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Abstract

Water vapor plays an important role in the earths atmosphere. It is the strongest
and most abundant greenhouse gas and strongly affects the weather and climate.
However, because of its large temporal and spacial variability it is a demand-
ing task to measure. Water vapor has long been continually measured by ra-
diosondes at research facilities around the globe but such stations are missing
in the polar regions. Many different techniques have been developed and global
coverage is now available via satellite borne instruments, although it is still a
demanding task to measure correctly.

This thesis compares measurements of integrated water vapor (IWV) over
Kiruna, Sweden, from a number of different instruments. Ground based remote
sensing instruments include a Fourier transform infrared (FTIR) spectrometer,
an ozone microwave radiometer and a GPS instrument. Satellite measurements
are included from the microwave radiometer AMSU-B on the NOAA series of
satellites and lastly in situ measurements from radiosondes are also used.

The GPS instrument measures continually, with high quality, every two
hours all year round and is therefore used as the reference in the comparison.
For the AMSU-B instruments an algorithm combining three different channels
is used to derive IWV. The results show good agreement with the GPS and low
standard deviation under 20%. The FTIR also shows very good agreement with
low standard deviation of around 15%, partly because of its limitation to only
measure at cloud free conditions, usually meaning stable atmospheric condi-
tions. The microwave performs worst with a standard deviation of around 30%
but still shows fair agreement to the GPS. This is to a certain degree expected
as water vapor is only a byproduct from the radiometer. Lastly the radioson-
des produce very good results with the highest correlation and lowest standard
deviation of 13%.
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Chapter 1

Introduction

Water vapor plays an important role in the Earth’s weather and climate pro-
cesses. It is the most abundant trace gas and represents up to 4% of the total
volume of the atmosphere, mostly located closest to the surface in the tro-
posphere (Melsheimer and Heygster , 2008). Because of its dipole molecular
structure water vapor effectively absorbs long wave radiation emitted from the
ground whereas it transmits large amounts of the incoming short wave solar ra-
diation and thus contributes to the greenhouse effect. It is actually the strongest
greenhouse gas and it also affects the climate due to its capacity to transport
large amounts of latent heat. Because of its radiative properties water vapor
contributes to a large part of the atmosphere’s radiation budget, and due to
precipitation and cloud and ice formation it is affecting most of the weather
on the Earth (Palm et al., 2008; Melsheimer and Heygster , 2008; Wallace and
Hobbs, 2006; Andrews, 2000).

When understanding its importance it is easy to see the need for a global cov-
erage of data of water vapor in the atmosphere. Water vapor profiles have long
been continuously measured by radiosondes at meteorological stations around
the world, but these are still only point measurements and meteorological sta-
tions are to a high degree completely missing in the polar regions. Other tech-
niques used to measure atmospheric water vapor include ground based remote
sensing in the microwave and infrared (IR) wavelength region, ground based
GPS measurements, in situ measurements from aircraft and remote sensing
from satellites, also in the microwave and IR ranges. Because of their ability to
achieve continuous global measurement coverage, satellite remote sensing tech-
niques have been very popular and many techniques have been developed during
the last 30 years, all with different advantages and drawbacks (Palm et al., 2008;
Melsheimer and Heygster , 2008).

The ideal measurement of water vapor is in the form of a function of height
(water vapor profiles). This is possible with in situ techniques like radiosondes,
but for remote sensing techniques it is a very demanding task. Such methods
often instead result in an estimation of the vertically integrated column of water
vapor from the ground up to the top of the atmosphere, called integrated water
vapor (IWV). An IWV value lacks profile information but is a good measurement
of the total water vapor content in the atmosphere.

This thesis is an intercomparative study comparing IWV measurements from
five different instruments measuring water vapor above Kiruna, Sweden (68°N,
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2 CHAPTER 1. INTRODUCTION

20°E). The instruments include two ground based remote sensing instruments
measuring in microwave and infrared wavelengths respectively, a GPS instru-
ment, radiosondes, and measurements from a remote sensing satellite measuring
in the microwave region.

The structure of this thesis is as follows: First a description of all instruments
and their corresponding data sets are presented in chapter 2. Chapter 3 explains
the method used in the comparisons. Chapter 4 describes the results. In chapter
5 this study is compared to a similar study by Palm et al. (2008), and chapter
6 sums up the conclusion of the work.



Chapter 2

Instrument and data set
descriptions

2.1 AMSU-B

2.1.1 Technical instrument description

The Advanced Microwave Sounding Unit-B (AMSU-B) is operated on the polar
orbiting meteorological satellites NOAA-15, NOAA-16 and NOAA-17 of the
National Oceanic and Atmospheric Administration (NOAA).

AMSU-B is a cross-track line scanning, passive, total power microwave ra-
diometer with five channels. Three channels are centered on the strong water
vapor line at 183 GHz with a sideband spacing of ±1, ±3 and ±7 GHz respec-
tively. The remaining two channels are window channels centered at 89 and
150 GHz. Each swath consists of 90 samples with a sampling distance of 1.10°
giving the total viewing angle range of -48.95° to +48.95° around nadir (Saun-
ders et al., 1995). The swath width is approximately 2300 km and the footprint
ranges from 20Ö16 km2 at nadir to 64Ö52 km2 at the most extreme scan angles
(Buehler et al., 2004).

2.1.2 Melsheimer algorithm

Microwave and infrared (IR) wavelength measurements by polar orbiting satel-
lites are the methods typically used to retrieve atmospheric water vapor data
on a global scale. The microwave technique has a big advantage over the IR
technique as it is not dependent on a cloud free atmosphere, but instead other
difficulties arise. There will always be some contribution to the measured signal
from the ground. While this contribution might not be significant in tropical
regions it introduces difficulties in the polar regions. Because of the generally
very dry atmosphere in these regions the contribution of ground emission be-
comes substantial. This together with poorly understood and highly variable
emissivity of land- and sea ice and snow covered land makes corrections for
ground emission difficult (Melsheimer and Heygster , 2008).

To be able to overcome this problem a method has been developed by
Melsheimer and Heygster (2008) to calculate integrated water vapor indepen-

3



4 CHAPTER 2. INSTRUMENT AND DATA SET DESCRIPTIONS

dent of surface emissivity. The idea behind the method is to compare several
channels with similar surface emissivity but with different water vapor absorp-
tion. This requires that none of the channels used must be saturated, i.e., the
radiation measured has to come from both the ground and the whole atmosphere
(the sensor “sees the ground”). This means that the method will only work for
relatively small values of IWV, as is the case in the polar regions, whereas it
will fail in lower latitudes with higher values of IWV.

By using three channels where the surface emissivity is equal but where
the water vapor absorption is different, it is possible to derive a relationship
between the measured brightness temperatures and the IWV. Using the three
AMSU-B channels at 183±1, 183±3 and 183±7 GHz, IWV values up to approx.
1,5 kg/m2 can be retrieved. At higher values the algorithm fails because of
saturation in the 183±1 GHz channel. To make the algorithm work for higher
IWV the saturated channel has to be replaced. The next step is then to use
the window channel at 150 GHz together with the two remaining channels at
the 183 GHz line. This makes retrieval of IWV up to about 8 kg/m2 possible
before the channel at 183±3 GHz gets saturated. The exact value where the
algorithm fails depends on atmospheric conditions (C. Melsheimer, personal
communication). As the three channels at the water vapor line are so close
to each other, their surface emissivity can always be assumed to be equal. In
the second step, using the channel at 150 GHz, this is not always true but
the emissivity is still assumed to be equal in all cases. Depending on surface
conditions this assumption can cause a positive bias of up to about 0,5 kg/m2 in
the retrieved IWV (Melsheimer and Heygster , 2008). To extend the algorithm
even further the second window channel at 89 GHz would have to be used,
but then the assumption of equal surface emissivity is no longer valid and the
algorithm becomes much more complicated.

2.1.3 AMSU data sets

The AMSU-B IWV data seen in Figure 2.1 were retrieved for the location of
Kiruna by means of the earlier described method and provided to the author
for use in this thesis. The approach has been to calculate a mean value of
IWV for every satellite passage that covers the Kiruna area. A target area of
50 km radius with Kiruna (67.8°N, 20.3°E) in the center is constructed and all
pixels that fall therein are used in the calculation. The retrieval algorithm is
then applied on the pixels and the mean and standard deviation of the resulting
IWV values are calculated. At high IWV, above about 8 kg/m2, the algorithm
fails and results in a non useful value. This result is set to NaN (not a number)
which is not used when calculating the statistics. If the target area contains less
than two non-NaN values the average is also treated as NaN. The data processed
is from NOAA-16 and NOAA-17 covering the years 2002-2006 and 2002-2008
respectively. Because of generally poorer data quality, data from NOAA-15 is
not used (C. Melsheimer, personal communication).

Because the method of retrieval only works over ice and snow covered sur-
faces the time period of data has been restricted to the winter months of Novem-
ber to March each year. See Figure 2.2. The number of non-NaN values in the
target area has also been raised to at least ten to treat the resulting mean value
as non-NaN. This threshold is set to avoid situations where high variability in
the target area, for example from a weather system, can cause a strong dry
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Figure 2.1: Overview of original AMSU-B data sets.

bias. In total the modified NOAA-16 data set contains 2645 measurements dur-
ing 2002-2006 and the NOAA-17 data set contains 2804 measurements during
2002-2008.
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Figure 2.2: Overview of restricted AMSU-B data sets.
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Figure 2.3: AMSU overpass over Kiruna. Kiruna in center with the 50 km
radius target area and AMSU pixels visible. (Figure by Gerrit Holl).
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2.2 KIMRA

2.2.1 Technical instrument description

Since January 2002 IRF Kiruna (67.8°N, 20.4°E) operates their own millimeter
wave radiometer called KIMRA. The instrument was built in cooperation with
the Institute for Meteorology and Climate Research at Karlsruhe Institute of
Technology. According to Raffalski et al. (2002) the instrument is primarily
constructed to measure stratospheric O3 but also measures ClO, HNO3, N2O
and as a by-product also H2O. It measures thermal emission spectra in the 200-
224 GHz range and is able to retrieve profiles between 15 and 60 km altitude.
The radiometer consists of a Schottky mixer cryogenically cooled to 22 K. The
signal is amplified and downconverted to a center frequency of 2.1 GHz before
it is fed into an acusto-optical spectrometer. The total bandwidth is 1.2 GHz
with an effective spectral resolution of 1.4 MHz.

The atmospheric signal is fed to the instrument via a periscope system on
the roof of the building, allowing for full coverage of all azimuth and elevation
angles above the horizon. However, the instrument by default points northward
with an elevation angle between 10° and 50°. The integration time is around 15
minutes for ozone but it can be up to several hours for other trace gases.

In addition to the mentioned spectra of trace gases, measurements of tropo-
spheric transmission and tropospheric water vapor columns are routinely car-
ried out by the millimeter wave group at Karlsruhe Institute of Technology
(http://www.irf.se/program/afp/mm/). By using the measured value of the
tropospheric opacity τ , it is possible to derive the total column value of water
vapor as a by-product. Detailed theoretical background for the conversion can
be found in Palm et al. (2008).

2.2.2 KIMRA data sets

The microwave data are divided into two sets of which the first covers the period
of 2002-2005 and the second 2005-2008 as seen in Figure 2.4. The sets contain
710 and 3688 IWV data points respectively. The IWV data were provided “as
is” with little knowledge of the methods used to calculate the column values.
Therefore it is hard to draw conclusions about eventual errors and discrepancies.
As can be clearly seen in Figure 2.4 the two sets do not look similar even though
all data come from the same instrument. The microwave sets should be used
with some caution, but they are still included in the study.
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Figure 2.4: Overview of microwave data sets. Clearly visible in the earlier
time series is the seasonal variation with high IWV values during summer and
low values during winter. These variations can be seen in the data from all
instruments to different extents.
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2.3 FTIR

2.3.1 Technical instrument description

Fourier Transform Infrared (FTIR) spectroscopy has been routinely performed
at IRF Kiruna (67.8°N, 20.4°E) since 1996. Solar absorption spectra are recorded
with a Bruker 120 HR spectrometer that is part of a multi national network of
over twenty high resolution FTIR spectrometers called the Network for the
Detection of Atmospheric Composition Change (NDACC) (Blumenstock et al.,
2006).

When performing Fourier transform infrared spectroscopy the instrument
used is aimed directly into the sun. This means that the technique is depen-
dant on cloud free conditions and that measurements are limited to times when
the sun is visible over the horizon. An absorption spectrum of the incoming
infrared radiation is recorded and the measurements are compared to simulated
radiances based on a radiative transfer model which uses atmospheric profiles
and spectroscopic line data. The resulting data are total column amounts of
the different atmospheric constituents. As water vapor is highly variable and
varies in its total column amount by almost 2 orders of magnitude the retrieval
becomes a demanding task and one can not only look at individual water vapor
lines. Schneider and Hase (2009) has shown that by combining several different
strong and weak water vapor lines it is possible to achieve high accuracy in the
results.

As stated by Kopp et al. (2002) the Bruker 120 HR spectrometer has a max-
imum optical path difference of 360 cm which yields a maximum spectral reso-
lution of 0.002 cm−1. Two detectors, one MCT (Mercury-Cadmium-Telluride)
and one InSb (Indium-Antimonide), are used in parallel to cover the spectral
region of 700-5000 cm−1. Spectra are integrated for up to 15 minutes during
noon and 5 minutes during sunrise and sunset to limit the solar zenith angle
variation to 0.2°. The signal to noise ratio amounts to several hundreds. This
allows to observe the signatures of most gases.

2.3.2 FTIR data sets

The FTIR data set used in this thesis consists of the complete measurement se-
ries from the IRF Kiruna spectrometer covering 1996-2008. The data are divided
into two sets corresponding to the measurements of the two detectors covering
different wavelength regions. The sets shown in Figure 2.5 are called FTIRa
and FTIRb and consists of 2245 and 1906 IWV measurements respectively.
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2.4 Radiosondes

2.4.1 Technical instrument description

Radiosonde profiles used in this study come from Esrange Space Center, Kiruna
(67.9°N, 21.1°E). Launches are only performed regularly during periods of bal-
loon and sounding rocket campaigns and are therefore limited to short periods.
The sondes are all of the Vaisala RS-80, RS-90 or RS-92 models of radiosondes
measuring pressure, temperature and relative humidity. Continuous measure-
ments are made during the ascent of the instrument with a two or ten second
interval depending on the sonde model. The following parameters are then avail-
able for each measured point in the profile resulting from the flight: flight time
[min+sec], pressure [hPa], geopotential height [gpm], temperature [�], relative
humidity [%] and dewpoint [�].

2.4.2 Radiosonde data set

The total number of radiosonde profiles available for the study is 214 during
the time period 2003-2008. Launching campaigns are generally performed from
early spring and through the summer months which can be seen in Figure 2.6.
Launches are performed at all times of the day but most often in the early
mornings (04-06 UTC).

To get the IWV value for each profile it has to be vertically integrated along
the complete flight path. Calculations are performed in MATLAB. First the
equilibrium water vapor pressure es is calculated for each level in the profile
according to Sonntag (1994) with the measured temperature T as input. The
second step is then to calculate the actual vapor pressure e using (Wallace and
Hobbs, 2006, eq.3.64)

RH ≡ 100
e

es
(2.1)

where RH is the relative humidity for each level found in the profile. Next the
density of water vapor is calculated for each level using the ideal gas equation
for water vapor,

ρv =
e

RvT
(2.2)
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Figure 2.6: Overview of Radiosonde data set.
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Figure 2.7: Typical water vapor density profile (2003-03-04).

Here ρv is the density of water vapor and Rv is the gas constant for 1 kg of water
vapor (461.5 J K−1 kg−1) (Wallace and Hobbs, 2006, p.66). Finally, to get IWV,
the integral of ρv(z) with respect to the geopotential height Z is approximated
by trapezoidal integration using the function trapz in MATLAB.

As a result of the calculations above, an integrated value of IWV for each
radiosonde is achieved as can be seen in Figure 2.6. As can be seen in Figure
2.7, practically all water vapor is located in the layers below 5 km. The water
vapor density gradually gets lower and lower from a maximum located close to
the ground. This maximum bump is probably caused by low clouds. Because
the radiosondes reach heights of 20-40 km it is reasonable to assume that the
measurements capture the complete water vapor column in the atmosphere.
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2.5 GPS

2.5.1 Technical instrument description

The GPS instrument used in this study is located at Esrange Space Center,
Kiruna (67.9°N, 21.1°E) and belongs to SWEPOS, the national network of
permanent reference stations for GPS in Sweden (http://swepos.lmv.lm.se/
english/). The location is approximately 30km east of IRF Kiruna and that is
an acceptable distance for the application in this study. The site is of geodetic
quality, meaning that the instrument is mounted on a concrete column fixed to
solid bedrock. The site has a backup power system and both cooling and heating
systems to ensure continuous measurements with high quality. The instrument
is sensitive to wet snow that in extreme cases can stick to the dome covering.
When such weather conditions occur site staff regularly clean the instrument
and it does rarely cause any problems.

2.5.2 GPS data set

The GPS data set contains records of IWV covering the ten year period 1996-
2006. Measurements are made continuously every two hours resulting in twelve
daily measurements all year around. The parameter provided by the GPS pro-
cessing is the excess propagation path through the atmosphere in the zenith
direction, also called the Zenith Total Delay (ZTD). This delay can be divided
into two separate parts. The Zenith Hydrostatic Delay (ZHD) and the Zenith
Wet Delay (ZWD), corresponding to the dry and wet atmosphere respectively.
The wet part of the delay can then be related to IWV. The complete theory
behind the conversion can be found in Nilsson and Elgered (2008).

In total the time series consists of 41316 measurements from 1996-2006 (Fig-
ure 2.8). Each measurement in the data set consists of a IWV value [kg/m2]
and a standard deviation [kg/m2]. Because the standard deviation is based on
an uncertainty in the ZTD measurement and the ZWD is only a small fraction
of the total delay it will be approximately the same for both high and low values
of ZWD. This in turn means that the standard deviation for the IWV also will
be approximately the same for all measurements. The relative uncertainty will
thus be higher for low values of IWV.
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GPS:  41316 measurements

Figure 2.8: Overview of GPS data set.
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Chapter 3

Comparison of
measurements

3.1 Time matching criterion

All data processing in this thesis was done in the numerical computing soft-
ware MATLAB R2009a. To be able to compare the different IWV data sets,
a method had to be developed to find matching measurements. An algorithm
was developed to find occasions where two instruments measure IWV in the
same air mass above Kiruna. To be confident that the air measured has the
same physical properties when it comes to IWV, a matching criterion had to
be set to limit the maximum time difference allowed between two individual
measurements. This time difference can not be too large because then the two
values compared will not represent the same conditions in the atmosphere. On
the other hand it can not be too small either as too few matches would then be
found.

Taking the AMSU-B data as a starting point, these are the averaged satellite
pixels in a target area of 50 km radius with Kiruna in the center. At a wind
speed of 10 m/s an air parcel will move a maximum of 36 km per hour. To
achieve a corresponding precision in both temporal and spatial distance, a time
criterion of one hour therefore seems like a reasonably good compromise to start
with.

The radiosondes are launched from Esrange Space Center, which is located
30 km east of Kiruna. The sonde will move with the wind as it measures the
profile on its ascent through the atmosphere. In general the sondes will reach
a height of 5 km in about 15 minutes. Above this height the water content is
so low that it can be ignored for the total column value. At a wind speed of
10 m/s the sonde will thus travel a maximum distance of 9 km which is still
inside of the AMSU-B target area. Using a time matching criterion of one hour
would then in the worst case scenario mean that an air parcel measured at IRF
would travel 36 km west before the sonde is launched at Esrange. This results
in a distance difference of 66 km between the air parcel and the sonde and both
would still be inside the target area of the AMSU-B. One hour is thus acceptable
for the radiosondes.

GPS measurements are also performed at Esrange but here we do not have
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16 CHAPTER 3. COMPARISON OF MEASUREMENTS

to take any movement of the instrument into account. The worst case for a one
hour criteria would then be 36 km of air displacement plus the 30km distance
between IRF and Esrange and that is well inside of the target area

Both the microwave and the FTIR instruments are located at IRF Kiruna
meaning that in one hour the air displacement at 10 m/s would be a maximum of
36 km away from either IRF or Esrange depending on which data are compared.
Assuming a worst case scenario in a comparison with the GPS would then result
in a distance of 66 km between IRF and the air parcel measured by the GPS
one hour earlier. To this comes also the fact that neither the microwave nor the
FTIR instrument measure straight towards zenith but instead at an angle. A
worst case with an elevation angle of 10° above the ground would at a height
of 5 km correspond to a distance of 28 km on the ground. This would still be
inside the target area of the AMSU-B.

By the above reasoning it can be concluded that, at normal wind conditions,
a time matching criteria of plus minus one hour is low enough to assume that
all matches found are of the same air mass independent of the two instruments
compared. At extreme wind conditions this argument will not be valid, but that
is ignored in this thesis. A one hour limit also gives reasonably many matches
and is henceforth used in the comparisons.

3.2 MATLAB algorithm

To compare measurements from the different instruments an algorithm was
developed in MATLAB. The algorithm looks at two arbitrarily chosen data sets
and compares all data point by point. If two measurements, one from each data
set, have time stamps that are within the preset time limit from each other,
those are considered a matching pair. Here caution had to be taken to get only
unique pairs. A data point from one data set can only be matched to one unique
data point from the other set. If there are several matches within the time limit
for a certain measurement only the match with the shortest time difference is
chosen.

When all possible matches between the two sets have been found, statistics
are calculated on the resulting set of time matched measurement pairs. One of
the data sets is taken as the reference set and the absolute and relative difference
between the second set and the reference is calculated for each pair. Then the
mean value and standard deviation are calculated on both the absolute and the
relative differences and also the correlation coefficient of the matching pairs is
calculated. The last statistic derived is the slope of a regression line adapted
to the data points. The regression method used for this is an orthogonal least
square approach which takes measurement errors in both data sets into account.

After finding the matches and deriving the relevant statistical parameters,
the results are presented in the form of a scatter plot with the reference data
set on the x-axis and the compared set on the y-axis.

3.3 Reference data set

For the intercomparisons, one instrument was chosen as the reference to which
all other instruments was compared. Because of its good temporal coverage,
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Figure 3.1: Overview of all timeseries of IWV data used in the study.

having measurements every two hours during almost the complete period of
1996-2006 (see Figure 3.1), and because of overall good quality of the mea-
surements, the GPS was chosen. This means that the GPS measurements are
considered to be an approximation of the true IWV value, but the fact that it
also has errors still has to be considered. Using the GPS as the reference will
also ensure a high number of matches for all the intercomparisons.
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Chapter 4

Results and discussion

Figures 4.1 to 4.7 show the results of the comparison of the GPS measurements
to all other data sets used in the study. Because of the short interval between
GPS measurements, the majority of all measurements from the other instru-
ments will result in a match. The exception are measurements done from 2007
and later when the time series has ended for the GPS.

AMSU-B

The AMSU-B measurements from NOAA-16 and NOAA-17 both get a high
number of matches with the GPS. Thus giving a good basis for comparison. As
seen in Figures 4.1 and 4.2 both instruments show good overall agreement with
the GPS and both have a standard deviation under 20%. NOAA-16 shows a
slight dry bias towards high values whereas NOAA-17 instead show a slight wet
bias. Both instruments show a group of outliers with high GPS IWV of 10-15
kg/m2 where the AMSU-B IWV is only between 5-10 kg/m2. A possible reason
for these can be the upper limit in the algorithm by Melsheimer and Heygster
(2008) of 8-10 kg/m2. A passing weather system would then result in a large
variation of IWV values in the AMSU-B pixels causing the algorithm to only
account for the lower values found. The large error bars of the outliers also
support the possibility of unstable weather conditions at the time of the mea-
surement. These matches are however very few compared to the total number
of matches and should therefore not affect the statistics.

FTIR

The FTIR measurements span the whole period of the GPS from 1996 to 2006
and therefore also give a large number of matches as seen in Figures 4.3 and 4.4.
Both sets from the two different detectors show a similar amount of matches
which is also expected. Both sets also show very good agreement with the GPS
with a standard deviation of around 15%. The good agreement is expected as
the FTIR is dependent on clear sky conditions, which in turn often means stable
weather conditions. One possible source of error is the fact that the instruments
are separated by 30km, but because of the stable weather conditions at FTIR
operation this should not be a significant error.
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KIMRA

The two microwave time series (Figures 4.5 and 4.6) have the worst agreement
of all the comparisons done in this study. The earlier series of 2002-2005 show
less matches than the later series of 2005-2008, but both still have a sufficient
amount of matches to do a statistically meaningful comparison. They both
show a large wet bias at higher IWV values as compared to the GPS and also
have a standard deviation close to 30%. The large scatter might be partly
explained by the 30 km separation of the MW and GPS instruments as the MW
measures also at bad weather conditions unlike the FTIR which only measures
at stable weather conditions. The fact that IWV measurements only is a by-
product of the microwave spectrometer also gives part of the explanation of
the bad performance. On top of this there are also question marks around the
conversion from the atmospheric opacity, measured by the instrument, to IWV
values that might affect the result.

Radiosondes

Even though there are a limited number of radiosonde launches, a sufficiently
high number of matches is achieved because of the short interval between GPS
measurements. As seen in Figure 4.7 the radiosondes show a very good agree-
ment with the GPS measurements. Only a small wet bias towards higher IWV
values can be seen and the set has a standard deviation of 13%. This is expected
as the sondes are launched from the same location as the GPS instrument is
located, at Esrange Space Center, Kiruna.

GPS

As for the GPS measurements, they in total show a very good performance
and work well as a reference for the other sets. This is especially confirmed by
the good agreement of the FTIR and radiosonde measurements. A source of
error for low GPS IWV values is the fact that the absolute standard deviation
for the measurements is equally large both for small and high values of IWV
as explained in section 2.5.2. This means that the relative error of the GPS
measurements is much larger for low IWV values.

Summary

A complete account for the statistical parameters of the comparisons with GPS
as a reference can be found in Table 4.1. Statistics and plots of all other cross
comparisons can be found in the appendix.

By the above results it can be concluded that all instruments represent
the water vapor content in a reasonable way. Because of the naturally large
temporal and spacial variability of water vapor content in the atmosphere, mea-
surements made with two different instruments will never agree exactly. The
temporal variability can be clearly seen in Figure 4.8 where one month of GPS
data is shown. The GPS can be used, and produces reliable measurements,
in all weather all year around. The FTIR spectrometer is dependent on clear
weather and can not be used in the polar winter, but produces very good mea-
surements. The ground based microwave instrument can be used in all weather
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Ground Based GPS vs. NOAA−16 AMSU−B, Time Tolerance 60min

Number of matches: 2169

Mean of differences: −0.252 ±1.049 kg/m2

Mean of relative differences: −3.561 ±19.316 %

Slope of regression: 0.932

Correlation coefficient: 0.842

Figure 4.1: Comparison of GPS and NOAA-16 AMSU-B. The statistics show,
first the mean value of the absolute differences plus/minus the standard de-
viation. Then the mean of the relative differences plus/minus the standard
deviation, the slope of a dashed regression line adapted to the matches and
lastly the correlation coefficient of the matches. The error bars corresponds to
the standard deviation of the averaging in the 50 km target area for the AMSU-
B data sets and to a standard deviation of the zenith time delay for the GPS
data. None of the other data sets contain any error estimations.

all year around, but has a large wet bias and high standard deviation. Its results
possibly could be improved considerably by a better IWV retrieval algorithm.
The AMSU-B satellite based microwave instruments give good results but can
only be used during the dry and snow covered winter months. Last but not
least, the radiosondes work very well, but they are very sparse.
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Ground Based GPS vs. NOAA−17 AMSU−B, Time Tolerance 60min

Number of matches: 1675

Mean of differences: −0.124 ±0.958 kg/m2

Mean of relative differences: −2.920 ±18.733 %

Slope of regression: 1.114

Correlation coefficient: 0.864

Figure 4.2: Comparison of GPS and NOAA-17 AMSU-B.
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Ground Based GPS vs. Ground Based FTIRa, Time Tolerance 60min

Number of matches: 1473

Mean of differences: −0.478 ±0.931 kg/m2

Mean of relative differences: −9.244 ±15.062 %

Slope of regression: 1.031

Correlation coefficient: 0.983

Figure 4.3: Comparison of GPS and FTIRa.
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Ground Based GPS vs. Ground Based FTIRb, Time Tolerance 60min

Number of matches: 1329

Mean of differences: −0.148 ±1.060 kg/m2

Mean of relative differences: −5.715 ±16.300 %

Slope of regression: 1.094

Correlation coefficient: 0.982

Figure 4.4: Comparison of GPS and FTIRb.
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Ground Based GPS vs. Ground Based MW 02−05, Time Tolerance 60min

Number of matches: 640

Mean of differences: 0.617 ±2.741 kg/m2

Mean of relative differences: 1.604 ±27.499 %

Slope of regression: 1.293

Correlation coefficient: 0.931

Figure 4.5: Comparison of GPS and Microwave 2002-2005.
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Ground Based GPS vs. Ground Based MW 05−08, Time Tolerance 60min

Number of matches: 1385

Mean of differences: 1.075 ±1.795 kg/m2

Mean of relative differences: 15.002 ±29.079 %

Slope of regression: 1.349

Correlation coefficient: 0.867

Figure 4.6: Comparison of GPS and Microwave 2005-2008.
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Ground Based GPS vs. Radiosonde, Time Tolerance 60min

Number of matches: 142

Mean of differences: 0.389 ±0.784 kg/m2

Mean of relative differences: 3.715 ±13.243 %

Slope of regression: 1.113

Correlation coefficient: 0.987

Figure 4.7: Comparison of GPS and Radiosonde.
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Figure 4.8: Time series of GPS measurements during March 2006 showing the
large variability of IWV.

GPS vs.
Mean Meanrel

Matches (kg/m2) (%) Slope Corr
NOAA-16 2169 -0.252 ±1.049 -3.561 ±19.316 0.932 0.842
NOAA-17 1675 -0.124 ±0.958 -2.920 ±18.733 1.114 0.864
FTIRa 1473 -0.478 ±0.931 -9.244 ±15.062 1.031 0.983
FTIRb 1329 -0.148 ±1.060 -5.715 ±16.300 1.094 0.982
MW 02-05 640 0.617 ±2.741 1.604 ±27.499 1.293 0.931
MW 05-08 1385 1.075 ±1.795 15.002 ±29.079 1.349 0.867
Radiosonde 142 0.389 ±0.784 3.715 ±13.243 1.113 0.987

Table 4.1: Statistics of all comparisons with the GPS as a reference. Mean
is the mean value of the absolute differences, plus/minus the standard devia-
tion. Meanrel is the mean of the relative differences, plus/minus the standard
deviation. Slope is the slope of the regression line and Corr is the correlation
coefficient of the matches.
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Chapter 5

Comparison with earlier
studies

A similar intercomparison study of IWV has been published by Palm et al.
(2008). They compare several instruments measuring IWV above Ny Ålesund,
Spitsbergen (78.9°N, 11.9°E), including ground based and satellite based instru-
ments and radiosondes.

Radiosondes included in their study are launched daily from the French-
German research base AWIPEV (Alfred-Wegener-Institut and Institut Paul
Emile Victor) at Ny Ålesund. At that location there is also an FTIR spec-
trometer and a microwave ozone spectrometer that are included in the study,
both similar to the ones used at IRF, Kiruna. Two satellite based instruments
are also included. The first is a visible light spectrometer called SCIAMACHY
flying on the ENVISAT satellite, and the second is the AMSU-B microwave
radiometer on the NOAA satellites.

In other words the instruments used are very similar to the ones compared
in this thesis. The difference is the SCIAMACHY in Palm et al. (2008), and
the ground based GPS in this thesis. Therefore similar results can be expected.

As radiosondes are available once per day, Palm et al. (2008) chose those as
the reference to which comparisons were made. But as the sondes only produced
one measurement each day at 11 a.m. UTC, the total number of matches was
much lower than in this thesis for all instruments. A time matching criterion of
twice the length was also used (±2h), both conditions making for a worse basis
of comparison than what is the case in this thesis.

The results found are as expected similar for both studies. The FTIR pro-
duces the best results with very high correlation to the radiosondes and low
scatter of around 10%. Both satellite based instruments also show good agree-
ment with the reference but with higher scatter than the FTIR. This is possibly
due to the higher spatial coverage of the satellite measurements. Lastly the
ground based microwave instrument also showed fair agreement with the son-
des, but with a larger scatter of around 30%. This is however expected to a
certain degree as the instrument was not constructed to measure IWV in the
first place.
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Chapter 6

Summary and conclusions

The aim of this thesis was to get a comprehensive picture of the IWV over
Kiruna and also to a certain degree to validate the AMSU-B IWV-algorithm
developed by Melsheimer and Heygster (2008). By combining measurements
from several instruments, all using different measurement techniques, this was
also achieved. A large part of the work load was put into collecting the data
and understanding the working principles of the different instruments. Another
large part was then the development of the MATLAB algorithm comparing and
matching the data sets to each other.

All instruments compared in this study represent the IWV above Kiruna in
a reasonable way. Because of the variability of water vapor in the atmosphere
the measurements from two different instruments will never agree exactly.

When looking at the results it is possible to conclude that when measuring
over Kiruna in the winter the algorithm by Melsheimer and Heygster (2008)
works well. The results from both NOAA satellites agree well with the chosen
reference data set from the GPS and both show a fairly low standard deviation.
Besides the GPS, the FTIR gives the best results in the study with very low
standard deviation and a large number of matches, but it has the disadvantage
of being dependent on clear weather conditions and visibility of the sun. The
microwave radiometer can be used all year around in all weather but the results
are the worst in the study with very high standard deviation compared to the
GPS. The reason for this is not understood at present, since this technique
should theoretically provide good IWV measurements. The radiosondes produce
excellent measurements with very low standard deviation, but the measurements
are relatively few and concentrated to short periods making it difficult to get a
good picture of the IWV during a longer period of time. The GPS produces very
good measurements all year around and proved to work very well as a referece
for the comparisons.
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Appendix A

Remaining cross
comparisons

All possible cross comparisons between the data sets that remain after the main
comparison with the GPS instrument as the reference are presented here. First
the remaining cross comparisons of the FTIR data sets are presented (Figures
A.1 to A.6). Only the FTIRa is presented here as the two sets are to a high
degree identical. Then the remaining comparisons for the two AMSU-B data
sets are presented (Figures A.7 to A.13), and lastly one remaining comparison
of microwave and radiosonde is presented (Figure A.14). Note that some cross
comparisons are left out because of no or too little overlap of the time series.
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Ground Based FTIRa vs. Ground Based FTIRb, Time Tolerance 60min

Number of matches: 1463

Mean of differences: 0.307 ±0.532 kg/m2

Mean of relative differences: 3.361 ±7.278 %

Slope of regression: 1.057

Correlation coefficient: 0.996

Figure A.1: Comparison of FTIRa and FTIRb.
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Ground Based FTIRa vs. NOAA−16 AMSU−B, Time Tolerance 60min

Number of matches: 171

Mean of differences: 0.410 ±0.461 kg/m2

Mean of relative differences: 14.756 ±15.445 %

Slope of regression: 1.045

Correlation coefficient: 0.954

Figure A.2: Comparison of FTIRa and NOAA-16 AMSU-B.
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Ground Based FTIRa vs. NOAA−17 AMSU−B, Time Tolerance 60min

Number of matches: 170

Mean of differences: 0.438 ±0.536 kg/m2

Mean of relative differences: 15.336 ±16.940 %

Slope of regression: 1.045

Correlation coefficient: 0.950

Figure A.3: Comparison of FTIRa and NOAA-17 AMSU-B.
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Ground Based FTIRa vs. Ground Based MW 02−05, Time Tolerance 60min

Number of matches: 64

Mean of differences: 0.301 ±0.990 kg/m2

Mean of relative differences: 3.220 ±14.187 %

Slope of regression: 1.022

Correlation coefficient: 0.985

Figure A.4: Comparison of FTIRa and Microwave 2002-2005.
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Ground Based FTIRa vs. Ground Based MW 05−08, Time Tolerance 60min

Number of matches: 104

Mean of differences: 0.921 ±1.100 kg/m2

Mean of relative differences: 22.788 ±29.342 %

Slope of regression: 1.091

Correlation coefficient: 0.933

Figure A.5: Comparison of FTIRa and Microwave 2005-2008.

0 5 10 15 20 25
0

5

10

15

20

25

Ground Based FTIRa IWV [kg/m2]

R
ad

io
so

nd
e 

IW
V

 [k
g/

m
2 ]

Ground Based FTIRa vs. Radiosonde, Time Tolerance 60min

Number of matches: 18

Mean of differences: 0.489 ±0.441 kg/m2

Mean of relative differences: 12.805 ±9.669 %

Slope of regression: 1.006

Correlation coefficient: 0.987

Figure A.6: Comparison of FTIRa and Radiosonde.
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NOAA−16 AMSU−B vs. NOAA−17 AMSU−B, Time Tolerance 60min

Number of matches: 776

Mean of differences: 0.154 ±0.623 kg/m2

Mean of relative differences: 2.963 ±13.976 %

Slope of regression: 1.129

Correlation coefficient: 0.938

Figure A.7: Comparison of NOAA-16 AMSU-B and NOAA-17 AMSU-B.
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NOAA−16 AMSU−B vs. Ground Based MW 02−05, Time Tolerance 60min

Number of matches: 165

Mean of differences: −0.385 ±0.990 kg/m2

Mean of relative differences: −9.329 ±19.504 %

Slope of regression: 1.159

Correlation coefficient: 0.877

Figure A.8: Comparison of NOAA-16 AMSU-B and Microwave 2002-2005.
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NOAA−16 AMSU−B vs. Ground Based MW 05−08, Time Tolerance 60min

Number of matches: 292

Mean of differences: 1.609 ±2.367 kg/m2

Mean of relative differences: 29.160 ±47.332 %

Slope of regression: 2.438

Correlation coefficient: 0.739

Figure A.9: Comparison of NOAA-16 AMSU-B and Microwave 2005-2008.
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NOAA−16 AMSU−B vs. Radiosonde, Time Tolerance 60min

Number of matches: 19

Mean of differences: 0.054 ±0.787 kg/m2

Mean of relative differences: 0.512 ±15.923 %

Slope of regression: 1.280

Correlation coefficient: 0.902

Figure A.10: Comparison of NOAA-16 AMSU-B and Radiosonde.



37

0 5 10 15 20 25
0

5

10

15

20

25

NOAA−17 AMSU−B IWV [kg/m2]

G
ro

un
d 

B
as

ed
 M

W
 0

2−
05

 IW
V

 [k
g/

m
2 ]

NOAA−17 AMSU−B vs. Ground Based MW 02−05, Time Tolerance 60min

Number of matches: 162

Mean of differences: −0.306 ±1.125 kg/m2

Mean of relative differences: −6.881 ±22.381 %

Slope of regression: 1.161

Correlation coefficient: 0.833

Figure A.11: Comparison of NOAA-17 AMSU-B and Microwave 2002-2005.
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NOAA−17 AMSU−B vs. Ground Based MW 05−08, Time Tolerance 60min

Number of matches: 518

Mean of differences: 1.082 ±2.149 kg/m2

Mean of relative differences: 19.888 ±39.465 %

Slope of regression: 1.944

Correlation coefficient: 0.730

Figure A.12: Comparison of NOAA-17 AMSU-B and Microwave 2005-2008.
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NOAA−17 AMSU−B vs. Radiosonde, Time Tolerance 60min

Number of matches: 17

Mean of differences: 0.189 ±1.512 kg/m2

Mean of relative differences: 5.179 ±27.615 %

Slope of regression: 1.321

Correlation coefficient: 0.803

Figure A.13: Comparison of NOAA-17 AMSU-B and Radiosonde.
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Ground Based MW 05−08 vs. Radiosonde, Time Tolerance 60min

Number of matches: 19

Mean of differences: −1.480 ±1.607 kg/m2

Mean of relative differences: −18.401 ±17.689 %

Slope of regression: 0.765

Correlation coefficient: 0.891

Figure A.14: Comparison of Microwave 2005-2008 and Radiosonde.



Appendix B

MATLAB code

The most important MATLAB functions developed for the study are presented
here.

B.1 xmatch.m

MATLAB function used to calculate matching pairs between two arbitrary data
sets.

function [matches] = xmatch(data1,data2,tolerance)

% Author: Simon Ostman
% Function to match two different data sets to each other and find
% measurements that are close in time.
% Input = Two datasets and the time tolerance in fraction of 24h.
% Output = Array of the matches and the standard deviation(s) if
% existing. Plus a timestamp for each match (from data1).

j flag = zeros(size(data2,1),1);
matches temp = zeros(size(data2,1),6);

for i=1:size(data1,1)
flag = 0;
timediff = 100;
j index = 0;
for j=1:size(data2,1)

if (abs(data1(i,1)−data2(j,1)) ≤ tolerance) && ...
(abs(data1(i,1)−data2(j,1)) < timediff)

timediff = abs(data1(i,1)−data2(j,1));
j index = j;
flag = 1;

end;
end;
if (flag == 1) && (j flag(j index) == 0)

matches temp(j index,1) = data1(i,2);
matches temp(j index,2) = data2(j index,2);
if size(data1,2) > 2

matches temp(j index,3) = data1(i,3);
end;
if size(data2,2) > 2

matches temp(j index,4) = data2(j index,3);
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end;
matches temp(j index,5) = data1(i,1);
matches temp(j index,6) = timediff;
j flag(j index) = 1;

else
if (flag == 1) && (j flag(j index) == 1) && ...

(timediff < matches temp(j index,6))
matches temp(j index,1) = data1(i,2);
matches temp(j index,2) = data2(j index,2);
if size(data1,2) > 2

matches temp(j index,3) = data1(i,3);
end;
if size(data2,2) > 2

matches temp(j index,4) = data2(j index,3);
end;
matches temp(j index,5) = data1(i,1);
matches temp(j index,6) = timediff;
j flag(j index) = 1;

end;
end;

end;
k=1;
for l = 1:size(matches temp,1)

if matches temp(l,1) > 0
matches(k,1) = matches temp(l,1);
matches(k,2) = matches temp(l,2);
matches(k,3) = matches temp(l,3);
matches(k,4) = matches temp(l,4);
matches(k,5) = matches temp(l,5);
matches(k,6) = matches temp(l,6);
k = k+1;

end;
end;

B.2 plot func.m

MATLAB function to calculate statistics and to plot the result.

function [statistics] = plot func(dataset1,dataset2,tolerance,...
xy lim,filename1,filename2,text1,text2)

% Author: Simon Ostman
% Function that calculates statistics and plots the result of a
% time matching between two data sets.
% Input: Two data sets, time tolerance, x/y limits for the plot
% created, and 4 text strings used for filename and plot text.
% Dataset1 is the reference. Diff = dataset2−reference
% Output is an array with (matches, mean, stddev, slope, corrcoef)

hold off;
matches = xmatch(dataset1, dataset2, (tolerance/60)/24);

x = 0:100;
y=x;
diff = matches(:,2)−matches(:,1);
reldiff = (diff./matches(:,1)).*100;
mrel = mean(reldiff);
srel = std(reldiff);
m = mean(diff);
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s = std(diff);
corr = corrcoef(matches(:,2),matches(:,1));

filename = [filename1 ' vs ' filename2 ' ' num2str(tolerance) 'min'];
tit = [text1 ' vs. ' text2 ', Time Tolerance ' ...

num2str(tolerance) 'min'];
dir = sprintf('/storage4/home/simost/Matlab/temp/%s',filename);
yl = [text2 ' IWV [kg/mˆ2]'];
xl = [text1 ' IWV [kg/mˆ2]'];

if (matches(1,3) 6= 0) && (matches(1,4) 6= 0)
herror = herrorbar(matches(:,1),matches(:,2),matches(:,3),'.b');
hold on;
plot1 = errorbar(matches(:,1),matches(:,2),matches(:,4),'.b',...

'MarkerFaceColor','r','MarkerEdgeColor','k','MarkerSize',10);

xy = plot(x,y,'−k');

p = linortfit2(matches(:,1),matches(:,2));
yy = p(1)*x+p(2);
fit line = plot(x,yy,'−−r');

else
if matches(1,3) 6= 0

plot1 = herrorbar(matches(:,1),matches(:,2),matches(:,3),'.b');
hold on;
plot2 = plot(matches(:,1),matches(:,2),'.b',...

'MarkerFaceColor','r','MarkerEdgeColor','k',...
'MarkerSize',10);

xy = plot(x,y,'−k');

p = linortfit2(matches(:,1),matches(:,2));
yy = p(1)*x+p(2);
fit line = plot(x,yy,'−−r');

else
if matches(1,4) 6= 0

plot1 = errorbar(matches(:,1),matches(:,2),matches(:,4),...
'.b','MarkerFaceColor','r','MarkerEdgeColor','k',...
'MarkerSize',10);

hold on;
xy = plot(x,y,'−k');

p = linortfit2(matches(:,1),matches(:,2));
yy = p(1)*x+p(2);
fit line = plot(x,yy,'−−r');

else
plot1 = plot(matches(:,1),matches(:,2),...

'.b','MarkerFaceColor','r','MarkerEdgeColor','k',...
'MarkerSize',10);

hold on;
xy = plot(x,y,'−k');

p = linortfit2(matches(:,1),matches(:,2));
yy = p(1)*x+p(2);
fit line = plot(x,yy,'−−r');

end;
end;

end;

xlabel(xl);
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ylabel(yl);
title(tit,'FontSize',13);
ylim([0 xy lim]);
xlim([0 xy lim]);
text('Units','normalized','Position',[0.05,0.95],'String',...

['Number of matches: ',num2str(length(matches),'%.0f')]);
text('Units','normalized','Position',[0.05,0.90],'String',...

['Mean of differences: ',num2str(m,'%.3f'),...
' \pm',num2str(s,'%.3f'),' kg/mˆ2']);

text('Units','normalized','Position',[0.05,0.85],'String',...
['Mean of relative differences: ',num2str(mrel,'%.3f'),' \pm',...
num2str(srel,'%.3f'),' %']);

text('Units','normalized','Position',[0.05,0.80],'String',...
['Slope of regression: ',num2str(p(1),'%.3f')]);

text('Units','normalized','Position',[0.05,0.75],'String',...
['Correlation coefficient: ',num2str(corr(1,2),'%.3f')]);

legend('off');

statistics = [length(matches) m s mrel srel p(1) corr(1,2)];

print('−dpng',dir);
print('−depsc2',dir);
hold off;



Appendix C

Websites

SWEPOS - A National network of reference stations for GPS.
http://swepos.lmv.lm.se/english/

KIMRA - The Swedish millimeter wave radiometer at IRF
http://www.irf.se/program/afp/mm/
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