice reaches a thickness of 30 cm, it becomes first-year icé,
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sea ice models. Improvements to such models are hampered by the sparsity of
important observations, in particular sea ice thickness [JSC Study Group on ACSYS,
1992].

Our current knowledge of ice thickness distribution in the Arctic stems mainly from a
combination of submarine cruises (e.g., McLaren et al. [1994]), drillings (e.g., Bourke
and Paquette [1989]), and more recently moored upward-looking sonar (ULS)
instruments (e.g., Vinje et al. [1998]). Figure 1.11 shows contour plots of Arctic ice
draft in summer and winter derived from submarine measurements spanning the
period 1958 to 1987.

1.5 Modelling Arctic processes

1.5.1 A review of coupled ice-ocean models

We now summarise some of the achievements of past and current sea ice-ocean
models, and their contribution to furthering our understanding of the interactions in
this complex system. It is not intended to be exhaustive - for more comprehensive
reviews of ice-ocean modelling in the Arctic, the reader is referred to Barry et al.
[1993] and Mellor and Hakkinen [1994].

We have already described the importance of the Arctic sea ice-ocean system in
influencing climate, through its control of the global thermohaline circulation and
surface heat balance. The ultimate aim of developing models describing the
exchanges of heat and salt in the Arctic is therefore to enhance our understanding of
the global climate and climate change, through the coupling of the Arctic system to
more complex global climate simulations.

The Arctic Ocean is a difficult basin to model, due to its complex bathymetry, and the
high resolution required to sufficiently represent energetic baroclinic eddies, which
are on the scale of the local radius of deformation of 5-10 km [Maslowski et al.,
1998]. The current models are approaching these resolutions, and once reached,
should significantly improve the realism of their predictions [JSC Study Group on
ACSYS, 1992]. Zhang et al. [1998] also recommend an eddy-resolving model in order
to adequately represent open water regions, which have a significant influence on the
ocean to atmosphere heat fluxes.

29



|3#

3



Semtner [1976] performed the first ocean modelling study of the Arctic Ocean. The
model was based on the Bryan-Cox ocean model with prescribed ice properties, and
successfully simulated the general circulation pattern. Maykut and Untersteiner
[1971] developed a one-dimensional thermodynamic ice model and applied it to the
central Arctic. Such models were found to be highly sensitive to the parameterisation
of surface albedo and the choice of ice rheology, which describes the relationship

between ice stress and strain rate.

Hibler [1979] extended the modelling horizontally into two-dimensions on a 125 km
grid, and included dynamic as well as thermodynamic processes. The patterns of ice
thickness produced by this model were realistic, with the thickest ice predicted to be
located north of Greenland and the Canadian Archipelago. Parkinson and
Washington [1979] produced a similar model to simulate the annual cycle of ice
extent and thickness in both the Arctic and Antarctic. Mellor and Kantha [1989]
coupled a one-dimensional, turbulence closure model to an ice model, which

explicitly parameterised leads, recognising their important role in heat exchange.

Semtner [1987] developed a three-dimensional coupled ice-ocean model which
demonstrated the importance of oceanic heat fluxes in determining properties of the
ice cover. Hakkinen and Mellor [1992] produced a three-dimensional coupled ice-
ocean model which included the mixed layer physics developed by Mellor and
Kantha [1989]. This model was used to test the hypothesis of Aagaard and Carmack
[1989] that the Great Salinity Anomaly discussed in section 1.2.1 was the result of an
increase in ice export out of the Arctic Ocean. The model results of Hakkinen [1993]

do indeed suggest that the Arctic was the source of the anomaly.

More recent modelling efforts have included the effects of ice deformation and
ridging on ice thickness redistribution [Flato and Hibler, 1995; Steiner et al., 1998],
and studies of the inter-annual variability of ice export through Fram Strait [Harder et
al., 1998]. Webb et al. [1998] have produced a high resolution global ocean model
which includes the Arctic, but which as yet has no coupling to sea ice. Fully coupled
high resolution ice-ocean models are now being run, with resolutions approaching the
local radius of deformation. For example, the model described by Maslowski et al.
[1998] and Zhang et al. [1998] has a resolution of 18 km, and has been used to study

the interaction of mesoscale current systems on sea ice.
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1.5.2 Global climate models and their representation of the Arctic

Current climate models portray the Arctic as a region of widespread influence and
high sensitivity to perturbations in climate [Battisti et al., 1997]. These models are
particularly sensitive to the ice albedo feedback mechanism discussed in section 1.2.3
[Washington and Meehl, 1996] and are known to underestimate natural variability in
the Arctic [Battisti et al., 1997].

The majority of global climate models represent sea ice in a very simple way, often as
slabs of uniform thickness on very coarse grids. The use of climatological ice
parameters, such as thickness and extent, and the requirement to include substantial
heat and salinity flux corrections in order to make the models represent present day
conditions, result in a generally poor representation of the Arctic. For example, Smith
et al. [1997] revealed the shortcomings in the Arctic sea ice extent predictions of the
U.K. Hadley Centre GCM by performing comparisons with data from the SSM/I
instrument. It is widely agreed that more realistic sea ice and ocean models are
required, with an improved parameterisation of sea ice, in order to constrain the
response of sea ice to perturbations in climate [Rind et al., 1995; Curry et al., 1995]).

JSC Study Group on ACSYS [1992] suggest that incorporating regional sea ice models
into global climate models will have a large impact on model skill and our ability to
predict future climate change. It is also suggested that uncertainties in sea ice models
can be reduced by initialising them with realistic ice thickness data, and by using
accurate forcing fields, including winds and ocean currents. Comparisons of model
predictions of ice thickness, extent and velocity with observations are also highlighted

as an important step in reducing uncertainties.

The importance of developing ocean circulation models capable of realistically
reproducing the circulation of the Arctic Ocean, and which can be coupled to global
climate models, has also been recognised [JSC Study Group on ACSYS, 1992]. An
expansion of the existing Arctic Ocean data base for providing validation and
assessment of these regional models is a necessary first step before using the results to

understand various aspects of circulation [Stammer et al., 1996].

1.6 Monitoring the Arctic climate system

The Arctic climate system is monitored using a variety of airborne, spaceborne and in

situ techniques (the latter category including observations made from ships,
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submarines and buoys). However, the inhospitable nature of the region makes in situ,
and even airborne observations both time consuming and expensive. Satellite remote
sensing on the other hand allows the continuous monitoring of important
climatological parameters, and provides coverage of vast areas not possible using in
situ methods. The purpose of this section is to provide a summary of the data
requirements for sea ice monitoring and the remote sensing and in situ techniques
which can be used. Although the focus here is on sea ice monitoring, we begin with
some of examples of in situ observations of the ocean itself, which have provided

important insights into ocean circulation in the Arctic.
1.6.1 In situ observations of ocean circulation

Our current knowledge of ocean circulation in the Arctic has been accumulated using
a number of in situ observational techniques, including observations from drifting
research stations, drifting buoys, moored current meters, and shipborne surveys.
More recently, submarines have been used to make observations of the temperature
and salinity structure of water masses found in the Arctic Ocean as part of the
Scientific Ice Expeditions (SCICEX) research programme (e.g., Steele and Boyd
[1998]).

Examples of in situ observations which have been used to study ocean circulation in
the Arctic include the use of ice drift data from buoys and research stations to deduce
the general circulation pattern [Colony and Thorndike, 1984], moored current meters
to measure the annual and inter-annual variability of transports through Bering Strait
[Coachman and Aagaard, 1988], and a drifting buoy equipped with an Acoustic
Doppler Current Profiler to generate a time series of upper ocean velocities in the
Beaufort Gyre [Plueddemann et al., 1998].

Data collected from four manned drifting ice camps during the Arctic Ice Dynamics
Joint Experiment (AIDJEX) between 1975 and 1976 yielded information on the
mesoscale eddies present in the Beaufort Sea [Manley and Hunkins, 1985].
Mesoscale eddies in the Fram Strait marginal ice zone were studied using a
combination of in situ and remote sensing techniques as part of the Marginal Ice Zone
Experiment (MIZEX), which took place between 1983 and 1984 [Johannessen et al.,
1987]. Temperature and salinity data from past shipborne surveys have been
extensively used to study the origin and transport of the various water masses found in
the Arctic Ocean, and their associated vertical structures. This information forms the
basis of current theories regarding the thermohaline circulation in the Arctic (e.g.,
Aagaard et al. [1985]; Rudels [1995]; Meincke et al. [1997]).
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1.6.2 Data requirements for sea ice monitoring

Although there are large number of parameters of climatological importance which
must be measured and monitored in the Arctic climate system (see for example the list
compiled by Moritz and Perovich [1996] as part of the Surface Heat Budget of the
Arctic Ocean (SHEBA) Science Plan), we will only be concerned here with the
techniques currently used to monitor sea ice. Table 1.2 lists the data requirements for
sea ice monitoring as defined for the Ice and Climate Experiment (ICEX) [ICEX
Working Group, 1979].

A requirement of the Arctic Climate System Study (ACSYS) for the monitoring of
sea ice thickness is to resolve regional variations at monthly intervals over a ten year
period, with thickness measurement errors of less than 25 cm over the range 0 to 20 m
[JSC Study Group on ACSYS, 1992]. This requirement is similar to the ICEX
specifications given in table 1.2.

Resolution

Parameter Accuracy Spatial Temporal
Extent 5(20) km 5(20) km 1(3)d
Concentration 2(5)% 25 km 13)d
Albedo 0.02(0.04) 25(100) km 13)d
Motion 0.1(1) kmv/d 5(100) km 1(7)d
Ridging:

Density 10(50)% 50(100) m 7(30)d

Orientation 10(30)° N/A 7(30)d

Height 1(5)m N/A 1(30)d

Ice type 5(10)% 1(25) km 7(30)d
Leads:

Fractional area 10(50)% 50(100) m 13)d

Orientation 10(30)° N/A 13)d
Floe position 20(100) m 20(100) m 0.25(2)d
Surface melting Wet/Dry 25 km 13)d
Surface temperature I3)K 25(100) km 13)d
Ice thickness 0.2(1) m 25(100) km 7(30) d

Table 1.2 Data requirements for sea ice monitoring as defined for the Ice and Climate
Experiment (ICEX) [ICEX Working Group, 1979]. Figures quoted are for the desired
accuracy and spatial and temporal resolutions. Values in parentheses are given as the
minimum requirement.
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1.6.3 Remote sensing of sea ice

Thomas [1986] and Laxon [1989] both provide excellent overviews of the remote
sensing techniques which can be utilised in sea ice-covered regions, and the
measurements which they provide. In this section, we introduce the range of
spaceborne instruments which have been or are currently used to monitor sea ice, in
particular ice extent, concentration and motion. Table 1.3 lists some of the satellites
which carry or have carried instruments relevant to the remote sensing of sea ice,

along with their associated periods of operation.

Satellite Period of operation  Relevant instruments
NOAA series 1970- AVHRR

Nimbus 5 1973-76 ESMR

Nimbus 7 1978-87 SMMR

DMSP series 1987- SSM/T

ERS-1 1991-96 SAR, ATSR-1, RA
ERS-2 1995- SAR, ATSR-2,RA

Instrument abbreviations:

ATSR Along-Track Scanning Radiometer

AVHRR Advanced Very High Resolution Radiometer
ESMR Electrically Scanning Microwave Radiometer
RA Radar Altimeter

SAR Synthetic Aperture Radar

SMMR Scanning Multichannel Microwave Radiometer
SSM/1 Special Sensor Microwave/Imager

Table 1.3 Instruments used in the remote sensing of sea ice.

We now discuss in detail some of the applications of remote sensing data aimed at
measuring the climatologically important parameters in the Arctic Ocean specified in
table 1.2. The extent to which they meet the accuracy and resolution requirements
specified in this table will also be discussed where appropriate.

1.6.3.1 Ice extent and concentration
Passive microwave observations of sea ice have been used for a number of years in

the remote sensing of sea ice, most notably in the measurement of sea ice extent and

concentration. These instruments provide observations of surface brightness
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temperature during both night and day, and in the presence of cloud cover. The
SMMR provided complete coverage every 2 days at a resolution of 30 km (to 84°N).
In contrast, the SSM/I instruments provide daily coverage to 87°N at a resolution of
25 km, almost meeting the minimum observational requirements for ice extent and
concentration specified in table 1.2.

Ice extent mapping from passive microwave instruments relies on the high contrast
between ice and open water in both the visible and microwave frequency bands.
Several authors have reported decreases in the areal extent of sea ice in the Arctic
over the last two decades from passive microwave observations (e.g., Gloersen and
Campbell [1991]; Johannessen [1995]). Most recently, a decrease in extent of 2.9
0.4% was observed between November 1978 and December 1996 by Cavalieri et al.
[1997]. Using the same observational technique, Parkinson [1992] observed a
shortening in the sea ice season in much of the eastern Arctic between 1979 and 1986.

Cavalieri et al. [1984] used data from the dual-polarised multispectral SMMR
instrument to estimate ice concentration with a precision of 5-9%, the lower end of
which satisfies the accuracy requirements specified in table 1.2. Discrimination
between first-year and multiyear ice was also shown to be possible, and the precision
of the multiyear ice fraction was estimated to be in the range 13-25%.

Infra-red observations from either the AVHRR or ATSR instruments can also be used
to study ice extent and concentration at a much higher resolution (1 km), but with the
restrictions imposed by cloud cover. SAR can provide ice extent information at an
even higher resolution (30 m) even in the presence of cloud cover, but at the expense
of a much greater data volume and limited coverage. Radar altimetry has also been
used to map ice extent, both in the Antarctic using Geosat [Laxon, 1990] and the
Arctic using ERS-1 [Laxon, 1994b). ‘

1.6.3.2 ‘Ice motion

Estimates of ice motion are possible from satellite imagery, using sophisticated
algorithms to track the movement of distinguishable features in the ice cover over a
sequence of images. Passive microwave, SAR and AVHRR observations can all be
used for this purpose, and the results assessed by comparison with the ice motion
derived from buoys. Kwok et al. [1998] used passive microwave observations to track
ice every 3 days in the Arctic Ocean and daily in the Fram Strait and Baffin Bay
between October 1992 and May 1993. The results were compared with buoy- and
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SAR-derived ice motions, to give an estimate of the uncertainties in the mean
displacement vectors of between 5 and 10 km.

1.6.3.3 Ice thickness

The concept of using spaceborne passive and active microwave instruments to infer
ice thickness from the surface texture and scattering characteristics is a relatively
recent development. Comiso et al. [1991] showed that a positive correlation exists
between SAR backscatter and ice elevation, suggesting that such observations could
be used to infer ice thickness. As indicated by Wadhams [1995], further advances in
this technique requires extensive validation. By combining surface temperatures from
AVHRR with a thermodynamic ice growth model, Yu and Rothrock [1996] showed
that the thickness of thin ice (less than 1 m thick) could be estimated, with an
uncertainty of roughly 50%. The uncertainty in the cumulative thickness distribution
was found to be considerably lower (3% for ice less than 20 cm thick, and 9% for ice
around 1 m thick).

Comiso et al. [1991] used airborne laser profilometry to measure ice freeboard, and
combined the measurements with coincident submarine observations of ice draft to
deduce a relationship between ice draft and freeboard. This demonstrated that ice
thickness could be estimated from airborne or spaceborne measurements of freeboard.
One of the earliest attempts at using spaceborne altimetry to estimate ice freeboard
was performed by Stanley et al. [1979]. They used data from the Geos-3 altimeter to
estimate what they thought was ice freeboard. However, for a number of technical
reasons, their results are now known to be fallacious. It may also be possible to use
satellite laser altimetry from future missions to measure ice freeboard, although

technical limitations and the presence of cloud cover could restrict its use.
1.6.3.4 Ice albedo and surface melting

Lindsay and Rothrock [1994] used AVHRR data to estimate the albedos of 145 square
cells of side 200 km in the Arctic. They observed a reduction in the monthly averages
of albedo in the central Arctic from 0.76 in April to 0.47 in August, equivalent to a
decrease of about 30%. Monthly averages of the standard deviations of albedo within
each cell in the same region were found to be 0.04 in April and 0.06 in September.

Using passive microwave imagery from the SMMR and SSM/I instruments, Smith

[1998] observed an increase in the length of the melt season of perennial Arctic sea
ice between 1979 and 1996, equal to 5.3 days (8%) per decade in the number of melt
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days per summer. Use of these instruments for the detection of surface melting allows

both the spatial and temporal resolution requirements of ICEX to be met.

1.6.4 In situ observations of sea ice

The discussion in this section concerns the use of in situ techniques to measure sea ice
draft and thickness in the Arctic. Wadhams [1995] provides an excellent overview of
the current state of our knowledge of sea ice thickness, and the techniques currently at
our disposal for the measurement of this important parameter. A number of in situ
and airborne techniques have been employed for the measurement of sea ice
thickness. These include upward-looking sonar measurements of ice draft from both
submarines and moored buoys, measurements of freeboard from airborne laser

profilometry, and direct measurements of thickness from drillings.

The majority of current ice thickness distribution data in the Arctic originates from
the many submarine upward-looking sonar measurements which have been made over
the past 40 years (e.g., McLaren [1989]; Bourke and McLaren [1992]; Wadhams
[1992]; Eicken et al. [1995]). The advantage of this technique is its high accuracy,
but its poor spatial sampling and lack of repeat-track profiling for the study of climate
related trends are significant disadvantages. Wadhams [1997] estimated a standard
error in this technique of 12.75% of the mean for climate-related comparisons of data
sets from different years at the same location.

The problems associated with the poor temporal sampling of submarine ULS draft
measurements were highlighted by Wadhams [1990], who observed a significant
decrease in mean ice thickness between two submarine cruises north of Greenland in
1976 and 1987. A decrease in ice volume of 15% over an area of 300,000 km? was
estimated, but it was unclear whether this decrease constituted a real trend in the
thickness of the ice cover, or was simply a result of the natural inter-annual
variability. Similarly, McLaren et al. [1994] observed a large inter-annual variability
in ice thickness over the North Pole, which was sufficiently large to obscure any
potential trend. They pointed out that too little is known about the natural variability
of ice thickness to draw any conclusions about climate-induced changes based on a
few ice draft measurements. Estimates of ice thickness from remote sensing
platforms are clearly the only way in which the observational requirements specified
by both ICEX and ACSYS can ever be realised.

More recently, upward-looking sonar measurements from moored buoys have been

used to study ice thickness trends, mostly in Fram Strait through which the majority
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of ice is exported out of the Arctic. Vinje et al. [1998] used this method to study ice
thickness trends and distributions over a six year period. As for the submarine ULS
observations, this method is quite accurate, but has the additional advantage that
measurements of ice thickness can be made every few minutes at the same location,
allowing the generation of long time series of data. Finally, drilling is the most
accurate method of ice thickness determination, but is slow and the spatial sampling is
very poor (e.g., Bourke and Paquette [1989]).

1.7 Summary

. The Arctic is an important component in the global climate system for two
main reasons. Firstly, it exerts a significant influence on the large-scale
thermohaline circulation of the world ocean through the export of
freshwater via the East Greenland Current. Secondly, sea ice acts as a
significant barrier to the sensible and latent heat fluxes between the upper
ocean and atmosphere. Sea ice cover also affects climate through the
positive ice albedo feedback mechanism which acts to amplify the effect
of warming in the Arctic.

. Large-scale observations of the Arctic Ocean are lacking which are crucial

for understanding the strength and variability of the circulation.

. It is widely agreed that more realistic sea ice and ocean models are
required in order to constrain the response of sea ice to perturbations in
climate. It has been suggested that uncertainties in ice models can be
reduced by initialising them with realistic ice thicknesses, forcing them
with accurate forcing fields and comparing the predictions of ice thickness
with observations.

. A variety of in situ, airborne and spaceborne are currently in use for
monitoring sea ice parameters of importance in monitoring the Arctic
climate system, in particular ice extent and thickness. Remote sensing
techniques have also been developed which can accurately measure ice
motion, ice albedo and surface melting. Although attempts have been
made to use spaceborne observations to estimate ice thickness, none have
been proven to have the capability to accurately estimate this parameter
over the range of thicknesses of interest.

39



Our knowledge of ice thickness in the Arctic originates mainly from in
situ observations of ice draft from submarine ULS instruments. However,
the techniques currently used fail to meet both the minimum spatial and
temporal resolution requirements specified by both ICEX and ACSYS.
Spaceborne observations are the only way in which these requirements

can be met.
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Chapter 2 Geophysical applications of satellite radar altimetry

2.0 Introduction

In the last chapter, we stated that the main aim of the work presented in this thesis is
to exploit the use of satellite radar altimetry in the Arctic for the purposes of
measuring parameters of fundamental importance to the study of the climate system.
We begin this chapter by discussing the concept of satellite altimetry, and the
information which it can provide about the sea surface, in particular sea surface
elevation. The connection between the sea surface topography and ocean currents is
then made, which has been utilised to study current systems on a variety of spatial and
temporal scales. Some examples of the results obtained from past and present
altimeter missions will follow, including the development of ocean tide models and
ocean general circulation model validation. Koblinsky et al. [1992] and Fu and
Cheney [1995] provide excellent reviews of the past achievements of satellite
altimetry, some of which will be discussed in this chapter.

We then move on to discuss the exploitation of altimeter data in the Arctic for both
oceanographic and non-oceanographic applications. Existing non-oceanographic
applications in the Arctic Ocean will be discussed, focusing on the measurement of
gravity anomalies [Laxon and McAdoo, 1994; Laxon and McAdoo, 1998] and
techniques to measure ice extent using altimetry [Laxon, 1994b]. We also look at the
potential of using this technique to measure ice freeboard, and hence to determine ice

thickness, which will form one of the crucial results of this thesis.

Some of the background and justification of the other results presented in this thesis
are also discussed, including studies of the ocean circulation, the development of an
ocean tide model, and the comparison of altimeter observations with ocean model
predictions. These results were achieved by studying the time-varying component of
sea surface height. Previous studies, such as the measurement of gravity anomalies,
are dependent only on observations of the time-invariant or static sea surface height
signal.

41



2.1 Fundamental principles of altimetry

2.1.1 The concept of altimetry

When operating over the open ocean, a radar altimeter provides measurements of
three geophysical quantities: mean sea surface height, ocean wave height and wind
speed. It is the first of these which will be of most interest to us in this work.
Measurements of sea surface topography are of great interest to oceanographers
because of the many different physical processes which cause it to change continually,
including tides, large-scale phenomena (e.g., the Gulf Stream) and smaller scale
features, such as the eddies shed by the large Agulhas current system. The connection
between ocean currents and sea surface topography is a consequence of the
geostrophic balance, relating surface velocity, v,, to surface height gradients:

y == — 2.1

where z is the vertical displacement (i.e. the topography), g is the acceleration due to
gravity, and f =2Qsin@ is the Coriolis parameter (€2 is equal to the rotation rate of
the Earth, and 8 is the latitude). For a more detailed description of the way in which
sea surface topography is related to ocean current systems, the reader is referred to
Calman [1987] and Zlotnicki [1993].

Specific technical details of the way in which the altimeter system measures sea
surface elevation will be left to chapter 3. The purpose of this section is to provide a
conceptual overview of the altimeter measurement system, represented schematically
in figure 2.1.

The geoid is an equipotential of the Earth's gravity field, and is the shape that a
motionless uniform ocean on a rotating Earth would conform to. H, (the departure of
the geoid from the Earth's reference ellipsoid) varies globally between approximately
-105 and +83 m. This departure is well known at very long wavelengths (above about
2500 km), but contains large uncertainties at shorter wavelengths [Nerem et al.,
1994]. zis the difference between the heights of the instantaneous sea surface and the
geoid above the reference ellipsoid, and is the dynamic topography caused by the
movement of water. This dynamic topography generally has a magnitude of less than
1 m.
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Phenomenon Vertical range Spatial scale Time period

(cm) (km) days
Ocean gyres
- mean 100 > 1000
- variability 10 > 1000 > 300
Mesoscale eddies 25 5- 50t 20 - 150¢
Western boundary currents
- mean 100 100
- meanders, variability 100 100 > 10
Eastern boundary currents
- mean 20 500
- meanders, variability 10 500 > 10
Equatorial currents
- mean 20 > 500
- meanders, variability 10 > 500 > 50
El Nifio response of
Equatorial sea level 20 > 500 = 1000

¥ The scale of mesoscale eddies is comparable to that of the local radius of deformation, which in the Arctic is
between 5 and 10 km [Maslowski et al., 1998).

¥ This definition of the mesoscale was taken from that of McClean et al. [1997].

Table 2.1 Typical vertical ranges of some oceanographic phenomena, and their
associated spatial and temporal scales (adapted from Koblinsky et al. [1992]).

2.1.2 Corrections in altimeter data processing
In order to make sensible surface elevation measurements from altimetry, it is

necessary to make several further corrections to the raw altimeter ranges, H,. These
can basically be divided up into four categories [Cudlip et al., 1994]:

44



(1) Instrument corrections: internal and external calibration corrections
ground calibration corrections, processing delay corrections.

(ii) Satellite corrections: Doppler range correction, addition of offset between
the satellite's centre of gravity and the antenna, corrections to the satellite's
orbital position.

(iii) Atmospheric corrections: Required to account for the time delay caused
by the transmission of microwaves through the troposphere and the
ionosphere.

(iv) Surface corrections: These are primarily required to account for the effects
of the ocean tides, ocean loading tides and Earth tides on the surface
elevation. A correction is also applied which takes account of the

atmospheric pressure loading, or inverted barometer effect.

The focus of this discussion will mainly be on the geophysical range corrections, and
where possible, their accuracy in the Arctic region. For a more detailed description of
the technical instrument and satellite corrections, the reader is referred to Cudlip et al.
[1994]. It should also be noted that the sea state bias correction (discussed in section
4.1) will not be applied in this work. This effect is likely to be small in the Arctic due
to the absence of rough sea surfaces.

2.1.2.1 Satellite orbital position

The satellite orbital position is calculated by interpolating the orbits provided by the
Delft University of Technology [Scharroo and Visser, 1998]. These orbits are
computed from the Delft Gravity Model E04 (DGM-E04), which has been derived by
tailoring the Joint Gravity Model 3 (JGM 3) [Tapley et al., 1996] for the ERS-1 and 2
orbital plane. Scharroo and Visser [1998] estimate that the radial rms accuracy of
these orbits is 5 cm for the ice-free global ocean. In the Arctic, where very little
tracking data is available, it is likely that this error is slightly higher, and we assume
that the errors in the Arctic gravity model will reduce the accuracy of the gravitational
components of orbit error by a factor of 1.5 (R. Scharroo, personal communication).
This leads to an overall estimated radial accuracy in the Arctic of 6.5 cm (this is
discussed further in section 4.5.3).

2.1.2.2 Atmospheric corrections
The ionospheric correction requires the calculation of the total electron content along

the path taken by the radar signal, and is based on the International Reference
Ionosphere (1994). Mean values of this correction are small at the poles (between 1
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and 2 cm) compared with the tropics [Zlotnicki, 1994]. The variable nature of the
coupling between the solar winds and the magnetosphere results in unpredictable
variations in the electron content on timescales ranging from a few hours to several
days. As a result, variations in the electron content of up to 50% about the monthly
mean value are possible [Cudlip et al., 1994]. The linear relationship between the
total electron content and the ionospheric range correction means that this

unpredictability could result in errors of up to 1 cm in the Arctic.

Correction for the time delay introduced by propagation through the troposphere is
divided into two categories: (i) correction due to the "dry" troposphere (the effect of
non-polar gases, such as oxygen and nitrogen), and (ii) correction due to the "wet"
troposphere (the effect of polar gases, mainly water vapour). The two corrections are
computed by temporal and spatial interpolation of 6-hourly ECMWF surface pressure,
humidity and temperature grids. Values for the dry correction are typically around
220 cm at the poles, and less than 10 cm for the wet correction, both of which are less
than the réspective values at lower latitudes [Zlotnicki, 1994]. The errors associated
with the dry and wet corrections have been estimated to be +5.6 mm and 48 mm
respectively in the Northern Hemisphere [Cudlip et al., 1994]. These errors could be
even higher in the Arctic, due to the paucity of meteorological data.

Globally, the dry tropospheric correction has an average of about 230 cm, comparable
to the value at the poles. Taking into account the paucity of meteorological data in
the Arctic as compared with the other major oceans, we estimate an error of £1 cm for
this correction. However, the mean global wet tropospheric correction is around 30
cm, considerably higher than that in the Arctic, and we therefore assume that the
associated errors scale in a similar manner. This leads to an estimated error in the
Arctic of £1.6 cm.

2.1.2.3 Tidal corrections

One of the largest oceanographic signals is that due to the ocean tides. For studies of
the ocean circulation, this component is considered as noise, and is generally removed
using an appropriate model. Several ocean tide models are available, constructed
using a variety of techniques. For a comprehensive summary of models used in
altimetry, the reader is referred to Andersen et al. [1995] and Shum et al. [1997]. The
vast majority of these models have been developed with the use of
TOPEX/POSEIDON altimetry data, and are therefore confined to the latitudinal limit
of this mission (£66°). Global accuracies of the latest models are in the range 2-3 cm.
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From the point of view of Arctic altimetry, a global or regional model must be used.
In this work, the FES95.2.1 global tide model of Le Provost et al. [1998] will be used.
This is a finite element hydrodynamic model which includes data assimilation from
the altimeter-derived CSR2.0 model. Eight major tidal constituents are solved for in
the model: K;, O,, Q,, M,, S,, N,, K, and 2N,, and a further 18 constituents are
inferred by admittance. This model also includes a new set of solutions for the Arctic
Ocean produced by Lyard [1997].

To give an indication of the differences between current tide models in the Arctic
Ocean, the FES95.2.1 model will be compared with two other models: the CSR3.0
tide model of the University of Texas [Eanes, 1994] and a regional Arctic Ocean tide
solution from the University of Alaska, Fairbanks (UAF) [Kowalik and Proshutinsky,
1994]. The former is based on the orthotide approach, which is described in detail in
chapter 5. It is derived from TOPEX/POSEIDON altimeter data between +66°
latitude, Geosat data between 66° and 72°, and the older Schwiderski hydrodynamic
model outside 72° latitude.

The UAF model is a high resolution (14 km) hydrodynamic model, using data from
more than 300 tide stations and 400 Geosat altimetry measurements as boundary
conditions. It solves for the K,, O,, Q;, M,, S,, N,, K, and P, tidal constituents
between 62°N and 90°N. Figure 2.2 shows the vector differences (the largest possible
differences) for the M, constituent of the FES95.2.1 and CSR3.0 models, and the
FES95.2.1 and UAF models in the Arctic. It indicates large differences between the
individual models, which are most apparent in the shallow water regions where storm
surges and tide signals not accounted for by the models are most likely to occur. On
the basis of similar comparisons performed in section 5.4.1, we will adopt an error of
6 cm for the ocean tide correction in the Arctic.

A correction is also applied to the sea surface heights to take account of the long
period equilibrium tides. This is estimated from fifteen tidal spectral lines from the
Cartwright-Tayler-Edden tables [Cartwright and Tayler, 1971; Cartwright and
Edden, 1973], and includes the effects of the S, MS,, M,,, M;, MS; and M, tidal
constituents.

The movement of water due to tidal motion creates pressure on the sea bed itself, an
effect called the ocean loading tide. For this work, the correction was calculated from
the University of Texas Centre for Space Research model, CSR3.0. The magnitude of
this correction is typically less than 10 cm, with an accuracy of better than 1 cm
[Cudlip et al., 1994].
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where r,,, is the dry tropospheric range correction (in mm) and ¢ is the latitude. The

IB correction, r;; (in mm), is then computed using the expression given in equation
2.3 [CERSAT, 1995].

ry =—9.948(p, —1013.25) 2.3

For the regions poleward of 30 degrees, Fu and Pihos [1994] showed that the
regression coefficient is -0.96£0.32 cm/mbar after the effect of wind forcing has been
accounted for. In the tropics, the sea level responds primarily to remote wind forcing,

leading to a departure from the IB approximation.
2.1.3 Past, present and future altimeter missions

The first spaceborne altimeter was flown aboard Skylab in 1973. It was a relatively
crude instrument, designed to assess the performance and potential of a spaceborne
altimeter for oceanographic applications. The altimeter itself had a precision of
around 1 m, but with orbit errors exceeding 10 m [Fu et al., 1988]. After the removal
of a large component of this orbit error, it was just possible to resolve the sea surface
slope across the Gulf Stream. Of the altimeters currently in operation,
TOPEX/POSEIDON is by far the most accurate. Early assessments of its radial orbit
accuracy were in the range 5 to 10 cm [Stammer and Wunsch, 1994], but more recent
estimates place the accuracy at around 3-4 cm. Due to improvements in the orbit
determination of the ERS satellites, Scharroo and Visser [1998] estimate the total
error budget for the ERS altimeters at between 6 and 7 cm, within that of the original
TOPEX/POSEIDON specification. Table 2.2 describes the spaceborne altimeter
missions flown to date, and future missions which are either proposed or under
development.

Figure 2.3 shows the timescale for these altimeter missions, and their latitudinal
coverage in the northern hemisphere. These missions have provided a continuous
stream of information since the launch of ERS-1 in 1991, and with the JASON-1 and
ENVISAT-1 systems currently under development, this continuity should extend well
into the next decade. Such uninterrupted coverage is crucial for both oceanographic
and non-oceanographic applications, and for studying the evolution of the global
climate system.

49



0s

Mission Dates Agency Orbit Orbit Repeat Instrument Radial orbit
‘ ’ altitude (km) inclination period (days) noise (cm) accuracy (cm

Skylab S193 1973 NASA 435 130° non-repeat > 100 > 1000
Geos-3 1975-78 NASA 840 115° non-repeat, 38 60 100
Seasat 1978 NASA 800 108° 3,17 10 50
Geosat 1985-89  US Navy 800 108° non-repeat, 17 4 8
ERS-1 1991-96  ESA 785 98.5° 3,35, 168 4 6-7
TOPEX/POSEIDON 1992- NASA/CNES 1335 114° 10 2 3
ERS-2 1995- ESA 785 98.5° 35 4 6-7
GFO-1 1998- US Navy 800 108° 17 4 8
ENVISAT-1 2000- ESA 785 98.5° 35 2 4
Jason-1 2000- NASA/CNES 1335 114° 10 2 2
GFO-2 2000- US Navy 800 108° 17 3 3-4
GLAS (laser altimeter) 2001- NASA 705 94° 183 <2 5
Jason-2 2004- NASA/CNES 1335 114° 10 <2 <2

Table 2.2 Past, present and future spaceborne altimeter missions.
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2.2 Oceanographic applications of altimetry

2.2.1 Studies of mesoscale ocean processes

The mesoscale or "eddy-containing” band is generally defined as encompassing
oceanographic phenomena with spatial scales of between 50 and 500 km, and having
periods of between 20 and 150 days [McClean et al., 1997], although the upper limit
of the spatial scales is extended to 1000 km by some authors [Fu and Cheney, 1995].
The largest errors in the altimeter measurement system, most notably due to poor orbit
determination, are generally greater than 1000 km, making studies of the mesoscale
less prone to error. This meant that even the relatively crude early altimeters such as
Geos-3 and Seasat were able to study mesoscale signals with remarkable success.

Cheney et al. [1983] used collinear repeat tracks of Seasat data to remove the time-
invariant geoid in order to study the sea surface height variability associated with
dynamic oceanographic phenomena. Long wavelength orbit and tide model errors
were removed by removing linear trends from individual tracks of altimeter data.
They found that the meanders and eddies associated with major current systems
resulted in high sea surface height variability. Low variability (< 5 cm) was found to
dominate over 70% of the observed global ocean. Menard [1983] used Seasat data to
compute the variability of geostrophic velocities from along-track sea surface height
slopes, in order to estimate eddy kinetic energy. High eddy kinetic energy was found
to be associated with the Gulf Stream and the Kuroshio.

Fu et al. [1987] used data from the Geos-3 altimeter to study the seasonal variability
of the Gulf Stream. Time series of sea level variations were constructed at crossover
locations (where the ascending and descending satellite ground-tracks intersect) to

reveal a pronounced seasonal variability.

Similar methods have been employed for studies of ocean variability and eddy kinetic
energy using the more recent altimeters, Geosat [Sandwell and Zhang, 1989], ERS-1
[Heywood et al., 1994] and TOPEX/POSEIDON [McClean et al., 1997].

2.2.2 Observations of large-scale ocean circulation
The large-scale generally refers to length scales greater than 1000 km, which was the
arbitrarily defined upper limit of the mesoscale [Fu and Cheney, 1995]. At these

longer wavelengths, errors due to poor orbit determination, tide models, and

propagation delay corrections, begin to dominate. The signal to noise ratio

52



consequently becomes smaller for all altimeter systems except for
TOPEX/POSEIDON, although recent improvements in the orbits for ERS-1 and 2 due
to Scharroo and Visser [1998] have made large-scale circulation studies with these
instruments a possibility.

With the advent of TOPEX/POSEIDON, it is now possible to study the general ocean
circulation through direct measurements of the time invariant dynamic topography
[Nerem et al., 1994, Stammer and Wunsch, 1994; Tapley et al., 1994]. However, the
geoidal variations are poorly known at wavelengths below about 2500 km [Nerem et
al., 1994], which results in a contamination of the time invariant dynamic topography
at wavelengths shorter than this.

It was possible to study large-scale variations from earlier, less accurate missions,
with a careful treatment of orbit error. For example, Chelton et al. [1990] studied the
large-scale circulation;of the Southern Ocean, extracting estimates of the semiannual,
annual and inter-annual signal. This revealed the generally regional nature of sea
level variability in the Southern Ocean.

Several authors have also used altimetry to estimate variations in mean sea level.
Minster et al. [1995] used TOPEX/POSEIDON to determine a mean sea level rise in
the northern hemisphere of 4.2 + 2.5 mm/yr, with a corresponding value of 3.7 £ 1.9
mm/yr in the southern hemisphere. A global value of 5.8 £ 0.7 mm/yr was

determined by Nerem [1995] using the same instrument.
2.2.3 Validation of ocean general circulation models

With the revolutionary advances in computing capability over the last decade, it is
now possible to run numerical high-resolution ocean general circulation models
globally in a realistic configuration with realistic surface forcing. Examples are the
Parallel Ocean Climate Model (POCM) of Semtner and Chervin [1992] and the Ocean
Circulation and Climate Advanced Modelling Project (OCCAM) of Webb et al.
[1998] both with resolutions of 1/4°, and the Parallel Ocean Program (POP) of
Dukowicz and Smith [1994], with its resolution of 1/6°. Stringent model-data
comparisons are a necessary first step in order to fully use the model results in
understanding ocean general circulation, and to combine observations with models
[Stammer et al., 1996].

Fu and Smith [1996] used TOPEX/POSEIDON observations of sea surface height to
compare the mean dynamic topography, the sea surface height variability and the
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annual and inter-annual signals with the predictions of the POP global model. They
found that the sea level variance predicted by the model is generally a factor of 2
lower than observed. A higher spatial resolution was deemed to be necessary in order

to fully resolve the mesoscale eddies.

Stammer et al. [1996] compared the predications of the POCM model with
TOPEX/POSEIDON observations from the same period, and found that the simulated
amplitudes of sea surface height variability were lower than the observations by a
factor of 2 to 4 over a broad spectral range. In a similar analysis, McClean et al.
[1997] found that the POCM and POP models explained 50% and 60% respectively
of the global sea surface height variability. They concluded that the lower energy

content of the POCM model was a consequence of the lower resolution.
2.2.4 Development of ocean tide models

The availability of precise sea surface height measurements from
TOPEX/POSEIDON, along with major developments in numerical tide modelling and
data assimilation, has resulted in the generation of a significant number of new global
ocean tide models. Since 1994, over 20 new models have been developed, some of
which are assessed and intercompared by Andersen et al. [1995] and Shum et al.
[1997]. The tests performed by Shum et al. [1997] indicate that the models agree
within 2 to 3 cm in the deep ocean, and provide a significant improvement over the
classical model of Schwiderski [1980] by around 5 cm rms. These models can be
used to remove the ocean tide signals from altimeter measurements, allowing
improved estimates of dynamic topography and ocean variability to be made.
Significant differences between models are however found in shallow waters,

highlighting the problems in accurate tide prediction in those areas.

Two methods are available for the analysis of tides using altimeter data: the classical
harmonic analysis, and the more recently developed response analysis, both of which
are discussed in chapter 5. Cartwright and Ray [1990] used Geosat data to derive
estimates of the diurnal and semidiurnal ocean tides, resulting in a near-global ocean
tide model. Their use of the response analysis approach ensured a complete definition

of the diurnal and semidiurnal species.

Since the ERS-1 and 2 orbits are Sun synchronous, the response analysis approach
must be used to estimate ocean tides from these missions. Andersen [1994] used this
technique to successfully extract the semidiurnal and diurnal tidal constituents from
ERS-1 data in the northern North Atlantic and adjacent seas. In a global ocean tide
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model, Andersen [1995] combined ERS-1 with TOPEX/POSEIDON data to yield
improvements over previous models developed solely from TOPEX/POSEIDON
data. The increased density of ERS-1 ground-tracks resulted in a higher spatial
resolution for the combined model, which is particularly important in coastal regions
where smaller scale tidal effects are usually present.

2.3 Exploitation of satellite altimetry in the Arctic Ocean

2.3.1 Measurement of gravity anomalies

As discussed in section 2.1.1, the fundamental measurement obtained from satellite
altimetry is the sea surface topography, which contains contributions from various
ocean circulation phenomena, as well as from the marine geoid. The marine geoid is
the dominant contributor to the sea surface height at all wavelengths, and therefore
altimetric measurements contain geoid, and hence gravity field information across the
spectrum. Long wavelength variations include information about mass anomalies in
the Earth's mantle and crust, whereas shorter wavelength variations (< 300 km) reflect
shallow structure and sea floor bathymetry.

A study of the Earth's gravity field can, by inverse methods, provide an insight into
the density variations of the Earth's interior, and hence into its internal structure.
Unique insights into mechanical properties of the lithosphere, convective processes in
the mantle and plate tectonics can also be provided by precise gravity field
information. In order to delineate features such as spreading zones and subduction
zones, very high resolution gravity fields are required, down to wavelengths of a few
tens of kilometres.

A dramatic improvement in our knowledge of the shorter wavelength geoid features
came with the launch of Geosat in 1985. Sandwell and McAdoo [1990] conducted an
in-depth study into the accuracy and resolution of Geosat altimeter-derived gravity
fields, and deduced that over most ocean areas, the uncertainty in the along-track
gravity disturbance was as low as 1 mgal, with a resolution limit of about 20 km.
However, in areas of seasonal ice coverage, the uncertainty could exceed 5 mgal, due
to the lower number of repeat cycles available during the winter months.

Altimeter data acquired over sea ice-covered areas are usually edited out in altimetric

studies of the oceans and geoid, because of the problems associated with the
instrument's response to the specular radar reflections from the surface. These
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2.3.2 Ocean circulation studies and model validation

In chapter 1, we highlighted the importance of the Arctic Ocean in the global climate
system. It follows therefore that in order to study the contribution of this region to the
climate system, detailed observations of the ocean circulation and its variability are
required. As part of the ACSYS programme, JSC Study Group on ACSYS [1992]
specified that a major expansion of the Arctic Ocean data base and the development
of realistic ocean circulation models should be a high priority. They stressed the
importance of being able to describe the principal time-dependent variations, and to

determine the exchanges and associated variabilities across major lateral boundaries.

At present, there is no published work describing observations of sea surface height
from satellite altimetry in ice-covered regions of the Arctic Ocean. In this thesis, we
aim to further understand and explain the origins of the radar echoes found in
altimeter data in these regions, and in particular to isolate echoes dominated by
returns from sea level. From this data, it may then be possible to determine the
mesoscale and large-scale variability of the Arctic circulation on seasonal and inter-
annual timescales, as well as eddy kinetic energy for comparison with existing in situ
observations, such as those by Manley and Hunkins [1985]. These observations can
then be compared with high resolution ocean general circulation models of the Arctic,
such as those by Maslowski et al. [1998] and Webb et al. [1998], in order to assess

their energy content and the realism of their predictions.

A necessary precursor to this study is to develop an empirical tide model of the Arctic
Ocean. The purpose of this is twofold: firstly, it is possible that existing ocean tide
models in the Arctic can be modified in order to improve the geophysical correction
for altimetry, and secondly, to assess the performance of existing tide models in the

deep ocean where no other in situ validation is available.
2.3.3 Ice extent and freeboard determination

By making use of the different backscattering characteristics of radar over sea ice and
open ocean, Laxon [1990] was able to map ice extent in near-real time for operational
applications. Comparisons with the more traditional passive microwave observations
showed good agreement. It was also found that the altimeter data could be used to
identify areas where weather effects can lead to the erroneous identification of sea ice

by passive microwave instruments.
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The idea of using altimeter observations to determine ice freeboard is not new - it was
first attempted by Stanley et al. [1979] using data from the Geos-3 altimeter. We now
know that these measurements were flawed for a number of reasons. Fetterer et al.,
[1992] suggested that by differentiating between radar echoes from sea level and ice
floe surfaces, the determination of ice freeboard from altimetry may be possible. In
this thesis, we aim to use data from the ERS-1 and 2 altimeters to directly measure ice
freeboard, from which ice thickness can be estimated.

We have already discussed the importance of Arctic sea ice in the global climate
system. The ability to monitor ice thickness with adequate spatial and temporal
resolution is crucial for a number of reasons: firstly, changes in ice thickness are an
important indicator of global climate change [Wadhams, 1995]; secondly, the
thickness of ice exported out of the Arctic Ocean through Fram Strait determines the
total freshwater input into the Greenland Sea; thirdly, the ice thickness predictions of
current sea ice models, such as those by Zhang et al. [1998] and Harder et al. [1998],
can be compared with observations; and finally, realistic ice thickness fields can be
used to initialise ice models, in order to reduce uncertainties [JSC Study Group on
ACSYS, 1992].

2.4 Summary and aims of this study

An altimeter measures mean sea surface elevation, which is intimately

linked to ocean circulation as a consequence of the geostrophic balance.

. Geophysical corrections are an important part of altimeter data processing.
Uncertainties in the Arctic, particularly in the meteorological data used to
derive the propagation delay corrections, result in larger measurement

errors than over the remainder of the global ocean.

. Altimetry has been used in studies of mesoscale ocean circulation and its
variability, large-scale circulation and its variability on seasonal and inter-

annual timescales, and global mean sea level changes.

. The validation of ocean general circulation models is another important
application in the absence of any other large-scale observations. The
development and validation of tide models has also been successfully
demonstrated through the use of altimetry.
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. Altimetry can also be used to measure gravity anomalies. This has been
demonstrated in the Arctic, in the presence of sea ice, to delineate an

extinct spreading centre in the Canada Basin.

. The measurement of sea ice extent using altimetry has also been
successfully demonstrated in the Arctic, giving results comparable to
those from passive microwave observations. Attempts have also been
made to use altimetry to measure sea ice thickness, which we now know
to be flawed.

The main aims of the work presented in this thesis can be summarised as follows:

. to further understand and explain the origins of radar echoes found in
altimeter data in sea ice-covered regions, and in particular to isolate
echoes dominated by returns from sea level.

. to improve the existing altimeter data processing techniques required in
the presence of sea ice, and to understand the response of the altimeter to
radar echoes in these ice regimes.

. to accurately map the mean sea surface of the Arctic Ocean.

. to use sea surface height residuals to explore the feasibility of mapping

ocean variability in the Arctic.

. to investigate the possibility of using altimetry to measure sea ice

elevation, from which ice thickness can be deduced.
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Chapter 3 The ERS-1 and 2 radar altimeter systems

3.0 Introduction

In chapter 2, we introduced the concept of satellite radar altimetry, and briefly
mentioned the geophysical information which it can provide about the sea surface, in
particular mean sea surface elevation. The purpose of this chapter is to present a
detailed overview of the principles of altimetry, including the transmission and
reception of radar echoes by the altimeter, and the subsequent processing which is
performed by the instrument.

We begin with an overview of the ERS-1 and 2 missions, and their associated sea
surface sampling strategies. Following on from -a description of some of the
fundamental principles of satellite altimetry, the design and performance of the ERS
altimeters will be studied in detail. The chapter concludes with a brief description of
the data products used in this study.

3.1 Overview of the ERS missions

The ERS-1 satellite was launched by Ariane 4 on 17 July 1991 into a near-circular,
Sun synchronous orbit at 98.5° inclination and an altitude of between 782 and 785 km
[ESA/Earthnet, 1992]. It provided coverage up to about £81.5° latitude for the first
time, which encompasses the entire Southern Ocean and a significant proportion of
the Arctic Ocean. Up until the launch of ERS-1, the most extensive latitudinal
coverage of any altimeter data set was provided by Seasat (1978) and Geosat (1985-
1989), both of which operated between -72° and +72°. During the course of its
lifetime, ERS-1 operated in seven different phases. For the reasons discussed in
section 3.3.5, only data acquired after 17 June 1993 will be used in the work presented
here.

ERS-2 was launched on 21 April 1995, into the same orbital plane as ERS-1. It
follows the ERS-1 satellite with a time lag of 32 minutes along the same orbital path,
thereby acquiring data along the same ground track 1 day after ERS-1. ERS-2 will
remain in this 35 day repeat configuration for the entirety of its lifetime. Figure 3.1
shows schematically the ERS-1 and 2 mission configurations, along with that of
ENVISAT-1 which will carry the RA-2 altimeter.
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Figure 3.2 shows the geometry for pulse-limited operation over a calm sea surface
with a transmitted pulse of duration 7. The leading edge of the pulse reaches the sea
surface at a time f,/2 after transmission, which the altimeter observes as a time delay
of t,, taking the two-way travel time into account. After this time, the illuminated area
(which is proportional to the power received by the radar antenna) becomes a circle
that expands linearly with time, until the tail of the pulse reaches the sea surface. The
footprint at this point is referred to as the pulse-limited footprint (PLF). Following
this, the illuminated area becomes an annulus which expands outwards with time, but

which has a constant area equal to that of the PLF.

The effect of surface roughness, in the form of waves, acts to increase the footprint
area. Wave conditions are characterised by the significant wave height (SWH), which
is defined as four times the standard deviation of the probability distribution function
(pdf) of the reflecting facets on the sea surface (assumed to be Gaussian). The SWH
roughly corresponds to the crest-to-trough height of the 1/3-largest waves in the
footprint, and is given the symbol H,;. Inclusion of this term results in a pulse-

limited footprint area, Apf, of:

App =27h(cT+ H))3) 3.1

where A is the satellite altitude and c is the speed of light. For the ERS altimeters, a
calm sea results in a PLF radius of 1.2 km, and a sea for which the SWH is 20 m gives
rise to a radius of 5.7 km.

As we shall see in the next section, for a sea surface with a Gaussian height pdf, the
range to the mean sea level is determined by tracking the half-power point on the

received radar echo.
3.2.2 Pulse transmission and reception

We have already seen that the PLF area depends on the pulse duration and the SWH
within the footprint (equation 3.1). This is effectively the limit of spatial resolution of
the altimeter system, and so the area should be kept as small as possible by using a
short duration pulse. In practice, it is difficult to generate short pulses (typically
around 3 ns) with sufficient power (1.5 kW) to ensure an adequate signal-to-noise

ratio.

Instead, a pulse compression technique known as full deramp processing is used,
which transmits a relatively long (20 us), low power (50 W) pulse, known as a chirp
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pulse. This pulse is frequency coded so that after compression a short duration pulse
can be constructed. The frequency of this transmitted pulse is allowed to vary linearly
with time over a sweep period, 7, as shown in figure 3.3. For the ERS altimeters, the
sweep period or chirp length is 20 us, centred on a frequency (Fy) of 13.8 GHz, with a
bandwidth (AF) of 330 MHz or 82.5 MHz (in the high and low resolution modes

respectively).

When the echo is expected to return, at time ¢, in figure 3.3, the altimeter generates a
deramping chirp identical to the transmitted chirp but offset in frequency by an
intermediate frequency (fir), which for the ERS instruments is equal to 1.225 GHz.
This replica chirp is used in the down-conversion of the received chirp to produce a
tone at the intermediate frequency. The expected time of arrival of the next echo must
therefore be estimated by the altimeter, necessitating the use of an internal tracking

system.

After further processing (documented by Francis [1990]), the return waveform is
sampled digitally in the frequency domain, with an effective two-way travel time
resolution equal to the reciprocal of the chirp bandwidth [Chelton et al., 1989]. The
effective temporal resolution of the sampled waveforms for the ERS instruments is
therefore 3.03 ns and 12.12 ns (in the high and low resolution modes respectively),
which are also the corresponding effective pulse durations. This method therefore
allows the transmission of relatively long, low power pulses, which have the same
effect as transmitting much shorter, high power pulses.

oy A
= AF _ .
g FO“‘T' TX chirp RX chirp
o
= Fo
o
AF
F____-
2
Fo—fi +%Ii' deramping chirp
Fo— fieq
AF
Fo—le__z—'
T ) T L ’
0 T 7 4+7  Time

Figure 3.3 Full deramp processing method (from Chelton et al. [1989]).
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3.2.3 The convolutional waveform model

Some examples of sampled return waveforms obtained over different surfaces by the
ERS-1 altimeter are shown in figure 3.4. The origin of open ocean waveforms will be
considered further in this section - a similar discussion for waveforms found in sea
ice-covered regions will be left until section 4.1.

(a) (b)
(© (d
P(?) E i
E |
N ! l

t
Figure 3.4 Typical ERS-1 altimeter waveforms. These waveforms are examples of

the signals obtained over regions of (a) open ocean, (b) continental ice, (c) a mixture

of sea ice and open ocean, and (d) sea ice.

For a rough, homogeneous scattering surface comprising of a sufficiently large
number of random independent scattering elements, a mathematical representation of
the return pulse, P,(¢), is given by the convolution of three functions: the transmitted
pulse profile or system point target response (SPTR), S,(¢), the flat surface impulse
response, Pr(f), and the height probability density function of the specular points on
the surface, g(z), [Brown, 1977].

P(1)=q(2)® P () ®S,(1) 32

The height probability distribution function, g(z), depends on surface roughness, and
the flat surface impulse response, Pr(t), is dependent on the antenna pattern, the
range from the radar to any point on the scattering surface and the angular dependence
of the backscattering coefficient, 0°(6). Figure 3.5 shows the convolution of these

three functions over the open ocean, and the resulting return echo.
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From the resulting return echo in figure 3.5, it can be seen that in order to measure the
range to the mean sea surface elevation at nadir, the half-power point on the leading
edge of the waveform should be tracked. We will discuss the consequences of a non-

Gaussian, or skewed height distribution of surface scatterers briefly in section 4.1.

Brown [1977] presented a simplified analytical expression for the power received
from a homogeneous surface consisting of a sufficiently large number of independent
scattering elements. The solution is computed from the convolutional expression

given in equation 3.2, and includes the effects of antenna mispointing.

For a time delay, 720, Pr(7) is given by:

4 4c 4 JcT
PFS(T)ocexp[——sinzi,‘——fcoﬂ{j'.] (— ——sin2§] 3.3
¥ Th AN

where £ is the angle between the antenna boresight and the normal to the surface (the
antenna mispointing), 4 is the altimeter altitude, [, is a modified Bessel function and y

is:

y= —“—sinz(@’—) 3.4
nd " \2

where 0, is the antenna beamwidth. For 7<0, P (7) = Pr(0).

By assuming a Gaussian specular point height pdf, and representing the system point
target response (SPTR) by a Gaussian function, the return pulse power, P,(7), can be

estimated as:

T
P.(T) o< PFS(T)I:I + erf[ - «/5)] 3.5

where:

2
O'C= O'2+(20-S) 3.6
C

(o, is related to the system point target response (SPTR) 3dB width (7T) by
o, =0.425T, and is equal to 1.28788 ns for the ERS systems. o; is the rms height of

the specular reflectors relative to the mean sea level).
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3.2.4 Waveform averaging and tracking

For the ERS-1 and 2 systems, chirp pulses are transmitted at a frequency (the pulse
repetition frequency) of 1020 Hz. Individual echoes from the surface at this
frequency show large power fluctuations because the relative phases of the signal
reflected from each of the randomly oriented specular facets causes the summed
power to vary substantially. Letting s; represent the power in the j th waveform delay
channel, the probability distribution of this power will be given by an exponential of

the form:

1 —5;
p(s) = exp[ . ) , 3.7
<s > <s; >

[Francis et al., 1982]. In order to generate a return signal from which geophysical
information can be extracted, many waveforms are averaged together by the altimeter
producing the familiar waveforms of figure 3.4. On the ERS altimeters, the number

of waveforms averaged is 50.

In section 3.2.2, we discussed the way in which chirp pulses are transmitted by the
altimeter in order to meet the resolution requirements of the instrument, and how the
return radar echo is mixed with a local oscillator having the same chirp rate as the
transmitted pulse. In order for the system to trigger this replica chirp pulse at the
appropriate time, it must estimate the time at which the return echo is expected back
at the altimeter. This is achieved by an on-board tracking system which predicts
when the next echo is expected based on the return echo history.

3.3 The ERS tracking system

3.3.1 System overview

Under normal tracking conditions, the altimeter can operate in one of two modes
selected by macrocommand. These two modes correspond to the two resolution
modes of the instrument, high (Ocean) and low (Ice). In Ocean Mode the waveform
is sampled into 64 bins each of width 3.03 ns (equivalent to a range of 0.45 m), and is
expected to conform to the Brown model [Brown, 1977]. In Ice Mode, the bin width
is increased fourfold to 12.12 ns (1.82 m), thereby allowing tracking over land or

other non-ocean surfaces where the signal is less well defined.
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The arrival of the next echo is predicted by the Parameter Estimation Processor (PEP),
which is composed of 3 tracking loops in Ocean Mode: the height tracking loop
(HTL) which predicts the time of arrival of the next echo, the slope tracking loop
(STL) which tracks the slope of the leading edge of the waveform, and the automatic
gain control loop (AGC) which controls the gain of the receiver. Each of these loops
consists of a discriminator which produces an error signal, and a second order low-
pass filter (of the aff type). The error signals are generated by the Sub-optimal
Maximum Likelihood Estimator (SMLE) algorithm, which determines the relevant
errors with respect to an ideal echo based on the Brown model [Francis, 1990].
Figure 3.6 shows a simplified representation of the tracking system.

microwave

system
Y final down- ADC | PSA > 50 return
converted signal average
acc || HTL 4
closure closure
A
75} AGC
AGC S ) filter F discrim
- op height '
height <@— filtler € di:::%im —
SMLE A
window K 4
T antenna noise
slope - + B lg——o slope |g correction [®— estimation / fag—|
filter discrim coefficients subtraction
auxiliary
data

Figure 3.6 Simplified representation of the ERS tracking system (adapted from
Francis [1990]).

Ice Mode operates slightly differently from this, in that it tracks the centre of gravity
of the echo rather than the centre of the leading edge [Cudlip and Milnes, 1994]. It
does not make use of the STL, and the loops function with slightly different operating
parameters. However, the work presented here exclusively uses altimeter data
obtained in Ocean Mode, and so further details of the Ice Mode tracker will not be
discussed.

The selected tracking mode is either entered automatically from the corresponding
Acquisition mode, or directly by Preset Tracking. In the first case, the instrument
operating parameters are adjusted automatically to locate the surface with sufficient

accuracy to close the tracking loops. Following Acquisition mode, there is a Pull-In
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phase, nominally lasting for 5 seconds, in which the operations performed during
normal tracking are progressively started. The alternative to Acquisition mode is

Preset Tracking, for which the operating parameters are supplied by macrocommand.
3.3.2 Sampling of return signals

After the final down-conversion of the received echo, the resulting signal is digitised
by fast Analogue to Digital Converters (ADCs). A Power Spectrum Analyser (PSA)
then extracts the 64 spectral components of the sampled signal by performing a Fast
Fourier Transform (FFT). This ensemble of binned components form the range
window (figure 3.7), and it is the tracking system which works to retain the return
echoes within its confines. In this work, the range bins will be numbered from 0 to

63, with the centre of the window being located at position 31.5.

Range window

St
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0 31.5 63
T T I » Time delay (ns)
-95 0 +95
T T T » Equivalent range (m)
-14 0 +14

Figure 3.7 The ERS range window.

The resulting sampled return echoes (generated at the pulse repetition frequency of
1020 Hz) are then averaged over 50 consecutive echoes, thereby generating an
averaged waveform every 0.049 seconds. This averaging is performed by dividing
each received waveform by 50, and then accumulating in memory. This method of
averaging was selected to avoid overflow problems which could be caused by the
large amounts of speckle noise on individual waveforms. However, it does lead to a
quantisation effect in which small signals on the waveforms are suppressed, and hence

there is often no noise visible in the average waveforms. This results in a distortion at
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