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Abstract

Master of Science

Atmospheric Correction of Brightness Temperatures for Sea Ice

Concentration Retrieval using 89 GHz Algorithms

by Junshen Lu

Sea ice has large impact on climate changes. An accurate retrieval of the spatial
and temporal distribution of sea ice is thus essential to understand and predict
the weather and climate. Taking advantage of the high resolution of AMSR-E
(Advanced Microwave Scanning Radiometer - Earth Observing System) 89 GHz
channel, the ASI (Artist Sea Ice) algorithm has a higher spatial resolution, but
is more sensitive to the atmospheric impact. In this study, the influence of atmo-
spheric parameters on sea ice concentration retrieval in the Arctic is studied, and
a new version of ASI algorithm that includes atmospheric correction is developed.
The correction is carried out by simulating TB contributed by atmosphere with
a linear forward model developed for the frequencies of AMSR-E. ECMWEF data,
co-located with AMSR-E measurements, are used as the atmosphere profiles. The
included parameters are: total columnar water vapor, wind speed, liquid water
path, skin temperature and 2 meter air temperature. The combined correction of

TWV, WS, LWP and Ty, effectively screens out most atmospheric influences.


University Web Site URL Here (include http://)

Acknowledgements

First of all I would like to express my deep gratitude to Prof.Dr.Justus Notholt, and
Dr.Georg Heygster for their supervision, guidance and support during the planning
and development of this research work. I would like to say thank you to Dr.Leif
Toudal Pederson from Danish Meteorological Institute for providing me with the
validation data and radiative transfer model, and for his valuable suggestions
in evaluating atmospheric correction. I would also like to thank Dr.Christian
Melsheimer, for his help and advice in IDL programming. My grateful thanks
are also extended to all the co-workers in the PHAROS group for the amazing
working environment and their enthusiastic encouragement. I would also like to
extend my thanks to the fellow students in the PEP program for the two years of
wonderful life here in Bremen. Finally, I wish to thank my parents and friends for

their support and encouragement throughout my study.

iii



Contents

Declaration of Authorship i
Abstract ii
Acknowledgements iii
Contents iv
List of Figures vi
List of Tables vii
1 Introduction 1
1.1 The Role of Sea Ice in the Climate System . . . . . ... ... ... 1
1.2 Advantages of Passive Microwave Remote Sensing . . . . .. ... 2
1.3  Overview of Microwave Radiometers . . . . .. ... ... .. ... 3
1.4 Sea Ice Concentration Retrieval In Arctic . . . . . ... .. ... .. 4

1.5 Importance of Atmospheric Correction . . . . ... ... ... ... 5

2 Methodology 7
2.1 DataSets . .. .. . . . ... 7
2.2 Radiative Transfer Models Used For Atmospheric Correction . . . . 10
2.3 Steps of Atmospheric Correction . . . . . . . . ... ... ... ... 13
2.4 Criteria of the Atmospheric Correction Effect . . . . . ... .. .. 15
2.5 Sea Ice Retrieval Algorithms . . . . . . ... .. .. ... ... ... 15
2.5.1 Artist Sea Ice Algorithm . . . . . ... .. ... .. ... .. 16

2.5.2  NASA Team Algorithm . . . ... ... .. ... ... ... 20

2.5.3 Environment Canada Ice Concentration Extractor Algorithm 21

3 Effect of Atmospheric Correction on Brightness Temperatures 22

3.1

Distribution of Brightness Temperatures . . . . .. ... ... ... 22
3.1.1 0% Ice Concentration . . . . . . .. .. ... .. ....... 22

v



Contents v

3.1.2  100% Ice Concentration . . . . . . . .. ... ... ..... 23
3.2 Sensitivity of Brightness Temperatures to Geophysical Parameters . 24
3.2.1 0% Ice Concentration . . . . . . . ... ... .. ....... 24
3.2.2 100% Ice Concentration . . . . . . . .. ... ... ..... 30
3.3 Effect of Atmospheric Correction on Brightness Temperatures . . . 34
3.3.1 0% Ice Concentration . . . . . . ... ... ... ....... 34
3.3.2 100% Ice Concentration . . . . . .. .. ... .. .. .... 37

4 Effect of Atmospheric Correction on Retrieved Ice Concentration 47

4.1 New Tie Points . . . . . . . . .. ... ... .. ... 47
4.2  Effect of Atmospheric Correction on Retrieved Ice Concentration . . 49
4.3 Application Demonstration . . . . . . . . .. ... ... ... .. .. 54
5 Conclusion 60

Bibliography 64



List of Figures

1.1

2.1
2.2
2.3
24

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10

3.11
3.12
3.13
3.14
3.15

4.1
4.2

4.3
4.4
4.5

4.6
4.7

Emissivity of sea ice and water at AMSR-E Frequencies . . . . . . . 5
Location of 0% ice concentration validation sites. . . . . . . . . .. 8
The location of 100% ice concentration validation sites . . . . . . . 9
atmospheric correction steps . . . . .. ..o 14
ASI curve using standard tie points . . . . . .. ... ... L. 19
Histogram of the Ty, Ty and P for 0% ice before correction. . . . 23
Histogram of the Ty, Ty and P for 100% ice before correction. . 24
Sensitivity of Tzs to geophysical parameters over open water . . . . 25
Sensitivity of e to Ty . . . . . . . .. 29
Spectral variation of SST sensitivity . . . . . . . . ... .. ... .. 29
Scatter plot of T, to T, over open water . . . . . . . .. .. .. 31
Sensitivity of Tgs to geophysical parameters over ice . . . . . . . .. 33
std-Tgs before and after correction at SICO . . . . ... ... ... 35
std-Ps before and after correction at SICO . . . . . ... ... ... 37
Histogram of the Ty, Ty and P for 0% ice before and after cor-

rection. . . . . . . L 38
Monthly averaged ice emissivities at 89 GHz. . . . . . . .. . .. .. 39
Comparison of atmospheric correction effects over SIC 1. . . . . . . 41
std-Tgs before and after correction at SIC 1 in winter. . . . . . . . 42
std-Ps before and after correction at SIC 1 in winter. . . . . . . . . 44
Histogram of the Tgy, Ty and P for 100% ice before and after

correction. . . . . . . . .. 45

Scatter plot of P before and after correction over SIC 0 and SIC 1. 48
C(ASI_LNWF) and C(Lin90) as function of P before and after cor-

rection. . . . . . . L L e e ol
C(ASI_.BS_NWF) as function of P before and after correction. . . . 52
Atmospheric correction application. . . . . .. ... ... ... 55
Difference of retrieved ice concentration between ASI_NWF and

ASI2Z.NWE. . . . e 56
Co-located ERA-Interim atmospheric conditions. . . . . . . . . . .. 57
Atmospheric correction application at ice edge. . . . . . ... ... 58

vi



List of Tables

1.1 AMSR-E Instrument Characteristics . . . . . . . . . . . . . .. ..

1.2 AMSR SSM/I Comparison

3.1 Average emissivities of seaice. . . . . .. ... L

vil



Dedicated to my family and friends

viil



Chapter 1

Introduction

1.1 The Role of Sea Ice in the Climate System

Sea ice, as a major component of cryosphere, has a significant impact on the heat
transfer and salt fluxes in polar regions and hence drives global climate changes.
5% - 8% of the ocean is covered by sea ice (Comiso et al., 2003). Because of
its high albedo, sea ice effectively reduces the absorption of solar radiation, and
thus contributes to a positive feedback mechanism for climate cooling: an initial
drop of temperature would cause increasing sea ice formation, which leads to less
absorption of solar radiation and results in further cooling. Due to its lower density
ice floats on the sea surface, and diminishes the heat transfer between ocean and
atmosphere because of the low heat conduction. The formation of sea ice at high
latitude belongs to the key mechanism that initializes deep water circulation. As
the crystallization of ice proceeds, most of its salt content is ejected out into the
ocean, which increases the salinity and density of the surrounding water and causes
it to sink. The melting of sea ice has the opposite effect. It prevents the deep water
up-welling and reduces the oxygen content of ocean water by creating a layer of
water of low salinity on the ocean surface. Due to its important role in numerous
climate mechanisms, an accurate retrieval of the spatial and temporal distribution

of sea ice is essential to understand and predict the weather and climate, while
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the hostile polar environment restricts the amount of direct measurements and
results in insufficient data. Our solution to such dilemma is to use satellite passive
microwave remote sensing to get the complete daily image of Arctic and Antarctic

sea ice.

1.2 Advantages of Passive Microwave Remote

Sensing

Passive microwave remote sensing measures the thermal radiation emitted by the
target itself, or the radiation of some natural source scattered by the target in
the microwave spectrum (3 GHz to 300 GHz), such as down-welling sky emission,
which allows us to continuously observe the states of the Earth regardless of the
illumination conditions. It has a wide range of applications from measuring the wa-
ter vapour content in the atmosphere to monitoring Earth surface information such
as sea ice concentration. Granted by the long wavelength of microwave spectrum,
atmospheric scattering, the main source of noise, is negligible at most frequencies.
This provides an advantage since the strength of atmospheric scattering increases
rapidly with the particle size while particle size distribution is difficult to mea-
sure. When monitoring the Earth surface, the emitted thermal radiation is first
absorbed or scattered by the atmosphere before reaching the satellite antenna,
which introduces atmospheric noise. At microwave frequencies below 10 GHz, the
atmosphere is transparent, even with the occurrence of clouds, rain or snowfall.
At higher microwave frequencies, the atmospheric influences are no longer negligi-
ble, hence various weather filters have been developed. For these reasons, passive
microwave sensors have been applied for extensive studies of the cryosphere in-
cluding the retrieval of sea ice concentration, snow cover and ice temperatures for
over four decades since the start of the ESMR (Electrically Scanning Microwave
Radiometer) sensor in December 1972 (Spreen et al., 2008). At higher microwave
frequencies, the atmospheric influences are no longer negligible. Therefore various

weather filters have been developed.
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1.3 Overview of Microwave Radiometers

Since its launch in 2002 on the AQUA platform, AMSR-E (Advanced Microwave
Scanning Radiometer — Earth Observing System) has been widely used for global
sea ice observation, until its reflecting dish stopped spinning in October, 2012.
Designed and provided by the Japan Aerospace Exploration Agency (JAXA),
AMSR-E measures in both polarizations (h-pol and v-pol) at six frequency chan-
nels ranging from 6.9 to 89 GHz at the incident angle of 55° with an increasing

spatial resolution. Table 1.1 shows the instrument characteristics of AMSR-E.

TABLE 1.1: AMSR-E Instrument Characteristics (Imaoka et al., 2002)

Center Band 3dB Beam Ground IFOV NEAT
Freq. Width Width Scan x along track | @150K
AMSR/AMSE-E AMSE/AMSE-E i
(GHz) | (MHz) (deg) (km) (K)
6.925 350 18/22 40x70 / 43x75 0.34
10.65 100 1.2/15 27x46 / 29x51 0.7
18.7 200 065/08 14x25 / 16x27 0.7
238 400 0.75/092 17x29 / 18x32 0.6
365 1000 035/042 B8x14 / 8x14 0.7
503 200 0.25/- Gx10/ - 1.8
528 400 025/- 6x10 /- 16
89.0A 3000 0.15/0.19 3Ix6/ 4x7 1.2
89.0B 3000 0.15/0.19 3x6/ 4x6 1.2
Antenna Offset parabolic antenna; effective aperture size
2.0 m for AMSE, 1.6 m for AMSRE-E
Polarization Vertical and Horizontal (only Vertical for 50-GHz
band)
Samplng mterval, | AMSR: 10x10km (5x5 km for 89GHz)
Scan x along track | AMSR-E: 9x10km (4 5x4 km for 89GHz A—B.
4 5%6 km for 89GHz B—A)
Incidence angle 55 degrees (54.5 degrees for 89B)
Dynamic range 27-340K
Swath width AMSR: 1600 km, AMSR-E: 1450 km
Integration time 2.5 msec (1.2 msec for 89GHz)
Quantization 10 bat (12 bat for 6.925 GHz)
Scan rate 40 rpm (1_5sec per scan)

Compared to SSM/I (the Special Sensor Microwave Imager) 85 GHz channels,
AMSR-E has improved the spatial resolution by a factor of three for the 89 GHz
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TABLE 1.2: Comparetive Operating Characteristics of SSM/I and AMSR (ams,
2014).

AMSR-E SSM/I
Frequency (GHz) IFOV (km?) Frequency (GHz) IFOV (km?)
18.7 27 %16 19.4 69 x 43
23.8 32x18 222 60 x 40
36.5 14 %8 37 37 x 28
89 6 x4 85.5 15x13

channels (SSM/I 85 GHz footprint size 15 x 13 km?, AMSR-E 89 GHz footprint
size: 6 x 4 km?) (Imaoka et al., 2002), as shown in Table 1.2.

1.4 Sea Ice Concentration Retrieval In Arctic

Due to our inability to make constant direct measurements in polar regions, mea-
surements of passive microwave imager are used to retrieve sea ice concentrations.
A number of retrieval algorithms have been developed to establish the relation-
ship between the direct measurement results — brightness temperatures and sea ice
concentration, based on the different spectral characteristic of water and ice in the
microwave spectrum. The retrieval algorithm used in this study is the ARTIST
sea ice concentration retrieval algorithm (ASI algorithm), which was originally
developed to benefit from the high spatial resolution of SSM/T at 85 GHz, and
then adapted to AMSR-E measurements at 89 GHz (Spreen et al., 2008). The
AST algorithm distinguishes water from ice by the polarization difference (P) at
89 GHz, which is similar for first-year ice and multi-year ice, and is much higher

for open water (see Figure 1.1).

Compared to other frequently used algorithms such as NASA Team, Bootstrap,
etc., theAST algorithm uses a much higher frequency, which has finer spatial res-

olution but also larger atmospheric influence.



Chapter 1. Introduction 5

Emissivity
L]
o

0.2 —

10 100
Frequency [GHz]

FIGURE 1.1: The spectral variation of emissivities of late summer ice, first-year
ice, multi-year ice and water at both polarizations at AMSR-E frequencies. At
89 GHz, the polarization difference for first-year ice (A & B) and multi-year
ice (C) are both low, whereas that for water (D) is significantly high. (Spreen
et al., 2008)

1.5 Importance of Atmospheric Correction

As the passive microwave imager orbits around the Earth and observes the Earth’s
surface, the signal it receives is a combination of the scattered down-welling atmo-
spheric emission (Tgp), the up-welling atmospheric emission (Ty) and the surface
thermal radiation (7’5 surface), all of which are attenuated by the atmosphere. At
higher microwave frequencies, the effect of such atmospheric attenuation, espe-
cially that caused by total columnar water vapour and by high cloud liquid water
content, is more pronounced. Certain weather filters based on the gradient ratio
of brightness temperatures at lower frequencies have been developed to screen out

the high water vapour and cloud liquid water case over open water, whereas a
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more detailed atmospheric correction including all major geophysical states: wa-
ter vapour, wind speed, surface temperature and liquid water path, for both open
water and ice has not yet been accomplished. The aim of this study is to asses the
influence of each atmospheric parameter on the satellite measured brightness tem-
peratures in both polarizations at 89 GHz, correct the impact of the atmosphere
on the brightness temperatures, and develop an improved ASI algorithm which

includes atmospheric correction.



Chapter 2

Methodology

2.1 Data Sets

AMSR-E measures at two polarizations and at six different frequency channels
ranging from 6.9 to 89 GHz at the incident angle 55°. Both 89 GHz channels
are used by the ASI algorithm to retrieve the ice concentration. Granted by the
high spatial resolution of 89 GHz channels, ASI sea ice concentration improves the
horizontal resolution by a factor of four compared to the widely used Bootstrap
algorithm, and thus reveals more fine structures of ice, such as leads and near the
ice edge (Beitsch et al., 2014). However, 89 GHz channels have higher sensitivity
to the atmosphere as well, which eventually influences the retrieved ice concen-
tration. This work studies the influence of various atmospheric parameters on the
brightness temperatures measured in both polarizations at 89 GHz by AMSR-E,
develops an atmospheric correction procedure for ASI algorithm, and evaluates the

atmospheric impact on the ice concentrations retrieved using the ASI algorithm.

A reference dataset of brightness temperatures and validated ice concentrations
taken from the Round Robin Data Package (RRDP), produced in the context
of the European Space Agency Sea Ice Climate Change Initiative project (ESA
SICCI), is used in this study to evaluate the atmospheric influence on AMSR-E

89 GHz brightness temperatures and ASI ice concentrations. It consists of more

7
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than 4000 AMSR-E Level 2 spatially re-sampled brightness temperatures at all
frequencies located in the Arctic from all months in 2008, among which 3254 data
points are over validated open water, and the remaining 1052 data points are over
validated 100% ice concentrations. Figure 2.1 shows the locations of data points
with 0% ice concentration. Green data points are measured in summer. Blue are
winter data points, and red are points measured in all months. The location of
100% ice concentration sites are shown in Figure 2.2. The horizontal resolution
of the reference dataset is 25 km, similar to the resolution of AMSR-E 18 GHz

channel, i.e. 21 km.

FIGURE 2.1: The location of 0% ice concentration validation sites. Data points
in green dots are measured in summer. Blue are winter data points, and red
are points measured in all months (Pedersen and Saldo, 2012).

The validation procedure of the reference ice concentration adopts the data of
various satellites. The ice drift dataset from ENVISAT (Environmental Satellite)
ASAR (Advanced Synthetic Aperture Radar) in areas of high ice concentration
are used to determine the regions of 100% ice concentrations. It is assumed that
in near 100% ice area, after one day’s convergence, the small water fraction of

the area is either frozen up or closed by ridging. However, this assumption is
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FIGURE 2.2: The location of 100% ice concentration validation sites.

less reliable in summer due to the existence of melt ponds. Near 100% thin ice
is detected by high quality SMOS (Soil Moisture and Ocean Salinity) datasets
of large areas (areas in the order of 100 km x 100 km)(Heygster et al., 2014).
Open water areas at high latitude are identified from ice charts, climatology and

classified satellite images (Pedersen and Saldo, 2012).

The atmospheric states of the satellite measurements are described by the collo-
cated European Centre for Medium Range Weather Forecast (ECMWF) global
atmospheric reanalysis product ERA-Interim. ERA-Interim was initially pro-
duced to prepare an extended reanalysis to replace ERA-40, one of the three
major ECMWF reanalyses used for describing the states of atmosphere, land and
ocean-wave conditions from mid-1957 to mid-2002. It is the latest reanalyses to
profile atmosphere states, which provides daily analysis from 1979 until present

(ECMWE, 2008). Compared to ERA-40, ERA-Interim has more pressure levels
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(from 23 to 37), and includes more products. The detailed product list of ERA-
Interim is described in (Berrisford et al., 2011). Reduced Gaussian grid of the
resolution N128 (128 latitude circles, pole to equator) is used in the model. The
final atmospheric products have the resolution of 1.5° longitude x 1.5° latitude.
The temporal resolution of ERA-Interim is 6 hours (Dee et al., 2011). Here we
use part of the parameters from ERA-Interim products, i.e. total columnar water
vapour (TWV), wind speed at ten meter height (WS), air temperature at two
meter height (7%,,), skin temperature (7;), liquid water path (LWP) and ice wa-
ter path (IWP), which are required in the forward model to simulate brightness

temperatures.

Note that the spatial and temporal resolution of the required satellite measure-
ments (89 GHz) are much higher than that of the modelled atmosphere profiles.
This difference has an impact on the accuracy of simulated brightness tempera-

tures, and will be discussed in detail in Chapter 3.2.1 and 3.2.2.

2.2 Radiative Transfer Models Used For Atmo-

spheric Correction

As the radiometer orbits around the Earth and observes the Earth’s surface, the
signal it receives is a combination of the scattered down-welling atmospheric emis-
sion (Tsp ), the up-welling atmospheric emission (Ty ) and the surface thermal
radiation (T surface ), all of which are attenuated by the atmosphere. The re-
lationship between the brightness temperature (7) measured by the radiometer
and the geophysical states is described by the radiative transfer model (RTM).
In addition to the well collocated geophysical profiles, an accurate RTM is crucial
for simulating brightness temperatures of the target. In this study, AMSR Ocean
Algorithm (Wentz and Meissner, 2000) is used as the RTM to simulate bright-
ness temperatures. Henceforth, it will be referred as the Wentz forward model.
The Wentz forward model is a linearised radiative transfer model at AMSR-E

frequencies and incidence angle. It consists of three main components. The core
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is a radiative transfer equation that determines how much of the surface thermal
emission and scattered down-welling sky radiation is transferred to the satellite
antenna. the other two components are the atmosphere model and the sea-surface

model.

We begin by deriving the 1-d radiative transfer equation for the atmosphere
bounded at the surface of Earth and the top of cold space. In the microwave
spectrum, the thermal radiation is usually expressed in the term of brightness
temperature. At position s in the atmosphere, the change of brightness tempera-
ture is due to the absorption of radiation arriving at s and to microwave emission

from position s. The governing differential equation of the radiative transfer is :

JT

S5 = ~s)[Ts(s) = T(s)] (2.1)

where s is the distance along some path in the atmosphere, a(s) is the absorption

coefficient, and T(s) is the physical temperature of the atmosphere at position s.

By integrating both sides of this equation from s = 0 (the Earth’s surface) to s = .S
(the top of atmosphere), we get the up-welling and down-welling atmospheric

emissions:

Ty — /0  ds a(s)T(s) exp (— / Sdsa(s)> (2.2)

Top = [ dsa(o)T) e (- [[sats) (23)

To simplify the expression, we define the atmospheric terms by the transmittance

function 7 between position s; and ss:

(51, 5) = exp (- / dsa(s)) (2.4)

The overall simulated brightness temperature is thus expressed as:
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TB = TBU + T(ETS + TBQ) (25)

where Ty is the up-welling radiation of the atmosphere, 7 is the total trans-
mittance from the surface to the top of the atmosphere, E is the Earth surface
emissivity, Ts is the physical temperature of the mixed surface of water and ice
(including both multi-year ice and first-year ice), and Tgq is the scattered sky

radiation.

Therefore, given the surface temperature 7T, and the absorption coefficient at any
position in the atmosphere, Ty and Tsp can be computed. However, in practice,
such an approach is not feasible since it requires determining 7 and « over the
entire volume of the atmosphere. To simplify the computation, the atmospheric
parameters are assumed to be horizontally uniform, which means, the absorption
« is only a function of the altitude h above the surface, i.e. a(s) = a(h). Hence

the total transmittance is written as:

#(hy, b, 0) = exp (—sec(e) / h2dscz(s)> (2.6)

h1

where 6 is the incident angle of the satellite.

And the up-welling atmosphere radiation is given by:

Ty = sec(6) /0 " a(B)T () (1, H.6) (2.7)

The key component of the atmosphere model is the total transmittance 7 from
the surface to the top of the atmosphere that determines how much radiation is
attenuated. In the microwave spectrum below 100 GHz, the vertically integrated
atmosphere absorption is due to three components: oxygen, water vapour and
liquid water path. The oxygen absorption is nearly constant globally, with a
dependence on the air temperature, which is small at the atmospheric window

frequencies of AMSR-E. The water vapour absorption is a linear function of the
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water vapour paths with a small second order term. And the final component
liquid water absorption is approximated to be linear to the product of average

cloud temperature and liquid water path (Wentz and Meissner, 2000).

The ocean-surface model consists of two parts. One is the dielectric constant of
sea water that determines the emissivity and reflectance of the specular ocean.
It is a complex number that depends on frequency v, water temperature Ty,qer,
and water salinity s. The other component model is the wind roughened sea sur-
face, since the microwave emission from the ocean also depends on the surface
roughness. Three scales of waves are responsible for the variation of surface emis-
sivity: the surface waves with wavelengths that are long compared to the radiation
wavelength, the sea foam, and the surface waves that are small compared to the

radiation wavelength (Wentz and Meissner, 2000).

The atmospheric parameters used in the Wentz forward model to simulate bright-
ness temperatures are: columnar total water vapour(7TWV'), wind speed (WS),
liquid water path (LWP) and surface temperature of ice and ocean. Apart from
that, information about the total sea ice concentration and the fraction of multi-

year ice are required as well.

2.3 Steps of Atmospheric Correction

The atmospheric correction is carried out in several steps shown in Figure 2.3.
As described in Chapter 2.2, the brightness temperature measured by satellite
antenna is contributed by the surface microwave emission and the atmosphere.
The atmospheric correction is indeed a process to separate the surface thermal
emission from the atmosphere contribution. Therefore, the first step of correction
is to simulate the brightness temperature without atmosphere influence (7BMO0).
Here we assume the reference surface temperature of water and ice to be 0 °C
(273.16 K), and all atmosphere parameters TWV, WS, LWP are zero as well.
In reality, ice starts to melt at 0 °C. In future work the ice temperature will be

changed into -1.8 °C. Secondly, the simulated brightness temperature with single
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ECMWEF data of Atmospheric Conditions Reference Surface Temperature

WV WS CLW CIW Tskin T2m Without Atmospheric Influence
L Radiative Transfer Model J
\
L] L
Modeled Brightness Temperatures Modeled Brightness Temperatures
with Atmospheric Influence without Atmospheric Influence

‘ Subtraction ‘
T

Brightness Temperatures Modeled Brightness Temperatures
Measured by Satellite Caused by Atmospheric Influence

Subtraction ‘

Corrected Brightness Temperatures

FIGURE 2.3: Flow chart of atmospheric correction steps. The key step is to
simulate the brightness temperatures with and without atmospheric influence
using the Wentz forward model.

or combined atmospheric influences ( TBMA) are computed. For each correction,
only the chosen atmospheric parameters (one or several at a time) are set to
the collocated geophysical values from the reanalysis product, while all the other
parameters are set to zero. Assuming that the contribution of atmosphere and
surface emission to the measured brightness temperature is linear, the difference
between TBMA and TBMO is thus regarded as the atmospheric contribution to the
measured brightness temperature, and is in the end subtracted from the satellite

measurement. The corrected brightness temperatures (TBC') is given as:

TBC =TB — (TBMA — TBMO0) (2.8)

where: TBC' is the corrected brightness temperature, TB is the brightness tem-
perature measured by satellite radiometer, TBMA is the brightness temperature
modelled by collocated geophysical states, T'BM0 is the brightness temperature

modelled without atmospheric influence.
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2.4 Criteria of the Atmospheric Correction Ef-
fect

In order to evaluate the effect of the atmospheric correction, we test the correction
on two validated data sets described in Chapter 2.1: the open water sites (SIC 0)
and the fully ice-covered sites (SIC 1). Ideally, on the surface where the total ice
concentration and the fraction of each ice type are all known, under certain sur-
face temperature and with no atmospheric impact, the emitting temperature of ice
and water should remain constant. In reality, due to the atmosphere, the observed
brightness temperature has fluctuations. For the usually snow-covered sea ice, the
Weddell Sea winter experiments show a standard deviation of 2.5 K (Comiso et al.,
1989) of the ice-emitting temperature. For ocean surface, such fluctuation is more
pronounced because the atmosphere has more influence on the emissivity of water.
As explained in Chapter 2.2, the total transmittance of the atmosphere is a key
component of how much surface microwave emission is attenuated before reaching
the radiometer, hence the variation of atmospheric constituents like water vapour,
cloud liquid water would also increase the fluctuation of detected brightness tem-
perature. Thus, after such atmospheric impact is corrected, we expect a much
narrower distribution of the measured brightness temperature, or in other words,
a smaller standard deviation. The correction that results in the least standard
deviation of Ty, Tpy and P (polarization difference) at 89 GHz is considered to
be the best correction. The corrected brightness temperatures derived from the

best correction are then used to retrieve total ice concentration.

2.5 Sea Ice Retrieval Algorithms

After selecting the best atmospheric correction, the resulting corrected brightness
temperatures are adapted to retrieve total ice concentration using a non-linear
algorithm: ASI, and a linear algorithm: Linear 90 (Lin90), both using the same
set of tie points derived from T'BC, and the result of which is compared to the SIC
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retrieved by ASI using standard tie points. Also, during the process of atmospheric
correction, another two algorithms are used to compute the preliminary total ice
concentration and fraction of each ice type: the NASA Team and the ECICE
Algorithm. In this section, all involved ice concentration retrieval algorithms are

explained in detail.

2.5.1 Artist Sea Ice Algorithm

The Artist Sea Ice algorithm, ASI in short, is the core ice retrieval algorithm
of this study. It is an enhancement of the Svendsen sea ice algorithm for near
90 GHz frequencies (Svendsen et al., 1987), developed to benefit from the high
spatial resolution of the 85 GHz channels of the SSM/I sensors for analysing the
mesoscale ocean-atmosphere interaction (Kaleschke et al., 2001). The total ice
concentration is calculated from the polarization difference P of the brightness

temperatures 1,

P = TB,V — TB,H (29)

where V' denotes vertical and H horizontal polarization. Near 90 GHz, the po-
larization difference of emissivity is similar for both first-year and multi-year ice
and is much smaller than open water ( Figure 1.1). This holds for polarization
difference of brightness temperature P as well, since the physical temperature is
identical for both Ty and T’z g, and thus only emissivity differences influence P.

Consider the atmospheric impact a. on the polarization difference, we have:

P = P,a. (2.10)

where a, = e™7 (1.1e77 — 0.11), according to the Svendsen algorithm (Svendsen
et al., 1987). This approximation is valid for a horizontally stratified atmosphere
with an effective physical temperature instead of the vertical temperature profile,

and a diffusely reflecting surface viewed at an incidence angle of about 50°.
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The surface polarization difference P is contributed by ice and open water:
Ps - CPs,ice + (1 - C)Ps,water (211)

where P .. and P yqter are surface polarization difference for ice and water, re-

spectively. Thus P becomes a function of the total ice concentration:

P<C) = (CPS,ice + (1 - C)Ps,water) Q. (2.12)

Svendsen (Svendsen et al., 1987) found that the atmospheric influence a. is in
general a function of total ice concentration. Thus derived from equation (2.12),
the polarization difference for C' = 0 (open water) and C' = 1 (closed ice cover)

are given by:

PO = aOPs7water (213)

Pl = alps,ice (214)

Applying Taylor expansions to equation (2.12) around C' = 0 and C' = 1, neglect-
ing all higher terms, assuming that the derivatives of the atmospheric influence
ag/ and a1/ are both zero and that the atmospheric influence over open water and
closed ice are nearly identical, then rearranging the equations as a function of total

sea ice, we get:

C = (5 — 1) ( Fouater ) forC =0 (2.15)

PO Ps,ice - Ps,water
P P Ps water
C=— ——1 : C—1 2.16
Pl i (Pl ) (Ps,ice - Ps,water) for ( )
where P yater/(Ps,ice — Pswater) = —1.14 is a typical value for sea ice signature

under Arctic conditions (Svendsen et al., 1987). To retrieve ice concentration

in regions of intermediate concentrations, we assume that the variation of the
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atmospheric effects is a smooth function of C' and interpolate between equations

(2.15) and (2.16) with the third order polynomial:

C = dsP? 4 dyP? + di P + dy. (2.17)

The unknown coefficients d; can be determined by the linear equation system:

P3 P Py 1| |ds 0

rP2 P2 P 1| |d 1

1 1 1 2| _ (2.18)
3P° 2P% Py, 0] |4, —1.14

3pP3 2P% P, 0| |d, —0.14

And thus the total ice concentration can be calculated by equation (2.17). Note
that the solution of the above linear equation system only depends on the polar-
ization difference of open water Py and of fully ice covered surface P;. F, and
Py, so called tie points, are empirical values of the radiometric signature of ice
free and closed ice under typical condition of the investigated region. Tie points
can be chosen as dynamical or constant values according to the time and region
span of the study. A careful choice of tie points (P, and Fp) is essential for a
correct ice retrieval. For the near real time ice maps produced daily by PHAROS
group (Physical Analysis of Remote Sensing Images), the tie points are chosen as
P, =11.7K, Py = 47 K (Spreen et al., 2008), which also include the average atmo-
spheric influence. Constant tie points are used here to achieve a large continuous

global ice concentration time series. Equation (2.17) then becomes:

C =1.64-10"°P* —0.0016 P> + 0.0192 P + 0.9710. (2.19)

For all P greater than F, or lesser than P;, the corresponding ice concentration is
0% or 100% respectively. Figure 2.4 illustrates the relationship between C(ASI)
and the polarization difference P. The blue polynomial displays the C(ASI) as a
function of P. The red dashed line shows the ice concentration as a linear function

of P determined by the tie points P, and P, marked by the green and magenta
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vertical lines respectively. We call this algorithm Lin90. The discrepancy between
C(ASI) and C(Lin90) is negligible at SIC lower than 30%, increases slowly by
10% at P = 25 K, then drops back to zero at C' = 100%.
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FIGURE 2.4: Ice concentration C' as a function of polarization difference P. The
blue curve is the ASI curve using standard tie points, Py = 11.7 K, P, =47 K,
marked by the green and magenta vertical lines respectively. The dashed red line
illustrates the Lin90 algorithm using the same set of tie points. The difference
between C(ASI) and C(Lin90) is more pronounced at high ice concentration,
resulting a more stable retrieval at high ice concentrations.

At 89 GHz, high cloud liquid water over open ocean can reduce the polarization
difference to values similarly small as those of sea ice. Study (Fuhrhop et al., 1998)
shows that high cloud liquid water over ice leads to a shift from first-year ice to
multi-year ice. Therefore weather filters are adopted to avoid those more pro-
nounced atmospheric influence on the brightness temperatures. The first weather
filter uses the gradient ratio (GR) of the 36.5 and 18.7 GHz channels and mainly

filters high cloud liquid water cases:

T5(36.5V) — T(18.7V)

GR(36.5/18.7) = T5(36.5V) 4+ T(18.7V)

(2.20)

For GR(36.5/18.7) > 0.045, C(ASI) = 0 according to (Spreen et al., 2008).
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The second weather filter is the gradient ratio GR(23.8/18.7) to screen out high
total water vapour cases. For GR(23.8/18.7) > 0.04, C(ASI) = 0 (Spreen et al.,
2008).

In case the two weather filters do not screen out all anomalies, the Bootstrap

algorithm is used to confirm 0% ice concentration:
C(Bootstrap) = 0= C(ASI) = 0. (2.21)

Henceforth, we call this version of ASI that include two weather filters and the
Bootstrap filter as ASI_Bootstrap algorithm. The spatial resolution of ASI_Bootstrap
is determined by the coarsest frequency channel, i.e. 18.7 GHz with 16 x 27 km?
resolution for AMSR-E, and thus the high resolution advantage of 89 GHz is lost.
To make up for that, the resulting ice concentration is interpolated into the high
resolution grid. During this process, the atmospheric influences are averaged over

the coarsest grid, which could lead to misclassification of ice as open water.

In Chapter 4, a new set of tie points will be chosen for the corrected brightness
temperatures, leading to a new version of equation 2.17 with different coefficients.
All the weather filters used in ASI_Bootstrap are replaced by atmospheric correc-
tion based on the collocated geophysical states. This new version of ASI will be

referred as ASI2. Details of ASI2 are explained in Chapter 4.

2.5.2 NASA Team Algorithm

Developed in 1985,the NASA Team (NT) algorithm (Swift et al., 1985) estimates
the fractions of first-year and multi-year sea ice types by using three microwave
radiometer channels: 19 GHz vertically (V) and horizontally (H) polarized chan-
nels and the vertically polarized 37 GHz channel. Two independent variables are
used in the algorithm: the polarization (PR) and spectral gradient ratios (GR)
defined by:
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_ Tg(19V) — T(19H)
PR(19) = Ts(19V) + T(19H) (222)
GR(37/19) = ;}i 8;‘;; :L %835; (2.23)

From these two variables, the concentrations of first-year ice and multi-year ice

are given by:

CFY = ((Zo + CL1PR + GQGR + a3PR - GR)/D (224)
CuY = (bp + by PR+ 0GR+ 03PR-GR)/D (2.25)
D= (cy+c1PR+ 2GR+ a3PR-GR). (2.26)

a;, b, ¢; are functions of a set of tie points (in the form of brightness temperatures)

of the surface types of open water, first-year and multi-year ice.

2.5.3 Environment Canada Ice Concentration Extractor

Algorithm

In 2007, the Canadian Ice Service (CIS) developed a new method called Envi-
ronment Canada Ice Concentration Extractor (ECICE) to retrieve the total ice
concentration and partial concentration of three ice types: new ice, young ice
and first-year ice. ECICE adopts two important concepts. One is a mathemat-
ical optimization technique to determine the best ice type concentrations from
multi-channel radiometric observations compatible with the observed brightness
temperatures. In this study we use the brightness temperatures at both polariza-
tions of the 19 GHz and 37 GHz channels. Secondly, ECICE adopts a distribution
of characteristic values of a radiometric parameter (brightness temperatures and,
in some versions also microwave backscatter coefficients) that represents an ice

type or open water instead of using single tie point.
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Effect of Atmospheric Correction

on Brightness Temperatures

3.1 Distribution of Brightness Temperatures

In this section, we briefly introduce the range of brightness temperatures of our
validation datasets, and explain the difference of distribution over ice free and fully

ice covered surface, to get an impression of the typical Tgs in the Arctic.

3.1.1 0% Ice Concentration

The satellite measured brightness temperatures at 89 GHz range from 160 K to
about 280 K at both polarizations over open water. Figure 3.1 shows the histogram
of the horizontally and vertically polarized brightness temperatures (Tpg and Tsy )
and the polarization difference (P) over ice free surface before the atmospheric
correction. Tgry is more evenly distributed between 160 K and 270 K, with the
mean value of 207.6 K and standard deviation of 19.4 K. The distribution of Tgy
is much narrower, which ranges from 235 K to 275 K, having an average value of
248.9 K, and a much lower standard deviation of 7.4 K. The significant difference

in polarizations indicates that the microwave radiation of open ocean is highly

22
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polarized. The mean polarization difference over ice free ocean is 41.4 K, and its

standard deviation is 12.7 K.

AMSR-E SICO NH Before Correction
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FIGURE 3.1: The histograms of AMSR-E observed brightness temperatures at
H- and V- polarizations, and the polarization difference P, over open water in
the Arctic before the atmospheric correction. The bin size is 5 K for all three
plots.

3.1.2 100% Ice Concentration

The AMSR-E measured brightness temperatures at 89 GHz of the fully ice cov-
ered research regions vary from 150 K to 280 K. As shown in the histograms of
the brightness temperatures at both polarizations (Figure 3.2), the difference be-
tween the two polarizations is small. The mean value of the horizontal polarized
brightness temperatures is 202.8 K with the standard deviation of 19.6 K. The av-
erage vertically polarized brightness temperature is slightly higher, 212.6 K, and
the standard deviation is 20.7 K. The corresponding polarization difference range
from 5 K to 25 K, with a low standard deviation of 2.8 K. The small polariza-
tion difference is consistent with the fact that the radiation emitted by ice is less

polarized than that of open water.
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F1GURE 3.2: The histograms of AMSR-E observed brightness temperatures at
H- and V- polarizations, and the polarization difference P, over closed ice in the
Arctic before the atmospheric correction. The bin size is 5 K for Ty and Ty,
and 1 K for P .

3.2 Sensitivity of Brightness Temperatures to Geo-

physical Parameters

For the actual correction, it is required to estimate the atmospheric influence
on the observed brightness temperatures. In this section, a sensitivity study of
the measured brightness temperatures to geophysical parameters is implemented
to assess the atmospheric impact on brightness temperatures of open water and

closed ice.

3.2.1 0% Ice Concentration

In order to evaluate the influence of atmosphere to measured brightness tempera-
tures, Tgy and Ty are simulated with varying geophysical parameters of typical
values under the Arctic condition. Figure 3.3 shows the sensitivity of brightness
temperatures over open water to the chosen atmospheric parameters: WS, TWYV,
LWP and Ty, each represented by a different colour. The solid lines indicate the
variability of vertically polarized Tzs with the atmospheric parameter of the cor-
responding colour, while the dashed lines denote that of the horizontally polarized

Tgs. In general, the variability of Tgs with most parameters is nearly linear in
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FI1GURE 3.3: The sensitivity of Tgs to the chosen geophysical parameters over
open water: WS, TWV, LWP and T, each represented by a different colour.
The solid lines indicate the variability of vertically polarized Tgs with the at-
mospheric parameter of the corresponding colour, while the dashed lines denote
that of the horizontally polarized Tgs.

the considered range, except for LWP. The polarization difference is observed to

decrease with all increasing parameters but for the surface temperature.

The wind speed of the researched regions varies from 0 to 28 m/s, with the average
value 9.03 £ 4.14 m/s. Over open water, wind causes roughened sea surface and
results in higher emitting emissivity. Therefore Tgs are expected to increase with
wind speed. However, as shown by the red lines in Figure 3.3, Tgs decrease slightly

with increasing wind speed at vertical polarization. This could be caused by the
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mixing of polarizations. The emission from a calm sea surface is highly polarized.
When strong wind occurs, the thus roughened surface would have higher emissivity
and be less polarized in the vertical direction (Wentz and Meissner, 2000). That
is to say, though the overall emissivity is higher over roughened ocean surface, due
to the mixing of polarizations, emissivity increases at horizontal while decreases

at vertical direction.

The Arctic often has very low humidity. Among all the selected regions, the total
water vapour of over 80% data points is below 15 kg/m?. The maximum value is
about 40 kg/m?, while the average TWV is 9.98+5.22 kg/m”. The simulated Ts
increase with TWYV as expected at both 89-H and 89-V, shown by the blue lines in
Figure 3.3. The increase at horizontal polarization is stronger than that at vertical,
which leads to a strong drop in polarization difference from approximately 80 K
(at TWV =0 kg/m?) to 50 K (at TWV = 20 kg/m”). In the ASI algorithm, the
retrieved ice concentration depends on the polarization difference at 8 GHz. The
currently used tie points are Py = 47 K (open water) and P, = 11.7 K (closed ice),
i.e. the surface is classified as open water if the polarization difference is larger
than Fy, is fully ice covered if P is smaller than P;, and is partially covered by ice
if P is between P; and F,. Therefore under typical polar atmospheric conditions
(TWV < 15 kg/m®), with the influence of TWV alone, open water won’t be
misclassified as partially ice covered surface despite the decrease in polarization

difference.

Clouds change the polarization (PR) and spectral gradient ratio (GR), and thus
causes shift in the retrieval of sea ice types (Fuhrhop et al., 1998).Over closed ice,
liquid water causes a shift from multi-year ice to first-year ice, and snow clouds have
the opposite effect. According to their constituent, clouds are classified into two
types: ice and liquid water clouds. Only liquid water clouds are considered in the
Wentz forward model because they have a stronger interaction with microwaves,
due to the higher dielectric constant of liquid water than ice. In the investigated
regions, the LWP of over 80% data is below 0.1 kg/m2 resulted from the low
humidity in the Arctic. Its mean value is 0.06 £0.1 kg/ m?*, which indicates a high

relative variability. Among all tested atmospheric parameters, LWP has the most
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non-linear influence on measured Tgs. The polarization difference drops strongly
from around 80 K (at LWP = 0 kg/m?) to 45 K (at LWP = 0.25 kg/m?), lower than
the standard tie point Py = 47 K. This explains the abnormally low polarization
difference of some data points in the SIC 0 data set. Among the some 3000 data
sets, the polarization difference of approximately 200 data points is below 20 K.
Most of those data have both high TWV and LWP. Without weather filter or
atmospheric correction, those regions will be misclassified as partially ice covered

surface by the ASI algorithm.

Opposed to our expectation, the simulated brightness temperatures decrease with
the surface temperature. As explained in Section 2.2, the simulated Tgs are com-
bined microwave emissions from the surface and the atmosphere, both attenuated
by the atmosphere. If given the same atmospheric conditions, the atmospheric
emission and absorption should remain the same, and thus the modelled Tgs only
depend on the surface temperature and surface emissivity. Hence we deduce the
drop of Tgs is caused by the variation of emissivity. The emissivity of saline wa-
ter is mainly determined by the dielectric permittivity e, which defines how the
molecules interact with the electromagnetic radiation. For distilled water, the
dielectric constant ¢ decreases exponentially with the surface temperature. For
saline water, the effect of ionic conductivity is added (Klein and Swift, 1977). The
dielectric constant of saline water is defined by the Debye equation (Wentz and

Meissner, 2000):

€0 — €oo _ 270\
T/ —) e

€ =€+ (3.1)
where €., is the dielectric constant of water at infinite frequency; Ag is the relax-
ation wavelength; A is the wavelength of the radiation; 7 is the spread factor, an
empirical parameter that describes the distribution of the relaxation wavelengths;
o is the ionic conductivity of salt water; and c is the speed of light. The dielectric
constant of saline water at zero frequency ¢y depends on the salinity and the ocean
surface temperature. The measurement of the salinity dependence of ¢ is usually

carried out at low frequencies such as 2.65 GHz (Saxton, 1952) and 1.4 GHz (Ho
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and Hall, 1973). In the Wentz forward model, the dielectric constant model of
saline water is similar to Klein and Swift (1977), in which the salinity dependence
of €4 is measured at 1.4 GHz. Based on this model, the real part of the dielectric
permittivity e of ocean water with the salinity 35%¢ increases with the ocean sur-
face temperature (see Figure 3.4). The imaginary part of the dielectric constant
is related to the dissipation of energy within water, and does not influence the
reflectance. Therefore the imaginary part is not taken into account. With the
dielectric constant known, the reflectivities py and py are computed using the

Fresnel equations:

ecosf; — /e —sin? 0,

pv = 3.2
ecosb; + /e —sin? 6; (3.2)
_ cosf; — Ve — sin? 6, (3.3)

PH - )
cosf; + /e — sin? b,

where 6; is the incident angle. In this study, the incident angle is that of AMSR-E,

i.e. 55°. The reflectivity R of calm ocean is thus defined as:

Rp = [pp|” . (3.4)

Under windless condition, assuming the ocean surface is strictly specular, its emis-
sivity is then:

E=1-Rp, (3.5)

where the subscript P denotes polarization.

Given the emissivities and the surface temperatures, the emitted brightness tem-
perature of the sea surface can be computed at any frequency, salinity and incident
angle. A sensitivity study of the brightness temperature T and the surface phys-
ical temperature Ty is done at the microwave spectrum for brine water with the
salinity of 35%¢ and incident angle 55°. The sea surface temperature sensitivity

Qr, is defined as dTs/dTs. Figure 3.5 shows the spectral variation of Q7, between
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FIGURE 3.4: The sensitivity of ocean dielectric constant € to sea surface tem-
perature T based on the study of Swift in 1977(Klein and Swift, 1977).
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0 GHz and 100 GHz. At low frequencies, for both polarizations the sensitivity
@7, increase rapidly from negative to positive values and reach the maximum at
ca.5> GHz. The sea surface temperature sensitivity Qr, of horizontal polarization
decrease slowly from 5 GHz, turn to zero at approximately 12 GHz, and continue
decreasing until 100 GHz. The @1, of vertical polarization first decrease from
5 GHz, reach zero at about 20 GHz, and then slowly rise again from 50 GHz until
100 GHz but still remains negative. @Qp, of vertical polarization is higher than
that of horizontal at all tested frequencies. At our desired frequency 89 GHz,
the sensitivity Qr, is -0.32 at 89-V, and -0.78 at 89-H. Note that the sensitiv-
ity of brightness temperature to surface temperature of open water (the slope of
black lines in Figure 3.3), which are -0.14 and -0.55 at vertical and horizontal
polarization respectively, are lower than the corresponding ()7, in absolute values.
The difference is due to atmospheric attenuation. While computing Qr,, only the
emitting brightness temperature is considered, unlike the simulated T’zs where the

atmospheric influence is also included.

Among the chosen ERA-Interim geophysical products, both 2 meters air tem-
perature T5,, and skin temperature Ty;;, are related to surface temperature. As
described in the ERA-Interim Archive (Berrisford et al., 2011), skin temperature
is the temperature of the atmosphere - Earth interface. The 2 meters air temper-
ature is strongly correlated with skin temperature and total water vapour content
as shown in the scatter plot Figure 3.6. The black line is the linear fit of T3, to
Tsrin. Different colours indicate the corresponding total water vapour TWV. In
general, T5,, is lower than Tj;,, while with T5,, exceeding skin temperature, TWV
also increases. As the Ty, raises from 265 K to 270 K, the corresponding skin tem-
perature remains almost constant at 275 K, because as the air temperature varies,

the ice surface takes some time to change its temperature accordingly.

3.2.2 100% Ice Concentration

According to its role in the radiative transfer model, the atmospheric influences

have two types: atmospheric properties (TWV, LWP) and surface properties (WS,
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FIGURE 3.6: Scatter plot of 15, to Tyxin in the Arctic over open water. The
data is from all months in 2008, produced by ERA-Interim. The colour of the
dots indicates the corresponding total water vapour value. The black line is
the linear fit of the scatter plot. The grey line is the reference line. In general,
T, is lower than Tgg;,, and it may exceed Tk when water vapour is above
15 kg/m?.

Tskin, Tom). The atmospheric properties impact the atmospheric attenuation by
varying total water vapour, liquid water path, etc. The surface properties such as
the roughness of ocean and surface temperature influence the emitting radiation by
varying the physical temperature or the emissivity. Over open water, the surface
properties is strongly influenced by wind speed, which changes the geometry of
water surface and thus varies the emissivity. As for sea ice, surface properties
mainly depend on the ice types due to their different emissivities. Figure 1.1
shows the emissivities of sea ice and water at AMSR-E frequencies. At 89 GHz,
the emissivities of first-year ice are much higher that those of multi-year ice at both
polarizations. However, the polarization difference in emissivities for both ice types

is very low compared to that of open water. Therefore over an ice-covered surface
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with mixed ice types, more multi-year ice causes a lower surface emissivity. In the
sensitivity study of brightness temperatures to varying atmospheric parameters
over 100% ice, we assume the sea ice only consists of multi-year ice, and test
the influence of multi year ice fraction as a separate parameter. Table 3.1 shows
the emissivities of first-year ice and multi-year ice used in this sensitivity study

(Mathew et al., 2009).

As presented in Figure 3.7, the atmospheric properties (WS, TWV and LWP)
affect the fully ice covered surface in the same manner as affecting open water (see
Figure 3.3), but has a much less impact due to the low concentration of total water
vapour and liquid water path and to the high emissivity of ice. Among all the
selected regions, the total water vapour of over 80% data points is below 5 kg/mQ.
Its maximum value is about 15 kg/m’, with the mean value of 3.1 & 2.5 kg/m’,
much lower than that over open water. With increasing total water vapour, the
simulated brightness temperatures at both polarizations rise nearly linearly in the

tested range, and the polarization difference slightly decreases.

Fuhrhop et al. (1998) shows that thick liquid clouds induce shift from multi-year
ice to first year ice in the retrieval of ice type. However, the ASI algorithm
does not distinguish between different ice types. Based on that fact, together
with the low average liquid water path (0.005 £ 0.016 k‘g/mz) over the test ice
covered regions, LIWWP has little impact on the simulated brightness temperatures
as expected. Note that the range of LWP in the plot (green curves in Figure 3.7)
is chosen to be between 0 and 1.5 kg/mQ, much larger than the actual range, to

show the non-linear influence of LWP on the simulated brightness temperatures.

As shown in Figure 3.7, the simulated brightness temperatures remain practically
constant with varying wind speed, and increase with surface temperatures at both
polarizations. Since the emissivity of multi-year ice is much lower than that of
first-year ice, with higher multi-year ice fraction, the overall emissivity decreases,

resulting in lower simulated brightness temperatures.
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TABLE 3.1: The emissivities of First- and Multi-Year ice at 89 GHz in dual
polarizations, averaged over all months (Mathew et al., 2009).
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FIGURE 3.7: The sensitivity of Tgs to the chosen geophysical parameters over
closed ice: WS, TWV, LWP, T, and multi-year ice fraction (FMY"), each repre-
sented by a different colour. The solid lines indicate the variability of vertically
polarized Tgs with the atmospheric parameter of the corresponding colour, while
the dashed lines denote that of the horizontally polarized Tgs.
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3.3 Effect of Atmospheric Correction on Bright-

ness Temperatures

As explained in Chapter 2.4, an effective atmospheric correction causes reduction
of the standard deviation of the brightness temperatures. To assess the effect of
different atmospheric corrections, the standard deviations of the brightness tem-
peratures std-Tgs and of the polarization difference std-Ps are calculated before
and after each correction. Both single and combined corrections based on all the

involved atmospheric parameters are evaluated in this chapter.

3.3.1 0% Ice Concentration

All possible corrections (23 in total), including single and combined corrections,
are applied to the test regions over open water at northern hemisphere from all
seasons. The standard deviations of Tgs at both polarizations before (red line for
H-Pol and blue for V-Pol ) and after (red bars for H-Pol and blue bars for V-Pol)
are calculated, and displayed in Figure 3.8. The correction that causes the largest

reduction in std-Tg is regarded as the most effective one.

Among the five single corrections: total water vapour, wind speed, cloud liquid
water, Tb,, and T, , TWYV causes the least std-Tgs after correction, from 19.4 K
to 13.8 K at H-Pol and from 7.4 K to 4.6 K at V-Pol. The good performance of
water vapour correction is consistent to the high sensitivity of Tgs to total wa-
ter vapour as explained in Figure 3.3. The influence of the correction for wind
speed is small for both polarizations. The cloud liquid water correction results in
a smaller reduction in std-Tgs than water vapour despite the higher sensitivity of
Tg to LWP. The Ty, and Ty, corrections both lead to a slight increase in std-Tgs.
Compared to TWV and LWP, the effect of the other three single corrections is
negligible. The poor performance of wind speed, T5,, and Ty, is well explained
by the low sensitivity of Tgs to the corresponding parameters (see Figure 3.3).

On the other hand, though having a high sensitivity, cloud liquid water correction
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FIGURE 3.8: The standard deviations of brightness temperatures before and
after atmospheric corrections in the Arctic over open water. The red and blue
lines indicate the standard deviations of horizontally and vertically polarized
Tps before correction respectively. The red and blue bars show the std-Tgs at
horizontal and vertical polarizations after the corrections.

applies little impact. This is probably caused by the temporal discrepancy be-
tween the collocated ERA-Interim data and the AMSR-E measurements. Water
vapour varies slowly both temporally and spatially, therefore the probability of a
good match between the collocated ERA-Interim atmosphere profile and AMSR-E
measurement is high. On the contrary, clouds are horizontally more variable than
atmospheric water vapour field, thus an effective correction is only possible based
on a good temporal match, while the temporal resolution of ERA-Interim is 6h,
far too coarse to meet exactly the cloud situation at the times of the AMSR-E

measurements.
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The effects of the combined corrections are not simply the sum of the involved
parameters’ effects. For instance, the single skin temperature correction causes a
higher std-Tp, while after combining with total water vapour, the combined cor-
rection has an even better performance than the TWV correction, because higher
surface temperatures usually indicate higher total water vapour content (see Fig-
ure 3.6). As explained in Chapter 2.2, higher surface temperature alone increases
the thermal emission, while TWV is an important component to determine total
atmospheric absorption and emission. Hence the combined corrections considering
both the surface and the atmosphere are more effective than the single ones. The
same argument holds for the correction combining wind speed with water vapour,
as the most effective single correction, water vapour is dominant in the combined
corrections as well. Those corrections that include water vapour are generally
more effective than those without. Among all the 23 applied corrections, the most

effective correction is the combination of water vapour, wind speed and Tjy;,, after

which the std-Tgs reduces by 27.9% at H-Pol, and by 39.2% at V-Pol.

Figure 3.9 shows the variation of polarization difference before (blue line ) and
after (blue bars) all possible correction types. The overall trend is almost the
similar as in Figure 3.8 except for cloud liquid water correction, which causes a
slight increase in std-P from 12.9 K to 13.3 K. As discussed in Chapter 3.2.1, cloud
liquid water significantly lowers the polarization difference. i.e. P should increase
if the LWP is omitted. This could lead to a slightly more scattered distribution of
P. In addition to that, this increase is less than 1 K, which is within the statistical
error of AMSR-E (approx. 1.2 K). Based on the reduction in standard deviation
of the polarization difference, the most effective correction is the combination of
TWV, WS and T, which is also the most effective correction of the single

brightness temperatures.

Figure 3.10 illustrates the histograms of the brightness temperatures and the po-
larization difference before and after the most effective atmospheric correction.
The distribution of all three parameters: Ty, Ty and P are much narrower
and closer to Gaussian distribution after the correction, especially the vertically

polarized brightness temperature.
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FIGURE 3.9: The standard deviations of polarization difference before and after
atmospheric corrections in the Arctic over open water. The blue line indicates
the standard deviation of Ps before correction. The blue bars show the std-Ps
after the corrections.

3.3.2 100% Ice Concentration

All the 23 correction types that are applied to open water are tested on the fully
ice covered ocean as well. In addition to that, the effect of the emitting layer tem-
perature, i.e. the temperature at the penetration depth of 89 GHz of snow covered
sea ice is also evaluated. The penetration depths of the microwave radiation vary
with different ice types and frequencies (Tonboe et al., 2005). Hence the emission
measured by the satellite can occur from above and below the penetration depths.
Study (Mathew et al., 2009) assumes the emitting layer temperature (7pit) to
be the physical temperature of the penetration depths. At lower frequencies, the

snow cover on the sea ice is transparent, thus the penetration depth inside the ice
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FIGURE 3.10: The histograms of AMSR-E measured brightness temperatures
at H- and V- polarizations, and the polarization difference P, before and after
correction over open water in the Arctic. The bin size is 5 K for Ty and Ty,

and 1 K for P .

is considered. For higher frequencies, the snow cover is larger than the penetration

depth, and then the representative emitting layer temperature is inside the snow.

Due to the variation of emitting layer depths, the surface temperature products

taken from ERA-Interim: 2 meters air temperature and skin temperature, might

be different from the emitting layer temperatures of closed ice. Mathew (Mathew

et al., 2009) found that T, is linearly related to the lowest level air tempera-

ture (1s,,) at AMSR-E frequencies. The retrieval method of the emitting layer

temperature is adopted from her study.

The importance of mixed ice surface emissivity to the measured brightness temper-

atures is discussed in Chapter 3.2.2. In the sensitivity study of simulated brightness
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FIGURE 3.11: The monthly averaged emissivities at 89 GHz of First- and Multi-
Year ice (Mathew et al., 2009).

temperatures to geophysical parameters, we assume that the emissivities of differ-
ent ice types are constant over all months. However, the ice emissivities vary a lot
during a year due to the variation in its thickness, salinity, the snow cover above,
and etc. (Tonboe et al., 2005). For these reasons, constant ice emissivities over all
months may not represent the true radiometric characteristics of ice. Therefore we
adopt the monthly averaged ice emissivities retrieved in the study (Mathew et al.,
2009) to evaluate its influence on the atmospheric correction. Figure 3.11 shows
the monthly averaged emissivities of first- and multi-year ice at 89 GHz. Blue as-
terisks denote V-Pol and red plus symbols denote H-Pol. The lines connecting the
data points are only for increasing the plot readability. The seasonal variation of
first-year ice emissivities is generally larger than of multi-year ice, especially during
the Arctic summer (from June to September) when first-year ice melts into water,
and causes the polarization difference in emissivities increase. One disadvantage
of using monthly averaged ice emissivities is that an abrupt change might occur
between two adjacent months. To smooth out such abrupt variation, we assume
the seasonal variation of emissivities is linear, and apply a linear interpolation to

calculate the daily emissivity.

The fraction of each ice type is also crucial for the ice surface emissivity due to their

different radiometric signatures. The Arctic sea ice can roughly be categorized into
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new ice, first-year ice and multi-year ice according to its age. In the early stage
of ice formation, the brine is not yet completely flushed out, and causes high
salinity (usually between 14 and 16%0) in new ice. As the formation carries on, ice
gets thicker and has more snow accumulated on the top. This stage is first-year
ice. The ice thickness is typically 0.3 to 2 meters, and its emissivity is strongly
affected by the micro-structure and water content of its snow cover (Tonboe et al.,
2005). As the ice survives the melting seasons, it experiences strong temperature
changes reducing its salinity, and turns into multi-year ice. Its snow cover sees
melting, recrystallization and form melt ponds. The typical salinity of multi-year
ice is below 1%o(Tonboe et al., 2005), and has lower emissivities than first-year
ice at higher microwave frequencies (see Figure 1.1). An accurate estimation of
ice emission is only possible with a precise ice type retrieval. Here we compute
the multi-year ice fraction of the test regions by two different algorithms: NASA
Team (Swift et al., 1985) and ECICE algorithm (Shokr et al., 2008).

Figure 3.12 compares the atmospheric correction effects on 100% ice using constant
(plots in the upper row) and moving monthly averaged emissivities (plots in the
second row). The multi-year ice fraction is retrieved by NASA Team algorithm in
the left column, and by ECICE algorithm in the right one. The blue and red lines
denote the standard deviation of brightness temperatures before the correction at
V-Pol and H-Pol, and the standard deviation of Ty and Ty after each correction
are illustrated by the bars. The difference between the plots in each row is small,
indicating that by using the same ice emissivities, the correction effects based on
the two ice type retrieval algorithms are consistent. Now comparing the plots in
each column, the reduction in the standard deviation of Tgs is more pronounced
in the lower row, indicating that the corrections are more effective using mov-
ing monthly averaged ice emissivities, and that the monthly varying emissivities
more exactly describe the observations than the constant ones. This confirms the
generality of contest of first-year and multi-year ice. Note that the used emis-
sivities have been taken at different places and years (Mathew et al., 2009) than

the observations used in this study. Henceforth, the corrections are implemented
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F1GURE 3.12: Comparison of the effects of atmospheric corrections in the Arc-
tic over sea ice based on constant ice emissivities (plots in the first row) and
moving monthly averaged ice emissivities (the second row). The red and blue
lines indicate the standard deviations of horizontally and vertically polarized
Tps before correction respectively. The red and blue bars show the std-Tgs at
horizontal and vertical polarizations after the corrections. Multi-year ice frac-
tion is calculated by NASA Team algorithm in the left column, and by ECICE

algorithm in the right column.
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with monthly average ice emissivities, and NASA Team retrieved multi-year ice

fraction.
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FIGURE 3.13: The standard deviations of brightness temperatures before and
after atmospheric corrections in the Arctic over sea ice in winter using moving
The red and blue lines indicate the stan-
dard deviations of horizontally and vertically polarized Tgs before correction
respectively. The red and blue bars show the std-Tgs at horizontal and verti-
cal polarizations after the corrections. Multi-year ice fraction is calculated by

monthly averaged ice emissivities.

NASA Team algorithm.

The characteristics of sea ice is more variable during the Arctic summer (Mathew

et al., 2009).

According to Figure 3.11, the monthly averaged emissivities of

first-year ice decreases significantly at horizontal polarization from approx.0.75 in

March (the annual sea ice extent maxima) to ca.0.65 in September (the annual sea

ice extent minima) (Rigor and Wallace, 2004), close to the horizontal emissivity

of open water (see Figure 1.1) due to the melting of ice. Multi-year ice has less

seasonal variability, while a sudden variation still occurs during April and August.

Hence the retrieved ice emissivities are less valid during summer. The 100% ice
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validation in RRDP data set is also less reliable (Pedersen and Saldo, 2012). The
100% ice data are validated by the ice drift data and SAR convergence maps in
areas of high ice concentration, assuming that the small water fraction is frozen up
or closed by ridging after one day’s convergence, while in summer the higher surface
temperature prevents the freezing, and may cause melt ponds. Therefore the
brightness temperatures and polarization difference might have larger variability
in summer, and thus influence the evaluation of correction effect which is based
on the reduction in standard deviation. To exclude the influence of poor quality
validation data, we only apply the corrections on the data from Arctic winter
(October to May). In the future work, the effect of atmospheric corrections will

also be studied for summer months.

The variations of standard deviation of the brightness temperatures after correc-
tions are displayed in Figure 3.13 . For the six single corrections: water vapour,
wind speed, cloud liquid water, lowest level air temperature ,skin temperature and
emitting layer temperature, Ty, causes the largest reduction in std-Tg, which is
interpreted as a sign of effective correction. This is consistent with the result of
the sensitivity study of simulated Tgs to geophysical parameters in Chapter 3.2.2,
that ice emitting radiation is more sensitive to surface properties such as temper-
ature and ice types. Using skin temperature as the surface temperature brings a
slightly better correction effect than using 75, or T.,.; though the difference is
negligible. The similar performance of corrections in skin temperature and emit-
ting layer temperature proves that the Ty;, product of ERA-Interim data is highly
representative for the emitting temperature of ice. Wind speed has no impact on
the ice emission, resulting in the same std-Tpgs after the correction. Correction in
water vapour causes a small decrease in the standard deviation by approx. 1 K at
both polarizations. Cloud liquid water correction reduces the standard deviation
by less than 0.5 K. Both corrections have less effect than over open water, due to
the low humidity over ice and the high emissivity of sea ice. As for the combined
corrections, for all the corrections that include skin temperature or 2 meters air

temperature, their effects are similar to the single correction of the corresponding
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parameter, with only a small improvement. This again proves that surface prop-
erties are more dominant than atmospheric condition for sea ice emission observed
from space. The best combined correction is water vapour, cloud liquid water and
skin temperature, which reduces the standard deviation by about 4 K at both
polarizations. Since the correction in wind speed has no effect on sea ice, and the
fact that the effect of correction in water vapour and skin temperature is almost
the same as that includes liquid clouds, to allow a consistent correction routine for
both open water and ice, we still regard the combination of TWV, WS and Tiin

as the best correction.
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FIGURE 3.14: The standard deviations of polarization difference before and
after atmospheric corrections in the Arctic over sea ice in winter using moving
monthly averaged ice emissivities. The blue lines indicate the standard devi-
ations of Ps before correction, and the blue bars show the std-Ps after the
corrections. Multi-year ice fraction is calculated by NASA Team algorithm.

Figure 3.14 shows the variation of standard deviation of the polarization differ-

ences after all 24 corrections. The overall reduction of the standard deviations in
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FIGURE 3.15: The histograms of AMSR-E measured brightness temperatures
at H- and V- polarizations, and the polarization difference P, before and after
correction over sea ice in the Arctic. The bin size is 5 K for Tgy and Ty, and
1 K for P .

P is clearly smaller than for the single polarizations (Figure 3.13). In the best
case it is about 0.15 K or 6%, whereas for the single polarization it is about 4 K or
20%. The overall trend is the same as that of the brightness temperatures but for
total water vapour and cloud liquid water corrections, after which the standard
deviations increase by less than 1 K and 0.1 K respectively. The increase in std-P
in both cases is less than 1 K, might be the sensor noise of AMSR-E. Taken the
combined correction of wind speed, total water vapour and skin temperature as
the best correction, Figure 3.15 illustrates the distribution of brightness temper-
atures and polarization difference before and after this correction. For brightness
temperatures, the distribution is much narrower, with two visible peaks that in-
dicate the two main ice types: multi-year ice (with the slightly lower T due to

its lower emissivity) and first-year ice (with the higher Tg). Though according
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to Figure 3.14 the standard deviation of P slightly increases after the correction,

from the histogram such increase is almost negligible.



Chapter 4

Effect of Atmospheric Correction

on Retrieved Ice Concentration

According to the reduction in standard deviations of brightness temperatures and
polarization difference over open water and over sea ice, the most effective atmo-
spheric correction is selected as the combination of total water vapour, wind speed
and skin temperature. In this chapter, ice concentrations are retrieved based on the
corrected brightness temperatures, and thus the effect of atmospheric correction
on the retrieved ice concentration are assessed. The reduced difference between the
retrieved and the reference validated ice concentrations, and the reduction in the
standard deviation, are interpreted as good correction effect. Several ice concen-
tration retrieval algorithms are applied, including ASI_Bootstrap_ NWF, ASI.NWF
(NWF means no weather filter) and Lin90.

4.1 New Tie Points

The key parameter to ice concentration retrieval is the tie point, which represents
the radiometric characteristics of ice and water under typical conditions of the
researched area. Tie points often include the average atmospheric influence as

well. As the atmospheric impacts on the brightness temperatures are corrected,

47
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the values of tie points must have shifted accordingly. Here we apply a linear

transform to calculate the new tie points for the corrected brightness temperatures.
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FIGURE 4.1: The scatter plot of polarization difference in brightness temper-
atures before and after the best atmospheric correction over open water (left)
and sea ice (right). The black line shows the linear regression of P, and the two
red lines indicate the tie point Py and P; before and after the correction.

Figure 4.1 shows the scatter plot of the polarization difference in brightness tem-
peratures before and after atmospheric correction over open water (the left plot)
and over 100% sea ice (the right plot). The solid black lines are the linear re-
gression for each scatter plot, which represents the linear relationship between the
polarization difference before and after correction. Applying this linear transform
on the standard tie points of the non-corrected brightness temperatures, the new
tie points are calculated as Py = 72.7 K and P; = 13.8 K. As shown in the figure,
after the combined correction of water vapour, wind speed and skin temperature,
the polarization difference over open water has a significantly narrower distribu-
tion and higher values, which results in a nearly doubled tie point Fy. Whereas
over sea ice, the polarization difference only increases slightly, so does the tie point
P,. This is consistent with the sensitivity study in Chapter 3.2, that geophysical
parameters have a higher influence on polarization difference over open water than

over sea ice.
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4.2 Effect of Atmospheric Correction on Retrieved

Ice Concentration

Several ice concentration retrieval algorithms that use the 89 GHz channel are
evaluated in this study, including ASI Bootstrap NWF, ASI. NWF and Lin90.
ASI_Bootstrap_ NWF, ASI_.BS_NWF' in short, adopts the Bootstrap algorithm to
screen out open water pixels in additional to the core ASI algorithm. All pixels
with lower than 5% ice retrieved by Bootstrap are considered to be open water.
Since the spatial resolution of the frequency channels used by Bootstrap is much
lower than that of ASI, the total ice concentration is first averaged over a large
pixel and then interpolated into higher resolution, and thus low ice concentration
pixels might be misclassified as open water. To rule out the bias caused by boot-
strap filters, ASL. NWF is assessed. ASI_.NWF only includes the ASI polynomial,
and has no boundary at 0% and 100% concentrations. Lin90 is a linear retrieval
that also uses the polarization difference at 89 GHz, and it adopts the same set of

tie points as ASI_.BS_ NWF and ASI. NWF.

Figure 4.2 shows the scatter plot of the ice concentration retrieved by the ASL. NWF
and Lin90 algorithms and the polarization difference before and after correction
over open water and closed ice. Plots in the upper most row are the ASI polyno-
mial (blue curve) and Lin90 lines (red line). In each plot, the standard deviation
and the average value of the retrieved ice concentration are printed. Over open
water, after the atmospheric correction, the standard deviation of retrieved ice con-
centration reduces by about 50% for both ASI. NWF, and even more for Lin90.
Due to the lack of boundary condition at 0% and 100%, the ice concentration
over open water varies from -20% to 105% before correction. Though the values
below zero and above one hundred are not physical, they help to give a realistic
standard deviation at the 0% concentration. For the ASI. NWF algorithm, the
average concentration decreases from 21.04% to 5.89%, whereas for the ideal value
of Lin90, it reduces from 15.91% to 4.78%, in both cases getting much closer to
zero. Although the standard deviation of C(ASI_LNWF) of open water reduces
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by a half after the correction, its value is still quite high (above 15%), mean-
ing that many ice concentration values below 15% can’t be accurately retrieved.
Hence weather filters are still needed. Over sea ice, the standard deviation of
C(ASI_LNWF) increases slightly after correction by 0.22%(SIC) or 9% relatively,
while that of C(Lin90) reduces by 2.7%(SIC) or 37% relatively. On the other
hand, the average ice concentration over ice increases slightly for ASL. NWF' from
101.20% to 101.76%(SIC), and decreases by about 2% to 103.46%(SIC) for Lin90.
The increase in standard deviation and mean value of C(ASI.NWF) over ice is
caused by the different polynomials. Take a closer look at the first row in Figure
4.2. Before the correction, as the polarization difference gets lower than P, the ice
concentration first increases to about 105% and then decreases to slightly below
100% when P approaches zero. Whereas in the polynomial after correction, the
ice concentration increases further when P gets lower than P, until P turns zero.
Therefore even with the same set of P of values close to P, the ASI polynomial
of corrected brightness temperatures will result in a higher standard deviation
and higher mean value of the ice concentration. However, the advantage of using
corrected P value is in another point: the ice concentration below, but near 100%
will be more correctly retrieved than with the uncorrected P values, where the

retrieval tends to return values nearer to 100%.

Figure 4.3 shows the plot of ice concentration retrieved by ASI. BS_ NWF as a
function of polarization difference before and after correction at both SIC 0 and
SIC 1. With the boundary condition and Bootstrap filter included, the standard
deviation of C(ASI_BS_NWF) over open water decreases significantly than that of
C(ASI_NWF) (see Figure 4.2), from 32.89% to 3.85% before correction, and from
15.34% to 1.61% after correction. Note that the atmospheric correction reduces
both the standard deviation and the average ice concentration by more than a
half. On top of the strong improvement of the SIC 0 retrievals by the atmospheric
correction, the Bootstrap filtering further improves the results. However, when us-
ing the atmospherically corrected data, the Bootstrap filter sets the SIC in much

smaller number of pixels to zero. In the pixels unaffected by the Bootstrap the
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FIGURE 4.2: Ice concentration retrieved by ASL.NWF and Lin90 without cut-

ting off ice beyond 0 and 100%, as function of polarization difference before and
after correction. Plots in the upper most row are the ASI polynomial (blue
curve) and Lin90 line (red line). Ice concentration is retrieved by the ASI. NWF

and by the Lin90 algorithm. In each plot, the standard deviation and the

average value of the retrieved ice concentration are printed.
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FIGURE 4.3: Ice concentration retrieved by ASI.NWF including Bootstrap wa-
ter filtering and correcting ice beyond 0 and 100%, as function of polarization
difference before and after correction. Plots in the upper most row show the
ASIT polynomial (blue curve) and Lin90 line (blue line). Ice concentration is re-
trieved by the ASI_BS algorithm. In each plot, the standard deviation and the
mean value of the retrieved ice concentration are presented. Over open water,
after the atmospheric correction, the standard deviation reduces by more than
50% for ASI_BS, and the mean concentration is closer to the reference value
0%. Over sea ice, the standard deviation of C(ASI_BS) decreases by 22% after
correction.



Chapter 4. Atmospheric Correction Effect on Ice 53

higher horizontal resolution of the ASI ice concentrations is maintained. More-
over, these pixels will show ice concentrations which have been set to zero by the
Bootstrap filter when using the uncorrected brightness temperatures for ASI. In
conclusion, the atmospheric correction improves the ASI results both in horizontal
resolution and in ice concentration values. In order to quantify this improvement,
in the future study we will quantify the number of pixels affected by Bootstrap
filter before and after correction. In addition to that, the Boostrap filter will also

be included in the Lin90 algorithm to test its effect.

Over 100% ice concentration, the Bootstrap has no effect. The standard deviation

and the average value of retrieved ice concentration vary little after correction.

We conclude that over open water, the atmospheric correction has a much larger
influence on the retrieved ice concentration than over ice. Regardless of extra fil-
ter, the combined correction in TWV, WS and Ty, reduces the standard deviation
and the average value of the retrieved ice concentration over open water by about
a half. With Bootstrap filter included, the standard deviation of ice concentration
at 0% becomes close to zero. For 100% ice concentration, the influence of the
atmospheric correction is negligible. However, applying the atmospheric correc-
tion also to brightness temperatures over high ice concentrations allows to apply
it to all observations regardless of the ice concentration, largely facilitating the
application in real cases. Moreover, the ASI polynomial of corrected polarization
difference has smaller discrepancy than the polynomial before, meaning that the
new algorithm is more sensitive to ice concentrations near 100%. In the applica-
tion, the non-physical ice concentrations outside the range 0% to 100% should be
be set to the boundary values. Henceforth, the ASI_NWF algorithm that includes
the boundary conditions and uses the corrected brightness temperatures is called

ASI2_NWF.
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4.3 Application Demonstration

By now the atmospheric correction has only been tested on the validation data. In
this section we will demonstrate an example of the correction applied on AMSR-
E level 2A swath data. One difficulty in the application is to unify the spatial
resolution of different frequency channels, and at the mean time to preserve the
high resolution of 89 GHz. The ERA-Interim atmospheric parameters have the
coarsest resolution (79 x 79 km?), while the resolution of ASI2.NWF is 6 x 4 km?,
therefore it is inevitable to interpolate the atmospheric influence to a higher reso-
lution. The correction is carried out as follow. First, the brightness temperatures
of the atmospheric influence are simulated at the resolution of 18.7 GHz, which
is the coarsest frequency needed for retrieving multi-year ice concentration. Sec-
ondly, the simulated brightness temperatures are interpolated into the resolution
of 89 GHz, and finally being subtracted from the 89 GHz brightness temperatures.

This way the brightness temperatures of high resolution are preserved.

Figure 4.4 visualizes the effect of atmospheric correction on the retrieved ice con-
centration. The top map shows the C(ASI_NWF) and the bottom map displays
the C(ASI2_NWF'). According to the previous chapters, the best correction is the
combination of total water vapour, wind speed and surface temperature. But after
applying the correction to swath data, we notice that the combination has an even
better effect when cloud liquid water is included. Therefore in the right plot of
Figure 4.4, we include LWP into the combined correction. The red, green and
blue boxes remark the false positive concentrations possibly caused by high water
vapour or liquid clouds, because the high values of these two parameters show the
similar patterns as the anomalies (see Figure 4.6). Figure 4.5 shows the difference
between the ice concentration retrieved by ASI_NWF before and after the correc-
tion. The ice concentration decreases little by 10% in the centre of the Arctic after
the correction, which confirms that the atmospheric correction has little influence
at high ice concentrations. Whereas over open ocean, the intensities of false high
ice concentrations have significantly reduced by 10% to 70% (SIC) in the red and
blue box, and by 10% to 30% (SIC) in the green box. The remaining ice anomalies
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FIGURE 4.4: The ice concentration map retrieved by ASI NWF (top) and by

ASI2_NWF using corrected brightness temperatures (bottom). The combined
01. Jan, 2008. The red, green and blue boxes shows the regions of false positive

correction includes TWV, LWP, WS and 15,,. The AMSR-E swath data is from
ice concentration caused by high water vapour and liquid clouds.
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F1GURE 4.5: The difference between ice concentration retrieved by ASI.NWF
and ASI2Z. NWF

are located at where the high liquid water (according to MODIS image) is not re-
flected in the ERA-Interim LWP data (right plot in Figure 4.6), meaning that the
ERA-Interim liquid cloud product does not describe the exact cloud situations of
AMSR-E observations. As described in Chapter 3.2.1, the polarization difference
at 89 GHz decreases drastically with cloud liquid water over open water. This
indicates that a small underestimation of LWP will lead to an overestimation of
ice concentration, and cause false positive ice concentrations. In order to further
improve the atmospheric correction over open ocean, a cloud liquid water product

of closer resolution and smaller temporal difference to the 89 GHz observations
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FIGURE 4.7: The effect of atmospheric correction near ice edge. The ice con-
centration is retrieved by ASI.NWF (top) and by ASI2_NWF using corrected
brightness temperatures (bottom). The combined correction includes TWYV,
LWP, WS and T5,,. The AMSR-E swath data is from 01. Jan, 2008.
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would be desirable. Currently in the PHAROS group, a new algorithm so called
integrated retrieval (Melsheimer et al., 2009), which is also based on the 89 GHz
measurements, and retrieves the ice concentration and geophysical parameters at
the same time is under development. The atmospheric conditions retrieved by this
algorithm are of the same temporal and spatial resolutions with 89 GHz, hence
might be used for our future research. While Figure 4.4 shows the reduction of
erroneously retrieved ice concentrations over open water at lower latitudes, this
effect is much more important near the ice edge. Therefore, Figure 4.7 shows a
detailed map of Figure 4.4 in the Barents Sea. The ice edge is slightly broader
after the correction. One reason for a broader ice edge is the new ASI polynomial,
which is closer to linear near 100%. Before the correction, the high ice concentra-
tion values tend to be retrieved nearer to 100%, whereas after the correction these
values can be more correctly retrieved. The other reason lies in the corrected
brightness temperatures. Liquid clouds and water vapour tend to decrease the
polarization difference, which is reflected as higher ASI ice concentration. When
these effects are corrected, the P values will be higher, resulting in slightly lower
ice concentrations. Hence near the ice edges, the SIC will decrease less abruptly
towards open water. In the future study we will quantify this effect by counting
the number of pixels near ice edges with the ice concentration values in the range

80 to 100%.
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Conclusion

The influence of atmospheric parameters on sea ice concentration retrieval in the
Arctic is studied, and a new version of the ASI algorithm that includes atmo-
spheric correction is developed. The brightness temperatures of open water and
closed ice observed from space at 89 GHz react differently to the variation of geo-
physical parameters. In general, the atmosphere has larger impact on open water
than on ice. Four geophysical parameters are tested: total water vapour, liquid
water path, wind speed and surface temperature. Under typical Arctic condition,
higher TWV (ranging from 0 to 20 kg/m®) increases the simulated brightness
temperatures linearly at both polarizations, and decreases in the polarization dif-
ference from approx. 80 K to 50 K over open water (Figure 3.3). Strong wind
over open water roughens the surface, resulting to higher overall emissivities (Fig-
ure 3.4) and polarization mixing. Therefore the vertically polarized brightness
temperatures decrease with increasing wind speed, and the horizontally polarized
brightness temperatures increase. Liquid clouds induce non-linear variability of
the brightness temperatures and causes less polarization difference. Opposed to
our expectation, the simulated Tgs decrease with increasing surface temperature
at both polarizations, because higher sea surface temperatures cause higher dielec-
tric permittivity, resulting to larger reflectance and lower emissivity. Over closed
ice (Figure 3.7), the atmospheric properties such as TWV and LWP have less

impact than the surface properties (surface temperature and ice types) due to the

60
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higher emissivities of first-year than that of multi-year ice. Wind speed has no
impact on ice at all. TWV and LWP both decrease the polarization difference
of ice as they do over open water, but of a smaller magnitude due to their low
concentrations and to the high emissivity of ice. The simulated brightness temper-
atures increase with higher surface temperature, while the polarization difference

remains the same.

All possible atmospheric correction, including single and combined ones, are tested
on the 0% sea ice concentration and 100% ice concentration validation data. The
reduction in the standard deviation of the brightness temperatures and the polar-
ization difference is interpreted as a sign for good correction. For open ocean, the
most effective single correction for both single brightness temperatures and polar-
ization difference is total water vapour, which reduces the standard deviation of
Tpy by 2.8 K (or 37.8%) and that of Ty by 5.6 K (or 28.9%). The best combined
correction is TWV, WS and Ty, which decreases the std-Tgs by 27.9% at H-Pol,
and by 39.2% at V-Pol. Since the atmospheric properties are correlated to surface
ones, e.g. higher surface temperature usually co-exists with higher water vapour,
the correction that combines both properties are more effective than the single
ones. Over sea ice, where the surface properties are more dominant, the atmo-
spheric correction has less impact. The effects of corrections are compared by using
two sets of ice emissivities (one set is constant, and the other varies with months)
and two multi-year ice fraction retrieval algorithms (NASA Team and ECICE).
The results of the two algorithms are consistent, while moving monthly ice emis-
sivities (Mathew et al., 2009) brings better correction effects though they were
measured in different regions and in a different year. This confirms the reliability
of both algorithms, and the generality of the ice emissivities. The most effective
single correction over ice is skin temperature, and the best combined correction
is TWV, LWP and T, which reduces the standard deviation by about 4 K (or
20%) for both polarizations. Whereas for the polarization difference, the overall
reduction of the standard deviation is smaller than that of single polarizations.

In the best case (Tsgin) it is about 0.15 K. The effect of each single correction is
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similar to that on single polarizations except for TWV, which increases the stan-
dard deviation slightly by 1 K. Such increase can be explained by the effect of
combining the uncertainties of two independent variables. In order to provide a
consistent correction for both open water and sea ice, we choose the combination

of total water vapour, wind speed and skin temperature as the best correction.

The effect of the best correction is then tested on the retrieved ice concentration.
A new set of tie points: PO = 72.7 K and P1 = 13.8 K are calculated based on
the linear regression of the polarization difference before and after correction. The
new version of AST algorithm that uses the corrected brightness temperatures and
new set of tie points is called ASI2_NWF. The combined correction reduces the
standard deviation of the retrieved ice concentration over open water by about a
half (Figure 4.2). With the Bootstrap filter included in the retrieval, the standard
deviation of ice concentration at SIC 0 becomes close to zero (Figure 4.3). For
100% ice concentration, the influence of atmospheric correction is limited. But
the ASI polynomial of corrected polarization difference has smaller discrepancy
than the polynomial before, meaning that the new algorithm is more sensitive to
ice concentrations close to 100%. A linear algorithm (Lin90) using the same set
of tie points as AST is evaluated as well. The atmospheric correction has similar
effect on Lin90 (Figure 4.2) as on ASI.NWF over both open water and closed ice.
However the influence of Bootstrap filter has not been tested on Lin90, and will

be part of the future study.

Finally, the combined correction is applied on AMSR-E level 2A spatially re-
sampled data. Though the best correction on the validation data does not include
cloud liquid water, after applying the correction to swath data, more ice anomalies
over open water are filtered out when LWP is included. The atmospheric correc-
tion effectively reduces the false high ice concentrations at lower latitude regions
over open water by about 50% to 60%. But due to the much coarser temporal
resolution of ERA-Interim products, the LWP data does not describe the exact
liquid cloud situation of AMSR-E observations, resulting to the remaining false
positive. To further improve the atmospheric correction, a LWP product with

closer temporal and horizontal resolution to 89 GHz is needed. Near the ice edge
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(Figure 4.7), the correction results in a slightly broader edge area, due to the
more linear ASI polynomial, and the corrected brightness temperatures. After
the correction, the resulting polarization differences of regions with high liquid
water and/or water vapour are higher. To further study the effect of correction
near ice edges, the pixels with ice concentrations values inside the range 80% to

100% will be quantified in the future study.
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