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Abstract

Water vapor is a component of the atmosphere which plays a critical role

in the global climate mechanism. Monitoring the amount and tracking the

variability of water vapor in the atmosphere on a global scale is a necessity in

order to achieve better short term weather prediction and to understand long

term climate change. The polar regions pose a specific set of problems to

atmospheric water vapor retrieval. Algorithms have been developed that can

measure atmospheric water vapor content in these areas using space-borne

microwave radiometers. In this thesis we aim to improve on the methods

that are already in place. By performing comparisons with complementary

retrieval sources for the Arctic region, a multi-instrument approach to improving

retrieval coverage is presented. Also, starting from a tested method for water

vapor retrieval in the central Arctic, an extension is proposed that would

enable it to also cover open ocean areas.
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Chapter 1

Introduction

1.1 What is water vapor

The planet Earth is able to support life because of a key component within its

climate system that sets it apart from other known places in the Universe,

a working water cycle. This hydrological cycle characterizes the continual

movement of water in all three phases between the planetary atmosphere,

oceans and landmasses. Although the large liquid water oceans and the solid

ice caps in the polar regions are the most visible components, the gaseous

water vapor is an important component in this system. Water vapor provides

the link between the large liquid water reservoir that is the planetary ocean

and the liquid water clouds that bring precipitation over the continents. The

basic workings of the hydrological cycle are known, but some interactions

that concern its water vapor component are still not understood primarily

because of insufficient observations of atmospheric water vapor.

Another mechanism that allows life to thrive on this planet is the greenhouse

effect of Infra-Red (IR) absorbing gases in the atmosphere. This mechanism

keeps the surface temperature high enough to ensure a life-friendly climate.

There are a number of greenhouse gases in the atmosphere, some natural and
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other of anthropogenic origin, but the most important of these is water vapor.

Because of the intrinsic characteristics of the water molecule, water vapor

absorbs strongly in the long wave spectrum. The atmospheric saturation

vapor pressure is proportional with the air temperature so that warmer air

has a higher saturation vapor pressure and can therefore hold more water

vapor before it condensates to liquid. Due to its behavior as a greenhouse gas

and because of the link between air temperature and water vapor load, it can

play an important role in a positive feedback process within the atmosphere.

Once a warming process is started, the higher air temperature allows more

water to evaporate, and the resulting water vapor drives the warming process

in the atmosphere further because of the greenhouse effect. Besides this

simplistic explanation, the behavior of water vapor in the atmosphere is

far more complex as it interacts with clouds, with the incoming short-wave

and the outgoing long wave radiation, all while being part of the general

atmospheric circulation. Some of the aspects of these interactions are still

not understood also because of a lack of observation data about atmospheric

water vapor.

1.2 Water vapor terminology

Water in its gaseous form is simply called water vapor. The climatological

parameter water vapor can be quantified in a number of different ways,

depending on the context of application. For meteorologists it can be expressed

as the actual concentration in a fixed volume of air, or it can relate to

the maximum amount required to saturate the air. Saturation occurs when

adding more water vapor to the volume of air would cause it to condensate

to liquid. When saturation is achieved, the rate at which water molecules

are added through evaporation is equal to the rate at which they leave the

air parcel by condensation.
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By relating the quantity of water vapor to the overall quantity of air

in the sample we define the samples specific humidity, and by relating the

amount of water vapor only to the amount of dry air in the sample we define

the mixing ratio. Both of these quantities are dimensionless numbers, but

because of the small concentration of atmospheric water vapor (in places

even below 1%), these quantities can be expressed in units of grams of water

vapor per kilograms of air (moist or dry).

Vapor pressure defines the partial pressure for which only the water vapor

in moist air is responsible. Saturation vapor pressure is the pressure needed to

achieve air saturation and is directly linked to the air temperature. It follows

a rapid increase with temperature, doubling between 21 oC and 32 oC. This

phenomenon characterizes the connection between the atmospheric water

vapor load and air temperature. Relative humidity is expressed as a percentage

and represents the ratio of the vapor pressure to the saturation vapor pressure.

It is important to note that two parcels of air of different temperature can

have the same relative humidity but different water vapor content, because

of the dependence of the saturation vapor pressure on temperature.

Throughout this thesis, when we are referring to the water vapor content

of the atmosphere it will be expressed as total columnar water vapor, or in

short total water vapor (TWV). This represents the mass of water vapor in

a column of air over a 1 m2 area, integrated over the entire height of the

atmosphere. TWV is equivalent to total precipitable water vapor which is

the height to which the water level would rise if all atmospheric water vapor

would precipitate down. TWV is measured in kg/m2 and is numerically equal

to the total precipitable water vapor expressed in mm of height.

9



1.3 Mean distribution of water vapor

When considering the entire mass of the atmosphere, water vapor would only

count for 0.25% of the total sea level pressure of atmospheric gases. The total

water vapor load of the atmosphere, if evenly distributed around the globe,

would amount to about 25 kg/m2.This is a global average, but because of

different atmospheric conditions, the distribution of water vapor is not even,

and so in equatorial regions it would amount to 60 kg/m2 and less than

a tenth of that at the poles. When it comes to the temporal variability of

atmospheric water vapor concentration, the average precipitation around the

globe is about 1 m per year which means that the cycling of water in the

air in gas and liquid form is fast, the average residence time for one water

molecule in the atmosphere is about 9 days.

Water vapor is not only unevenly distributed horizontally across the

planet but also vertically. The concentration of water vapor in the atmosphere

is influenced by the air temperature and as it varies with height and across

geographical features so does the distribution of water vapor. Almost 50%

of the entire mass of water vapor is found below 1.5 km above sea level [25].

Despite the small amount of water vapor in the upper troposphere (above

about 5 km) and stratosphere, research has shown that upper tropospheric

water vapor plays an important, but not yet fully understood role in the

climate [1].

A more detailed look at the global horizontal distribution of atmospheric

water vapor is presented in Figure 1.1 Here also, atmospheric water vapor

load follows the general surface temperature distribution, with the highest

values occurring in equatorial regions and, decreasing with latitude, the

lowest values occurring near the poles. Latitude and surface temperature

are not the only factors influencing the atmospheric water vapor content, as

the major warm desert regions and high mountain ranges are exceptions for
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the lower latitudes. Atmospheric circulation brings warm, dry air over areas

such as the Sahara desert, and because most water vapor is concentrated in

the lowest 5 km of an atmospheric column, over high geographical features

the column of air that can effectively hold water vapor is much shorter thus

leading to a lower water vapor load then in low level areas at the same

latitude. Consequently, above the equatorial oceans high air temperature,

coupled with the huge evaporation sources and convective atmospheric movement

determine the highest water vapor load in Earth’s atmosphere.

Figure 1.1: Global mean horizontal distribution of atmospheric water vapor

(NASA image)

1.4 Temporal variability of water vapor

As stated before, variability is one of the most important characteristics of

the atmospheric water vapor. Following seasonal patterns and the routes of

general atmospheric circulation, the water vapor load varies on time scales

raging from minutes to decades. Because of the influence of landmasses and
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the corresponding temperature changes, seasonal variations are more strongly

felt in the northern hemisphere. The higher fraction of ocean in the southern

hemisphere acts as a buffer for rapid temperature variations, thus leading

to a more temporally stable atmospheric water vapor distribution. On the

timescale of a few years, the El-Nino Southern Oscillation phenomenon induces

changes in the tropical Pacific sea surface temperature, and the water vapor

distribution changes accordingly.

1.5 Water vapor trends

The study of long time water vapor records has provided an insight into the

trends of water vapor variability within the troposphere. Some recent studies

show an increasing trend for atmospheric water vapor. A global ocean trend

for the time period 1988 to 2003 is estimated to an increase of 1.3± 0.3%

per decade [2]. Generally, positive trends were found in regions where rising

temperature trends were also recorded during the same period, an important

remark in the current global warming scenario.

A decades long record of monthly measurements from weather balloons

launched in the area of Boulder, Colorado show an increase in the local

stratospheric water vapor content of approximately 1% per year between 1980

and 2004 [3]. Quantitatively the stratospheric water vapor load increased by

27±6% during 1980-2010 while showing relatively large short-term variations

throughout the period (shown in Figure 1.2). The increasing trend is more

stable at higher altitudes indicating the action of mechanisms that strengthen

with increasing altitude such as methane oxidation. Although the amount of

oxidized methane has also increased in the same time period, this mechanism

alone can only account for 25 ± 5% of the water vapor increase for the entire

30 years period [4].
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Figure 1.2: Water vapor trends as measured from balloon frost-point

hygrometers. a) Increasing trend for the 20-22 km atmospheric layer, between

1980 and 2004. b) Trend for the stratospheric vertical profile between 10 and

30 km altitude [23].

1.6 The role of water vapor in the climate

system

As mentioned before, water vapor provides the connection between surface

and the atmosphere within the hydrological cycle. As is shown in Figure 1.3,

most of the atmospheric water vapor originates on the planet surface, where it

is released from surface evaporation and from biological processes. Following

the circulatory patterns of the atmosphere, depending on the local conditions

of air pressure and temperature, vapor will condense to water, forming clouds.

If precipitation is formed, then the water returns to the surface to complete

the cycle.
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Figure 1.3: The global water cycle [2].

As a component of the climate system, the water cycle is closely tied

to local temperature. The ocean surface temperature varies more slowly

than land surface temperature, and other factors such as soil moisture can

contribute to a high variability in the water transport system.

Water evaporation happens all across the planet surface but at very

different rates. Over land the predominant phenomenon is precipitation

followed by the outflow of water through rivers into the oceans. To balance

this system, most evaporation happens over the oceans from where water

vapor is continuously carried inland where it condenses and precipitates down

again.
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Besides transporting water between oceans and land, the hydrological

cycle fulfills an important task within the climate system. During its journey

from source to sink, water vapor also transports latent heat within the

atmosphere. This is the energy the water molecules needed to absorb in order

to leave the more stable state of liquid and be released as gas. The energy thus

acquired through evaporation is released again when water vapor condenses,

usually at great distance from the original location where evaporation took

place. This mechanism provides energy for weather systems all across the

globe.

1.7 The role of clouds

One of the least understood components of the hydrological cycle is the action

of clouds. They act to reflect solar radiation because of their high albedo,

but being made up of water they also strongly absorb the IR radiation of

the planet surface. Therefore clouds can have both a cooling and a warming

effect in the atmosphere. Because cloud cover is subject to rapid change, they

will contribute to the effects of unequal heating of the Earths surface and

so influence the rate of surface evaporation and convective heat transport.

These local variations in evaporation rates influence in turn cloud formation.

Another link in this complex system is the precipitation connected to clouds

which will also influence soil moisture over land and the surface evaporation

rate. Soil moisture and the amount of solar radiation that reaches the surface

are the most important factor for plant life development, and the presence of

plants can sustain further development of the local biotope. The biological

component of the water cycle is also responsible for water vapor release in the

atmosphere, i.e. from perspiration and evaporation. Because of the complex

interconnections between all of these components, it is hard to predict if the

net effect of clouds will be to amplify or buffer climate change in the future.
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Cloud updraft is believed to be responsible for transporting water vapor

into the upper troposphere, but the whole mechanism is not completely

understood. Cloud microphysics and large scale cloud dynamics are thought

to lead to a drying of the higher troposphere. Models so far indicate that

large storm systems and cloud processes are the primary force behind water

vapor transport into the higher troposphere but the exact working of this

complex system is not certain and more observation data are required for

improving and testing models [4],[5].

1.8 Water vapor retrieval

To enable monitoring of water vapor in the atmosphere, a number of retrieval

methods have been developed, each with their weak points and advantages.

In Figure 1.4, different types of monitoring systems are shown that are

currently in use for atmospheric water vapor content measurements.
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Figure 1.4: Ground-, air- and space-borne methods for water vapor retrieval

[2]

The most reliable retrieval source for water vapor information will remain

the hygrometer observations taken routinely at meteorological stations. These

provide long records with high temporal resolution and good quality observations

but the fact that the meteorological station network is unevenly distributed

around the globe as well as the fact that the data is relevant for the bottom

part of the troposphere reduce the applicability of this method.

To improve on the vertical resolution of water vapor measurements, since

the 1930s, sounding equipment was launched in balloons. This method

provides a relatively cheap source of data that has provided long records for

locations around meteorological stations. This means that coverage beyond

the station locations is not achievable. Data quality depends on the instruments

used and the retrieval does not include the higher troposphere.

For research purposes, more sensitive instruments can be deployed such
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as surface radiometers. Microwave and IR radiometers can both deliver

high quality data but, while microwave instruments suffer from poor vertical

resolution, IR retrieval is hampered by cloud cover. The number of such

instruments is restricted by the high cost of a single unit.

Aircraft-mounted instruments can record water vapor data with better

coverage than surface methods, but aerial campaigns are expensive and the

duration of one flight during witch measurements can be taken is on the

order of hours. Plans to mount instruments on commercial aircraft that

would ensure constant measurements between airport locations have not been

implemented on a scale large enough to achieve operational status [19].

For daily monitoring on a global scale, satellite retrieval provides the best

option. IR sensors like TOVS can obtain integrated atmospheric water vapor

load and low resolution vertical profiles because of the wide satellite footprint

[18]. The temporal resolution is affected by data corruption from cloud

cover. Microwave imagers such as AMSR-E (Advanced Microwave Scanning

Radiometer for EOS) and SSM/I (Special Sensor Microwave/Imager) are

only little affected by clouds but the retrieval is normally limited to the

ice-free oceans because the surface emissivity component from ice, snow

and the various land surfaces cannot be completely compensated for. The

microwave imagers do not allow to retrieve information about the vertical

distribution of water vapor; they only give column integrated values. Vertically

resolved water vapor information can be obtained with sounders, like AMSU-B

(Adnvanced Microwave Sounding Unit)or MHS (Microwave Humidity Sounder).

In the case of sounders however, the vertical resolution is low. For retrieving

information about the highest layers of the atmosphere with good vertical

resolution, sensors using solar occultation methods like SAGE (Stratospheric

Aerosol and Gas Experiment) II are used. A drawback of retrieving from this

position (through the limb of the Earth’s atmosphere) is that cloud cover can

severely affect retrieval, especially in lower latitudes [20].
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By special processing of the signal delay from different GPS satellites,

information about the water vapor content of the atmosphere can be retrieved.

A good vertical resolution can be achieved, but the presence of receivers on

the ground is necessary and limits coverage.

Covering the observational gap would lead to a better understanding of

the exact role of water vapor within the climate system. Until the last decade

most climatological studies on water vapor have been based on radiosonde

retrieval which offer good vertical resolution for the lower troposphere but

only offer coverage for populated regions where the density of meteorological

stations is high enough, but these retrievals shed no light on remote regions

like oceans and polar caps.

In recent years, satellite observations from microwave and IR radiometers

have encountered more success in achieving wide coverage while providing

reasonable resolution for water vapor retrieval. Although useful, these methods

cannot achieve permanent global monitoring because they are restricted by

weather conditions and surface types. Where there are no real life observations

available data assimilation systems, like the ECMWF (European Centre

for Medium-Range Weather Forecast) model products, can complete the

image by combining measurement data where possible with output from

atmospheric models.

Models of the hydrological cycle can provide more insight into the workings

of the global climate system as well as more practical improvements in

short term weather forecasting (like the Global Energy and Water Cycle

Experiment GEWEX project of the World Climate Research Programme)

[21]. Improved water vapor data would help modelling efforts by providing

accurate training information for simulating water vapor interactions in the

atmosphere as well as validation possibilities for simulated water vapor distributions.

On a planetary scale the use of complementary retrieval methods for

particular regions and the subsequent combination of sources can yield more
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useful information than generalizing one single method for global applicability.

1.9 Challenges for retrieval in the Arctic

The Arctic region is one of the most extreme environments on the planet.

Temperatures range over a very wide range between about -40 and 0 oC in

January and roughly -10 to 10 oC in July. Precipitations are usually in the

form of snow and average 500 mm around the year, which represents half

the global average of 1000 mm, but varies locally and depending on season.

Some parts of the Arctic (Arctic Basin) are as dry as the tropical deserts,

receiving less than 250 mm of precipitation yearly, while others will have

three times as much (South of Greenland) [6]. The climate of the Arctic is

therefore subject to large variations on a regional and seasonal basis which

translates into very visible cyclic changes in the environment such as the

seasonal melt and refreeze of the Arctic sea ice cap. Any small change in

the climatic parameters beyond the cyclic norm is translated into dramatic

changes in the physical environment. Data shows that the temperature has

been increasing in the last 3 decades over the northern reaches of Eurasia

and North America [7]. As a consequence, sea ice extent has been constantly

shrinking [8], snow cover is getting smaller and the glaciers are retreating

[9]. As we are faced currently with the prospect of planetary climate change,

the most sensitive regions of the planet will be where the most dramatic

transformations will take place as any small change in the local climatic

parameters can be amplified by natural feedback (e.g. the ice albedo feedback

in the Polar Regions).

Because of its extreme location the Arctic is a problematic region for

remote sensing applications. Radiosonde retrieval of total water vapor is not

sufficient because of the scarcity of weather stations in this area. Satellite

retrieval faces also a number of obstacles. Optical sensors face the constant
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issue of cloud cover and the seasonal lack of sunlight while microwave measurements

are impaired by our incomplete understanding of the way in which sea ice

behaves at the retrieval frequencies [12].
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Chapter 2

Polar TWV retrieval using

space-borne microwave

radiometer

2.1 Water vapor retrieval over Antarctica

The Miao et al [12] method was the first step in TWV retrieval in polar

areas using space-borne microwave radiometers. It used the SSM/T2 sensor

and was designed to work in the Antarctic. The key concept is that this

method uses several channels with similar surface emissivity but different

water vapor absorption behavior. These are the three channels near the

183.31GHz water absorption line, which together with the channel at the

150GHz window frequency can retrieve TWV values up to about 7 kg/m2.

Above this value two of the band channels become saturated and the signal

does not pass through to the ground anymore. This algorithm works well for

the Antarctic because the atmosphere is dry enough throughout the year. In

the Arctic, the summer months mean higher TWV loads as a combination

of moist air advection from lower latitudes, higher air temperatures and
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the presence of more open ocean area that represents a water vapor source

push the TWV load high above the 7 kg/m2 limit. This is why, in [10] a

method is proposed that builds upon the Miao algorithm and provides and

extended range for better retrieval in the Arctic. Using the same pairing

of channels as the Miao algorithm, the Melsheimer, Heygster method can

achieve the same retrieval range in the Arctic, and by also recruiting the

89 GHz channel the range of values can be extended up to 15 kg/m2 with

reasonable accuracy. The original Miao algorithm dealt with the problem of

uncompensated surface emission by assuming the same surface emissivity for

all channel frequencies. This assumption cannot hold if the 89 GHz channel

is also used and then some information about the type of surface has to be

included into the retrieval. The Melsheimer, Heygster algorithm can retrieve

TWV up to 7 kg/m2 independent on surface type and up to 15 kg/m2 only

over sea ice. Because the proportion of sea ice and open ocean is constantly

varying in the Arctic, the purpose of this paper is to propose a method to

further extend this algorithm to enable it to retrieve TWV for the maximum

possible range also above open water.

2.2 The original idea

The retrieval equation derivation follows the path described in [9] and is

given here for the purpose of better explaining the improvement proposed

in Section 3.4. A down looking microwave radiometer will measure upward

radiances at the top of the atmosphere. These radiances can be approximated

to brightness temperatures of the Earths surface. Using the linear Rayleigh-Jeans

approximation we express the radiance measured by the instruments as the

brightness temperature:

Tb(θ) = mpTs − (T0 − Tc)(1− ε)e−2τsecθ (1)
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Were θ is the viewing angle of the satellite, mp is a correction factor that

accounts for the effect of deviation from isothermal atmosphere and difference

between surface and air temperature. Ts is the ground surface temperature,

Tc the brightness temperature of the cosmic background contribution, T0

is the ground level atmospheric temperature.ε is the problematic surface

emissivity, while the is the atmospheric opacity. This is an exact equation so

if the exact values for each parameter are plugged into the equation we would

get the exact value of the brightness temperature. Even if each component of

the temperature signal could be exactly determined, the mp correction factor

has to be approximated. For the ideal model of a isothermal atmosphere, the

ground is a specular reflector and the ground skin temperature being equal to

the ground level atmospheric temperature, mp would be 1. The Melsheimer,

Heygster algorithm assumes the ground to be a specular reflector which is

a sufficient approximation for remote sensing applications in the microwave

domain [16].

The principal idea of the original technique was to take the brightness

temperature measurements from three channel frequencies were the ground

component would be the same and find the link between these brightness

temperatures and the water vapor load of the atmosphere. This would be

the retrieval equation for the classical case (Miao algorithm). The extended

algorithm will use a different retrieval equation because the three channels

with equal emissivities are not available for the higher range TWV values.

In this case information about the surface type will be integrated into the

retrieval.

24



2.3 The retrieval equation for the classical

case

In this initial scenario, the algorithm uses the band channels around 183.31

GHz from a sensor system like SSM/T2 (Special Sensor Microwave/Temperature

& Humidity Profile) or AMSU-B. As long as no channel is saturated 1

all channels see the ground and the emissivity is the same for all three

measurements. The water vapor absorption will be different for the three

channel frequencies. If i,j,k is the increasing order of channel frequencies (i.e.

νi < νj < νk) then the mass absorption coefficients will be ki < kj < kk. To

cover the whole retrieval range, the original algorithm used two combinations

of channel triplets: i) 183.31±7, 183.31±3, and 183.31±1 GHz (AMSU-B

channels 20, 19, 18); or ii) 150, 183.31±7, and 183.31±3 GHz (AMSU-B

channels 17, 20, 19). For the first channel combination the assumption of

equal emissivity is well matched to reality because the three frequencies

are so close to each other. For the second pairing, the same assumption

is still used although the in frequencies is greater and some inaccuracy is

introduced in the retrieval. In the original paper [12], it is argued that

using this assumption for the second channel triplet represents a small error

source when compared to other ones. Quantitatively it is shown in Wang

et al [14], Selbach [11] and Selbach et al [15] show that using the same

emissivity assumption while including the 150 GHz channel will cause a

positive bias of up to 0.5 kg/m2 depending on the type of ice at the surface.

Further, we give a short outline of the original algorithm as described in

[10]. This is important in order to make the connection with the modified

retrieval equation described in [?]. Starting from the expression of brightness

temperature given in (1), if we want to simplify it we can take the difference

1the channel signal comes from the upper layers of the atmosphere and does not include

any information about the surface
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of two brightness temperatures measured at two different channels i, j and

we get:

∆Tij ≡ Tb,i − Tb,j

∆Tij = (T0 − Tc)(1− ε)(e−2τjsecθ − e−2τisecθ) + bij (2)

We can see that in (2) the free Ts term has disappeared. To account for the

differences in the mp term, the bias term bij was introduced.

bij = Ts(mp,i −mp,j) (3)

As shown in [10] - Appendix II, good approximation for this term is:

bij ≈
∫ ∞
0

[e−τj(z,∞)secθ − e−τi(z,∞)secθ]
dT (z)

dz
dz (4)

Here, T(z) stands for the temperature profile of the atmosphere with

height z. To obtain a relationship between the measured brightness temperature

and the absorption due to water vapor we require the third brightness temperature

measured on channel k. With this, a pair of brightness temperature differences

is available from which the ratio will be:

∆Tij − bij
∆Tjk − bjk

=
e−2τisecθ − e−2τjsecθ

e−2τjsecθ − e−2τksecθ
(5)

For ease of notation we can follow the naming convention in [10] and use

for the left hand side of (5) the ratio of compensated brightness temperatures,

ηc (containing the correction terms bij, bjk). ηc is fully independent of any

surface contribution, and only influenced by the atmospheric opacity terms

(i,j,k) at the three channel frequencies. Each opacity term is a function of

the amount of absorption by water vapor and oxygen and can be expressed

as:

τi = kvapor,iW + τoxygen,i (6)

Where kvapor,i is the mass absorption coefficient for water vapor for channel

i, oxygen,i represents the oxygen contribution to the atmospheric attenuation
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at channel i, and W is the water vapor load. For the channels around the

183.31 GHz frequency, the contribution of water vapor to the absorption is

much stronger than for oxygen so that the oxygen,iterm can be neglected.

The aim is to have a direct connection between the ratio of brightness

temperature and the water vapor content W. Using the approximation introduced

in [13], the difference of exponentials can be transformed into a product of a

linear and an exponential function so that eventually we get:

ηc = exp[B0 +B1Wsecθ +B2(Wsecθ)2] (7)

Where B0,B1, and B2 depend on the mass absorption coefficients k for

the three channels and are called bias parameters. When compared to the

first two terms under the exponent, the quadratic term can be neglected so

that when we take the logarithm of (7) we have:

logηc = B0 +B1Wsecθ (8)

The final retrieval equation for water vapor content W is then

Wsecθ = C0 + C1logηc (9)

The constant parameters C0 and C1 are related toB0 andB1 and characterize

the atmospheric attenuation at the used channel frequencies, and they are

determined from simulated brightness temperatures. As the atmospheric

conditions vary throughout the globe, these simulations are run using ARTS

(Atmospheric Radiative Transfer Simulator)[17] for atmospheric profiles of

the Arctic atmosphere retrieved from radiosonde measurements.
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2.4 Finding the calibration parameters

By replacing the form of θc from (7) in the ratio of brightness temperature

differences (5) we obtain the linear relationship between ∆Tij and ∆TP jk

∆Tij(ε) = bij + ηc(W )(∆Tjk(ε)− bjk) (10)

The brightness temperature differences depend on the surface emissivity

while ηc only depends on W. In a ∆Tij vs ∆Tjk scatter plot, with constant

W and for varying ε, equation (10) describes a straight line of slope ηc(W)

that runs through the point (bij, bjk). Because the two bias parameters vary

only weakly with W and η, all lines obtained for different W values will

cross or pass very near to one single point F (Fjk, Fij), called focal point in

[12]. To find the focal point coordinates, brightness temperature simulations

were run for 11 discrete values of . For each simulation, realistic W values

are provided from radiosonde profiles of Arctic atmospheric conditions. For

all simulations, the surface temperature is taken to be the ground level

atmospheric temperature. After fitting the lines corresponding to each W

in the scatter plot, the point of least square distance from all of them will

be the focal point. By finding the focal point coordinates we know the

correspondence between the simulated brightness temperature differences

and the W values and so fit equation (9). From this fit, the constant

calibration parameters C0 and C1 are retrieved. With this method a total of

four parameters, two focal point coordinates and two atmospheric calibration

parameters, are derived through the regression fit. The principal problem

with the original algorithm of Miao et al. [11], was that the sensitive band

channels around the 183.31 GHz frequency will reach saturation with relatively

low amounts of atmospheric water vapor. This means that after crossing

a certain threshold value for W, the temperature T does not vary with

increasing W. The relationship between W and Tb is the functioning principle

of the entire algorithm. Therefore, when one channel reaches the W value
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when it saturates it cannot be used in the retrieval triplet for higher W values.

For the first channel triplet (183.31 ±7, 183.31±3, and 183.31±1 GHz), the

first channel (AMSU-B channel 18 at 183.31±1 GHz) reaches saturation at

1.5 kg/m2. To achieve a practical W retrieval range, for values higher than

1.5 kg/m2 the channel triplet (17, 20, 19 - 150, 183.31 ± 7, and 183.31 ±
3 GHz) is used and can function up to 7 kg/m2 when channel 19 reaches

saturation. For a practical value when the algorithm should switch between

the two channel triplets, the saturation point for a given channel k, as defined

in [12], is the W threshold value after which Tb,j ≤ Tb,k, or simply

Tb,j − Tb,k > 0 (11)

To stretch out the retrieval range, the above condition can be relaxed. If

originally the saturation cutoff temperature is 0 Tbj − Tb,k ≥ 0, this can be

modified into using the saturation cutoff to F20,19 ( Tbj − Tb,k ≥ F20,19), with

F20,19 being a few Kelvins. This modification translates into an increase in

the retrieval range of values by about 1 kg/m2. The disadvantage derived

from this is that the retrieval error increases as the channel approaches

its saturation limit. If the difference ∆T )jk − Fjk is smaller than 10 K

the corresponding error for the second channel triplet (17, 20, 19) is below

0.4 kg/m2 for the retrieval range 1.5 7 kg/m2. For the first channel pairing

(20, 19, 18) which has the narrow retrieval range of 0 1.5 kg/m2 the error is

below 0.2 kg/m2.

2.5 An extended algorithm for TWV retrieval

over sea ice

In order to correct the limitation of the original algorithm that could only

retrieve TWV values up to 7 kg/m2 the Melsheimer, Heygster algorithm

proposes a modified retrieval method that extends the range up to 14 kg/m2.
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Normally, for TWV values above 7 kg/m2, saturation occurs at channel 19. A

new channel needs to take its place in the triplet which means that a new set

of assumptions have to be made about the retrieval. Now, the three channels

i, j, k represent AMSU-B channels 16, 17 and 20 (89,150 and 183.31±7 GHz

). Because channel 16 is so far apart from the other two, we can no longer

assume that it has the same surface emissivity as the others. Therefore we

will have εi 6= εj , for the new channel i, and εj = εk is the approximation

used as before.

If we now consider that we have two channels with different surface

emissivities, the brightness temperature difference will now be:

∆Tij ≡ Tb,i − Tb,j

∆Tij = (T0 − Tc)(rje−2τjsecθ − rie−2τisecθ) + bij (12)

r is here the ground reflectivity (1− ε), and bij is the same parameter defined

in (4) as it does not depend on the surface emissivity ε. The corresponding

compensated ratio of brightness temperature differences is:

ηc =
∆Tij − bij
∆Tjk − bjk

=
rie
−2τisecθ − e−2τjsecθ

rje−2τjsecθ − e−2τksecθ
(13)

Rearranging terms to resemble the original form in (5) we get:

ηc =
rie
−2τisecθ − e−2τjsecθ

rje−2τjsecθ − e−2τksecθ
−
(
− ri
rj

)(
e−2τjsecθ

e−2τjsecθ − e−2τksecθ

)
(14)

After approximating the difference in exponentials as before the compensated

ratio of brightness temperature differences becomes:

ηc =
ri
rj
exp[B0 +B − 1Wsecθ +B2(Wsecθ)2]−

(
1− ri

rj

)
C(τj, τk) (15)

Where

C(τj, τk) =
e−2τjsecθ

e−2τjsecθ − e−2τksecθ
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Is a constant function that depeends only on the atmospheric absorption

factors. In order to obtain a simple linear relationship between the compensated

brightness temperature difference and water vapor load W we rearrange the

above equation into:

logη′c = B0 +B1Wsecθ +B2(Wsecθ)2 (16)

With the modified ratio η′c includes the terms depending on the reflectivities

and the C(τj, τk) function:

logη′c =
ri
rj

[ηc + C(τj, τk)]− C(τj, τk) (17)

The final retrieval equation for W is obtained after eliminating the negligible

quadratic term

Wsecθ = C0 + C1logη′ (18)

The difference between η′c and ηc is that the former is not independent

of surface emissivity as can be seen from (17). To enable retrieval using

equation (18), more information is needed about the behavior of the surface

emissivities at the two outermost channel frequencies, 150 and 89 GHz. Using

direct information about the surface emissivity for every satellite footprint

is not possible so that another alternative is to parametrize the emissivity

and obtain a constant reflectivity ratio that would only roughly depend on

the surface type (ocean / ice / land). Differentiating between the major

surface types in the Arctic is another task that has to be integrated into the

algorithm. The Melsheimer, Heygster algorithm extension is adapted only for

sea ice surfaces, and excludes all others. The source for the information about

surface emissivity came from the Surface Emissivities in Polar Regions-Polar

Experiment (SEPOR/POLEX measurement campaign in 2001).

This measurement campaign used an aircraft mounted instrument, the

Microwave Airborne Radiometer Scanning System (MARS) which possesses
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two microwave channels of similar frequencies as the ones required for the

algorithm extension. For AMSU-B channel 16 at 89 GHz, there is the MARS

channel 88.992 GHz, and for AMSU-B channel 20 at 150 GHz corresponds

the MARS channel at 157.075 GHz. This difference of 7 GHz does not pose

any significant issues for the retrieval using the 150 GHz channel. According

to [10] the difference between measurements at 150 and 157 GHz is between

± 0.01 from the in situ measurements reported in [16] and [11], while the

emissivity variability for the different ice types is greater than this difference.

Because of this the impact on the final retrieval is negligible.

2.6 Integrating the emissivity measurements

The measurements in this campaign were carried out above first-year and

multiyear sea ice and also above ocean water and land-ice. Because the

Melsheimer, Heygster algorithm requires a constant reflectivity ratio, all

sea ice is treated as one surface type and open ocean water and land are

eliminated from the retrieval with the extended method. To obtain the

reflectivity ratio, the regression of ε89 as a function of ε150 was calculated

ε89 = a+ bε150 (19)

For the ratio of reflectivities to be constant it had to be independent of the

variable emissivities. Because of this the regression was constrained so that

ε89 (ε150 = 1)≈ 1. The physical meaning of this is that the emissivity for the

two channels cannot be greater than 1. Using the constraint above means

that a + b ≈ 1 and so the reflectivity ratio only depends on the regression

relationship coefficient b
rj
ri
≈ 1

b
(20)

From the data points over sea ice the following regression relationship
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was found for emissivity at 89 and 150 GHz

ε89 = 0.1809 + 0.8192 · ε150 (21)

which determines the reflectivity ratio

rj
ri

= 1.22 (22)

It is signalled in [10] that this is just a partial compensation for the contribution

of surface emissivity. The SEPOR/POLEX measurements were made in

winter season and therefore do not take into account the melt phenomenon

that takes place in summer which can significantly alter the emissivity behavior

of the surface. Again, because other resources on the subject are sparse, this

was the only option to at least include the effects of surface emission into

TWV retrieval.

2.7 Calibration parameters for the extended

algorithm

Besides the two parameters C0 and C1 that account for the atmospheric

conditions in the Arctic, the modified ratio of compensated brightness temperatures

η′c requires the C(τj, τk) term that depends on the atmospheric opacities and

thus, directly on TWV. Because we have just one equation, we have to keep

just one unknown term dependent on TWV. If one studies the behavior of

C(τj, τk) with increasing TWV, for values above 7 kg/m2 the function varies

very little. Because of this it can be approximated by a constant. In total we

have the two focal point coordinates, the atmospheric parameters C0 and C1,

and the slow varying function approximated by the constant C(τj, τk) ≈ 1.1.

The four parameters are determined through regression by using simulated

brightness temperatures and atmospheric data from radiosonde profiles.
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The stated weakness of the extended algorithm is its sensitivity to changes

in the reflectivity ratio. In other words, for sea ice surfaces where the surface

emissivity is a big distance away from the regression line used to calculate

the ratio, the retrieval error can be as high as 3 kg/m2.

2.8 Arctic algorithm synthesis

Because of the necessity of using a different channel coupling for different

retrieval intervals, different retrieval equations and different calibration parameters

for each pairing, the final algorithm has a modular structure, with three

sub-algorithms that are used depending on the retrieval conditions.

The algorithm for low-TWV uses AMSU-B channels 20, 19, and 18 for the

retrieval range 0 1.5 kg/m. These are the band channels around the strong

water vapor line at 183.31GHz, and have the best accuracy and present the

lowest error because the surface emissivity is indeed almost identical for all

three frequencies.

The mid-TWV algorithm using AMSU-B channels 17, 20, and 19 takes

over retrieval up to 7 kg/m. It is independent of surface but can encounter

problems when approaching the retrieval limit. The assumption of equal

emissivity is in use, even though there should be some differences because

of the use of the 150GHz channel. Because of this difference in real surface

emissivity a positive bias of up to 0.5 kg/m is possible [11].

The extended-TWV algorithm uses the channels 16, 17, and 20 and is

responsible for the range 7 15 kg/m. The retrieval is restricted to sea ice

regions and because of the simplified treatment of the surface emissivity

difference; the error can reach 3 kg/m.

Because of the specific channel triplet used by each sub-algorithm, the set

of four calibration parameters has to be determined for the L (low TWV),

M (mid-TWV) and X (extended-TWV) cases.
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2.9 How the retrieval works

The algorithm begins by using the full set of five brightness temperatures

measured on all channels of the AMSU-B instrument. A first pass identifies

pixels where the conditions T(b,19) − T(b,18) < FL
19,18,T(b,20) − T(b,19) < FL

20,19

hold true. For these pixels the low-TWV algorithm is applied.

If the first condition fails, the second one is checked: T(b,20)−T(b,19) < FM
20,19

, and T(b,17) − T(b,20) < FM
17,20. Where this is true the mid-TWV algorithm is

applied.

For applying the extended-TWV algorithm, the remaining pixels are

tested for T(b,17) − T(b,20) < FX
17,20 and T(b,16) − T(b,17) < FX

16,17, and where

true, processed. In addition to this test for channel saturation, the data

is also classified for its surface type, and only sea ice areas are kept. This

surface classification is done by a comparison with sea ice charts derived from

SSM/I or AMSR-E data depending on the retrieval date.
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Chapter 3

Retrieval over open ocean

The Melsheimer, Heygster algorithm represented the starting point of this

project. The final goal was to retrieve water vapor in the Arctic region

for the maximum range possible and over all surface types including open

ocean. To this end two possible avenues were identified. Because microwave

radiometer retrieval over open ocean is already an established method and

accurate, validated retrieval sources can be found, a coupling with another

source that could cover ice free water would offer a better coverage of the

Arctic region. The other option would have been to attempt a modification

of the extended sub-algorithm to enable it to work over open water. The key

point of the previous extension was including surface emissivity information

for the 89 and 150 GHz channels in the retrieval. This emissivity information

was approximated into the constant reflectivity ratio. This ratio is only valid

over ice surfaces and therefore obtaining such a constant for open water

would enable a separate retrieval sub-algorithm for the ice-free ocean. A

linear relationship between surface emissivities at the two frequencies would

allow the approximation we need.
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3.1 Comparing with a complementary source

Water vapor retrieval over open ocean is already available in the form of

processed products from a number of sources so that we opted to proceed

along the first path by finding a compatible open water retrieval which we

could merge with the classic AMSU-B water vapor retrieval.

The AMSR-E water vapor product uses the water vapor absorption line

at 22 GHz and is retrieved globally over oceans [24]. Because this product

has such a large applicability it might deliver lower quality results for the

polar areas were the proximity of sea ice, and the low sensitivity of the sensor

to small water vapor values pose accuracy issues. The choice of the AMSR-E

water vapor product is justified because all other comparable sources are

more or less equivalent (e.g. Special Sensor Microwave/Imager - SSM/I or

the Special Sensor Microwave Imager / Sounder SSMI/S ), all using the

same channel structure and providing results in the same range. Moreover

this retrieval source is a proven method which has been validated against

radiosonde data and provides good cover of the open water regions in the

Arctic.
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Figure 3.1: (a) on January 1, 2007. (b) The AMSR-E water vapor product

is restricted to areas of open ocean .

A typical comparison of the retrieved TWV from the AMSU-B extended

algorithm and AMSR-E water vapor product is shown in Figure 3.1. In order

to merge the two products on a common grid we wanted to know if there

is any overlap in coverage. Because the AMSR-E retrieval algorithm rejects

pixels located in proximity to sea ice or landmasses the only overlap would

be possible if the AMSU-B retrieval encounters water vapor values below

6 kg/m2 so that the mid-TWV sub-algorithm can be applied above open

ocean.
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Figure 3.2: Difference map (a) AMSU-B - AMSR-E retrieval.(b) Sea ice map.

January 1, 2007.

The difference map in Figure 3.2 shows the overlap that can normally

happen between AMSU-B retrieval and AMSR-E water vapor product during

the drier part of the year. If the atmospheric total water vapor load is low

enough (¡6 kg/m2), the AMSU-B retrieval can reach as far south as the 50th

parallel. When compared with the sea ice extent of the same day, all overlap

is shown to appear above ice-free ocean as expected. The map in Figure 3.2 a)

shows a constant positive difference for the AMSU-B retrieval which ranges

from below 1 kg/m2 in the northernmost regions of overlap and tends to rise

up to 4 kg/m2 in the lower latitudes.
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Figure 3.3: Difference values vs TWV values from the AMSR-E retrieval

scatter for 1st January 2007

When comparing the two retrieval products it became apparent that

various patterns can be identified in the AMSU-B retrieval data depending on

local conditions of sea ice cover, atmospheric water vapor load or land-mass

presence. To ensure the widest coverage for the AMSU-B product, most of

the comparisons were done for winter months, when the cold polar atmosphere

is less moist. In the summer months the atmospheric water vapor load is on

average so high that the area where the AMSU-B algorithm can retrieve

data is too small to observe any overlap. Three areas were chosen that best

exhibit these patterns: the northern part of the Barents Sea, the region of

the Kamchatka Peninsula and the Bering Sea.
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3.1.1 Barents Sea

Figure 3.4: Barents sea area 1st January, 2007 (a) AMSR-E TWV retrieval

over open ocean. (b) AMSU-B retrieval. (c) Sea ice map obtained from

AMSR-E data . (d) Difference map

In this region the AMSU retrieval provides high TWV values for areas around

the Svalbard islands. On the sea ice map it is clearly seen that, except for

a small area in the north-eastern part, the coast of the Svalbard islands is

ice free, as is the western shore of Novaya Zemlya. In particularly visible

on the western coast is the abrupt jump in values in the AMSU-B data

from 2-3 kg/m2 above the island itself and the ice covered eastern shore

to 4-5 kg/m2 as the retrieval encounters open ocean. While it is normal

that the atmospheric water vapor load should increase above open ocean

because of the direct effect of evaporation, this jump in value is interesting
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in relation to the values the AMSR-E product reports for the same regions.

In the distribution of retrieval differences between the AMSU-B and the

AMSR-E products, no obvious trend can be established as the overlap areas

are relatively small. One observable feature is that the AMSU-B product has

a positive bias varying between 1.5 and 3 kg/m2 over the AMSR-E retrieval.
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3.1.2 Bering Sea

Figure 3.5: Bering sea area 1st January, 2007 (a)AMSR-E TWV retrieval

over open ocean . (b) AMSU-B retrieval . (c)Sea ice map . (d) Difference

map.

The Bering Sea region represents the best example of an ice free area over

which the algorithm retrieves anomalously high TWV values. When comparing
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the data from the two instruments, although TWV values in adjacent areas

(above water for AMSR-E, and above sea ice for AMSU-B) are comparably

low, as soon as the AMSU-B retrieval encounters open ocean the values peak

sharply (from 1.5- 2 to 3.5-4 kg/m2). In the difference map for this region

it is more obvious that the differences increase as the retrievals encounter

higher water vapor load towards the upper right corner of the image.
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3.1.3 Kamchatka Peninsula

Figure 3.6: Kamchatka area 1st January 2007 (a) AMSR-E TWV retrieval

over open ocean .(b) AMSU-B retrieval .(c) Sea ice map .(d)Difference map

The sea around the Kamchatka Peninsula contained little if any sea ice during

the polar winter of 2007, and when compared to the AMSR-E retrieval,

the Melsheimer - Heygster algorithm reports values up to two times greater
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than the former throughout the entire open ocean area. The cause for this

inaccuracy is still not fully understood as the TWV content is not high

enough to require surface emissivity information. Again, AMSU-B values

above land surfaces contrast sharply with the adjacent open ocean areas while

they are in accordance with AMSR-E ocean data. Comparable 1.5-3.5 kg/m2

range retrieved by AMSU-B above land mass and AMSR-E retrieved for

neighboring ocean are in contrast with the high 5-7 kg/m2 retrieved by

AMSU-B over open water.

3.1.4 Behavior in the overlap zone

Figure 3.7: Behaviour of the AMSU-B retrieval in the overlap area when

compared to ECMWF model data 1st January 2007.
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Figure 3.8: Scatter plot of ECMWF model data and AMSU-B water vapor

retrieval without the overlap areas 1st January 2007.

The scatter plot in Figure 3.7 shows the behavior of the AMSU-B retrieval

in the overlap areas shown in Figure 3.2 when matched with ECMWF model

data for those regions. The constant bias of AMSU-B retrieval is shown in

comparison with the identity line. All data points are above the 1.5 kg limit

of the low-TWV algorithm and therefore represent only mid-TWV retrieval

over open ocean. For most points the bias is positive with differences of 2-

4 kg/m2 from the model but there are also a few outliers where the AMSU-B

algorithm underestimates TWV values by more than half.

For the central Arctic region, most TWV values are below 5 kg/m2 and

the AMSU-B retrieval is in agreement with ECMWF model data. In the

mid-TWV value range (2-6 kg/m2) the scatter increases but the grouping is

closer to the identity line than for retrieval over open ocean. There are also

few outliers for the higher values of water vapor that can be attributed to
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the reduced accuracy of the extended algorithm.

In Appendix A the behavior of AMSU-B retrieval in the overlap areas

is illustrated. The maps show the differences between the AMSU-B and

AMSR-E retrieval. The difference values are generally small, but for a few

locations in the lowest latitudes. In general, TWV values tend to increase

with decreasing latitude because of the more active atmospheric circulation

that can bring moist air in the area. Also, increasing air temperatures in

the lower latitudes mean more evaporation from the ocean surface. The

most interesting feature of these maps though, is that for the whole range

of six days the Melsheimer-Heygster algorithm overestimates water vapor

values over most of the overlap areas when compared to the AMSR-E TWV

product. This comparison can give no definite conclusion over which method

is actually right, as these regions represent weak points for both retrieval

methods. The AMSU-B retrieval will assume the same surface emissivity for

all channels even though this might not be the case for open ocean surfaces.

At the same time, the AMSR-E algorithm is not specialised for such low

TWV values and, consequently the retrieval error represents an issue [22]

3.2 Composite maps

As mentioned above, the AMSU-B and AMSR-E retrievals of atmospheric

water vapor content are complementary in that, together they provide a good

cover for the whole Arctic region. Because of this, we combined the retrieval

products of the two instruments into one composite map that covers the

entire area. The AMSR-E based retrieval is set to have priority over the

AMSU-B data wherever they overlap (above open ocean) so as to avoid the

uncertain behavior of the AMSU-B retrieval over the ice free ocean.

48



Figure 3.9: Composite map made by gridding on the same map retrieval

values from the AMSU-B and AMSR-E sources, 1st January, 2007.

As expected, the composite map presents the high values retrieved by
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the AMSU-B algorithm in the border areas, where the ice cover stops and

the open ocean starts. As shown above, the Melsheimer-Heygster algorithm

retrieval values tend to peak as the surface changes from sea ice to open

ocean, and while eliminating the areas of inaccurately high values above the

ocean, the jump in values is still evident at the edge of the ice. This could

be explained through the fact that, because of the instrument resolution,

individual pixels would actually contain parts of sea ice and open water,

thus influencing the accuracy of the retrieval. This behavior is translated

into a ridge of high values near the water-ice boundary is on the map. In

trying to clean up these problematic areas, we used sea ice concentration data

in order to further constrain the Melsheimer-Heygster algorithm retrieval.

By removing pixels from areas with sea ice content below 95%, the high

value ridges coming from the mid-TWV algorithm could be deleted. The

direct result of this approach is that we now have a blank band between the

AMSU-B retrieval results and the AMSR-E data where the ridges used to be

Figure 3.10.
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Figure 3.10: Composite map with a more restricted range of retrieval for the

AMSU-B algorithm compared to ECMWF model data for 1st January, 2007

Figure 3.11: Scatter plots for AMSU-B original retrieval vs EMCWF (left)

model and AMSU-B + AMSR-E blended retrieval vs ECMWF (right)
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In Figure 3.11 it is obvious that adding the AMSR-E pixels to the final

product improves the coverage but because of the lower accuracy of the

AMSR-E retrieval the overall product correlation with ECMWF model data

is lowered.

Figure 3.12: Correlation comparison for blended TWV product and original

AMSU-B retrieval. Time scale is 1st-6th January 2007

To roughly compare the performance of the original AMSU-B retrieval

with the product obtained from blending it with AMSR-E retrieval over

ice-free oceans, we looked at the correlation between each retrieval product

and ECMWF model data. The results are shown in 3.12. The blended

product can at most match the correlation of the AMSU-B product, while

often going below it. The coverage provided is obviously better then for the
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AMSU-B retrieval alone, but because a good match in synchronisation cannot

be guaranteed for the two instruments (different overflight characteristics),

and the error of the AMSR-E product for the Arctic region conditions [22],

the blended product represents a downgrade in the retrieval quality and not

an improvement.

3.3 Modifying the extended algorithm

Considering the drawbacks of the blending approach, we concluded that the

goal of achieving overall coverage of the Arctic region with the best accuracy

possible would be better served by attempting to further extend the original

Melsheimer -Heygster algorithm to include retrieval over open ocean.

In order to determine the feasibility of this option we needed to find out

if a suitable linear relationship exists between surface emissivity in the two

outermost retrieval channels at 150 and 89 GHz. A stable linear dependence

would allow us to use the same technique as for the first extension of the

algorithm for sea ice. By using the same retrieval equation and replacing the

calibration coefficients and the ratio of reflectivities, a separate module for

retrieving water vapor in the extended range only over open water could be

implemented.

3.4 Ocean surface emissivity simulations

The ocean emissivity model FASTEM takes into account several parameters.

Besides the characteristics of the AMSU-B instrument, very important are

the sea surface temperature and roughness. The simulations were run for

sea surface temperatures between 0 and 6 oC, which are what one might

expect for the Arctic Ocean, in increments of 2 oC. The other parameter that

would determine a strong variation in surface emissivity is the ocean surface
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roughness. Wind speed is the determining factor for surface roughness, and

within certain ranges surface emissivity will be directly proportional to the

wind speed. In Figure 3.5 we can see the behavior of the ocean surface

emissivities for the five channel frequencies of the AMSU-B instrument.

Because the three band channels around 183.3 GHz are so close to each other,

the corresponding emissivities are almost identical and thus represented by

only one curve on the graph. Important to note is the big difference between

the curve for 89 and the one for 150 GHz, which illustrates why the assumption

of equal emissivities cannot be sustained for this pair of channels. Also

interesting is the difference between the 183 and 150 GHz frequencies which

would explain the positive bias of water vapor retrievals above open ocean

under the assumption of equal emissivity.

Figure 3.13: Surface emissivities’ dependence on wind speed

From Figure 3.13 it is clear that all frequencies, the surface emissivity
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increases with wind speed. Because of the smooth linear dependence between

the two values, a constant ratio for reflectivities at the two channels can be

obtained following the same method as for the extended algorithm.

Figure 3.14: Relationship between surface emissivity at 89 and 150 GHz

Following the method described in [10] we drew a regression line for ocean

surface emissivity at 150 and 89 GHz (Figure 3.14) and we found the following

linear relationship:

ε89 = 1.38 · ε150 − 0.35

In the case of sea ice emissivity studied in the original algorithm, the

constraint that ε89(ε150 = 1) ≈ 1, had to be imposed on the system in order

to express the ratio of reflectivities as a constant of the form shown in (20),

independent of variable surface emissivity.

From this regression equation we get the ratio of reflectivities: r150
r89

=

0.79. Using this relationship the calibration parameters C0 and C1 were also
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determined from the regression fit as described in Section 2.4.

3.5 Retrieval with the modified algorithm

The open ocean retrieval needs a different set of calibration parameters

and a modified retrieval equation that uses the reflectivities ratio for ocean

surface. This new retrieval product should add information about ocean

surfaces. In the cold months of the year, water vapor load over the oceans

is low enough to be retrieved by the mid-TWV and extended algorithms

(2-14 kg/m2). Because in the comparisons with the AMSR-E water vapor

product it became clear that the mid-TWV retrieval over open ocean was

unreliable, only the modified extended algorithm was used. The practical

interval where the mid-TWV algorithm could have worked above oceans was

between 4.5 6 kg/m2, so that the gaps that occur because of filtering this

out are small.
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Figure 3.15: ECMWF model data (left). New AMSU-B retrieval including

open ocean (right). 6th March 2009
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Figure 3.16: Correlation comparison between the original AMSU-B retrieval

and the new retrieval including information about open ocean surfaces for

the time period 1st 6th March 2009 (upper image), and 1st-6th December

2009 (bottom image).Note that for the upper image the Y axis has been

stretched slightly.
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Figure 3.15 represents a fortunate scenario for the new extended algorithm

because water vapor load above oceans between the possible retrieval ranges

(6-14 kg/m2) allowed a good retrieval yield that complemented the original

retrieval and resulted in overall a better correlation with the corresponding

ECMWF model in Figure 3.16

Figure 3.17: ECMWF model data (left). AMSU-B retrieval including ocean

surfaces (right). 5th June 2009

After applying the new retrieval in the summer months, when the water

vapor load above the Arctic is much higher (see Appendix B), the results

are not as good. Because towards the upper limit of the retrieval range

the error increases up to 3 kg/m2, a product with pixels within this range

is consequently less reliable. This is the case portrayed in Figure 3.16.

were the algorithm retrieves TWV above a few areas of open ocean where

the atmospheric load is low enough. When comparing the new retrieval

and the original one, the correlation with ECMWF data is lower for the
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whole temporal range. This is shown in Figure 3.18. This performance of

the modified algorithm can be argued as being an improvement over the

original algorithm or not. While for the winter months, where the modified

method ensures a larger coverage of the Arctic (see Appendix C.2) and a

better correlation with the model, in the summer the situation is less clear

cut. The modification allows the algorithm to see farther then before and

include regions of open ocean from which there was no prior information

(see Appendix C.1), but the quality of this data is uncertain because of

the potential errors as high as 20% for the maximal retrieval value. This

limitation of the algorithm cannot be overcome at the present because of

the inherent hardware limitations of the retrieval instrument, but as there

are few possible sources for TWV information in the Arctic, the ability to

retrieve some information with high error where previously there was none

is still a positive development.
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Figure 3.18: Correlation between AMSU-B retrievals and ECMEF model

data for timespan 1st 6th June 2009. Correlation comparison between the

new retrieval algorithm that includes open ocean surfaces and the original

AMSU-B retrieval
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Figure 3.19: Scatter plots for the best retrieval case of 6th March 2009 (left)

and the worst retrieval case for 2nd June 2009 (right), 55700 data points

The scatter plots in Figure 3.19 demonstrate the behavior of the new

retrieval algorithm in the two cases of overall low water vapor load that is

characteristic for the Arctic winter and the one with high atmospheric water

vapor load that is the norm in the Arctic summer. For winter days there are

a lot of low value pixels in the low TWV retrieval range which has the best

accuracy. In the lower left square of each plot are the pixels corresponding

to the low and mid-TWV retrieval algorithms while the upper right square

surrounds pixels from the extended-TWV retrieval. For the Arctic winter

months the threshold of 6 kg/m2 is exceeded in relatively few cases and

of these most remain below 10 kg/m2. Judging just from the comparison

with ECMWF data, for this water vapor range the extended algorithm can

offer reliable retrieval over open oceans, thus constituting an improvement

over the original algorithm. In the summer season there are no pixels with

values below 2 kg/m2, the bulk of the retrieval pixels are situated above the
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6 kg/m2 limit with a good portion around the 15 kg/m2 value. This places

the extended algorithm under strain because of the high water vapor load

that is close to the saturation limit of the 183±7 GHz channel, thus resulting

in retrieved values with higher error probability than at lower TWV ranges.

The large number of pixels added by the extended retrieval over open ocean

are strongly scattered, thus reducing the overall correlation with ECMWF

model when compared to the original algorithm.

3.6 A potential extension for open ocean retrieval

in the mid-TWV algorithm

In the comparison with the AMSR-E product it became evident that the

mid-TWV algorithm had high errors when retrieving water vapor above

ice-free ocean surfaces. Because of the surface emissivity difference at the 150

and 183±7 GHz channels that is not compensated in the original algorithm,

the retrieval would always overestimate the water vapor load as seen in

Figure 3.7. To address this problem we can follow a similar approach as

the one used for modifying the extended-TWV algorithm. Using surface

emissivity information at the required frequencies and using the retrieval

equation from the extended-TWV algorithm a new subcomponent of the

mid-TWV algorithm can be implemented. This component would retrieve

water vapor in the 2-6 kg/m2 value range load only above open ocean.
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Figure 3.20: Regression plot for open ocean surface emissivity at 189 vs 150

GHz

Following the regression fit in Figure 3.20 we obtained a linear relationship

for ocean surface emissivity at 150 and 183 GHz:

ε150 = 1.04 · ε183 − 0.06

From which we get the ratio of reflectivities:

r183
r150

= 0.89

In addition to the C0 and C1 parameters, the C(τj, τk) function, that

is dependent on the atmospheric opacity is necessary for a retrieval when

different surface emissivity is considered (see Section 2.7). This function

depends directly on TWV and it has been shown that for the 89 and 150

GHz frequencies, above 7 kg/m2 water vapor load it is almost constant. If
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we would attempt to modify the mid-TWV algorithm, the C(τj, τk) has to

be included into the new retrieval equation and calculated for the 183±7 and

the 150 GHz channels.

Figure 3.21: C(τj, τk)) parameter for extended-TWV algorithm (right) and

for mid-TWV algorithm (left)

For the mid-TWV channels, the C(τj, τk) function behaves slightly different

than for the extended-TWV coupling. Within the 2-6 kg/m2 interval it drops

rapidly from 1.4 down to 1.0 but as it has been found that changes on the

order of 0.2 in C(τj, τk) lead to differences in the third significant digit of

the C0 and C1 parameters, even this increased variability might not pose a

problem. Further investigation into modifying the mid-TWV algorithm was

not pursued but it is considered to be a viable option for further improvement

of the Arctic retrieval algorithm.
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Appendix A

Retrieval behavior in the

overlap zones
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Figure A.1: AMSR-E minus AMSU-B retrieval without taking the absolute

value. The negative values indicate the positive bias of the AMSU-B

algorithm over open ocean areas. Timespan is 1st(upper left) to 6th (lower

right) January 2007
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Appendix B

Original AMSU-B retrieval in

the summer season
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Figure B.1: A typical retrieval product of the original AMSU-B algorithm

in the Arctic summer season. Because of the very high water vapor load

characteristic of this period, the area retrieved by the original algorithm is

significantly reduced when compared with the winter season. Timespan is

1st(upper left) to 6th (lower right) June 2009
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Appendix C

New retrieval including open

ocean areas
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C.1 Summer retrieval

Figure C.1: Retrieval using the modified extended algorithm that includes

open ocean regions. Timespan is 1st(upper left) to 6th (lower right) June

2009
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C.2 Winter retrieval

Figure C.2: Retrieval example for the Arctic winter season. This week

coincided with the sea ice maximum in the Arctic, usually an event correlated

with very low atmospheric water vapor load. Timespan is 1st(upper left) to

6th (lower right) March 2009
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Figure C.3: Retrieval example for the Arctic winter season. Timespan is

1st(upper left) to 6th (lower right) December 2009
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