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entnommenen Stellen als solche kenntlich gemacht habe.

Diese Arbeit hat in gleicher oder ähnlicher Form noch
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Chapter 1

Introduction

1.1 The role of water vapour in the Earth’s climate

In the Earth’s atmosphere, all possible phases of water are present: solid (ice), liquid

(cloud droplets) and gas (water vapour). The sun drives the transformation between

those phases, the water cycle. Figure 1.1 shows a schematic view of the global water

cycle. Water evaporates from the surface (predominantly from the ocean) and can form

clouds and precipitation. Only 0.001 % of the total amount of water is situated in the

atmosphere (Durack 2015), where water vapour is the main fraction with 99 % (Wentz

et al. 2007). Water vapour transports a large amount of energy through latent heat and

is a big contributor to the Earth’s energy budget. Additionally, water vapour plays a

vital role in the formation of clouds and precipitation and is thus responsible for the

transport of water to land surfaces (IPCC 2007).

Figure 1.1: Schematic view on the water cycle; Numbers from Durack (2015).
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Water vapour is the most common trace gas (1 % to 4 % of volume of the atmosphere)

and is responsible for 60 % of the total greenhouse effect for clear skies due to the fact

that it is the main contributor of absorption in the infrared (IR) spectrum where the

Earth emits radiation (Kiehl and Trenberth 1997, Trenberth et al. 2009). Only a small

fraction of the shortwave radiation originating from the sun is attenuated, but a large

amount of terrestrial long wave radiation is hold back from emitting back into space due

to water vapour.

Figure 1.2: Global annual mean energy budget of the Earth for the period 2000–2010.
Solar fluxes in yellow and infrared fluxes in pink are displayed in W/m2. (Stephens

et al. 2012)

Figure 1.2 shows an overview of the energy fluxes that contribute to the global energy

budget. The top of atmosphere (TOA) fluxes were mainly derived from observations

of the Clouds and the Earth’s Radiant Energy System (CERES) space borne broad

scanning radiometer (Stephens et al. 2012). 340.2 ± 0.1 W/m2 of solar radiation reach

the top of the atmosphere from which 100 ± 2 W/m2 are reflected again by clouds

and the Earth’s surface. The resulting 240 W/m2 are absorbed by the atmosphere, its

constituents (clouds and aerosols) and the Earth’s surface, that emits radiation in the IR

in the range of 239.7± 3.3 W/m2. This results in a TOA imbalance of about 0.6 W/m2

with an accuracy of 0.4 W/m2, which is mostly due to instrument calibration errors.

This imbalance appears in the change of the global mean temperature. Approximately

one fifth of the incoming solar radiation is absorbed by the atmosphere. This component

has one of the largest uncertainties in the scheme in Figure 1.2, which is mainly resulting

from the uncertainties in the concentrations of greenhouse gases such as water vapour.

Another uncertainty in the approximation of the radiation budget is the influence of

clouds. About 70 % of the Earth’s surface is covered by clouds (Stubenrauch et al. 2013).

Clouds can reflect shortwave radiation, emit longwave radiation and hold back emitted

longwave radiation from radiating back into space. As clouds form from water vapour,
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the consideration of clouds in investigations concerning water vapour is necessary and

vice versa.

1.2 The role of water vapour in a changing climate

The abrupt rise of the global mean surface temperature in the last three decades is the

most popular indicator of climate change. As stated by IPCC (2014), the majority of

investigations suggest that the climate change is associated with anthropogenic activities

such as the emission of carbon dioxide (CO2) due to fossil fuel burning or the enhanced

emission of methane (CH4) due to agricultural activities, among others. The imbalance

of the Earth’s energy budget as a result of the increased absorption of longwave radiation,

is the main result of these changes. Additionally, several feedback mechanisms arise

from the warming of the climate, concerning for example cloud formation, emittance of

greenhouse gases and even the see level rise. Generally, in a warmer atmosphere it is

more likely that water evaporates, because the relative humidity tends to remain more

or less constant, as observations and numerical experiments consistently show (Held

and Soden 2006, Wentz et al. 2007). Furthermore, there are a number of positive and

negative feedbacks related to water vapour explained in the following.

In general, the presence of water vapour in the atmosphere causes an enhanced effect

of the other greenhouse gases. A small positive variation in the amount of e.g. CO2

results in a small decrease of longwave emission and an increase in temperature. Since

the water vapour amount is increasing rapidly with air temperature, water vapour acts

as an amplifier of the initial warming (Soden 2002).

Due to the exponential decrease of water vapour concentration with height and strong

absorption features of water vapour in the IR, the emitted radiation of the Earth is

effectively covered by the lower atmosphere. Consequently, the air layer that is respon-

sible for the emission of longwave radiation is situated in the middle troposphere at

around 5 km (mean over the whole globe, dependent on the water vapour amount). An

increase in the atmospheric mean temperature results in a lifting of the effective height

of emittance (Held and Soden 2000). Consequently, the volume that can hold water

vapour is increased which in turn entails in an enhanced warming. As Shi and Bates

(2011) state, the mean Upper Tropospheric Humidity (UTH) has increased in the last

30 years. The transportation of humidity to the higher troposphere can increase the

formation of clouds. Clouds can serve as a reflector (mostly low level clouds) or as an

insulator (mainly high clouds). Which of these effects is dominating and how the cloud

water vapour feedback will evolve in the future is subject of various studies (IPCC 2014).

Ramanathan et al. (1989) and Loeb et al. (2009) suggest that the reflection of short-

wave radiation exceeds the global radiative forcing effect resulting in an overall cooling

of the climate. However, there is substantial ambiguity of global-scale observations of

cloud cover trends. Additionally, clouds are the greatest source of uncertainty in climate

models due to the complex cloud formation processes including interaction with aerosols

and water vapour (IPCC 2014).
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Which one of these feedback mechanisms concerning water vapour is dominating, is still

under active investigation. Most of the statements above originate from climate pre-

dictions of Global Circulation Models (GCM). Although the accuracy of these models

is increasing due to improvement of the parametrisations and larger computational ca-

pability, the extensive monitoring of the change in water vapour in the atmosphere is

crucial. Observations are the basis for a better understanding of the Earth’s atmosphere

and its feedback mechanisms. Furthermore, climate monitoring and evaluation of the

model outputs can only be done with the help of ground and space borne observations.

Due to the immense importance of water vapour to the climate, more and more research

groups and associations invest in studies related to water vapour. Recently, the Global

Climate Observing System (GCOS) declared the total column of water vapour (TCWV)

as an essential climate variable. The defined goal of GCOS is to provide long time series

of TCWV in sufficiently high resolution to enable the determination of both local and

global trends (GCOS 2010).

There are multiple data sets of TCWV derived from ground and space borne obser-

vations. The outcomes of trend analysis are diverse, but suggest a global increase of

TCWV. Jin et al. (2007) found an average TCWV trend of about 2 mm per decade

during 1994-2006 over GNSS stations that are mainly based on land. Over oceans of

about 1.2 % per decade has been observed between 1989 and 2004 with space borne

microwave radiometer Trenberth et al. (2005), Wentz et al. (2007). However, trends in

the water vapour field deviate regionally. Mieruch et al. (2008) found significant trends

ranging from -5 % to 5 % per year in the time between 1996 to 2006. Docter (2015)

performed TCWV trend analysis from observation over global cloud-free land areas that

reveal trends between -0.5 mm and +1 mm in the time between 2003 and 2012. In order

to represent those small trends significantly, sufficient high accuracies of the TCWV

observations are required.

1.3 Satellite remote sensing of water vapour

The sounding of humidity already started in the early 1920s with the first ascends

of radiosondes (Pralungo et al. 2014). For the first time, the aggregation of vertical

resolved information about temperature, humidity and wind was possible. The number

of radiosonde stations increased over the years and served the understanding of the

stratification of the atmosphere. Nowadays, soundings are an important part of the data

that is needed for numerical weather prediction (NWP). However, the spatial distribution

of radiosonde stations is too sparse for most parts of the Earth and mainly located on

land areas. Additionally, the in some countries the number of radiosonde stations is

decreasing. This is the result of the increasing importance of satellite remote sensing

data that is assimilated into the NWP models.

Remote sensing from space can provide accurate monitoring of water vapour in high

spatial and temporal resolution over long time series. Amongst others, these observations

are needed for:



Chapter 1. Introduction 5

- improving the knowledge about the atmospheric processes concerning water vapour

- monitoring of the Earth’s climate and its evolution

- assimilation of data into NWP and climate models

Remote sensing of water vapour with satellites started in the 1960s with the launch of

the first meteorological satellite, the Television Infrared Observation Satellite (TIROS 2)

(Bandeen et al. 1961). Since then, a number of meteorological satellites with instruments

that are able to seek information about water vapour were launched. The number of

possibilities and the accuracy increased with technological progress. Passive remote

sensing methods are described hereafter.

The majority of the procedures use either reflected sunlight in the wavelength-range of

400 nm to 3µm or terrestrial radiation emitted by the Earth (4µm–20 cm). The suitable

wavelength range strongly depends on the application. For water surfaces measurements

in the microwave region is most suitable. For land applications the visible and near

infrared range (NIR) is appropriate. In the thermal infrared, it is possible to retrieve

information about the vertical distribution of water vapour.

Water vapour remote sensing over water surfaces is done since the 1980s with mi-

crowave radiometers such as the Special Sensor Microwave/Imager (SSM/I) (Schluessel

and Emery 1990). The procedures use a water vapour absorption and emission band at

23 GHz (approximately 1,5 cm wavelength). The main advantages are:

1. Observations at day and night-time are possible, because earth and atmosphere

emit radiation in the microwave spectrum.

2. A small influence of liquid water absorption can be accounted for in the retrievals.

Consequently, TCWV can be derived even in the presence of clouds (except for

heavy rain clouds).

Due to the fact that scattering on atmospheric particles can be neglected, the accuracy

of the TCWV retrievals in the microwave spectrum is very high. The spatial sampling

of about 20 km is sufficient for a global view but does not allow investigations of small

scale effects.

Remote sensing of water vapour using measurements in the thermal infrared allows the

sounding of vertical profiles of water vapour concentrations. This can especially serve

the monitoring of middle and upper tropospheric humidity in order to quantify climate

feedback effects (see Section 1.2), whereas TCWV is dominated by water vapour in the

boundary layer. One example for such a sensor is the Infrared Atmospheric Sounding

Interferometer (IASI) mounted on Metop Satellites. IASI brightness temperatures are

derived in the strong water vapour absorption band between 5µm and 8µm with high

spectral resolution of 0.2 nm. Sophisticated procedures convert these to temperature-

and humidity profiles with a vertical resolution of about 2 km (Amato et al. 2009,

Pougatchev et al. 2009, Wiegele et al. 2014). IASI data is assimilated into NWP models
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for day and night over-paths. However, the accuracy in the lower troposphere, where

most of the water vapour is located, is of about 10 % (Masiello et al. 2013). Additionally,

the spatial resolution of about 12 km and the limitation to cloud-free scenes are further

constraints. Similar instruments that are used to retrieve water vapour profiles are the

Advanced microwave sounding unit (AMSU) on board Metop (Rosenkranz 2001) and

the Atmospheric Infrared Sounder (AIRS) on board Aqua (Susskind et al. 2003).

There are also some retrievals that retrieve TCWV from infrared measurements around

10µm, such as Casadio et al. (2016) for the Along Track Scanning Radiometer (AATSR)

on board ENVISAT and Schroedterhomscheidt et al. (2008) for Spinning Enhanced

Visible and Infrared Imager (SEVIRI) on board the geostationary Meteosat Second

Generation (MSG). The latter enables TCWV observations with a temporal resolution of

15 minutes over cloud-free land surfaces. Nevertheless, the uncertainties are comparable

high due to only weak water vapour absorption features in this spectral range.

Radiance measurements of reflected sunlight in the visible (VIS) spectral range can be

used for the determination of TCWV e.g. (Grossi et al. 2015, Noël et al. 2002, Schrijver

et al. 2009, Wagner et al. 2006). Although these procedures can provide TCWV on

a high spatial resolution even over ocean surfaces, they face some challenges such as

Rayleigh scattering and a strong influence of atmospheric scatterers. Additionally, the

sensitivity to water vapour is comparably low due to weak absorption features in the

VIS. Consequently, the uncertainties are higher in comparison to other methods.

High accuracies of TCWV observations over land surfaces can be achieved by retrievals

that use radiance measurements in the NIR around 950 nm. In this spectral range the

influence of Rayleigh scattering and aerosol scattering is lower than in the VIS. Although

limited to cloud-free daytime scenes, high spatial resolutions up to 260 m x 290 m are

possible. Here, the most dominant challenges are the surface reflectance and the scat-

tering on atmospheric particles. However, these can be overcome by multi-spectral

measurements. Good examples for multi-spectral instruments that can serve for TCWV

remote sensing are the MOderate Resolution Imaging Spectroradiometer (MODIS) on

board Aqua and Terra (Gao and Kaufman 2003) and the MEdium Resolution Imaging

Spectrometer (MERIS) on board ENVISAT (Bennartz and Fischer 2001, Diedrich et al.

2015, Lindstrot et al. 2012) that play a superior role in this thesis.

Until now, observations of TCWV with sufficient accuracies are limited to polar orbiting

satellites. First, microwave sounder are not applicable on geostationary satellites because

of the quadratic reduction in energy with distance. Secondly, the instruments of the

current generation of earth scanning spectrometers on e.g. MSG do not have channels

that measure radiation in a water vapour absorption band with sufficient sensitivity to

TCWV. The existing MSG water vapour channels are only sensitive to water vapour

in the mid troposphere. The outputs are used for monitoring of atmospheric streams.

The next generation of spectrometer on geostationary satellites is planned to measure

in water vapour absorption channels in the NIR. This will enable observation of TCWV

on a temporal resolution of about 5 minutes.
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Recent studies address retrievals of water vapour isotopes investigating the sources and

the circulation of water vapour in the atmosphere, serving the understanding of the

water cycle. In detail, the ratio of semiheavy water and water (HDO/H2O) provides

information about the genesis and the age of the water vapour, because the heavier HDO

is depleting more likely when water vapour condensates in contrast to evaporation. High

spectral resolutions are needed to cover the weak absorption features in the IR. Due to

the scarcity of water isotopes in the atmosphere, the retrievals face high uncertainties

(Boesch et al. 2013, Frankenberg et al. 2009, Randel et al. 2012). However, this is a very

promising field of study and can help to evaluate the representation of the water cycle

in global climate models (Risi et al. 2012).

1.4 Aim and outline of thesis

The main aim of this thesis is the development of a sensor-independent total column

water vapour retrieval for instruments that measure radiance in the ρστ-water vapour

absorption band for cloud-free daytime land and ocean scenes. The motivation for the

implementation of the retrieval was to produce long, consistent time series of TCWV

with high spatial resolution in order to serve:

- climate monitoring, especially the trend analysis of TCWV

- atmospheric correction, especially for ocean color remote sensing

- studies about small scale phenomena of TCWV

- studies about cloud formation mechanisms

- numerical weather and climate prediction

The work was performed in the frame of the WaDaMo project funded by the Bundesmin-

isterium für Wirtschaft und Forschung (BMWi).

The algorithm was adapted to the MERIS and MODIS setup and will be applied for

future missions such as the Ocean and Land Color Instrument (OLCI) on Sentinel-3,

the Flexible Combined Imager (FCI) on Meteosat Third Generation (MTG), METimage

on Metop-SG satellites and Sentinel-2. The architecture and the functionality of the

TCWV retrieval is demonstrated in Chapter 3 and is partly based on the publication

from Diedrich et al. (2015).

As stated in the last paragraph, the accuracy of the TCWV retrievals is of major im-

portance for the interpretation of the retrieved data. Therefore, Chapter 4 is dedicated

to the theoretical quantification of uncertainties of TCWV retrievals that use radiance

measurements in the NIR, particularly for the future missions. The corresponding pub-

lication (Diedrich et al. 2013) has been considered in the decision-making process of the

channel setting of OLCI which has been successfully launched into space on Sentinel-3
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on February 16, 2016. Additionally, the universal TCWV retrieval provides uncertainty

estimates on a pixel basis, taking all uncertainties into account that are introduced

through assumptions in the forward model and errors of the input data.

The performance of the retrieval was evaluated against several sources of ground based

TCVW observations. These play another important role in this thesis. First, they are

compared to the TCWV retrieval for validation studies, including data sets of microwave

radiometers (MWR), radiosondes, stations of the Global Navigation Satellite System

(GNSS) and sun-photometer.

Secondly, GNSS TCWV data were used to derive the representativeness of TCWV

observations from space. In particular, the influence of the constraint of cloud-free

daytime measurements and the fact that polar orbiting satellites have low temporal

coverage are discussed on Chapter 5. This study was submitted to the Journal of

Atmospheric Chemistry and Physics.

Third, the availability of combined information of clouds and TCWV raised the idea of an

application of TCWV. In Chapter 7, GNSS TCWV is combined with cloud information

data in order to quantify the statistical relationship between water vapour and cloud

properties.

In Chapter 2, the theoretical basis about radiative transfer, the used radiative transfer

model, techniques, and description of the ground based TCWV data sets are presented.

A summary and an outlook concerning all partial studies is given in Chapter 7.



Chapter 2

Fundamentals

2.1 Water vapour

Unlike most trace gases, atmospheric water vapour is highly variable in space and time.

The concentration of atmospheric water vapour depends on:

- the temperature of the surface body (land or water)

- the availability of water on the surface

- atmospheric turbulence (advection, convection)

Under normal atmospheric conditions, assuming no turbulence, water vapour evaporates

and the partial pressure of water vapour in the air e is increasing until the saturation

vapour pressure es is reached. es is directly coupled to the temperature of the surface

via the Clausius-Clapeyron equation:

des
dT

=
Lv(T ) es
Rv T 2

, (2.1)

where T the temperature, Lv the specific latent heat of evaporation of water and Rv

the individual gas constant of water vapour. Presuming an equilibrium of evaporation

and condensation, the water vapour amount over warm surfaces is higher than over

cold surfaces. However, the time that is needed for reaching this equilibrium, is usually

higher than the change of the air mass above the surface through advection or convection.

Consequently, the air is usually unsaturated. Furthermore, the availability of water is

crucial for the water vapour amount.

Figure 2.1 shows vertical profiles of the temperature and specific humidity (SH), that

is defined by the fraction of mass of water vapour to the mass of the air parcel. The

profiles are standard atmospheres taken from McClatchey et al. (1972) and represent

averaged conditions in the corresponding climatological areas. The most obvious feature

is the increase of SH with increasing temperature that is connected with a decrease of

9
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latitude (see brackets on the right panel of Figure 2.1). Additionally, the temperature

and SH are higher in the summer month for the mid-latitude and subarctic profiles. The

Total Column Water Vapour (TCWV) is defined as the integral of SH over the whole

vertical column along the pressure levels to the surface pressure ps:

TCWV(ps) =
1

1000× g

∫ ps

0
SH(p) pdp , (2.2)

where g is the Earth’s gravity constant. The TCWV describes the height of a column

of water in mm that would result if all water in the air is condensed. Furthermore,

Figure 2.1 shows that most of the water vapour is located in the lower air layers below

850 hPa. Over 90 % of the TCWV is situated in the lowest 5 km (lower than 500 hPa)

(Liou 2002).

The top panel of Figure 2.2 shows the global distribution of the annual mean TCWV.

Here again, the water vapour amount is increasing with decreasing latitude generally

due to the increase of mean air temperature with decreasing latitude (represented by

the annual mean of the 2 meter temperature in the lower panel of Figure 2.2). However,

there are regions in the low latitudes where the temperature is high on average that

also show low TCWV such as the Sahara, due to the low availability of water. Over the

ocean, the TCWV is generally following the sea surface temperature (as described by

the Clausius-Clapeyron equation). For example, the pacific area west of South America,

were the sea surface temperatures are low due to the cold Humboldt current, the TCWV

is also decreased. Additionally, the decrease of TCWV with height is also visible by the

decreased TCWV values over elevated areas such as the Andes.

Figure 2.1: Profiles of specific humidity in g/kg (left) and temperature in K (right)
for 6 standard profiles from McClatchey et al. (1972). The values in brackets indicate
the corresponding TCWV (left plot) and the corresponding month and latitude (right

plot).
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Figure 2.2: Upper panel: Global distribution of the annual mean TCWV in mm;
lower panel: global distribution of temperature at 2 m in K. The data was extracted
from ERA-Interim reanalysis data (Dee et al. 2011) and averaged for the year 2012.

2.2 Satellite remote sensing and radiative transfer

Remote sensing is usually defined as the gathering of information about a phenomenon

without making physical contact with the matter. Here, the phenomenon is the total

column water vapour that is distributed in the atmosphere. Naturally, the atmosphere

is highly complex and variable. In order to retrieve TCWV, first radiative transfer simu-

lations have to be performed and afterwards an inversion technique compares simulated

and measured radiances from space borne radiometers. The radiative transfer calcula-

tions have to account for gaseous absorption, scattering of atmospheric particles such as

aerosol as well as the properties of the Earth’s surface.

This thesis focusses on the remote sensing of water vapour of reflected sun light. Conse-

quently, this section dwells only on the mechanisms that correspond to radiation in the
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Figure 2.3: Satellite viewing geometry.

VIS to NIR and its applications to remote sensing. Figure 2.3 shows a scheme of the

viewing geometry of a satellite instrument. It describes the path of the radiation that

is emitted by the sun, reflected by the Earth’s surface and received by the spectrometer

at TOA. The solar zenith angle θi, viewing zenith angle θr, the solar azimuth angle φi
and the viewing azimuth angle φr describe the viewing geometry of a remote sensing

setup and is used in hereafter. ds represents the infinitesimal photon path through the

atmosphere.

Radiative transport equation

In the following it is referred to the books of Liou (2002) and Petty (2006).

Sunlight is attenuated by the atmosphere. The initial radiation L0 at a certain monochro-

matic wavelength λ is extenuated over an infinitesimal thickness ds of the medium. The

attenuated radiance L can be described by:

L(λ) = βe(λ) L0(λ) ds, (2.3)

where βe is the extenuation coefficient that can be divided into two components, the

absorption coefficient βa and the scattering coefficient βs with the unit [length−1] or

[mass−1]:

βe(λ) = βa(λ) + βs(λ) . (2.4)
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L(λ) is the spectral radiance that is the power per unit area, solid angle, and spectral

unit [Wm−2nm−1sr]. The integration of Equation 2.3 along the path between the points

s1 and s2 results in the Beer’s Law :

L(λ, s2) = L(λ, s1) exp

[
−
∫ s2

s1

βe(λ, s)ds

]
. (2.5)

The integral over the extinction coefficient along a distance is defined as the optical

thickness τ that increases with increasing path length:

τ(λ, s) =

∫ s2

s1

βe(λ, s)ds . (2.6)

The transmittance t of the air package is defined as the ratio of the radiance before and

after the attenuation through the medium. With that, Equation 2.5 transforms to:

t =
L(λ, s2)

L(λ, s1)
= exp [−τ(λ, s2 − s1)] . (2.7)

The transmittance is measure of the penetrability of the medium ranging from one for

no attenuation (τ → 0) and zero of total extinction (τ →∞).

The fundamental description of radiative transfer is represented by the following equa-

tion:
dL(λ, τ)

dτ
= J(λ, τ)− L(λ, τ) (2.8)

where J is the source term. In the solar spectrum (λ < 3.5µm) it represents the

incoming diffuse radiation mainly resulting from scattering. Consequently, additional to

the absorption, radiative transfer has to account for single and multiple scattering.

Absorption of water vapour

The absorption of light by atmospheric gases is the result of absorbing and re-emitting

of photons with distinct energies that are fixed by the energy gap between quantum

stages of atmospheric molecules. The energy E of a photon is defined by its frequency

or wavelength λ after the Einstein’s law:

E =
hc

λ
, (2.9)

where h is the Planck’s constant, c the speed of light. As the molecules have distinctive

energy levels, monochromatic absorption lines occur. The number and intensity of the

absorption features depend on the number of energy levels of the molecules and the

amount of the absorbing matter along the photon path. However, the absorption is

not just limited to the distinct wavelengths when measuring absorption spectrum of the

atmosphere. Three mechanisms are responsible for broadening of the monochromatic

absorption lines:
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Natural Broadening The Heisenberg uncertainty principle describes the relation-

ship between the lifetime of an exited state ∆t and the uncertainty of the energy between

two states ∆E:

∆E∆t ≈ h. (2.10)

With Equation 2.9 it follows that the the shorter the lifetime of an exited state, the higher

is uncertainty of the wavelength of the absorption line, thus the scattering around the

original absorption line. This effect is minor in comparison to the two following.

Pressure Broadening Due to collisions of the absorbing molecules, the lifetime of

exited states is reduced. The strength of this mechanism increases with higher molecule

density. Consequently, it dominates the broadening in the lower atmosphere. The shape

of the broadened line can be approximated by the Lorentz profile gL as a function of

distance to the idealized monochromatic absorption line (λ− λ0) and is therefore called

Lorentz broadening:

gL(λ− λ0) =
1

π

α

(λ− λ0)2 + α2
, (2.11)

where α is the line half width, dependent on the pressure p and temperature T , and is

defined by:

α(p, T ) = α0

(
p

p0

)(
T0
T

)n

(2.12)

n is an empirical determined exponent, α0 is the line width at the reference pressure p0
and temperature T0 .

Doppler Broadening The motion of the molecules introduces a shift of frequencies

ν due to the Doppler-effect. The shifted frequency is given by

ν ′ = ν(1− νc) . (2.13)

The Doppler broadening line shape gD can be estimated by the function:

gD(λ− λ0) =
1

αD
√
π
exp

[
−(λ− λ0)2

α2
D

]
(2.14)

where αD is the temperature dependent Doppler half width:

αD =
λ0
c

√
2RT . (2.15)

Consequently, the line width increases with higher temperatures because of the larger

scattering of velocity of the molecules.

Figure 2.4 shows the line shapes of the Doppler and Lorentz broadening for equal

width and strength. Pressure broadening is dominant in the lower troposphere, whereas

Doppler broadening is dominant in higher air layers. Both mechanisms influence the

absorption lines at the same time. As a consequence, the observed line shape is a com-

bination of both and can be approximated with the Voigt line profile. The Voigt shape
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Figure 2.4: Doppler and Lorentz line shapes with equal strengths and width of 1 nm.

follows the Doppler profile near the center of the line and the Lorentz profile at the

edges. Due to the fact that the Lorentz profile has an indefinite width, the edges are

additionally cut off in the Voigt Center Lorentz Wings (VCLW) profile (see Figure 2.4).

Data-bases of the spectral properties of atmospheric gases such as from Rothman et al.

(2013) provide extensive information about the position, depth, and width of each ab-

sorption line. From these information and the knowledge about temperature, pressure

and amount of gases, the absorption spectrum the atmosphere can be derived by adding

all individual VCLW profiles (Doppler et al. 2014a) (see Figure 2.5).

The top panel of Figure 2.5 shows the absorption features of water vapour in the electro-

magnetic spectrum ranging from VIS (400 nm) to 30µm. The comparison to the total

atmospheric absorption (lower panel) reveals that the predominant part of the absorp-

tion that is taking place in the atmosphere is due to water vapour. This results from the

quantum mechanical properties of the water molecule explained in the following. The

water molecule is polar and is thus free to rotate around all three axes. First, water

vapour can absorb and emit radiation in the microwave and far-IR (50µm - 10 cm) due

to changes in its rotational energy levels and second, it can absorb radiation on the NIR

and mid-IR (1µm to 50µm) due to changes in its vibrational and rotational energy

levels (Shine et al. 2012). Between the resulting strongly absorbing bands, there are

regions with weaker absorption, the window bands. The absorption in these window

bands is dominated by the so-called water vapour continuum. It has two components:

The self continuum, due to interactions between water molecules and especially dimers

((H2O)2), and a foreign continuum due to interaction between water molecules and other

air molecules. In most spectral parts, the water vapour continuum can modelled by the

Lorentz wings of the VCLW line profile (Doppler et al. 2014a). Although a lot of studies
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have been performed in the past and are still ongoing, the exact characteristics of the

water vapour continuum are still unknown (Ptashnik et al. 2011).

Another influence to the absorption of water vapour are water isotopes such as semiheavy

water (HDO) or H2
18O. Despite the low abundance (<0.1 % in comparison to water

vapour (H2
16O)), they contribute significantly to the absorption scheme of water vapour,

especially in the IR.

Figure 2.5: Transmittance of a standard latitude summer atmosphere as a function
of wavelength for only water vapour (top panel) and including all atmospheric gases
(bottom); derived with method of Doppler et al. (2014b) and data from Rothman et al.

(2010).

Following Equation 2.5, the strength of absorption depends on the absorption coefficient

that is dependent on the amount of absorbing substance and the length of the path

that the photons travelled through the medium. As described in the previous section,

the concentration of water vapour is increasing exponentially with pressure, thus with

decreasing height. Consequently, the transmittance of the atmosphere is a function of

height. For most of the absorption bands with low total atmospheric transmittance

shown in Figure 2.5 the majority of the photons do not reach the surface of the at-

mosphere in that spectral range. The derivative of the transmittance with height is

called weighting function and provides information about the height where the change

of absorption is maximal, considering a measurement with a spectrometer at TOA. This

feature can be utilized in order to retrieve information about the vertical profile of the

water vapour or concentrations of water vapour in a certain height, e.g. the upper

tropospheric humidity.
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Table 2.1: Common sizes of atmospheric particles

Particle Radius

Molecules 1 nm
Dust, Smoke, Haze 1µm - 10µm
Cloud Droplets 10µm
Raindrops 1 mm

In order to retrieve water vapour of the whole vertical column, it is favourable to use

absorption bands with sufficient absorption strength and where the weighting function

peaks at around the surface. This is valid for the absorption band in the NIR in particular

in the range around 940 nm in the so called ρστ-band (highlighted in the top panel of

Figure 2.5).

Scattering and absorption of atmospheric particles

There is a high diversity of particles in the atmosphere. In interaction with electro-

magnetic radiation, two microscopic properties of atmospheric particles are important:

the refractive index and the size parameter. The refractive index is a unit-less measure

of absorption and scattering of the medium and is strongly dependent on the material

and the incident wavelength. The relationship between the size of a particle and the

wavelength of the radiation of interest is an important property of the particle and is

represented by the size parameter x that is defined by:

x =
2πr

λ
, (2.16)

where r is the radius of the particle and λ the wavelength of the incident wave. Typical

radii of common atmospheric particles are displayed in Table 2.1. Is a particle sufficiently

small in comparison to the wavelength (x� 1), the scattering process can be described

by the Rayleigh-theory (Rayleigh 1928). In case of spherical particles that have the same

dimension of the wavelength or are even bigger (x ≥ 1) the Mie-theory can be applied

in the radiative transfer simulations.

Rayleigh scattering For size parameters lower than 0.2 Rayleigh scattering can be

assumed. The efficiency of scattering can be quantified by the scattering coefficient βs
that is inverse proportional to the wavelength to the power of four:

βs ∝ λ−4 (2.17)

Consequently, the shorter the wavelength of the incident wave, the higher the scattering

efficiency of the molecule. This phenomenon is responsible for the blue color of the clear

sky. The directional dependency of the scattering is described by the phase function.
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The Rayleigh phase function is symmetrical to scattering angle Θ:

PR(θ) =
3

4
(1 + cos2Θ) . (2.18)

As a consequence, the same amount of radiation is scattered to the forward direction

and to the backward-direction (see Figure 2.6).

Mie scattering Scattering on spherical particles, that have the same dimension of the

incident wavelength (0.2 < x < 2000), can be explained by the Mie-theory (Mie 1908).

In this regime the phase function is wavelength dependent and has a strong forward

peak. Figure 2.6 shows an example of a realistic phase function of a mixture of dust

particles with Log-normal size distribution with center at r = 1µm at a wavelength of

800 nm. There is a nearly inverted linear relationship between Mie-scattering coefficients

and the wavelength of the incident wave:

βS ∝ λ−A A ∈ [0.5, ..., 2.0] (2.19)

Due to this relationship clouds appear gray, because the scatter efficiency is similar for

each wavelength.

Figure 2.6: Examples of phase functions, normalized to 1; Blue: Rayleigh phase
function; black: example of the Mie-phase-function of dust particles (Log-normal size-

distribution with center at r = 1µm and λ = 800 nm)

For clear skies, the constitution of aerosols is important for satellite remote sensing.

One can divide aerosols in 4 main classes: Black carbon (originating from burning of

organic matter), sulphates (e.g. from anthropogenic precursors or volcanic eruptions

like sulphur), sea salt (from sea spray), and mineral dust (e.g. from deserts). Although

dominated by the local source, in the real atmosphere there is always a mixture of

aerosols. For example maritime aerosol contains mainly sea salt but can also include

components of black carbon and dust. One important aerosol property is the single

scattering albedo (SSA) ω0 that quantifies the scattering efficiency compared against
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total extinction efficiency:

ω0 =
βs

βs + βa
(2.20)

Usually, particles in an air mass are very heterogeneous in SSA, sizes, and shape. For

radiative transfer simulations it is therefore necessary to consider the size-distribution

of a mixture of particles with different optical properties.

Surface reflectance

The reflectance of the surface is one of the most important parameters in the remote

sensing in the VIS to NIR. Two dominant processes are responsible for the reflectivity of

the surface: Absorption and reflection. The amount of absorption of a surface depends on

the material. Usually water bodies absorb 90 % of the sun light that reaches the surface,

whereas snow covered land areas absorb only 10 % of the radiation. The remaining

portion of light is reflected back diffusely. The directional dependency of the reflected

radiation is described by the Bidirectional Reflection Distribution Function (BRDF).

The intensity (I↑) of the radiation that was reflected by the surface is a function of the

BRDF (ρ) and the incident flux of radiation:

I↑(θr, φr, λ) = ρ(θi, θr, φi, φr) F
↓(λ) (2.21)

For a surface that is reflecting equally in all directions (Lambertian reflector) the upward

flux of radiation F ↑, that is the integral of I↑ over the whole half space, can be derived

by:

F ↑(λ) = π I↑(θr, φr, λ) (2.22)

Combining equation 2.21 and 2.22 we can define the surface albedo α on an Lambertian

reflector:

α(λ) =
F ↑(λ)

F ↓(λ)

!
= π · ρ (2.23)

2.3 Radiative transfer model

Most of the passive remote sensing algorithms are based on radiative transfer simula-

tions. There are numerous radiative transfer models varying in their functionalities.

The aim of each model is a simulation of radiative properties with accuracies that are

sufficient for the individual task and with minimal computational expense.

In this thesis the radiative transfer model Matrix Operator Method Model (MOMO) was

used that has been developed over a few decades now and has been updated recently to

longwave radiation (Doppler et al. 2014a, Fell and Fischer 2001, Fischer and Grassl 1984).

MOMO is a one-dimensional model with a coupled ocean-atmosphere system. Upward

and downward radiative fluxes and radiances on the borders of the before-hand defined

vertical layers can be derived for selectable zenith- and azimuth-angles in the wavelength

range between 0.2µm and 100µm, covering the solar and terrestrial spectrum. In the
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model, the Matrix Operator Method is used (Grant and Hunt 1969, Plass et al. 1973,

Twomey et al. 1966), which is a numerical approach for the monochromatic computation

of the radiative transfer in a scattering atmosphere. The atmosphere is divided into

predefined layers. These again are divided into elementary layers where single-scattering

can be assumed. The transmission, reflection and source term are derived for each of

the sub-layers. Subsequently, the identical sub-layers are combined with the doubling

algorithm in order to obtain the radiative properties of the entire layer. The adding

algorithm analogously combines the radiative properties of the non-identical layers. For

each predefined layer the optical thickness and the scattering properties such as the

phase function of the mixture of scatterers and the extinction coefficient are required.

In this work, scattering properties of the aerosols were calculated using a Mie code based

on (Wiscombe 1980). The refractive properties of the aerosols and the natural mixture of

the different components where extracted from Hess et al. (1998). The information of the

gas absorption was extracted from the HITRAN data base (Rothman et al. 2010) that

contains information about the position, intensity and width of the absorption lines of

all gases that are present in the atmosphere. In order to reduce the computational effort

of the high number of absorption lines in a line-by-line approach (Clough et al. 2005),

a k-distribution method is applied. The procedure groups the absorption coefficients

into bins of similar absorption strength. Subsequently, the radiative transfer simulation

is performed for each bin and is combined afterwards, weighted by their contribution

to the simulated band. Dependent on the demanded accuracy of the calculated optical

thickness, the computational effort is reduced significantly (see the algorithm description

in Chapter 3) for detailed information on the k-distribution method).

2.4 Ground based observations of total column water vapour

There are several ways to obtain the TCWV from ground. With Microwave Radiometers

(MWR), Radiosondes, receivers of the Global Navigation Satellite System (GNSS), sun

photometers e.g. Aerosol Robotic Network (AERONET) and LIDAR one can derive

the TCWV. On one hand, there are disadvantages of low coverage of ground based

observations especially over the oceans and the continental areas of Africa and central

Asia. On the other hand, important advantages are high temporal resolution that serve

investigations of the daily cycle of TCWV and the fact that stations are low in cost and

can be repaired, calibrated and replaced, in particular for GNSS. In the following, three

types of ground based observations are presented that where used in this thesis.

GNSS

The GNSS is designed for the exact determination of the position of a receiver and

for the navigation purposes. The framework consists of multiple satellites on different

orbital planes at around 20000 km height. This constellation allows that at least four

satellites are coincidently visible over the horizon on every location at any time, which
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is necessary for the exact three-dimensional positioning. GNSS satellites broadcast con-

tinuously signals on two carrier frequencies (1.57 GHz and 1.227 GHz). Satellite specific

codes are modulated onto these frequencies that carry information such as the orbital

parameters and time corrections. There are several methods to derive TCWV from

GNSS measurements (e.g. Dick et al. (2001), Wang et al. (2007)), but the principle

goes back to (Bevis et al. 1992). In the following, a brief overview of the general func-

tionality of the procedure is given. The GNSS receiver on the ground is simulating the

same signal as the satellites. The comparison of the detector signal and the satellite

signal reveals a phase delay that is introduced by the time that the signal required to

travel from satellite to the receiver. This time can be converted to the distance (range)

between receiver and satellite. However, apart from inaccuracies in the clocks of satel-

lite and receiver, there are several influences that introduce a bias to the range: The

ionospheric delay due to the refractivity of the ionosphere, the hydrostatic delay due to

the polarizability of the electrical neutral molecules and the wet delay resulting from

the permanent dipole moment of the water vapour molecule. The ionospheric delay can

be eliminated with straightforward procedures using linear combinations of the phases

of the carrier frequencies. The hydrostatic delay can be approximated with empirical

models that are mainly dependent on the surface pressure at the location of the receiver.

The wet delay carries information of the TCWV. After correcting for the ionospheric

delay and accounting for the elevation angle of the satellites with sophisticated mapping

functions, the Zenith Total Delay (ZTD) can be derived. Subsequently, the hydrostatic

delay is approximated with auxiliary data (the pressure and temperature at the location)

and corrected for the viewing angle of the satellite, resulting in the Zenith Hydrostatic

Delay (ZHD). Subtracting the ZHD from ZTD gives the Zenith Wet Delay (ZWD) that

is transformed into the TCWV overlaying the receiver. There are several sources of

errors e.g. in the approximation of the ionospheric and hydrostatic delays as well as

technical and station specific characteristics. Nevertheless, the general accuracy of the

TCWV derived from GNSS is around 1 mm–2 mm (Ning et al. 2015). Additionally, the

fact that the viewing geometry is always slant, going through air layers that are not di-

rectly overhead, includes information about the water vapour of the surroundings. This

feature has to be included in the interpretation of the GNSS TCWV data.

MWR

Ground based microwave radiometers can provide measurements of column-integrated

amounts of water vapour and liquid water. The instruments used for the data set applied

in this thesis detect microwave emissions of air molecules in the atmosphere at two

frequencies, one sensitive to water vapour at 23.8 GHz and one mainly sensitive to liquid

water at 31.4 GHz. A physical approach, meaning the comparison of the measured to

simulated emissions, is straightforward due to the fact that the observation background is

the known cosmic background temperature. High accuracies in TCWV of about 0.3 mm

can also be achieved with a statistical retrieval algorithms that use location-dependent

and monthly derived linear regression coefficients (Cadeddu et al. 2013, Turner et al.

2003, 2007).
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Radiosonde

Radiosondes have been collecting data for nearly a century now and are still very impor-

tant for the weather prediction. Radiosondes, launched from globally distributed sta-

tions, measure temperature, humidity and wind during the rise to about 20 km height.

This vertically resolved information is crucial for studies on the upper troposphere. The

integration of humidity, measured by the sondes, reveals that the TCWV, as nearly

all water vapour is situated below that height. The measurements are performed with

sensors that use a temperature- or humidity-dependent material in between a capacitor.

The intensity and direction of the wind in a certain height is obtained from the drift of

the radiosonde that in turn is monitored by GNSS tracking. Although the instruments

have been developed and improved over the decades, there are error sources in the deter-

mination of the relative humidity (rH) profile e.g. a measurement error of the rH sensor

that is sensitive to very low temperatures, calibration differences between the radiosonde

stations etc. (Turner et al. 2003). In order to meet accuracy requirements of the climate

observing community, the Global Climate Observing System (GCOS) established the

GCOS Upper Air Reference Network (GRUAN) (Seidel et al. 2009). This network of

a subset of global radiosonde stations operationally monitors and corrects radiosonde

data for all known errors and omits data with high uncertainties (Dirksen et al. 2014).
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Universal TCWV retrieval

3.1 Introduction

As explained in detail in Chapter 1, the observation of long and consistent time series

of TCWV is very important not only for climate monitoring. Again, the remote sensing

of TCWV with radiance measurements in the NIR can provide high spatial resolutions

with high accuracies. Currently, the longest time series of measurements of imaging

spectrometer is provided by MODIS (since 2000 for Terra and since 2002 for Aqua)

and is still ongoing. Unfortunately, the contact to ENVISAT equipped with MERIS,

the European pendant to MODIS, was lost in April 2012, providing nearly 10 years

of data. The following mission, OLCI on Sentinel-3 has been launched at February

16, 2016 leaving a gap of nearly 4 years. Also, in the future more instruments that

measure radiance in the NIR will be launched, mainly initiated by the European remote

sensing community (EUMETSAT and ESA), such as MetImage, Sentinel-2, Enmap, and

Meteosat Third Generation (MTG). The geostationary MTG will provide measurements

on high temporal resolution up to 5 minutes and will consequently enable the analysis

of the daily cycle of TCWV for a large section of the Earth (see Chapter 5 for further

information of future instruments). Despite the fact that the spectral settings, including

channel number and location in the water vapour absorption band, are different for all

the sensors, they all can contribute to the constitution of a long time series of TCWV.

In order to provide the consistency of the remote sensing procedure, a universal TCWV

retrieval has been implemented that can be adapted to all sensors that measure radiance

in the ρστ-water vapour absorption band. The role-model is the method established

by Lindstrot et al. (2012). The 1D-VAR procedure, based on differential absorption

technique, derives TCWV for cloud-free scenes with uncertainty estimates on a pixel

basis. The retrieval accounts for multiple scattering on atmospheric particles.

Recently, the procedure has been adapted to MODIS measurements in Diedrich et al.

(2015). Additionally, the MERIS retrieval has been updated and improved and is now

capable to retrieve TCWV over water surfaces. Comparisons to ground based measure-

ments of TCWV revealed small differences that are presumably connected to instrument

23
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Table 3.1: Position and widths of five NIR bands (original MODIS design specifica-
tion) used for the TCWV retrieval (Xiong and Barnes 2006).

MODIS band position [nm] width [nm] SNR

2 865 40 201
5 1240 20 74
17 905 30 167
18 936 10 57
19 940 50 250

calibration issues. Subsequently, the forward operator was designed to use pre-calculated

coefficients that correct for these deviations. In the following the theoretical basis, con-

cept and the architecture of the retrieval is presented. Additionally, results of extensive

validation over land using independent ground based observations are presented. The

water processor is still under development. Nevertheless, first evaluation studies were

performed. The description in the following sections is partly based on Diedrich et al.

(2015).

3.2 Space borne multi spectral sensors

The Moderate Resolution Imaging Spectroradiometer (MODIS)

MODIS was designed to provide global measurements of the Earth’s cloud cover, ra-

diation budget and thus to monitor processes in the ocean on land, and in the lower

atmosphere. MODIS is a 36-band scanning radiometer covering the spectral range be-

tween 0.4µm and 14.4µm and with a spatial resolution between 250 m to 1 km depending

on the band. It is mounted on both polar orbiting EOS (Earth Observing System) plat-

forms Terra (morning transit: 10:30 am) and Aqua (afternoon transit: 1:30 pm). A two

sided paddle-wheel mirror scans in a field of view of 110 degrees and with the swath of

2330 km. Consequently, global coverage can be provided in two days. MODIS bands are

located on four separate focal plane assembles (FPAs) depending to their spectral posi-

tions and aligned in cross-track direction. Detectors of each spectral band are aligned

in the along-track direction. Ten detectors, each with slight differences of their relative

spectral response, scan the Earth simultaneously with a nadir spatial resolution of 1 km

x 1 km per pixel in the NIR. Five bands in the NIR region between 0.8µm and 1.3µm

are used for the TCWV retrieval (Table 3.1 and Figure 3.1). The bands 2 and 5 (865 nm

and 1240 nm) are located in regions with few water vapour absorption features and are

usually used for the remote sensing of vegetation and clouds. In the TCWV retrieval,

these bands are used to estimate the surface reflectance in the ρστ-band. Bands 17, 18,

19 (905 nm, 936 nm, 940 nm) are water vapour absorption bands, with different strength

of absorption. Absorption is more pronounced in band 18 and is therefore still sensitive

to small TCWV values, while the weak absorption band 17 is sensitive to high TCVW

values without being saturated.
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Figure 3.1: Simulated total atmospheric Transmittance due to water vapour in the
NIR (absorption coefficients from HITRAN-database (Rothman et al. 2010); black
curve) and actual relative response function of the five used MODIS Aqua bands (blue

curves) and MERIS bands (green curves).

Table 3.2: Position and widths of MERIS bands in the NIR used for the TCWV
retrieval (Rast et al. 1999).

MERIS band center wavelength [nm] width [nm]

13 865 20
14 885 10
15 900 10

The Medium Resolution Imaging Spectrometer (MERIS)

MERIS was primarily designed for ocean colour observations. However, MERIS mea-

surements were used for numerous land applications over the years as well as for re-

trievals of atmospheric composition such as TCWV. MERIS is a medium-spectral reso-

lution imaging spectrometer that operates in the reflective solar spectral range (390 nm–

1040 nm) (Rast et al. 1999). The instrument scans the Earth in 15 spectral bands with

five identical cameras using the ”push broom” method over a field of view of 68.5 ◦

equivalent to 1150 km. The spatial resolution at nadir is 260 m x 290 m in ”full resolu-

tion” mode. In the regular operation mode, the spatial resolution is reduced to 1x1 km

(”reduced resolution” mode). The band widths and central wavelengths are listed in

Table 3.2 and the relative response functions are plotted in Figure 3.1. The central

wavelengths of the sensor vary across the field of view by up to 1.5 nm depending on the

channel (Bourg et al. 2008).
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3.3 Retrieval

The retrieval is based on the differential absorption technique (Gao et al. (1993); Bartsch

et al. (1996); Albert et al. (2001); Albert et al. (2005)). The basic principle of the method

is the comparison of the measured radiance in an absorption band to a close-by band

with no or few water vapour absorption features. This retrieval compares simulated to

measured radiances in the absorption band. It is based on a radiative transfer simulations

that are stored in look-up-tables (LUTs). This can be achieved because of a convenient

parametrisation of the forward model, explained in the following. The radiative transfer

simulations were performed with MOMO that is described in detail in Chapter 2.

Forward Model

Taking into account the descriptions of Chapter 2, the radiance measured on TOA

(LTOA) for a certain channel (λ), viewing geometry (θi, θr) and the relative azimuth angle

φ (that is difference between the viewing and sun azimuth angle φi − φr) is dependent

on:

- the solar incoming flux corrected for the sun zenith angle S0 · cos(θi)

- the surface reflectance ρ(λ, θi, θr, φ)

- the two way transmittance t(λ) of the atmosphere including downward and upward

branch

- the atmospheric path radiance Lpath that is the diffuse radiation originating from

the scattering atmosphere due to incoming radiation

- the atmospheric spherical albedo S of the atmosphere for isotropic light entering

it from the surface

The forward operator accounts for the surface reflectance and the total atmospheric

transmittance including gaseous absorption and scattering on aerosols. The latter in-

cludes the diffuse contributions S and Lpath.

Atmospheric Transmittance

The transmittance of the atmosphere t is parametrized in the following way:

t = tnoscat · f , (3.1)

where tnoscat accounts for the absorption only due to water vapour and f is the scatter-

ing factor that corrects for the influence of scattering on aerosols and molecules. The

separate consideration of absorbing and scattering processes in the forward model allows
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an straightforward adaption to new sensor setups and reduces computational costs due

to reduction in dimensions of the individual LUTs.

f is defined as the ratio of total atmospheric transmittance including scattering t and

tnoscat. f is usually larger than one, as atmospheric scattering causes a shortening of

the average photon path length and reduces the amount of TCWV, by preventing a

fraction of photons from traversing the humid lower troposphere. The scattering factor

increases above dark surfaces, as the majority of photons are reflected by atmospheric

scatterers and thus do not travel through the whole vertical column of water vapour.

Consequently, f is mostly dependent on aerosol loading, type and vertical distribution.

Figure 3.2 illustrates the sensitivities of f , derived from radiative transfer simulations.

In the top left panel of Figure 3.2 f is shown as a function of the albedo at 900 nm

(presuming a lambertian reflector) and the aerosol optical thickness (AOT) of an aerosol

layer with exponential increase from 1000 m to the bottom, for a fixed water vapour value

of 42.4 mm, sun zenith angle of 37◦. It reveals that for bright surfaces (albedo greater

than 0.5), the scattering factor is around one, but increases significantly with higher

AOT and lower albedo. On the top right panel the dependency of f to the AOT and

the air mass factor (AMF) is shown. The AMF (µ) is defined as:

µ = 1/cos(θi) + 1/cos(θr) . (3.2)

Here, a TCWV of 28.6 mm, an albedo of 0.2 and a relative azimuth of 0◦ is precondi-

tioned. The plot represents the increase of f with higher AMF due to the longer path

through the atmosphere that increases in turn the likelihood of scattering. The increase

of f with higher AOT is more recognisable for AMFs greater than 4. On the lower left

panel of Figure 3.2 f is shown as a function of albedo and AMF at a TCWV of 28.6 mm.

f is increasing significantly with higher AMF and decreases with higher surface albedo,

following the findings from the upper two plots. At the bottom right plot of Figure 3.2

the influence of the hight of the aerosol layer is addressed. Here, the increase of the

scattering factor due to a higher aerosol layer around 6000 m with 500 m thickness in

percent is shown as a function of AMF and albedo while keeping the TCWV, viewing

zenith, AOT and relative azimuth constant. It reveals that for bright surfaces and low

AMF, the influence of the scale hight of the aerosol layer is negligible. For realistic

conditions for the remote sensing over land (albedo around 0.2 and sun zenith angles

below 70◦) the increase of f is only 1 % to 2 %. However, for dark surfaces the scale

height of the aerosol layer is a significant contributor to the scattering factor.

The transmittance operator, that determines tnoscat, uses stored absorption coefficients

that were calculated from the HITRAN2008 line database (Rothman et al. 2010), us-

ing the AER LBLRTM code (Clough et al. 2005) and an advanced k-distribution method

(Bennartz and Fischer 2000), based on re-sorting the large number of quasi-monochromatic

spectral intervals within each band with respect to their optical depth and combining

them to a significantly lower number of pseudo-spectral intervals. The optical depths in

each pseudo-spectral interval i for a value of WV ∗ are then obtained from simply mul-

tiplying the stored coefficients accordingly: τ∗i = τi
WV ∗

WV0
, where WV0 is the reference
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Figure 3.2: Sensitivity studies of scattering factor f as a function of AOT and albedo
(top left), of AOT and air mass factor (AMF) (top right), and albedo and AMF (bottom
left). Bottom right panel shows the difference of f in % between an atmosphere with a
presumed aerosol layer at the upper troposphere and one at the lower troposphere as
a function of albedo and AMF. The values of all remaining relevant parameters that
where kept constant (SUNZ: sun zenith; VIEWZ: viewing zenith; AZI: relative azimuth;
ALB: albedo at 900 nm) are shown on the top of each plot. Find detailed description

in the text.

TCWV value. In detail, for a given observing geometry and TCWV, the transmittance

tnoscat in each band is modeled by:

1. calculating the optical depth τij for each pseudo-spectral interval i and vertical

layer j for the desired value of TCWV,

2. calculating the transmittance in each pseudo-spectral interval from the sum of the

optical depth along the line of sight following Equation 2.5 and

3. subsequently summing up all transmittance values with respect to the weights wi

associated to the pseudo- spectral intervals:
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tnoscat =

#intervals∑
i=1

wi · exp

(
−

#layers∑
j=1

τij · µ

)
. (3.3)

The optical depth values τij are stored in look-up tables for 6 standard temperature

profiles (McClatchey et al. 1972) and 27 different pressure levels. The transmittance is

calculated for the four look-up table grid points closest to the actual surface pressure

and temperature of the considered scene, hereby assuming that the surface temperature

is highly correlated with the actual vertical temperature profile (Lindstrot and Preusker

2012). Finally, the tnoscat is stored in LUTs for each absorption band.

The scattering factor f was derived beforehand by radiative transfer simulations and

stored to LUTs for wavelength intervals of 1 nm for the wavelength interval between

870 and 1200 nm. For that, the atmospheric transmittance including scattering t∗ was

derived from total TOA-radiance L∗ and TOA-radiance L∗0 presuming a TCWV value

of 0 mm:

t∗ =
L∗

L∗0
. (3.4)

The dependence of f to the temperature profile and the pressure can be neglected. Con-

sequently, the radiative transfer simulations were only performed for a fixed temperature,

humidity and pressure profile (U.S.-standard profile). However, as the scattering in a

water vapour absorption band is also depended on the absorption itself, the TCWV was

varied. Furthermore, f was obtained for different aerosol optical thickness but for a

fixed aerosol profile and size distribution.

Generally, the radiative transfer simulations were performed separately for land and

ocean surfaces. First, the optical aerosol properties (SSA, phase function, scattering

efficiency) were selected and extracted from Hess et al. (1998). For water surfaces, a

maritime aerosol mixture and for land surfaces a continental mixture, presuming an

aerosol layer with an exponential increase of the Aerosol Optical Thickness (AOT) from

1000 m to the bottom for both cases. Secondly, the surface reflectance was treated

differently for the two surface types, explained in detail in the following.

Surface reflectance

The surface reflectance in the absorption band is derived in two steps. First, the surface

reflectance in the two neighbouring window bands is obtained. Afterwards, these are

either inter- or extrapolated onto the absorption band, depending on the band setup

of the sensor requiring at least two close by window bands. The determination of the

surface reflectances in the window bands depends on the surface type. Over land and

coastal- and inland waters, these are part of the state vector and are optimized in the

optimal estimation procedure. For open ocean surfaces (so called case 1 waters) the

water leaving radiance is zero around 900 nm. However, the roughness of the ocean,

triggered by the wind at the ocean surface, introduces reflection features that can result

in reflectances up to 100 % (in sun glint areas). Besides the salinity and the temperature

of the ocean (Hollstein and Fischer 2012), the wind-speed at the ocean surface is the
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dominant parameter for the BRDF of the reflectance of the ocean (Cox and Munk

1954). Consequently, the wind-speed is part of the state-vector for the ocean case.

A sub-procedure that is based on LUTs derives the surface reflectance in the window

bands after the empirical formulas of Cox and Munk (1954) and Koepke (1985) at every

retrieval step. Secondly, the surface reflectance in the absorption band is determined by

linear inter- or extrapolation from the window bands, depending on the position of the

bands. For the majority of surface types, a linear relationship of the surface reflectance

and wavelength can be assumed in the wavelength range between 850 nm and 1000 nm.

Inversion

Remote sensing algorithms often derive the wanted properties from a set of measure-

ments, e.g. radiance measurements in different channels. In order to retrieve the selected

quantities, the difference between simulated and measured radiances are iteratively opti-

mised. As discussed in the previous sections, the clear-sky radiance in the NIR measured

at the TOA is influenced by a number of parameters, such as surface reflectance, aerosol

optical thickness /-height/-type and water vapour. In order to derive the TCWV, either

all other quantities have to be known, or are optimised iteratively until the difference

between simulations and measurements is sufficient small. For the universal TCWV

retrieval, the inversion was performed with an Optimal Estimation (OE) method after

(Rodgers 2000). An overview is given hereafter. The forward model (here: radiative

transfer model) depends on various variables and environmental parameters. In most

cases, it is not a bijective function that converts measurements into state vector variables

since it is also dependent on other parameters. The forward model F is thus a function

of the state vector ~x and a set of known parameters ~b. The measured radiances ~y can

be modelled with the following relationship:

~y = F(~x,~b) + ~ε , (3.5)

where ~ε is the error vector that contains contributions from errors of:

- the measurements (calibration errors and noise of the instrument )

- the forward model (the assumptions that have been made in the RTM)

- the forward model parameters (uncertainties of the background information)

These contributions can be condensed in the error covariance matrix Se. Rodgers (2000)

presented an effective way to account for these uncertainties in the OE. The method is

based on the Bayes’ theorem and assumes Gaussian distributions of the errors. Besides

the error propagation it includes also the possibility to constrain possible solutions with

a priori knowledge. Following the OE approach the inversion can be performed by

iteratively minimising the cost function J by changing the state vector:

J(~x) = (~y − F(~x))T S−1e (~y − F(~x)) + (~x− ~xa)T S−1a (~x− ~xa) , (3.6)
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where ~xa is the a priori state vector and Sa is the a priori error covariance matrix.

Basically, the differences between forward model and measurement and state vector and

a priori state vector are weighted by their uncertainties. For example, if the knowledge

about the a priori information is reliable (low uncertainties), but the measurements have

high uncertainties, the weight of the right part is larger than the left part of the equation.

The goal of the iteration process is to find the state with the highest probability given

a measurement and an a priori state. The following convergence criterion is applied:

(~xi − ~xi+1)
T Ŝ−1 (~xi − ~xi+1) < εx · n , (3.7)

The left part of the relation represents the variance of the difference between the states

of two iteration steps (i and i+1). εx represents the threshold in fraction of the variance

(in the retrieval 1 % is applied (εx = 0.01)). n is the number of dimensions of the state

vector. Ŝ represents the retrieval error covariance matrix that is derived by:

Ŝ = (S−1a + KT
i S−1e Ki)

−1 . (3.8)

Ki is the forward model Jacobian that is the partial derivative of the forward model

to the state at the iteration step i, Sa is the a priori error covariance matrix and Se is

the measurement error covariance matrix. The retrieval returns the current state vector

if either the convergence criterion or the predefined maximal number of iterations is

reached.

In the following, details of the state vector for the two surface types are given. For

both surface types, the TCWV a priori information was extracted from reanalysis data

(ERA-Interim; Dee et al. (2011)).

Land Surfaces

Over land, the state vector contains the TCWV and the surface reflectance in the window

bands. For the estimation of the atmospheric transmittance, a priori information are

required:

- The surface pressure is derived from converting land elevation to pressure using

the GTOPO30 digital elevation model (GTOPO 1996).

- The surface temperature is extracted from reanalysis data (ERA-Interim).

- If no information about the AOT is available, a climatological standard value is

taken (AOT550=0.1).

The prior surface reflectance (ρprior) is derived from the TOA reflectance by: ρprior =

LTOA/π.
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Ocean Surfaces

Over ocean surfaces, the state-vector contains the TCWV, wind-speed and AOT because

these are the parameters that influence the TOA radiance where the wind-speed is

representative of the surface reflectance. For a priori wind-speed, reanalysis data is

extracted (ERA-Interim) and for the AOT a standard value of 0.1 is used.

Uncertainty Estimate

After the iteration procedure the retrieval uncertainty is calculated, taking into account

the following sources of uncertainty:

· residual model error (~xi − ~xi+1)

· measurement uncertainty (SNR) (Se)

· model parameter uncertainties

For the model parameter uncertainties the following contributions are assembled in the

model parameter error covariance matrix Sb:

· uncertainty of the aerosol optical depth

· uncertainty due to the missing information of the aerosol type and scale height.

· uncertainty of the surface pressure and -temperature

· uncertainty due to the missing information about the true temperature profile

· uncertainty due to the estimation of the surface reflectance and its spectral slope

For the quantification of the error of the retrieved state, Sb is first propagated into the

measurement space using the standard error propagation and added to the measurement

error covariance matrix:

Sy = Se + KT
b Sb Kb (3.9)

where Kb is the model parameter Jacobian. The resulting error covariance matrix Sy is

then propagated into the state vector space using the forward model Jacobian K. The

resulting error covariance matrix Ŝ is a direct measure of uncertainty in state vector

space (equivalent to Equation 3.8):

Ŝ = (S−1a + KTS−1y K)−1. (3.10)

In the following, it is described, how the individual error sources are estimated. As

outlined in Section 3.3, the scattering factor f is affected most by the surface reflectance,

aerosol height and aerosol optical thickness. For each of these parameters a perturbed

f∗ is calculated from the LUTs, by perturbing the input accordingly. There is no
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information available about the aerosol scale height and the type (size distribution,

absorption and scattering properties). Consequently, a f∗ was calculated presuming an

aerosol layer at 6000 m with a thickness of 500 m. Additionally, a f∗ was calculated from

simulations supposing another aerosol model. These f∗ were used to derive perturbed

TOA-radiances L∗TOA. Finally, the difference (∆L)2 = (LTOA −L∗TOA)2 is added to the

measurement error variance Se.

The error due to differences between the simulation- and the real temperature and

humidity profile was evaluated by comparing the atmospheric transmittances derived

from a real example radiosonde profile to transmittance using the standard profiles.

This effect introduces an error to the pure absorption transmittance of around 2 %

(depending on the band). To estimate the uncertainty due to the surface background

information, the surface temperature was shifted by 5 K and the surface pressure was

perturbed by 20 hPa and subsequently committed to the transmittance forward operator.

Again, (∆L)2 is calculated and added to Se.

The spectral dependency of the surface reflectance is parametrized with the Normalized

Differenced Vegetation Index (NDVI) (for further details see Lindstrot et al. (2012)).

The uncertainties of the surface reflectance range from 0.5 % to 1.2 %. Similar to the

approach pictured above, a perturbed TOA radiance is calculated and the resulting

deviation is contributed to Se.

3.4 Validation data sets

The universal TCWV retrieval applied to MODIS and MERIS and validated against

different TCWV data sets such as space borne and ground based MicroWave Radiometer

(MWR) data, Global Navigation Satellite System (GNSS) water vapour monitoring

data, radiosonde data, and Aerosol Robotic Network (AERONET) sun photometer data.

Figure 3.3 presents the spatial distribution of stations of the ground based observations.

ARM microwave radiometer

A TCWV data set of ground based MWR (software version 4.13) for the years be-

tween 2002 and 2012 was used for the assessment of the TCWV retrieval. Three ARM

(Atmospheric Radiation Measurement) sites where considered: North Slope of Alaska

(NSA), Southern Great Plains (SGP), Tropical Western Pacific (TWP). MWR instru-

ments measure the radiation emitted by the atmospheric water vapour and liquid water

at frequencies of 23.8 GHz and 31.4 GHz (Turner et al. 2007). The background of

the measurement is the cosmic background temperature. Consequently, it is one of the

most accurate methods to determine the TCWV from ground. The uncertainty of the

measured TCWV from MWR is expected to be in the range of 0.3 mm (Turner et al.

2003). This data set was used to calculate the correction coefficients (see Section 3.5).
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Figure 3.3: Location of stations of the used ground based validations data sets.

Ground based GNSS

The global two-hourly GNSS TCWV data set is based on three different resources:

the International GNSS Service (IGS), U.S. SuomiNet (UCAR/COSMIC) products and

Japanese GEONET data (Wang et al. (2007)). Data from 942 stations for the years

between 2003 and 2011 were extracted. The uncertainty of this data is not precisely

stated by the authors but a similar data set provides an accuracy of 1 mm to 2 mm

(Ning et al. 2015).

Additionally, for the validation over ocean surfaces we used TCWV GNSS data from two

offshore oil platforms in the Gulf of Mexico (John Forsythe, personal communication).

The one-hourly data set ranges from July 2010 to December 2011.

Radiosonde

The uncertainty of TCWV derived from most operational radiosondes ranges between

1 % and 10 % for the most radiosonde stations (Turner et al. 2003). Over land sur-

faces this uncertainty is exceeds the sought accuracy of the universal TCWV retrieval.

Consequently, a TCWV data set provided from the GCOS (Global Climate Observing

System) Reference Upper-Air Network (GRUAN), was used to compare to the MODIS

TCWV retrieval for the years 2007 to 2014. GRUAN is devoted to quality assessment

and providing data with high accuracies in the measured profiles of relative humidity

and temperature. The data set (version 002) contains 14 stations (Dirksen et al. 2014,

Immler et al. 2010). Antón et al. (2015) provides an uncertainty of TCWV of about

3.5 %. For the validation of TCWV from MERIS over ocean surfaces, radiosonde data

from coastal stations of the Analyzed RadioSoundings Archive (ARSA) has been ex-

tracted from the Integrated Global Radiosonde Archive (IGRA) data set (Durre et al.
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2006) for the years 2002 to 2012. The representative ground coverage of the radiosonde

measurement can be up to 50 km in the boundary layer (Seidel et al. 2011). Conse-

quently, at coastal stations, integrated radiosonde measurements carry information of

TCWV over coastal waters.

AERONET sun photometer

A global set of TCWV values from AERONET sun photometer measurements from the

years between 2003 and 2014 was used for validation (Direct Sun Algorithm version 2)1

(Bruegge et al. 1992, Reagan et al. 1986). Pérez-Ramı́rez et al. (2014) stated that the

retrieval produces TCWV values with a consistent dry bias of approximately 5 %–6 %

and an estimated uncertainty of 12 %–15 %.

Space borne microwave radiometer on ENVISAT

ENVISAT carried a nadir-looking Microwave Radiometer (MWR) that measured emit-

ted radiation from the Earth and atmosphere in two channels at 23.8 GHz and 36.5 GHz

that allows for the simultaneous retrieval of TCWV and cloud liquid water path over

water surfaces. As part of the ESA Long Term Data Preservation (LTDP) framework,

the ERS/Envisat MWR Recalibration and Water Vapour Thematic Data Record Gen-

eration (EMiR)2 project group published a MWR TCWV data set that has been derived

from a recalibrated and bias corrected ERS-1, ERS-2 and ENVISAT MWR L1-data (Ralf

Bennartz, personal communication). MWR TCWV data was collocated with MERIS

TCWV for the validation above ocean surfaces for the whole MERIS time series (2002

to 2012).

3.5 Correction coefficients

In order to evaluate the performance of the retrieval, TCWV values from MODIS and

MERIS were compared to ground based MWR measurements. These data are considered

as ground truth and compared to retrieved TCWV from collocated MODIS and MERIS

scenes. In order to assess the behaviour of each MODIS band, an one-band-retrieval

has been established that iteratively fits the simulated to the measured radiance for one

band using the same architecture and look-up tables as the three-band algorithm.

The comparison of MODIS derived TCWV against MWR data reveals different devi-

ations in each band (Figure 3.4). On the one hand, the data sets correlate linearly

and the spreading is low. On the other hand, there are significant differences, with a

maximum of about 10 % in case of the retrieval using only band 17 and a minimum in

case of the band 19 of about 1 %. The retrieval underestimates the TCWV for every

1downloaded from: http://aeronet.gsfc.nasa.gov
2www.esa-mwr.org

http://aeronet.gsfc.nasa.gov
www.esa-mwr.org
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channel. These deviations accumulate to a dry bias in the three-band MODIS retrieval

of 0.7 mm.

Figure 3.4: Normalized frequencies of occurrence for comparisons of TCWV from
the MODIS retrieval only using one absorption band against MWR TCWV data in
mm (left: band 17, center: band 18, right: band 19); see text for detailed description.

Figure 3.5: Normalized frequencies of occurrence for comparisons of the TCWV from
the uncorrected MODIS retrieval on the left and uncorrected MERIS-retrieval on the

right against MWR TCWV data.

Reasons for the differences could be:

a) systematic errors of MWR

b) wrong spectral calibration of MODIS or MERIS bands

c) errors in the forward model.

First, the MWR data is very precise. Turner et al. (2003) quantified a measurement

uncertainty of 0.3 mm and secondly a bias in the MWR data would introduce the same
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TCWV shift to every band.

MODIS features a SpectroRadiometric Calibration Assembly (SRCA) that calibrates

all bands on-orbit and keeps track of all radiometric changes and degradation of the

optics (Xiong and Barnes 2006). Xie et al. (2006) stated an uncertainty of the central

wavelength of maximal 0.1 nm for band 17. Nevertheless, the influence of a shifted

central wavelength for all absorption bands was tested (not shown here). It turns out

that the shifts that are necessary to cancel out the differences in the TCWV exceed by

far the accuracy given by Xie et al. (2006).

Another source of the differences between simulated and measured radiances could be

the forward operator of the retrieval. The values in the following discussion are only

valid for the MODIS retrieval, but in general, is also applicable to the MERIS retrieval.

As presented in the previous section, the backbone of the forward operator is the deter-

mination of the atmospheric transmission due to water vapour absorption, tnoscat, and

the the scattering factor f . The latter is primarily dependent on the surface reflectance

which is sufficient constant for the validation data set. At the same time, aerosol prop-

erties such as AOT, scale height and aerosol type vary substantially over the year. First

of all, this fact would not introduce a systematic bias but rather an increased spreading.

Secondly, the sensitivities of AOT and scale height in respect to the simulated TCWV

do not explain the deviations: Table 3.3 shows the influence of a doubled AOT, and

Table 3.4 shows the influence of the aerosol scale height to the simulated TCWV for

different surface reflectances. The error due to the different aerosol type is maximal

about 0.5 % (not shown here). The sensitivities were calculated by deriving the differ-

ence of transmittance between an unperturbed and a perturbed AOT, and scale height,

respectively. The difference in transmittance has been transformed into an equivalent

TCWV value using a partial derivative of transmittance with respect to TCWV. Sup-

plementary, Diedrich et al. (2013) stated the low impact of the AOT on the error of

a TCWV retrieval. However, the scattering-absorption interaction can be over- or un-

derestimated in the radiative transfer simulations. The other potential source of error

could be the determination of the absorption coefficients. In this case either the data-

base of absorption coefficients or the binning method could be wrong. Furthermore, a

wrong representation of the water vapour continuum or the isotopes could explain the

differences.

There is a 5 % wet bias for the MERIS retrieval in comparison to the MWR data (Figure

3.5). MERIS spectral calibration can be performed on-board. The issues concerning the

differences between the central wavelengths of each camera and detector (spectral smile

effect), stray-light effect, sensor degradation have been quantified in Bourg et al. (2008),

Delwart et al. (2007). Here again, the influence of a shifted wavelength in the absorption

band has been determined. Although the difference of the central wavelength between

the MERIS cameras can be up to 1.5 nm, the necessary shift of the response functions

exceeds this range.
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Table 3.3: Influence of a doubled AOT to the simulated TCWV for different surface
reflectances in units of TCWV ( mm) for a MODIS retrieval using only one absorption

band.

surface reflectance band 17 band 18 band 19

0.1 -0.110 -0.344 -0.255
0.3 0.153 0.018 0.076
0.9 0.442 0.328 0.376

Table 3.4: Influence of the aerosol scale height to the simulated TCWV for different
surface reflectances in units of TCWV ( mm) for a MODIS retrieval using only one

absorption band.

surface reflectance band 17 band 18 band 19

0.1 -0.463 -1.035 -0.793
0.3 -0.017 -0.288 -0.172
0.9 0.279 0.074 0.153

In summary, the origin of the deficiency of the retrieval is not exactly known yet. Hence,

we introduce correction coefficients in order to adjust the atmospheric transmittance

tnoscat in the optical thickness space. The corrected transmittance tcorr is then calculated

by:

tcorr = exp(a+ b · ln(tnoscat)). (3.11)

The coefficients a and b were obtained by optimizing the difference between simulated

and measured atmospheric transmittance (tcorr− tmeas) using the MWR validation data

set as a reference. The uncorrected transmittance tnoscat was calculated by the ab-

sorption forward operator taking viewing geometries from the sensor and the TCWV

information from the corresponding MWR measurement. tmeas was derived by:

tmeas(λ) = Lmeas(λ)/L0(λ) (3.12)

where Lmeas is the measured radiance in the absorption band. L0 is the radiance pre-

suming no absorption of water vapour. It is derived from inter- or extrapolating the

measured radiances (corrected for water vapour) in the window bands onto the position

of the absorption band. For MODIS channel setup it is derived accordingly:

L0(λ) = [(L2/t2 − L5/t5) / (λ2 − λ5)] · (λ− λ2) + L2/t2. (3.13)

This was done for each band and for MODIS-Aqua and MODIS-Terra and MERIS,

respectively. Figure 3.6 shows the flow of the correction and validation process for the

MODIS retrieval. As a consequence, the difference to ground based measurements is

reduced to a minimum, as can be seen in the next section.
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Assessment of 1-Channel Algorithm over Land
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Figure 3.6: Flowchart of the correction and validation process for the MODIS re-
trieval.

3.6 Validation with ground based data sets over land sur-

faces

Validation of the MODIS TCWV retrieval

The validation results are shown in Figure 3.7. In every plot, the normalized relative

frequency of occurrence is shown with high occurrences plotted in red to yellow, and low

occurrences in dark blue. In the top left corner of each plot the offset and slope of the

linear regression, the bias corrected root mean square deviation (RMSD), the bias, the

correlation coefficient, and the sample size as number of points (NPTS) are given.

The operational MODIS cloud-mask from the MOD35-L2-product was used to filter

out cloudy and cloud contaminated pixels. Only pixels with bit-value “100% clear”
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were used for the study. MODIS measurements were spatially averaged over an area of

20 km x 20 km (20x20 pixel) to account for e.g. the radiosonde displacement, and the

time gap between satellite overpass and ground based measurement. The location of all

considered sites from different data sets are displayed in Figure 3.3.

Figure 3.7: Normalized frequencies of occurrence for the comparison of the MODIS
TCWV-retrieval against ground based microwave radiometers (upper left panel) and
global ground based GNSS-data (upper right panel), GRUAN Radiosonde data (lower
left Panel) and AERONET sun photometer data (lower right Panel). For detailed

description see text.

ARM MWR

In the top left panel of Figure 3.7 the comparison of the corrected retrieval for both

MODIS Aqua and Terra and the MWR is shown, where only cases with 90 % valid

MODIS pixels were considered to exclude the influences of clouds. As expected in

Section 3.5, both data sets show almost perfect agreement, although the number of

samples is relatively low due to cloud contamination at the NSA and TWP sites. Thus,

SGP provides 70 % of the number of points. Nevertheless, the data set is representative
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for global observations because dry northern, wet tropical and mid latitude conditions

are contained.

ground based GNSS

We extracted GNSS-TCWV-data for all collocations with a time difference less than one

hour between measurement and satellite overpass. Only cases with 90 % valid MODIS

pixels were considered. The upper right panel of Figure 3.7 shows the comparison be-

tween GNSS- and MODIS-Aqua and Terra derived TCWV values. Although the filtering

was very strict, the number of samples is still very high due to the high number of GNSS-

stations. The bias is -1.2 mm, the RMSD is 1.9 mm indicating a slight overestimation of

MODIS TCWV values, especially for the high number of dry cases.

Figure 3.8 shows the bias between the two data sets for each station on a world map.

Generally, the biases are between 1 and 2 mm. The majority of stations has a negative

bias meaning that MODIS TCWV values are larger on average than the GNSS values,

which corresponds to Figure 3.7. Although GNSS stations are not distributed equally

over the world, Figure 3.8 shows that there is no dependency of the location of the

station and the bias, such as a dependency to latitude, altitude or distance to the ocean.

Figure 3.8: Map of the bias between MODIS TCWV values and GNSS TCWV in
mm. Positive values (red circles) imply that TCWV values on that GNSS stations are
generally larger than the MODIS TCWV values. Blue circles show station where the

bias is negative.
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GRUAN Radiosonde

In order to account for the displacement of the radiosonde during its ascent only cases

with a time difference of maximum two hours between radiosonde and MODIS measure-

ment were considered. In order to account for cloud contamination but also preserve a

sufficient high number of data-points, only cases with less than 70 % valid MODIS pixel

were rejected, resulting in 354 cases. The comparison of TCWV from MODIS Aqua and

Terra and GRUAN reveals a very good agreement, a bias of -0.4 mm and a RMSD of

1.1 mm, shown in the lower left panel in Figure 3.7.

AERONET sun photometer

On the lower right panel of Figure 3.7 the comparison to the sun photometer measure-

ments is shown. Only cases with 90 % cloud-free MODIS pixels are taken into account.

The agreement between the data sets is very good because the spreading is in the range

of the uncertainty of AERONET, although there is a small but significant wet bias.

However, this is most likely due to the dry bias in the sun photometer data stated by

Pérez-Ramı́rez et al. (2014).

Validation of the MERIS TCWV Retrieval

In order to evaluate the accuracy of the application to MERIS measurements and the

derived correction coefficients, MERIS TCWV was also compared to ground based MWR

and GNSS TCWV data. Figure 3.9 shows the comparison where only cases with 90 %

cloud-free MERIS pixels were considered. The comparison to GRUAN TCWV could not

be performed due to only a small number of cloud-free collocations. There is hardly any

systematic difference to MWR TCWV and very small spreading. For the comparison

to GNSS, the spreading is increased, similar to the MODIS retrieval. Here, a bias of

0.6 mm was derived.

Time Dependency

In order to study the temporal constancy of the accuracy of the retrieval the annual

bias between the retrieved TCWV from MODIS and MERIS and GNSS / MWR was

calculated as function of time (year) and plotted in Figure 3.10. In case of MWR, the

time series ranges from 2003 to 2009 and from 2003 to 2011 for GNSS, respectively.

The annual absolute difference between MWR and the TCWV retrieval output (upper

panel) varies around 0 mm for all instruments and is constant over the years, considering

the variation represented by the boxes and whiskers of around 2 mm. Due to the low

number of coincidences, the number of cases per year ranges only between 50 and 150.

The GNSS data set provides ten times more cases (lower panel). Considering the large

variance of around 5 mm, there is no annual dependency in comparison to GNSS values,
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Figure 3.9: Normalized frequencies of occurrence for the comparison of the MERIS
TCWV-retrieval against ground based microwave radiometers (left panel) and global

ground based GNSS-data (right panel).

although the medians tend to be around -1 mm to -2 mm which is consistent with the

negative bias in the scatterplot in Figure 3.7.

The large area of whiskers and the large number of outliers in the GNSS data is pre-

sumably due to some sources of error in the GNSS TCWV retrieval (see Chapter 2).

However, the spreading is not time dependent. Generally, there is no significant differ-

ence between Modis Aqua and Terra and MERIS in both comparisons.

3.7 Comparison to operational MODIS L2-product over

land surfaces

The MODIS L2-product (MOD05) from NASA (National Aeronautics and Space Ad-

ministration) provides TCWV on a pixel basis from (Gao and Kaufman 2003). This

operational product exists since 1999. Unfortunately, the accuracy of this product is

limited and it has not been improved since then. Therefore, we validated the data with

global ground based measurements for the first time. Figure 3.11 shows the comparison

of MOD05 TCWV values to MWR and GNSS stations. The same cases as in Figure 3.7

were used for better comparison. It reveals that the operational algorithm overestimates

the TCWV by about 20 % and the spreading (RMSD) is higher in comparison to the

universal retrieval.

3.8 Evaluation of MERIS TCWV over ocean surfaces

The adaption of the universal TCWV retrieval to ocean surfaces has just recently been

done. Consequently, extensive validation could not be performed yet. Although space
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Figure 3.10: Boxplot of the annual bias in mm between TCWV retrieved from
MODIS (blue boxes: Aqua, green boxes: Terra) and MERIS (orange boxes) and ground
based measurements (upper panel: MWR, lower panel: GNSS); The range of the boxes
indicate the interquartile range (IQR), containing 50 % of the data-points. Horizontal
bars within the boxes show the median, vertical bars (whiskers) indicate the reach of

approximately 95% of the data-points, and grey pluses show all outliers.

borne observations of TCWV over ocean are plenty, the collocation coincidences are rare.

Only the MWR data set can provide a good comparison with no time-lag. However, the

TCWV data set has not yet been validated extensively, for the same reason: Independent

ground based observations over the ocean with high accuracy are sparse. Nevertheless,

first results of the comparison to MERIS TCWV are presented in the following.
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Figure 3.11: Normalized frequencies of occurrence for the comparison of the MODIS
L2 TCWV product (MOD05) to MWR (left panel) and GNSS data (right panel).

EMiR MWR

TCWV over open ocean, derived from space borne observations from MWR on EN-

VISAT, were compared to MERIS omitting coastal regions and large lakes. Due to the

footprint of around 20 km and the signals of the side-lobes of the MWR, MERIS TCWV

was averaged over an area with a radius of 50 km for each MWR observation. Only

cases with 90 % clear-sky pixels were considered in the comparison. Figure 3.12 shows

the evaluation for all collocations in the MERIS time series (2002-2012). Although the

correlation is very high with 0.97 and the RMSD is only 2.9 mm, there is a systematic

wet bias of 3.8 mm. This can also be recognized in Figure 3.13, where the relative dif-

ference between MERIS and EMiR MWR TCWV in percent is presented on a 1◦-grid

as an average over the entire time series. Generally, TCWV from MERIS is higher than

from EMiR MWR (indicated by red colors). White pixel indicate grid-cells with no

collocations resulting from first, high cloud cover, in particular in the high latitudes and

second, from a strict threshold that was set to the outcome of the cost function, ex-

cluding areas of low surface reflectivity at high latitudes. There are pixels with negative

differences (blue pixels) at equatorial regions indicating an average underestimation of

the MERIS TCWV. This could possibly result from undetected clouds (cirrus or thin

low level clouds or aerosol layers). There is a stripe of no collocations close to the Date

line, due to missing data in the EMiR data set.

ARSA radiosondes

The upper right panel in Figure 3.12 shows the comparison to TCWV from coastal

radiosonde stations of the ARSA database. Cloud-free TCWV values over an area of

200 km were averaged and compared to the corresponding ARSA values if the scene has

70 % ocean pixels of which are also 70 % cloud-free. The first striking feature is the
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Figure 3.12: Normalized frequencies of occurrence for the comparison of the MERIS
TCWV-retrieval against space borne MWR (upper left panel), ARSA radiosonde data
(upper right panel) and GNSS-data from two offshore oil platforms. See text for detailed

information.

large spreading, that is presumably due to the large averaging area and the maximal

time difference between radiosonde launch and satellite overpass that was set to 3 hours.

However, the correlation between both data sets is high with 0.88. There is a systematic

offset of 2.7 mm, about 10 % that is in the range of the outcome of the comparison to

EMiR MWR.

Offshore GNSS

Due to the fact, that data from only two offshore oil-platforms were available only for 1.5

years, the number of collocations in the comparison of GNSS TCWV and MERIS TCWV

over the ocean is very low (see lower panel in Figure 3.12). For the MERIS TCWV only

cases with 70 % cloud-free pixels were considered and the data was averaged over an

area with a radius of 20 km. The comparison reveals again a systematic bias of 4 mm

with a large RMSD of 7 mm.
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Figure 3.13: Difference between MERIS and EMiR MWR TCWV in % on a regular
1◦-grid (all corresponding observations for each grid-cell were averaged for the whole

ENVISAT time series (2002-2012).

3.9 Example of derived TCWV field

Figure 3.14 shows an example of a MERIS scene: On the left an RGB picture and on

the right the corresponding retrieved TCWV. The sequence of the MERIS orbit from

July 4, 2005 is about 1000 km x 1000 km wide and shows most parts of Madagascar on

the left part of the scene. The right section contains only water surface (Indian Ocean)

but is largely covered by clouds. The TCWV field shows a lot of typical features and

local climatological characteristics:

- The height-dependency of TCWV can be observed by low TCWV values (indicated

by dark purple and black colors) in the center of the island that shows elevations

up to 2000 m.

- On the one hand, the south-west part of Madagascar is featured by dry and semi-

arid areas. On the other hand, the eastern coastal area is dominated by tropical

rainforest. This opposing characteristic is due to south-east trade winds that

are dominating the weather in the dry season (May to October). Typically, the

advected humid air is lifted on the east side of the central mountains. Subsequently,

water vapour condenses that can be observed by convective clouds at the right part

of the image, and falls out as precipitation. Consequently, most of the humidity

remains on the east coast of the island. This characteristic can also be observed

for the case in Figure 3.14. High TCWV values around 25 mm on the east coast

(for the few cloud-free pixels) and low TCWV around 10 mm were obtained in the

mainly cloud-free western part.
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- Rivers are emphasized through TCWV values that are higher than the surrounding

environment in the western part, presumably caused by enhanced evaporation due

to the higher availability of water.

The homogeneous TCWV values of ocean and land areas at the north-west coast of

Madagascar shows consistency between ocean and land processor. However, there are

some pixels with higher TCWV values at coast boarders that are probably due to a

wrong land-sea-mask. Here, the land processor was applied to ocean pixels or vice

versa. Another frequent feature is visible at the top left part of the TCWV field. The

boarder between two MERIS cameras is visible through a sharp vertical line of different

TCWV values. This lining results from the different spectral calibration, in particular

the different central wavelength of the detectors. The effect is stronger over the dark

ocean than over land surfaces due to the decreased SNR.

Figure 3.14: Left panel: RGB picture of a MERIS scene over Madagascar recorded
on July 4, 2005, Right Panel: Corresponding derived TCWV in mm. The black line

indicates the cost-line.

3.10 Application: Observing horizontal convective rolls

MERIS data in full resolution mode (260 m x 290 m at nadir) allows studies about

the small-scale variability of boundary layer water vapour in relation with convective

initiation. The case study on horizontal convective rolls shows that TCWV derived from
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MERIS observations can give hints for locations of initiation of dry or moist convection

over land. The case was found in the frame of my bachelor thesis3, further investigated

and published in Carbajal Henken et al. (2015). A summary is presented in the following.

Figure 3.15: MERIS full-resolution RGB for the case study of horizontal convective
rolls on 9 May 2008 at 09:42 UTC. The area in the red box is shown in Figure 3.17.

The case study focusses on an area in central Europe including southern Scandinavia,

Germany, Poland and the Czech Republic on 9 May 2008. The terrain is fairly flat,

and on this day meteorological conditions were present that benefit the development

of horizontal convective rolls (HCRs). A blocking high pressure system dominated the

general circulation and the weather in central Europe the days before and after. Figure

3.15 shows a MERIS RGB image of the ENVISAT overpass at 9:42 UTC. The TCWV

field for the same segment is presented in Figure 3.16 as well as the boundary layer mean

wind computed from ERA-Interim data. Three interesting features can be spotted in

the TCWV field:

1. A clear minimum of TCWV is noticeable along a boundary ranging from the Baltic

sea to Saxony, Germany that is moving to the west during the day.

3Diedrich (2009), ”Untersuchung kleinräumiger Strukturen im Wasserdampffeld ”, Freie Universität
Berlin
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Figure 3.16: MERIS TCWV field overlayed with ERA-Interim wind barbs computed
from the mean boundary layer wind field.

2. TCWV is increasing to the east, where clouds are present. Closer examination of

these areas reveal that high TCWV values occur adjacent to cloudy pixels.

3. Parallel bands of alternating low and high TCWV values can be observed that

appear aligned with the cloud streets and the mean boundary layer wind (also

shown in Figure 3.17).

The last features indicates the presence of HCRs, which are organized convective struc-

tures in the shallow boundary layer and can occur regularly over both water and land

surfaces. They are quasi two-dimensional counter-rotating air rolls, that cause horizon-

tal small scale variation in moisture. Upward branches transport warm and moist air

from the surface. Hence, these regions are associated with an increase in TCWV. Down-

ward branched transport dry and cold air from above to the surface where low TCWV

amounts occur. Over land, surface heating combined with turbulent movements in the

boundary layer in a fairly steady wind (shear), often occurring in high pressure systems,
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Figure 3.17: TCWV field for the area of interest as indicated by the red box in Figure
3.15. Left panel: MERIS full-resolution mode; right panel: MERIS reduced-resolution
mode; black areas indicate cloudy regions for which no TCWV retrievals are performed.

field is favourable for the development of HCRs. They can be considered as boundary

layer convergence zones that can trigger deep convection (Weckwerth 2000). HCRs are

potentially related to environmental conditions and can be described quantitatively by

their:

(1) orientation relative to the wind field in the boundary layer

(2) wavelength, which is the spacing between the rolls in the cross-roll direction

(3) aspect ratio, which is the ratio of roll wavelength to boundary layer depth

This quantitative description of HCRs can be performed with the MERIS full-resolution

TCWV field combined with other data. Figure 3.17 shows the TCWV on full-resolution

on the left and reduced–resolution on the right for a zoomed section in Figure 3.15

which has the size of approximately 160 km x 160 km. In both resolutions the banded

structure of TCWV field can be observed. However, in full-resolution individual bands

of high and low TCWV as well as the variability along the bands can be distinguished

much easier. The bands mark the position of the upward and downward branched of

the HCRs. A detailed look at the power spectrum of the transection, indicated as black

line perpendicular to the bands in Figure 3.17, reveals that the wavelength of the roll

features is approximately 17 pixels in full resolution mode that corresponds to 6.5 km

in length. In combination with the boundary layer hight of 1545 m, determined from

ERA interim reanalysis data, an aspect ratio of 4.2 is obtained. These findings are in

good agreement with the results presented in Weckwerth et al. (1997) and Young et al.

(2002).The structures in the TCWV field along the bands also show significant variation,

although no dominating horizontal spacing.

In summary, this study demonstrates the high potential of using high resolution TCWV

fields from satellite observations to assess small-scale organized convective features. Al-

though the coverage of observation of TCWV is usually limited in space and time, model
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simulation might have relatively coarse resolutions, thus are likely unable to correctly

simulate small scale variability of the water vapour field. Many studies have shown,

that small scale variability of water vapour field can trigger or enhance convection. The

representation of water vapour variability in the models is thus of great importance.

The investigation of observations of high resolution TCWV fields can help to improve

the understanding of the connection between water vapour and convective initiation.

3.11 Summary and outlook

A universal TCWV retrieval was established that can be adapted for space borne instru-

ments measuring radiances in the ρστ-water vapour absorption band. The procedure

derives TCWV for cloud-free scenes with an optimal estimation technique and pro-

vides uncertainty estimates on a pixel basis. The algorithm was adapted to the MERIS

and MODIS channel setup. Comparisons to TCWV data sets from global distributed

ground based observations over land reveal a small wet bias for MERIS and a dry bias for

MODIS. For MERIS these deviations result probably from errors in the spectral calibra-

tion or the optical degradation of the sensor. For MODIS a number of reasons are likely,

most presumable uncertainties in the derivation of the absorption. However, due to the

fact that the actual reasons still remain unclear, correction coefficients were derived that

are applied to the transmittance operator in the forward operator. These coefficients

were selected for each absorption channel considering the difference between TCWV

from ground based MWR and TCWV from MODIS or MERIS repetitively is minimal.

The subsequent validation of the corrected retrieval against independent TCWV data

from ground based observations shows high correlations (between 0.88 and 0.99) and

low spread (between 0.9 mm and 1.9 mm). A time dependency of the difference between

MERIS/MODIS TCWV and ground based observations to location, in particular to

latitude as a temporal trend of the bias could be precluded as well.

First evaluation results of the MERIS ocean algorithm were presented. The comparison

to space borne MWR and radiosondes reveals a systematic wet bias between 3 mm

and 4 mm that is constant with increasing TCWV. In the near future, possible reasons

for the differences have to be found and consequent changes have to be applied in the

processor. If a sufficient ground truth for ocean surfaces can be found, the calculation and

application of absorption correction coefficients is feasible. In addition, the validation of

the MODIS retrieval over ocean surfaces has to be performed, that is expected to reveal

smaller biases due to the higher information content of the MODIS band setup.

Generally, more data set for validation have to be found (e.g. TCWV from SSM/I), and

the existing data set can also be used for the validation above ocean (e.g. coastal GNSS

stations).

Additionally, it is planned to adapt the retrieval to OLCI measurements (launched

February 16, 2016). The spectrometer has an additional channel at 940 nm reducing

the uncertainty of the retrieval especially over the ocean (see Chapter 4). The high
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spatial resolution of MERIS and OLCI can support studies of the quantification of small

scale variability of TCWV, which is used by models for the parametrisation of cloud

development (see Chapter 6).

The Flexible Combined Imager (FCI) on the geostationary MTG will also measure

radiance in the ρστ-band, that will enable studies of the TCWV field on temporal

resolutions up to 2.5 minutes and spatial resolutions up to 1 km. Studies of the diurnal

cycle of TCWV will benefit from these MTG TCWV data (see Chapter 5). The data

will contribute information of the temporal evolution of TCWV structures in Carbajal

Henken et al. (2015).





Chapter 4

Quantification of uncertainties of

water vapour column retrievals

using future instruments

Abstract This study presents a quantification of uncertainties of total column water

vapour retrievals based on simulated near-infrared measurements of upcoming instru-

ments. The concepts of three scheduled spectrometers were taken into account: OLCI

(Ocean and Land Color Instrument) on Sentinel-3, METimage on an EPS-SG (EUMET-

SAT Polar System - Second Generation) satellite and FCI (Flexible Combined Imager)

on MTG (Meteosat Third Generation). Optimal estimation theory was used to estimate

the error of a hypothetical total water vapour column retrieval for 27 different atmo-

spheric cases. The errors range from 100 % in very dry cases to 2 % in humid cases with

a very high surface albedo. Generally, the absolute uncertainties increase with higher

water vapour column content due to H2O-saturation and decrease with a brighter sur-

face albedo. Uncertainties increase with higher aerosol optical thickness, apart from very

dark cases. Overall, the METimage channel setting enables the most accurate retrievals.

The retrieval using the MTG-FCI build-up has the highest uncertainties apart from very

bright cases. On the one hand, a retrieval using two absorption channels increases the

accuracy, in some cases by one order of magnitude, in comparison to a retrieval using

just one absorption channel. On the other hand, a retrieval using three absorption chan-

nels has no significant advantage over a two-absorption channel retrieval. Furthermore,

the optimal position of the absorption channels was determined using the concept of

the ’information content’. For a single channel retrieval, a channel at 900 or 915 nm has

the highest mean information content over all cases. The second absorption channel is

ideally weakly correlated with the first one, and therefore positioned at 935 nm, in a

region with stronger water vapour absorption.

This Chapter is entirely adopted from Diedrich et al. (2013).

55
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4.1 Introduction

This work focuses on concepts of retrievals which analyse measured radiation in the

near-infrared (NIR) between 800 nm and 1000 nm. As mentioned in Chapter 2 there

are several reasons for that, e.g the influence of Rayleigh scattering and scattering on

atmospheric particles, and the spectral dependency of the surface reflectance are com-

parably low. At higher wavelengths, saturation effects are too dominant to retrieve high

water vapour columns. At lower wavelengths, the absorption lines are too narrow and

the sensitivity of the transmittance with respect to water vapour is too low.

There are already several instruments and retrievals which operationally retrieve wa-

ter vapour over cloud-free land surfaces in the NIR, for example MERIS on ENVISAT

(Lindstrot et al. 2012) or MODIS on Aqua and Terra (Diedrich et al. 2015). The exist-

ing retrievals are various but use a basic principle, the differential absorption technique

(Albert et al. 2001, 2005, Bartsch et al. 1996, Gao et al. 1993). The comparison of radi-

ances in a window channel with radiances in an absorption channel provides information

about the TCWV.

However, there are a number of error sources for the retrieval of water vapour from

NIR-measurements: one part of the uncertainty is due to technical constraints, such as

instrumental noise or spectral and absolute calibration of the spectrometers. On top

of that, the retrieval is based on various assumptions with respect to, e.g. scattering

in the atmosphere or the vertical temperature profile. One goal of this study is the

quantification of uncertainties of a hypothetical water vapour retrieval using three future

concepts of spectrometers. We selected only concepts of image sensors whose plans

include water vapour absorption channels in the NIR. Additionally, we aim to find

out how to improve the accuracy of such retrieval by determining the optimal channel

setting for the water vapour remote sensing. Although there is no information about

the measurement accuracies and the actual retrieval, one can estimate the uncertainties

using the optimal estimation theory and the concept of information content.

4.2 Instruments

OLCI

The Ocean and Land Color Instrument (OLCI) is planned to be the sequel of MERIS. It

will be installed on the Sentinel-3 orbiter, which is part of the GMES (Global Monitoring

for Environment and Security) program. It is scheduled to be launched in 2016 with

a lifetime of approximately more than 12 years (fuel for five more years is going to be

available). To provide a better temporal resolution, it is planned to operate two identical

platforms which orbit the Earth on sun-synchronous tracks at about 815 km height with

a delay of 180 degrees. OLCI will be comprised of five identical cameras in a fan shape

alignment (role model: MERIS). It will measure the radiation reflected from the Earth

in the visible and near-infrared spectrum. The spatial resolution of the spectrometer will
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Figure 4.1: OLCI channel constellation in the NIR (normalized response functions)
and total transmittance of the atmosphere in ρστ-band.

be 300 m (full resolution), which can be downscaled to reduced resolution (1200 m), and

will be able to sample a line of 1300 km (field of view: 68.5◦) at once. The observation

geometry will be tilted by 12 degrees to reduce sun glint effects. With a two-satellite

composition, global coverage will be achieved within 4 days. Every 27 days, a cycle will

be repeated. OLCI will be upgraded in comparison to MERIS from 15 to 21 spectral

channels in the wavelength range of 0.4 to 1.02 µm 1. The planned channels in the

near-infrared, relevant for water vapour retrievals, are shown in Figure 4.1.

METimage

METimage will be a multi-spectral radiometer, mounted on the second generation of

EUMETSAT Polar SYSTEM (EPS-SG) satellites. This framework consists of 3 polar

orbiting MetOp satellites and its prime objective is to provide continuous, long-term

data sets of meteorological quantities. Metop-A was launched in 2006, Metop-B in 2012

and Metop-C will follow in 2016. The center of the METimage concept is a rotating

telescope developed by Jena-Optik. The Visual/Infrared Imager (VII) will detect sun-

light, reflected by the Earth, in the VIS and NIR spectrum from 0.4 to 14µm. A spatial

resolution of maximum 250 m and a field of view of 110◦ (swath approximately 2800 km)

is expected. The radiometer scans 20 pixel simultaneously with a field of view of 1◦

(20 km)2. The channel constellation and the number of channels has not yet been fi-

nally decided between a 20-channel or a 30-channel concept. The Institute for Space

Science at the Free University Berlin was asked to ascertain the best channel position

and combination for the water vapour remote sensing. The planned channels in the

NIR, relevant for water vapour retrievals, are shown in Figure 4.2.

1http://www.ioccg.org/sensors/olci.html.
2http://www.eumetsat.int.

http://www.ioccg.org/sensors/olci.html
http://www.eumetsat.int
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Figure 4.2: METimage original channel constellation in the NIR (normalized response
functions) and total transmittance of the atmosphere in ρστ -band.

Figure 4.3: MTG-FCI original channel constellation in the NIR (normalized response
functions) and total transmittance of the atmosphere in ρστ -band.

MTG-FCI

The Meteosat Third Generation (MTG) system is going to replace the Meteosat Second

Generation (MSG). The concept of geostationary satellites is based on two three-axis-

stabilized platforms, the MTG-I (imager) and the MTG-S (sounder). The scheduled

launch will be in 2018. A spectrometer will be installed on MTG-I, the Flexible Combined

Imager (FCI). It can detect the electromagnetic radiation in 16 channels rather than 12

on MSG between 0.4 and 13.3µm with an expected spatial resolution of maximal 1 km

between 0.4 and 2.1µm and a spatial resolution of 2 km between 3.8 and 13.3µm 3. The

planned channels in NIR, relevant for water vapour retrievals, are shown in Figure 4.3.

3http://www.eumetsat.int.

http://www.eumetsat.int
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4.3 Quantification of uncertainties

Best estimate error

Any measurement (y) has an associated uncertainty (σy). In case of remote sensing,

measurements are generally TOA radiances. The determination of the measurement

error of the instrument is realizable by calibration and comparison measurements. Most

techniques retrieve physical properties from radiance measurements through the use of

sophisticated inversions. This means that the retrieved quantities (combined in the

state vector ~x) will also be uncertain (σx is the error of the retrieved quantity). These

inversions commonly iteratively optimize the result of a forward model F , which uses

considerable additional (prior-)information (model parameters p) that are also contam-

inated with errors σp:

y ± σy = F(x± σx, p± σp) . (4.1)

As an example, the TOA radiance reflected from the Earth depends on parameters

such as the surface albedo, the aerosol load, the water vapour content, and clouds, the

temperature of each which can be measured only to a certain accuracy. The question is,

how can we determine the uncertainty of the retrieved atmospheric property σx without

knowledge of the exact retrieval technique? One method was introduced by Rodgers

(2000), and uses the Bayes’ with an assumption of normally distributed errors. An

overview of the method is presented here; for detailed derivation we refer to the book

by Rodgers (2000).

The influence of an individual parameter on the retrieved state can be calculated, as-

suming that the sensitivity of the measurement to the parameter is known. For example,

in cases where the uncertainty of a model parameter is large but the sensitivity of the

measurement to the parameter is negligible, there is no significant increase in the uncer-

tainty of the retrieved state. The influence of individual parameters on the measurement

can be simulated with a radiative transfer model (e.g. MOMO). The Jacobian of the

radiance according to a certain parameter can be approximated by the change in radi-

ance in response to a small change in the parameter, while keeping all other parameters

constant.

A matrix Kp is constructed, which contains information about the sensitivity of the

parameters to the measurement and whose size depends on the number of channels and

parameters. The entries in the matrix are effectively the derivatives of the radiance in

a channel i to the variation of the j model parameter:

Kp
i,j =

{
δyi
δpj

}
. (4.2)

In this case, local linearity must be assumed. The uncertainty of the prior knowledge of

each model parameter is stored in a covariance matrix Sp:

Sp
i,j = {ci,jσp,iσp,j} , (4.3)
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where σp,i is the uncertainty in units of standard deviation of the i model parameter

and ci,j is the linear correlation coefficient between the i and j parameter. For many

applications this correlation is zero, resulting in a diagonal matrix Sp. The measurement

error covariance matrix Sy is defined as

Sy
i,j = {ci,jσy,iσy,j} , (4.4)

where σy,i is the measurement error in units of standard deviation for the i channel of the

spectrometer and ci,j is the correlation between the error in the i and j channel, which

is zero for standard spectrometer. So Sy has the diagonal elements: where Li is the

radiance measured in channel i, SNRi the signal to noise ratio (SNR = y/σy) and ∆i the

uncertainty of the absolute calibration of channel i. The matrix K carries information

about the sensitivity of the measurement in the i channel to the j element of the state

vector ~x, so the derivatives of radiance to the retrieval quantity are

Ki,j =

{
δyi
δxj

}
. (4.5)

Finally, the error covariance matrix of the state vector is defined by

Sx = {ci,jσx,iσx,j} . (4.6)

This matrix describes the uncertainties of the retrieved quantity. The square route of

the diagonal elements of Sx specifies the error in the unit of the retrieved value, and is

thus the sought after quantity

According to Rodgers (2000), the approach to calculate Sx is as follows. First, the model

uncertainty Se is derived by propagating the model parameter uncertainty Sp into the

measurement space, and adding the measurement uncertainty Sy:

Se = Sy + KpSpKpT . (4.7)

The second step is the propagation of Se into the state vector space, which is different

from standard error propagation. The inverse model uncertainty is combined with the

Jacobian of the forward operator (K):

Sx = (KTSe−1
K)−1 . (4.8)

Prior or background knowledge of the retrieval quantity is not included in this approach.

Information content

Another way of evaluating the retrieval error is the information content (Shannon 1948),

which is analogous to the concept of entropy in thermodynamics. The information

content H provides the “value” of a measurement. It is the reduction in entropy S:

H = S(P1)− S(P2), (4.9)
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Table 4.1: Sensitivity simulations input parameter cases.

Property low medium high

Water vapour column 1 mm 30 mm 70 mm
Aerosol optical thickness 0.1 0.4 1.0
Surface albedo 0.05 0.2 0.8

where P1 is the uncertainty before and P2 after the measurement. For a Gaussian

distribution, the information content is calculated by Eq. (4.10):

H = 0.5 log2(σ
2
a)− 0.5 log2(σ

2
x), (4.10)

where σa is the standard deviation due to the natural variability of the parameter and

σx is the uncertainty of the retrieved parameter. H determines the number of possible

states of the measurement in binary bits. For example, the water vapour column content

normally varies between 1 and 70 mm. If the retrieval can only derive the water vapour

content with an accuracy of 10 mm, H is very low because the uncertainty is in the

range of the natural variation. According to simple logarithm laws, Eq. (4.10) implies

the quotient of the variances of the retrieval value and its uncertainty, which is similar to

the concept of the signal-to-noise ratio. Thus, the higher the uncertainty of the retrieval,

the lower the information content and the smaller the number of possible states that

can be resolved based on the measurements.

4.4 Atmospheric cases and assumptions

In this work, the quantification of uncertainties was performed for a number of different

cases. As already mentioned, the ratio of TOA radiances from an absorption and a

window channel (Labs, Lwin) provides information about the TCWV and is hereafter

referred to as the apparent transmittance R:

R = Labs/Lwin. (4.11)

In the NIR spectrum, the apparent transmittance is most sensitive to the water vapour

column content and is influenced mainly by the surface albedo and the aerosol optical

thickness. Consequently, three cases were considered for each parameter (low, medium

and high values) (see Table 4.1). This results in a total number of 27 atmospheric cases.

Additionally, three other model parameter sensitivities were determined: the influence

of a cirrus cloud (varying the cirrus optical depth between 0.1 and 1.6), the change of

the temperature profile (shifting the temperature profile by a constant offset of ±10 K),

and the scale height of an aerosol layer (varying the scale height between 1000 m and

4000 m, homogeneous aerosol layer with 500 m thickness).
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Table 4.2: Sensitivity simulations input parameter uncertainties in unit of standard
deviation for each case (see Table 4.1).

Property low medium high

Aerosol optical thickness 0.05 0.05 0.05
Surface Albedo 0.02 0.03 0.05

Cirrus optical depth 0.1 0.1 0.1
Aerosol scale height 3000 m 3000 m 3000 m
Temperature profile 20 K 20 K 20 K

The theory of optimal estimation requires the knowledge of the uncertainties of the

model parameters. The assumed accuracies are given in Table 4.2 as standard devi-

ations. These parameters were considered to account for the error influences on the

TCWV. The sensitivity to cirrus clouds was considered to include the influence of sub-

pixel cloud contamination. Also, present cloud detection algorithms are not accurate

enough to detect thin clouds. The height of the aerosol layer (see below) and the natural

change in the temperature profile are significant error influences. The uncertainties of

the parameters were assumed. For the aerosol optical thickness, cirrus optical depth,

aerosol scale height, and temperature profile, the accuracies were kept constant for each

of the 27 cases. For the surface albedo, Carrer et al. (2010) was taken into account. This

validation report is very comprehensive and includes a large number of results for the

uncertainties of the albedo. The inter-comparisons between different procedures show

a spread between 0.02 and 0.05. On the one hand, the uncertainties were determined

as constant with higher albedo, but on the other hand, constant in percentage, depend-

ing on the assumption regarding the bidirectional reflectance distribution function. In

this study, an increasing error with larger surface albedo was assumed (see Table 4.2).

However, the exact values do not influence the general outcome of this study.

Furthermore, the influences of the profile shape of water vapour, aerosol or tempera-

ture were not considered in the determination of the uncertainties. Again, only the

temperature profile was altered equally in every layer. The US Standard atmosphere

profile was used. The calculated uncertainties refer only to the whole vertical column

of the atmosphere. Nevertheless, the profile shape plays an important role when inter-

preting the influences of the albedo and aerosol optical thickness. The peak altitude

of the sensitivity for the water vapour column at the TOA can be understood from

Figure 4.4. Here, the sensitivities of the apparent transmittance R (window channel at

885 nm, absorption channel at 900 nm) is shown as a function of height for five different

surface reflectances. The sensitivities for each layer were derived from the difference be-

tween the reference ratio and the ratio simulated with an increased water vapour content

(+0.1 mm) in that layer divided by the change in water vapour. For reference, the US

standard water vapour profile was chosen and a homogeneous continental aerosol layer at

700 hPa (3000± 250 m) with an optical thickness at 900 nm of 0.1. As the figure clearly

shows, the peak altitude of the sensitivity is governed by the surface reflectance and the

aerosol layer height. The lower the surface reflectance, the more information originates

from the layer above the aerosol layer. The influence of the aerosol layer increases with
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Figure 4.4: Sensitivity in 1 mm of the apparent transmittance R to the water vapour
column content as a function of pressure (height levels) for five different surface re-

flectances (surf ref). A constant aerosol layer at 700 hPa is present.

higher optical thickness (not shown here). This is a significant error influence for sur-

face reflectances below 0.2. Nevertheless, we only accounted for that in the parameter

uncertainties (see Table 4.2).

The influence of other atmospheric properties, such as the Rayleigh optical thickness,

carbon dioxide and amounts of other greenhouse gases, etc., was assumed to be very low

in the wavelength range of interest. Consequently, these parameters were not regarded

in this study and kept constant in the simulations. The aerosol optical thickness is

highly dependent on the considered wavelength. In this work, the specified aerosol

optical thicknesses are always defined at 900 nm. In every case a continental aerosol was

predefined. The size properties and refractive indices of the aerosol were taken from

Hess et al. (1998).

The albedo of natural surfaces is a function of wavelength. In cases of real measurements,

a common approach to account for this effect is to linearly extrapolate the surface

reflectance in the window channels to estimate the surface reflectance in any spectrally

close absorption channel. Within the framework of this study, the so-called albedo

slope was not considered in the simulations, meaning that for a fixed case the same

albedo was used for all simulated channels. However, when calculating the uncertainties,

this phenomenon was included with the help of the following. The surface reflectance

uncertainty affects the retrieval in two ways, the uncertainty of the absolute albedo and

its spectral slope:

1. The uncertainty of the assumed surface reflectance in the window channels, re-

sulting from uncertainties in the atmospheric correction, directly propagates to

the uncertainty of the surface reflectance in the absorption channel. However, this

error has the same sign in all channels, since the scattering properties hardly vary
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within the considered spectral ranges. Since the information used for the water

vapour retrieval is provided by the ratio of absorption and window radiances, there

is hardly any additional error contribution by the uncertain surface reflectance in

the absorption channel. This is reflected by a high correlation of the uncertainties

of both reflectance values in the error covariance matrix Se.

2. The correlation of the surface reflectance uncertainties is reduced in cases of a

strongly varying albedo slope, resulting in a higher error contribution by the ab-

sorption channel. A spectral surface albedo database was analysed with respect

to the correlation of the surface reflectance values for different surface types and

channel positions. Not surprisingly, the correlation is lower for spectrally distant

channels, resulting in errors that are less correlated and higher retrieval uncer-

tainties. The error covariance matrix Se of the model parameters (Eq. 4.11) was

adapted accordingly.

Since the instruments are not built yet and calibration errors or signal-to-noise ratios

(SNR) are not determined, the measurement errors can only be assumed (guided by

the specifications of the concepts). For this reason, a standard SNR of 400 was pre-

conditioned for each channel, which is in the approximate range of a NIR radiance

measurement. The SNR is dependent on the channel width because more energy is

coming in with a broader spectral range. However, this quantity turned out to have a

non-significant influence and was kept constant. No absolute calibration uncertainties

or systematic measurement errors were assumed.

Additionally, the instrument-specific response functions are not available yet. Neverthe-

less, the shape of response functions has a very low impact on the measured radiance.

For convenience, the response function of the MERIS channel 15 was used. It was

adapted to the different scheduled positions and widths (see Figures 4.1, 4.2, 4.3). In

the investigation of the optimal channel distribution, this response function was also

used.

4.5 Results

Uncertainties

Uncertainties in mm of possible water vapour retrievals using the channel distributions

of the original concepts of the three planned instruments are shown in Figure 4.5. For

OLCI and METimage, two window channels close to the ρστ -band were chosen. For

MTG only one window and one absorption channel were considered. For the OLCI

retrieval, two absorption channels, and for the METimage retrieval, three absorption

channels, will be provided. The uncertainties of the 27 cases of a combination of three

atmospheric properties are plotted. The legend for these cases is displayed below the plot

as coloured bars of total water vapour column (TCWV) in blue, surface albedo (ALB)

in yellow and aerosol optical thickness (AOT) in black. Although the uncertainties are
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Figure 4.5: Uncertainties of water vapour retrievals in mm of three channel com-
binations of future instruments (OLCI, METimage, MTG) for 27 different cases of
a combination of three atmospheric properties: total column water vapour (TCWV),
albedo (ALB), and aerosol optical thickness (AOT) – for three different sun zenith

angles (SZA).

discrete points, for better clarity a line was drawn between the points of each albedo

class for sun zenith angle (SZA) of 0 degrees. Additionally, uncertainties for SZA of 20

and 60 degrees were calculated and plotted in dashed lines for each instrument.

The most striking feature is that the original METimage channel combination (in green)

is more certain in almost every case (apart from dark surfaces with low water vapour

content) than the others. The four-channel retrieval of OLCI in red has slightly larger

uncertainties than METimage but less than the two-channel retrieval of MTG in purple

(apart from cases with a bright surface and medium and high water vapour values).

Generally, the uncertainties increase with higher water vapour content. This is due to

the fact that absorption lines eventually reach saturation. In other words, the change of

the transmittance in a water vapour absorption band approaches zero for higher values.

Thus, sensitivity of the measurements to TCWV decreases with increasing humidity.

Another finding is the reduction of uncertainties with brighter surfaces, in some cases

with one order of magnitude. Brighter surfaces reflect more radiation. Thus, the mea-

surement is dominated by photons that have not been scattered at atmospheric parti-

cles. Above dark surfaces, a large number relative to the total amount of photons gets

scattered back in the atmosphere and consequently does not travel through the whole
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vertical column of water vapour (Lindstrot et al. 2012) (see also Figure 4.4). Hence, the

uncertainty is higher for dark than for bright surfaces.

The dependency of the accuracy of the retrievals to the aerosol load is more dissimilar. In

cases of a bright surface, the uncertainty slightly increases with a larger optical thickness

of the aerosol layer. In contrast, in cases of a dark surface, the uncertainty slightly

decreases with higher aerosol load. This is due to the fact that the aerosol layer, located

in the lower troposphere, reflects a part of the radiation. Although this radiation does

not reach the surface, the presence of the aerosol layer increases the fraction of measured

photons that originate from the lower troposphere and thus decreases the error in the

water vapour path (see Sect. 4.4 and Figure 4.4).

To interpret the influence of the errors on the measurement, it is more enlightening to

examine the uncertainties relative to the simulated amount of TCWV (not shown here).

Generally, the relative uncertainties decrease with higher water vapour value. This is

consistent because the sensors have limited measurement sensitivities. A very small

change in transmittance due to a small TCWV amount can only be determined with

low accuracy. In cases of MTG, the relative uncertainty exceeds 100 %; and in cases of

METimage and OLCI, it is around 70 % over dark surfaces. The lowest values can be

examined over bright surfaces. Again, higher intensities provide more information for the

sensor and therefore the uncertainties are smaller. For medium water vapour amounts

around 30 mm, one has to expect a relative error of around 1 to 10 %, depending on the

surface and atmospheric circumstances.

To determine the influence of the different viewing geometries, uncertainties for two

exemplary sun zenith angles were calculated and plotted. The impact of a SZA of 20

degrees on the accuracy is negligible. For dry cases, the uncertainties of all retrievals

is higher at a SZA of 60 degrees than for a SZA of zero degrees. This applies also for

MTG in the humid cases but not for OLCI and METimage.

Retrievals with one and two absorption channels

In the previous paragraph the behaviour of the scheduled channels was illustrated. The

question arises as to whether this is the optimal distribution and combination of chan-

nels. As seen in Figure 4.5, it seems that not only the location but also the number of

absorption channels have an impact on the accuracy of the retrievals. MTG with only

one absorption channel has larger uncertainties than the OLCI and METimage with two

and three absorption channels.

In the following, the exemplary METimage channel locations were used in order to

assume the optimal absorption channel. Figure 4.6 has the same format as Figure 4.5.

The original METimage retrieval is plotted in green again. The other colors account

for one-absorption-channel retrievals with two window channels at 865 and 1020 nm

and one of the three absorption channels, respectively (905 nm in red, 935 nm in purple,

940 nm in dark grey). Obviously, the retrievals using only one absorption channel have
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larger uncertainties than the original METimage setup, in some (dark surface) cases

even one order of magnitude. For cases with medium- and high water vapour, the

lowest uncertainties were found for the retrieval using the absorption channel at 905 nm.

The other two have a very low accuracy, especially in the humid cases. This is due

to the fact that they reach saturation more easily because they are located in a strong

absorbing wavelength range. However, this behaviour benefits their accuracy in the dry

cases. For low water vapour contents, the uncertainties are quite similar. Here, the

retrievals with the absorption channels 935 and 940 have lower uncertainties.

Figure 4.7 shows the results of the uncertainty calculation of retrievals with two window

channels and a combination of two absorption channels (see the legend on the right

bottom of the plot). Again, the original METimage retrieval is plotted in green. The

most evident feature in comparison to Figure 4.6 is that the uncertainties are lower (see

the scale) in nearly all cases and close to the retrievals using all scheduled channels.

The one with the best accuracy is the combination of absorption channel at 905 nm

and 935 nm because the difference to the original retrieval is very low in every case.

However, the combination of absorption channel at 905 and 940 nm is best in cases

of bright surfaces. In dry cases, the different combinations only differ minimally. In

medium and humid cases, the combination of 935 nm and 940 nm (the strong absorbing

channels) is the poorest. These latter medium and humid cases also seem to have the

strongest sensitivity to the aerosol load.

In summary, retrievals with two absorption channels are more accurate than with only

one. The best combination seems to be 905 nm and 935 nm; it is nearly as certain as

the original combination of all three absorption channels. The combination of a channel

close to the first window channel and one in the strong absorbing range appears to be a

good choice.

Optimal channel setting

In the following, our aim is to ascertain whether the channel positions, widths, and

their combinations can be improved in order to decrease the uncertainties of a potential

TCWV retrieval. For this purpose it is more convenient to examine the information con-

tent because it is similar to the relative error and indicates the quality of a measurement

on a linear scale. The example shown is for the METimage build-up.

One absorption channel retrieval

First, the optimal location for a one absorption channel retrieval was sought. To this

end, the information content for a retrieval with two window channels (865 and 1020 nm)

and one variable absorption channel with a width of 10 nm was calculated. Figure 4.8

shows the information content as a function of the wavelength (ordinate) and the cases of

the atmospheric state, which are equivalent to the ones in the last paragraph (abscissa).

Each pixel represents the information content of a certain case and a certain center
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Figure 4.6: Uncertainties in mm of water vapour retrievals using one absorption
channel and two window channels (METimage concept) for 27 different cases of a
combination of three atmospheric properties: total column water vapour (TCWV),

albedo (ALB), and aerosol optical thickness (AOT).

wavelength. Dark blue pixels account for low and red for high information content.

Again, in short, the higher the information content, the higher the number of possible

states that can be resolved and the lower the uncertainty of the model.

The most noticeable feature is again the decrement of information content with higher

water vapour values. The strong connection between information content and surface

albedo is also clear and is represented by the vertical bars of similar color. The highest

information content (around 11 bits) was calculated in the dry cases at the strong ab-

sorbing channels represented by the deep red pixels. Reasons for that were mentioned

in the last chapter. The lowest information content (represented by dark blue pixels)

was determined for cases with a high water vapour content and in the strong absorbing

wavelength range higher than 925 nm. In changing atmospheric cases, the information

content behaves as described before (apart from 880 nm and 885 nm); only the magni-

tudes differ between the channels. If based exclusively on the findings from Figure 4.8,

it is difficult to decide which channel is the best for a water vapour retrieval. On the

one hand, the maximum information content can be seen at 935 nm and 950 nm, but

only for dry cases. On the other hand, these give only a small amount information for

humid cases. Hence, it is more convenient to analyse the information content averaged

over all cases.
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Figure 4.7: Uncertainties in mm of water vapour retrievals using two absorption
channels and two window channels (METimage concept) for 27 different cases of a
combination of three atmospheric properties: total column water vapour (TCWV),

albedo (ALB), and aerosol optical thickness (AOT).

The mean, minimum and maximum information content of all cases as well as the

standard deviation is displayed in Figure 4.9 as a function of the simulated channels.

As before, the strongly absorbing channels show the highest information content but at

the same time provide almost no information for humid cases, which is contrary to the

desired behaviour of a TCWV retrieval. The goal is to use an absorption channel which

is least dependent on the atmospheric case. Looking at the mean, which is represented by

the dashed line, two maxima appear at 900 nm and 915 nm, both indicating a relatively

high information content over all cases. The information content in these channels have

a much smaller standard deviation than the other relative maximum at 950 nm. This

leads to the conclusion that for a one absorption channel retrieval, either 900 or 915 can

serve as the best choice and the MTG-FCI channel selection is optimal.

Two absorption channel retrieval

The information content of a two absorption channel retrieval is displayed in Figure 4.10

with similar logic as in Figure 4.9. One absorption channel is at 900 nm (width 10 nm)

and the other is at the location indicated at the ordinate (width again 10 nm). Overall,

the information content is increased in comparison to Figure 4.9. The highest mean,



Chapter 4. Uncertainties of TCWV retrievals using future instruments 70

Figure 4.8: Information content concerning water vapour of a retrieval using two
window channels (METimage: 865, 1020 nm) and one absorption channel (width 10 nm,
nadir view) for 27 cases of different atmospheric circumstances (abscissa with legend

equivalent to Figure 4.5).

maximum and minimum information contents were determined for wavelengths above

925 nm. The maxima at 935 and 950 nm are outstanding (with a mean of 6.5 respectively

6 bits over all cases). At these wavelengths, the minimum and maximum information

content is maximal as well. Thus, the optimal second absorption channel for this case

is at 935 nm.

The information content for a two absorption channel retrieval with a fixed first absorp-

tion channel at 915 nm is plotted in Figure 4.11. Generally, the information contents

are in the same range as in Figure 4.10. Here, only one maximum in the mean infor-

mation content at 950 nm is evident and is in the same range as the combination 900

and 935 nm. Consequently, the combination of 915 nm and 950 nm is a good choice for

a two absorption channel retrieval as well. Comparing Figures 4.10 and 4.11 reveals

that the combination of 900 nm and 935 nm gives slightly higher information contents

than 915 nm and 950 nm. The water vapour channels of METimage are therefore well

designed. The 940 nm channel does not improve the retrieval uncertainties significantly

(see Figure 4.7). This is probably due to the fact that it is planned to have a width of

50 nm and therefore overlap with the 935 nm and 905 nm (see Figure 4.2). Generally,

a two absorption channel retrieval is more reliable if the absorption channels are least

correlated. This was confirmed by cross-correlating all simulated radiances in the dif-

ferent channels (not shown). The lowest correlation coefficient was calculated for the

combination of 900 and 935 nm.
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Figure 4.9: Mean information content in 27 cases of different atmospheric circum-
stances concerning water vapour of a retrieval using two window channels (METimage:
865, 1020 nm) and an absorption channel (width 10 nm) (broad bars account for the

standard deviation of the cases).

Figure 4.10: Mean information content in 27 cases of different atmospheric cir-
cumstances concerning water vapour of a retrieval using two window channels (865,
1020 nm), a fixed first absorption channel at 900 nm and a second absorption channel

(width 10 nm) (broad bars account for the standard deviation of the cases).

4.6 Discussion

This study analyses the behaviour and the quantities of the uncertainties of possible

TCWV retrievals using TOA radiance measurements from future instruments. Depend-

ing on the atmospheric state, relative errors of up to 10 % for medium water vapour

values and up to 100 % for very dry cases can be expected. The absolute uncertainties
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Figure 4.11: Mean information content in 27 cases of different atmospheric cir-
cumstances concerning water vapour of a retrieval using two window channels (865,
1020 nm), a fixed first absorption channel at 915 nm and a second absorption channel

(width 10 nm) (broad bars account for the standard deviation of the cases).

increase with higher water vapour content because of H2O saturation. Brighter surfaces

reflect more radiation and thus the uncertainty decreases with higher surface albedo.

The accuracy decreases slightly with higher optical thickness over medium and bright

surfaces. In cases of a very dark surface, a thick aerosol layer can increase the accu-

racy slightly because of the increased amount of radiation that has been reflected in

the lower troposphere. The overall uncertainty over all cases turns out to be a function

of the number of considered absorption channels. The METimage channel setting with

three absorption channels was more accurate than the OLCI setting with two absorption

channels and the MTG-FCI with one absorption channel for most cases.

The determination of the optimal position of the absorption channels was done in two

steps. First, a retrieval using one absorption channel and the instrument-specific window

channels were used to calculate the information content for each atmospheric case. The

case-dependent behaviour of the information content is similar to the characteristics of

the uncertainties: the information content decreases with higher water vapour values

(due to H2O-saturation), increases with higher surface albedo, and decreases slightly

with a higher aerosol load. However, there are differences in magnitude between the

used absorption channels. The optimal position for the “first” absorption channel was

determined to be at 900 or 915 nm. The second step was to calculate the accuracy of a

retrieval using the window channels, one fixed absorption channel and a second absorp-

tion channel with varying position. It turned out that the second absorption channel is

optimally placed in the strong absorbing range above 930 nm. The highest information

contents were determined for the combination of 900 nm and 935 nm. This was explained

by the low correlation between theses wavelengths. The channel width, which had been

varied between 10 and 20 nm, did not seem to have a strong influence on the information

content. A second absorption channel of 20 nm width slightly improved the accuracy
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of the retrievals (not shown). Consequences for the schedules of the instruments are

comparably minor. For the METimage concept, the broad 940 nm absorption channel

should not be considered. In the OLCI schedule, the location of the second absorption

channel should be changed to 935 nm. The 914 nm channel of the MTG-FCI concept

seems to be a good choice. In general, though, many retrievals and applications already

use the 900 nm to determine TCWV. To continue the time series of, e.g. MERIS on

ENVISAT, with the same retrievals, the 900 nm channel is the recommended choice.





Chapter 5

Representativeness of total

column water vapour retrievals

from instruments on polar

orbiting satellites

5.1 Introduction

Water vapour plays a key role in the hydrological cycle of the Earth’s atmosphere.

The Total Column Water Vapour (TCWV) is a good indicator/tracer of atmospheric

transport of water vapour. The diurnal cycle of TCWV over land is influenced by evap-

otranspiration as a source, condensation and precipitation as sinks, and additionally by

atmospheric advection (Trenberth 1999). Over the years, multiple techniques have been

established to determine the TCWV from ground and from space. TCWV from mea-

surements of radiosondes, microwave radiometers and GNSS receivers are examples for

sophisticated ground based sources of TCWV values on a high temporal resolution that

are hardly affected by clouds (e.g. Radiosonde: Seidel et al. (2009), microwave radiome-

ter: Turner et al. (2007), GNSS: Dick et al. (2001)). Unfortunately, the ground based

measurements do not resolve the spatial structures of water vapour fields. Further, they

are usually limited to land areas. However, satellite remote sensing allows observations

of TCWV on a high spatial resolution. Over land surfaces, TCWV derived from radi-

ance measurements in the near-infrared (NIR) from space borne spectrometers meets

the requirement needed for weather forecasts and climate studies, due to high accuracy

and high spatial resolution (up to 300m) of the TCWV products. Observations from

the MEdium Resolution Imaging Spectrometer (MERIS) (Bennartz and Fischer 2001,

Lindstrot et al. 2012) on ENVISAT and the Moderate Resolution Imaging Spectrora-

diometer (MODIS) on Aqua and Terra (Diedrich et al. 2015, Gao and Kaufman 2003)

can provide long time series of TCWV. These data sets such as described by Lindstrot

et al. (2014) benefit global trend analysis or investigations of small scale phenomena as

75
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described by Carbajal Henken et al. (2015). However, there are two major drawbacks

of observations by polar orbiting satellites:

- Most areas are sampled only once per day or even less depending on the latitude

and the swath-width of the instrument.

- Clouds are opaque in the visible and NIR spectrum. Consequently, the observa-

tions of TCWV are limited to cloud-free areas.

For the observation of the diurnal variability of TCWV ground based microwave ra-

diometer and GNSS measurements are appropriate. The influence of clouds and pre-

cipitation can be neglected. TCWV can be derived from measurements of the Zenith

Path Delay (ZPD) of ground based GNSS receivers even under cloudy conditions and

on temporal resolutions up to a few minutes. We utilized 9 years of a 2-hourly TCWV

data set derived from GNSS measurements in order to answer the following questions:

1. How large is the variability of the TCWV in comparison to the daily mean TCWV?

2. How representative is the TCWV at the time of the satellite overpass to the daily

mean TCWV?

3. How representative is the climatology of the cloud-free TCWV to the TCWV

climatology including cloudy conditions at the time of the satellite overpass?

There are few studies that examine the diurnal cycle of water vapour such as Li et al.

(2007), Ortiz de Galisteo et al. (2011), Radhakrishna et al. (2015). However, these works

are usually focused on certain regions. In this study we like to highlight the potential of

a global TCWV data set and present a global analysis of the diurnal cycle of TCWV. We

want to give an overview of the variability of TCWV that is needed for the interpretation

of water vapour fields derived from remote sensing.

5.2 Satellite TCWV datasets

As mentioned above, the daily coverage of imaging spectrometers on sun-synchronous

polar orbiting satellites is limited by the field of view of the specific instrument. MERIS

on ENVISAT has a swath width of 1150 km which leads to global coverage in about 2

to 3 days. MODIS on TERRA scans the Earth in 1 to 2 days with a swath width of

2330 km. Consequently, in the lower latitudes observations take place only once every 3

days, in the middle latitudes about once per day. Information about the daily cycle of

TCWV can not be retrieved from this kind of observations. However, climate monitoring

requires trend analysis which is performed with the aid of TCWV from space borne

spectrometers due to the global coverage. ENVISAT and Terra cross the equator at

about 10:30 a.m. local time, both at descending note. TCWV retrievals that are based

on radiance measurements in the NIR (Diedrich et al. 2015, Lindstrot et al. 2012) are

limited to cloud-free areas where high accuracies can only provided over land surfaces

(Diedrich et al. 2013).
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5.3 GNSS TCWV dataset

Basis of our investigation is a 2-hourly TCWV data set from Wang et al. (2007) for the

years 2003 to 2011. The TCWV was derived from ground based GNSS measurements

of Zenith Path Delay (ZPD) using three different resources, including the International

GNSS (Global Navigation Satellite Systems) Service (IGS) tropospheric products, U.S.

SuomiNet (UCAR/COSMIC) products and Japanese GEONET (GNSS Earth Obser-

vation Network) data. All GNSS TCWV retrievals are based on the same procedure,

explained shortly in the following. The TCWV is derived from the delay of the GNSS

signal, that is introduced by interactions with the atmosphere. By subtracting the

ionospheric, and hydrostatic attenuation, and accounting for the elevation angle of the

satellites, the Zenith Wet Delay (ZWD) can be approximated, that is in the range of

a few centimetres (Bevis et al. 1992). Subsequently, the ZWD is converted to TCWV.

Although there are a number of error influences, the uncertainty of TCWV derived from

GNSS is about 1 mm–2 mm (Ning et al. 2015).

TCWV observations from about 1000 global distributed stations for the period between

1995 to 2011 are available in the data set. However, the majority of stations did not

contribute continuously over the whole time and the number of stations increases with

time. In order to have a relatively complete time series of TCWV for each station, we

selected only locations that provided at least 5 years of data in the period of 2003 and

2011. Figure 5.1 shows the spatial distribution and the elevation of the selected 296

stations. There is a high density in Europe and the USA and only a few stations in

South America, Africa and Central Asia. Nevertheless, the spectrum of the locations

is diverse. The stations are located in very dry and humid conditions at continental

and coastal locations range from sea level to 1200 meters. Besides other influences, the

diurnal cycle of water vapour in the lower troposphere is hypothetically linked to the

diurnal cycle of temperature that is in turn mainly driven by the position of the sun.

Therefore, we converted the time information in the GNSS data set (given in UTC) to

the local time (LT) that is used hereafter and was derived as follows:

LT = UTC + (ϕ/15) ϕ ∈ [−180, ..., 180] , (5.1)

where ϕ is the longitude of the location of the corresponding station.

5.4 Diurnal cycle of TCWV

The main part of the column integrated water vapour is located in the boundary layer.

Consequently, TCWV can represent the processes related to water vapour that take place

in the lower troposphere. There are several mechanisms that influence the TCWV. The

most important ones are: Evaporation and condensation, large-scale and local advection

of moist or dry air. Considering averages over a large number of days, the large scale

advective part is usually represented at all times of a day, leaving only the variations

that are connected to the diurnal cycle in air temperature. With increasing surface
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Figure 5.1: Global distribution and height in meters of selected GNSS stations.

temperature over the day, the evaporation can increase. At night water vapour conden-

sates and consequently, TCWV will be decreased on average. Another influence is the

advection of humid or dry air masses. Winds originate from synoptic situations or oro-

graphic circumstances. The wind is generally higher at daytime because of convection

that in turn will also influence the water vapour amount. Local geographic conditions

can result in circulation patterns that occur almost every day such as land- and sea

breeze and mountain breeze. The differential warming between land and ocean carries

moisture onshore at daytime. At night-time this circulation is reversed due to the faster

cooling of the land surfaces. The climatic and geographic conditions are various for the

number of stations we have selected. In some cases, these influences are dependent on

the time of the year due to the annual variability of the circulation pattern. To analyse

every single station concerning its diurnal cycle would exceed the frame of this paper.

Consequently, a statistical approach of the evaluation of the diurnal cycle is presented

in the following.

An evaluation of the diurnal variability of the TCWV anomaly from the daily mean for

the 296 considered stations averaged over 9 years (2003-2011) is represented in Figure

5.2 as box plot. Black boxes and whiskers indicate a histogram of the TCWV anomaly

including all stations for each 2-hour time-step. The inner quartile range (IQR) is

varying between +2 % and -2 % of the daily mean TCWV (indicated by the horizontal

dashed line). There is a significant minimum of the station mean TCWV (indicated by

the horizontal bar in the boxes) between 6 LT and 10 LT and a maximum between 16

LT and 20 LT with an amplitude around 1 %. The variation of 95 % of the stations is

ranging between +5 % and -5 %.
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Figure 5.2: Boxplot of TCWV anomalies from the daily mean in % for all stations
and the period between 2003 and 2011. The range of the black boxes indicate the
interquartile range (IQR), containing 50 % of the data points (each point represents
one stations). The horizontal bar within the boxes represent the median; vertical
bars (whiskers) indicate the reach of 95 % of the data points; and grey pluses show
outliers. Green line: Mean daily cycle of TCWV of all high stations (greater than
800 m altitude); Orange line: Mean daily cycle of TCWV for coastal stations. See text

for detailed description.

In order to analyse the influence of the location to the averaged daily cycle of TCWV,

two subgroups of stations were selected: 52 Coastal stations that are situated within

5 km of a coast of the ocean or large lakes and below 800 m elevation (indicated orange

in Figure 5.2, 5.3), and 44 high GNSS stations that are situated above 800 m (indicated

green). The coloured lines in Figure 5.2 show the mean diurnal TCWV anomaly of

the two groups including the range of the standard deviation as coloured shading. The

diurnal variability of the high stations is most pronounced in this comparison, peaking at

0 and 10 LT with an amplitude of about 5 %. The coastal station diurnal mean TCWV

anomaly is following the overall mean TCWV anomaly of about 1 %. The variation of

the averaged diurnal cycle between the high stations is larger than between the coastal

stations, represented by the standard deviation.

In order to get the global view on the averaged daily variability of TCWV we derived

measures that indicate the shape and amplitude of the mean diurnal cycle of each GNSS

station. In Figure 5.4 the season-averaged amplitude, meaning the difference between

the maximal TCWV and the daily mean TCWV, of the daily cycle of TCWV is plotted

for each station. The first obvious feature is that the amplitude of the diurnal cycle is

increasing with decreasing latitude and the maximum of the zonal mean amplitude is
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Figure 5.3: Location of the stations that where selected for coastal (orange) and high
stations (green).

Figure 5.4: Season averaged amplitude of the daily cycle of TCWV for each GNSS
station in mm.

moving north in the north-summer and south in north-winter. This can be explained by

the annual variation of the lower tropospheric temperature. Furthermore, the amplitude

ranges from 0.1 mm to 0.8 mm in the middle and high latitude to 2 mm for stations in the

tropics and mid-west of the USA. In order to study how much the daily cycle constitutes

to the daily mean TCWV, the anomalies from the daily mean are presented in Figure

5.5, averaged again over the seasons. It shows, that for most of the stations, the daily

variability is only in the range of 1 %–5 %. For most of the stations with higher altitudes

the anomalies are increased and range up to 20 % that is consistent with the findings in
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Figure 5.2. In general, the amplitude of the daily anomalies is not following the global

temperature distribution.

Figure 5.5: Season averaged amplitude relative to the daily cycle of TCWV for each
GNSS station in %.

Another interesting feature of the diurnal cycle of TCWV is the time, when the TCWV

reaches its maximum or minimum. In Figure 5.6 and 5.7 the local time of occurrence

of the maximum TCWV respectively the minimum TCWV of the averaged daily cycle

for every season is shown. At the majority of the stations a similar shape of the diurnal

cycle appears resulting in the same times of the maximum and the minimum in each

season. This is demonstrated by the reddish and pinkish colors on the maximum plot and

dominating green colors in the minimum-plot leading to a mean daily TCWV variation

that is minimal in the morning between 5 LT and 9 LT and that is maximal at night

between 19 LT and 1 LT that again is consistent with the mean daily cycle for all

stations in Figure 5.2. However, there are stations with different characters, e.g. in the

southern Rocky Mountains that peak between 3 LT and 4 LT for the maximum and

between 13 LT and 16 LT for the minimum. This shape is reverse to the other stations.

Additionally, most of the European stations and some stations in the mid west of the

US detect a maximum that is slightly shifted to earlier times (12-17 LT) in the north

spring and summer time. At the ENVISAT and Terra overpass the average TCWV for

the majority of stations is still slightly below the daily mean. This is the main reason for

the negative bias between the TCWV derived at 10:30 LT and the daily mean. Although

only valid for cloud-free conditions, the deviations in Figure 5.10 are in the range of the

absolute amplitude of averaged diurnal oscillation of TCWV.

In general, the variation of the averaged diurnal cycle of TCWV between the stations

is large concerning the time of the maximum or minimum and the amplitude and is

mainly dependent on the location of the GNSS station. This is consistent with Figure
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Figure 5.6: Local time of occurrence of the maximum of the seasonal averaged daily
cycle.

5.2, where the spread of the standard deviations, boxes and whiskers indicate that

the averaged diurnal cycle is varying by more than ±10 % between the stations. The

averaged amplitude is only in the range of a few percent of the mean TCWV, which is

again consistent with Figure 5.2.

However, this information does not quantify the individual daily variability of the

TCWV. Figure 5.8 shows the TCWV for 16 days in January 2003 for the GNSS station

Potsdam as dashed line. Additively, the daily mean TCWV is plotted. For better vis-

ibility, the positive difference between the curves are filled red and the negative areas

are filled blue. The comparison reveals that the daily cycle of TCWV is different for

every day. In order to quantify this variability, the daily standard deviation (DSD) of

the TCWV as anomaly from the daily mean, averaged for each station is plotted on the

right panel in Figure 5.9 as frequency density plot. The DSD for each station ranges

between 5 % and 35 %. The median is at 15.1 % (equivalent to 2 mm TCWV; indicated

by the dashed vertical line) and 80 % of the stations show a DSD between 11 % and

21 % (indicated by the green color). Additionally, the location of the percentile groups

is plotted in the left panel of Figure 5.9. GNSS stations with low DSD (10th percentile;

indicated blue) are generally distributed in the tropical region. This region is known to

have a low daily variability of temperature and humidity. The outliers with high SDS

(red) are not limited to special climatological regions.

Summarizing, the averaged anomaly of the daily mean TCWV varies only between

1 % and 5 % for the majority of stations. This is an important information for the

interpretation of climatologies of TCWV from observations of polar-orbiting satellites
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Figure 5.7: Local time of occurrence of the minimum of the seasonal averaged daily
cycle.

(see next section). However, the variability around the daily mean for an individual day

is significantly higher, on average up to 35 %.

5.5 Representativeness of TCWV at 10:30 LT to daily

mean TCWV

Whether one observation at the overpass time of the satellite is representative for the

daily mean TCWV has been investigated. The bias between the TCWV (observed

at 10:30 LT) and the daily mean TCWV (for all days, that were cloud-free at 10:30

LT) was averaged for each GNSS station and shown in Figure 5.10. The right plot

represents the distribution of frequency of the bias for each station. Blue bars indicate

the bias classes that are within the 10th percentile of the distribution and red bars

above the 90th percentile. The spatial distribution of the GNSS stations is shown in

the left plot. A negative bias indicates that the 10:30 LT is lower than the daily mean.

The number of considered stations is reduced to 202 because some stations where mostly

cloud covered at 10:30 LT. Figure 5.10 shows a station-mean-bias of -0.63 mm (illustrated

by the vertical dashed line in the histogram) that is within the measurement accuracy of

the GNSS measurements and within the uncertainty ranges of a typical TCWV retrieval

from observations in the NIR (Diedrich et al. 2013). Here again, the station with low

biases are distributed in the tropical region, where the variability of TCWV is smaller

than in other regions. In general, negative biases were derived for nearly all stations.

This is consistent with the findings of the last section, where the averaged anomaly of

the diurnal cycle of TCWV is negative at 10:30 LT.
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Figure 5.8: GNSS TCWV vor 16 days in January 2003 at the station Potsdam (POTS)
in blue. Daily average TCWV in black. Anomalies are coloured (positive: red, negative:

blue).

5.6 Representativeness of cloud-free monthly-mean TCWV

to monthly-mean TCWV at 10:30 LT

The fact that TCWV derived from instruments like MERIS and MODIS is limited to

cloud-free areas has to be accounted for in the interpretation of trend analysis. Figure

5.11 shows monthly mean TCWV derived at 10:30 LT of all considered GNSS stations

for the period 2003-2011 in blue including all cases and cloud-free cases in red. There

is a clear difference in TCWV between all cases and non-cloudy cases. On average,

TCWV is about 25 % (about 5 mm) higher for all scenes than for clear scenes. This

expected increase in TCWV for cloudy cases has been detected also in the study by

Gaffen and Elliott (1993). Concerning climatological studies of absolute TCWV values,

the TCWV observed at cloud-free cases is not representative for the TCWV including

all cases. Nevertheless, the cloud-free and all-case TCWV are highly correlated.

5.7 Conclusions

In this investigation the representativeness of the TCWV derived from imaging spec-

trometers that measure radiance in the NIR on polar orbiting satellites is discussed. A

TCWV data set derived from GNSS delay measurements that is hardly influenced by

clouds has been used. It turns out that on average the TCWV observed at 10:30 LT on

cloud-free cases is generally lower than the daily mean TCWV. The bias of -0.65 mm

(-4 %) is in the range of the mean amplitude of the diurnal cycle. The monthly mean
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Figure 5.9: Mean daily standard deviation anomaly from the daily mean TCWV in
%. Right plot: Histogram of the bias, red bars indicate the classes that are in the
10th percentile, red bars indicate classes that are above the 90th percentile; the vertical
dashed line illustrates the position of the station-median of the standard deviation
anomaly. Left plot: Spatial distribution of stations coloured with the three percentile

classes.

Figure 5.10: Bias for each station between the TCWV observed at 10:30 LT and the
daily mean TCVW for all cases, that were cloud-free at 10:30 local time. Right plot:
Histogram of the bias, red bars indicate the classes that are in the 10th percentile,
red bars indicate classes that are above the 90th percentile; the vertical dashed line
illustrates the position of the station-median of the bias. Left plot: Spatial distribution

of stations coloured with the three percentile classes.

TCWV observed at 10:30 LT constrained to cloud-free case is significant lower than the

monthly mean TCWV of all cases by about 25 % (5 mm). Nevertheless, the diurnal cycle

is only a few percent of the daily mean TCWV for most of the stations. On average,

for the majority of stations, TCWV peaks at the evening and is minimal in the early

morning local time. However, the variability on an individual day is much higher. The

daily standard deviation averaged for every station is about 15 % of the daily mean.



Chapter 5. Representativeness of TCWV from polar orbiting satellites 86

Figure 5.11: Monthly mean TCWV of all selected stations for cloudy scenes in blue
and non-cloudy scenes in red lines.The shading indicates the 95 %-significance interval.

Summarizing, the biggest influence on the representativeness of observed TCWV from

polar orbiting satellites is the constraint to cloud-free areas. The time of observation is

a minor factor and in case of the MODIS and MERIS overpass negligible, when averag-

ing over time. The used GNSS-TCWV data set, collocated with cloud information data

from satellites, offers a lot of potential for studies concerning for example the interaction

between clouds and water vapour. As precipitation is also strongly influencing the water

transport and consequently to TCWV, the collocation of rain gouge data can also serve

a more detailed view of the reasons for the individual diurnal viability of TCWV.



Chapter 6

Statistical relationship between

cloud properties and total column

water vapour

6.1 Introduction

In Chapter 5, the impact of clouds on the observation of TCWV derived from measure-

ment in the NIR has been assessed briefly. Clouds significantly influence the remote

sensing of TCWV, especially in the VIS to IR spectral range. These satellite products

of TCWV are used for the monitoring of the Earth’s climate. Furthermore, they are

assimilated into NWP models. Additionally, TCWV data sets are used to evaluate the

outcome of the models although they are constrained to cloud-free cases. Trend analysis

of TCWV with observations is also influenced by the presence of clouds.

On average about 70 % of the Earth’s surface is covered by clouds (Stubenrauch et al.

2013). Consequently, they play a key role in the climate, especially in the radiation

budget of the Earth. The temporal and spatial scales of clouds range from few hundred

meters and a few minutes to a hundreds of kilometres and day with high variability. Cli-

mate and weather prediction models face the challenge of exactly represent cloud forming

processes. Because of the low spatial resolution of the models, small scale atmospheric

processes such as cloud evolution can not be resolved and are consequently parametrised

as fractional cloud cover , using probability density functions of the specific humidity

(Quaas 2012). Generally, evaluation studies reveal that the cloud representations in

NWP models is biased and very much dependent on the parametrization scheme of the

individual model (Eikenberg et al. 2015, Illingworth et al. 2007). In order to better un-

derstand the cloud processes on a global scale accurate observations of clouds are needed.

The remote sensing of clouds and their optical parameters from satellites (Henken et al.

2014, Platnick et al. 2015) can contribute to that. In the HD(CP)2 project1, observation

1http://www.hdcp2.eu
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and model communities are brought together in order to improve the understanding of

cloud processes and the representation of clouds and the hydrological cycle in the models.

This study intends to contribute to that.

Clouds form from water vapour through convection, which is initiated by heating of

the surface or lifting processes and fuelled by the lapse rate of the temperature and

the dew point in the boundary layer (Sherwood et al. 2010). Only a few percent of

the total amount of water vapour in the column is converted into cloud water path

(CWP). From this small portion only a few percent can form precipitation. However,

an increased TCWV is not automatically resulting in an increased cloud cover or pre-

cipitation. Studies about the quantitative relation between TCWV and cloud amount

are sparse (e.g. Gaffen and Elliott (1993)).

In this study the L2-Cloud-Product from MODIS measurements was used to quantify

the statistical relationship between cloud properties and TCWV from observations. Ad-

ditionally, data from a high resolution local NWP model COSMO-DE and reanalysis

data (ERA-Interim) were collocated in order to compare the statistical relationship be-

tween clouds and TCWV found from model data to the observation. These studies can

help to improve the cloud parametrizations of the models, which will in turn improve the

computation of radiative fluxes, precipitation forecasts etc. As the model data is limited

to the larger German area, this study is only valid for this environment and represents a

first step to a large-scale evaluation of the relation between TCWV and cloud properties

on a statistical level. The analysis is an example of the various applications of observed

TCWV

6.2 Data sets and collocation method

On the observation side the MODIS MOD06-L2 product was spatially and temporally

collocated with 5 years of TCWV values derived from GNSS ZTD measurements for

German stations (see Figure 6.1). On the model side TCWV and cloud parameters

where extracted for the same points of time from COSMO-DE analysis and ERA-Interim

reanalysis. The data sets will be described in detail hereafter.

MODIS cloud product

The collection 6 of the MODIS cloud product (for Terra: MOD06-L2; for Aqua: MYD06-

L2) is a sophisticated and well established data set that contains the cloud mask, cloud-

top properties (pressure, temperature, phase, and height), and cloud optical properties

(optical thickness, effective particle radius), and water path for both liquid water and

ice clouds on a pixel basis (Platnick et al. 2015). The MODIS cloud product is based on

measurements in the visible, NIR, and IR and is continually improved over the years.

However, the retrievals face several challenges such as:

• snow cloud ambiguity
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• ice and water cloud ambiguity

• multilayer clouds

• the fact that the satellite only observes the top of the cloud

• sub-pixel clouds

Consequently, the data set does not provide cloud property for every pixel that was

detected as a cloudy pixel. This fact has to be accounted for in the interpretation of the

data.

Besides the cloud mask, the following cloud properties where used in this study: cloud

phase, total cloud water and ice path (CWP) and cloud top pressure (CTP). The CTP

is only provided on a 5 km x 5 km resolution and has been interpolated to the 1 km x

1 km grid. MODIS-Data from both Aqua and Terra spacecrafts was used for this study

(see Chapter 3 for detailed information about MODIS).

GNSS data set

Five years (2008-2012) of TCWV values derived from measurements of the atmospheric

delay of microwave signals from GNSS satellites has been provided by the Geoforschungs-

zentrum Potsdam. For detailed description of the general retrieval procedure see Chapter

2. In contrast to the GNSS-TCWV data set that was used in Chapter 5 this record

provides TCWV on a 15 minute resolution for stations distributed only in Germany

(Figure 6.1) (Dick et al. 2001, Gendt et al. 2004).

COSMO-DE

NWP analysis data from the COSMO-DE model for five years (2008-2012) were pro-

vided by Universität zu Köln. COSMO-DE is a non-hydrostatic NWP model, covering

Germany and parts of its neighbouring countries (Figure 6.2). Short-range numerical

forecasts are provided every 3 hours (00,03,06,09,12,15,18,21 UTC) on a grid with 50

vertical layers ranging from 10 m above ground to 22 km above mean sea level. The hor-

izontal dimension is 421x461 grid points resulting in a resolution of 2.8 km, allowing the

prognostic simulation of deep moist convection. However, shallow convection can not

be resolved and is consequently parametrized separately in sub-grid variables. COSMO-

DE is initialized with the boundary conditions of a 7 km COSMO model (COSMO-EU),

which itself is nested into a global model. Besides traditional meteorological variables

such as temperature, wind, and humidity, the data assimilation module of COSMO-

DE includes high-resolution radar data, snow depth and sea surface analysis. Further

description of the model is given by Baldauf et al. (2011).
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Figure 6.1: Location of the considered GNSS stations. The size of the markers
indicate the number of contributed cases.

ERA-Interim

The ERA-Interim reanalysis data set ranges from 1929 to present and is being continued

in real time. The spatial resolution of the model is about 80 km (T255) in 60 vertical

levels ranging from ground to 0.1 hPa (64 km). Several data sets, including satellite data

is assimilated into the model using four-dimensional variational analysis (4D-Var). A

detailed summary of the model specifics can be found in Dee et al. (2011). For this

study five years of TCWV and cloud information data was extracted for the analysis

time steps 00,06,12,18 UTC and temporally and spatially collocated.

Collocation procedure

Due to the various spatial resolutions of the data sets, the following collocation method

was performed.

1. For each GNSS station and each day the matching Aqua and Terra overpass time

was found and the corresponding GNSS TCWV value was selected within a 15

minute range.

2. Statistics of the cloud properties of the MOD06-L2 product were performed for

the corresponding 21x21 pixels centered at the location. An area of about 20 km
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Figure 6.2: Topographic map of the COSMO-DE model domain (red box) covering
an area of 1200 kmx1300 km of central Europe (http://www.dwd.de).

in diameter was chosen in order to account for the footprint of the GNSS mea-

surements due to the viewing zenith angles of the used satellites and to allow the

detection of the variability of cloud properties.

3. For the COSMO-DE data set the matching area of 7x7 grid boxes was selected that

has approximately the size of the MODIS tile. The data was linearly interpolated

between the two corresponding COSMO-DE time-steps to the time of observation

of the GNSS TCWV.

4. Due to the large grid box size of the ERA-Interim data, only one grid cell was

collocated and temporally interpolated.

A data record of 96150 cases emerges from the collocation of the data sets for the five

years from 2008 to 2012 that enables a statistical analysis with sufficient representative-

ness.

Cloud parameters

The cloudiness of a scene is approached differently in the observations in comparison to

the models. Multi spectral measurements in the VIS, NIR and IR are used to derive a

cloud-mask. For the majority of cases these procedures provide good confidence. How-

ever, the differentiation between clouds and clear snow areas is uncertain. Additionally,

sub-pixel clouds are problematic for the determination of a cloud mask, especially at

http://www.dwd.de
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Table 6.1: Model definition of 3 height classes and their vertical range in hPa:

Cloud class maximum CTP [hPa] maximum CTP [hPa]

High 100 400
Medium 400 800

Low 800 1000

Table 6.2: Overview of used parameters and their original temporal and spatial res-
olution.

Resolution
Parameter Source temporal spatial

GPS 15 minutes ∼ 2 km
TCWV COSMO-DE 3 hours 2.8 km

ERA-Interim 6 hours ∼ 80 km

MODIS 2 times daily 1 km
CWP COSMO-DE 3 hours 2.8 km

ERA-Interim 6 hours ∼ 80 km

MODIS 2 times daily 5 km
CTP COSMO-DE 3 hours 2.8 km

ERA-Interim 6 hours ∼ 80 km

MODIS 2 times daily 1 km
Cloud phase COSMO-DE 3 hours 2.8 km

ERA-Interim 6 hours ∼ 80 km

Cloud-mask MODIS 2 times daily 1 km
cloud cover COSMO-DE 3 hours 2.8 km
cloud cover ERA-Interim 6 hours ∼ 80 km

the boarders of larger clouds. The MODIS L2-product includes information of whether

a pixel is partly cloudy. Nevertheless, in this study only the pixels that are full-cloudy

were counted as cloudy and divided by the number of clear pixel for each MODIS tile

in order to derive a fractional cloud cover .

In most of the NWP models clouds evolve if a certain threshold of relative humidity is

reached. A fractional cloud cover is derived from the subgrid-scale variability of the total

water content. The cloud cover of a grid cell (ranging from 0 to 100 %) is increasing with

higher relative humidity. For both COSMO-DE and ERA-Interim, total cloud cover and

a cloud cover for the lowest, medium, and high air layers are provided (see Table 6.1).

The cloud water path (CWP) is a measure of the total amount of water present between

the bottom and top of the atmosphere that is the vertical integral of the liquid and ice

water mixing ratio.

Table 6.2 shows an overview of used parameters and their original temporal and spatial

resolution. Nevertheless, the collocated data set contains maximal two cases per day

(for the overpasses of Aqua and Terra).
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6.3 Results

Annual cycle of TCWV and CWP

In the following, the comparison between observed and modelled annual cycles of differ-

ent extracted parameters is presented. Figure 6.3 shows a weekly climatology of TCWV

of the three data sets for the full time series. The colors of the graphs indicate the

data sets, here and in the following figures (Observations in blue, COSMO-DE in red,

and ERA-Interim in green). The coloured shading of the graph indicate the 95 % con-

fidence interval for the weekly mean value taking the standard deviation into account.

Figure 6.3 clearly shows the annual cycle of TCWV with low values about 10 mm in

the winter (weeks 1 to 9 and 49 to 52) and high values about 25 mm in summer (weeks

25 to 35). There are some significant variations modulated onto the annual cycle, pre-

sumably resulting from the influences of the oscillating general circulation direction.

This circulation transports either mid latitude cyclones loaded with humidity and pre-

cipitation from the Atlantic ocean or redirects them due to a stationary high pressure

system located over middle Europe. This influence by the general circulation is well

captured by COSMO-DE, following the observation curve. Although the ERA-Interim

TCWV agrees generally with the other data sets in the characteristic of annual cycle,

the weekly or monthly variations are not represented in detail. Direct comparison reveal

that COSMO-DE and ERA-Interim have a dry bias in comparison to the observation of

about 1 mm whereas COSMO-DE agreement is significantly higher than ERA-Interim

(root mean square error for COSMO-DE vs. GNSS 1.9 mm and for ERA-Interim vs.

GNSS 5.7 mm; Figure 1 in the Appendix).

Figure 6.3: Weekly climatology of TCWV at the MODIS overpass times for 2008-2012
in [mm]. Shaded areas indicate the range of the 95 % confidence interval.
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As mentioned above, the MODIS data set provides the cloud-top phase on a pixel basis.

In Figure 6.4 the weekly climatology of TCWV for cases with mostly water clouds (blue

line), ice clouds (black line), and cases with uncertain or mixed phases (orange line) is

shown. Cases that contain more than 75 % water cloud pixels are flagged as water cloud

cases. The same is applied to ice clouds. Pixel with mixed or uncertain cloud phase are

condensed in the uncertain phase category. Only cases with minimum 30 % total cloud

cover are considered. On average, TCWV is higher for cases with mostly ice clouds than

for water clouds. The number of cases for each cloud-top-phase category is plotted at

the bottom of Figure 6.4. It reveals, that cases with unique cloud-top-phases are less

likely than cases with mixed cloud phases. There is a small increase of ice cloud cases in

the winter presumably connected with the increased likelihood of ice particles in clouds

due to the lower temperatures.

Figure 6.4: Weekly climatology of GNSS TCWV at the MODIS overpass times for
2008-2012 for cases with mostly water clouds (blue), ice clouds (black) and uncertain
phases (orange) (phase information from MODIS). The bars at the bottom indicate the
number of contributed cases for each cloud phase. Shaded areas indicate the range of

the 95 % confidence interval. See text for detailed description of the cases.

Figure 6.5 shows the weekly climatology CWP for the three data sets for all cases.

For the MODIS record only cases that are flagged as snow-free were regarded in order

to exclude cases that are problematic for the retrieval of the CWP. Generally, ERA-

Interim and COSMO-DE agree, that there is no significant annual cycle of the weekly

mean CWP. For MODIS there is an increase of CWP in the winter months (week 1 to 4

and 48 to 52). This is presumably due to the low sun altitude (high sun zenith angles)

in the winter time, especially of the Terra cases (overpass time between 8 and 10 a.m.

local time). First, the low illumination increases the SNR of the radiance measurement

and second, shadow effects increase the uncertainty of the CWP retrieval. Third and
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as a consequence, contamination by snow pixels is more likely. The number of cases

(indicated by the bars at the bottom of Figure 6.5) are sufficient high in order to derive

reliable mean CWPs and also similar for the three data sets for a fair comparison. The

general decrease in the number of cases in the last two weeks of the year is due to the lack

of measurements of the GNSS-dataset at the end of the years 2008, 2009, and 2012. The

general comparison of the annual mean CWP of the three data sets reveals significant

differences. The mean CWP from COSMO-DE fluctuates around 50 g/m2, whereas the

CWP from ERA-Interim is at 100 g/m2 and the CWP derived from MODIS observations

varies around a yearly mean of 150 g/m2. The largest fluctuations are present for the

MODIS CWP ranging up to 300 g/m2. The deviations between observations and models

could result from the fact, that the fraction of sub-grid clouds is not included in the CWP.

Figure 6.5: Weekly climatology of CWP at the MODIS overpass times for 2008-2012
in g/m2 for all cases at MODIS overpass time. The bars at the bottom indicate the

number of cases for the three data sets. For detailed description see the text.

TCWV and clouds

In the following, the statistical relationship between the TCWV and cloud parameters

for both observation and models is presented. Figure 6.6 shows a histogram of the

TCWV anomalies for all cases in solid lines and for cloudy cases (cloud cover higher

than 75 %) in dashed lines. The TCWV anomaly TCWVanom for each time step td is

derived by the division of the TCWV at the time step and climatological TCWVclim of

the corresponding week tw (from Figure 6.3):

TCWVanom(td) = TCWV(td)/TCWVclim(tw)× 100 (6.1)
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The histograms in Figure 6.6 represent probability density functions (PDF) of the

TCWV anomaly that is independent of the annual variation of the TCWV. The solid

lines have an asymmetric shape shifted to dryer cases (below 100 % anomaly). All three

data sets have a similar shape of the PDFs for all cases.

Slightly different shapes reveal, when considering only cloudy cases (dashed lines). For

the observations (TCWV from GNSS and cloud-mask from MODIS) generally the max-

imum of the histogram is significantly lower due to lower number of cases and is slightly

shifted to higher anomalies. At approximately 200 % nearly all cases are cloudy. The

PDF for the ERA-Interim data set agrees with this relationship, although there are

more cases between 120 and 220 % TCWV anomaly in comparison to the observations.

The COSMO-DE statistic reveal that there are significant more cases with cloud cover

higher than 75 % and there are more cases with higher TCWV anomalies. At about

200 % TCWV anomaly almost all cases are cloudy. The differences between observa-

tions and COSMO-DE model can be either a first clue for the inaccurate cloud formation

representation in the COSMO-DE model or could result from the different determina-

tion of cloud cover (MODIS cloud mask versus COSMO-DE cloud cover ). The latter

is rather unlikely because ERA-Interim is agreeing very well with the observations and

uses the same description of cloudiness. Böhme et al. (2011) found out that COSMO-DE

generally produces more clouds and suggests that there is an overestimation of the prob-

ability of high clouds in the model. A first hint of this feature was also recognized in this

comparison. When extracting the cases where COSMO-DE detects mostly high clouds,

the agreement between the PDFs of the cloudy cases is increased distinctly (Figure 2

in the Appendix). Generally, the shift of the maximum of the PDFs between all cases

and cloudy cases is related to increased TCWV for cloudy cases (as already captured in

Chapter 4). How TCWV is related to cloud cover is presented in the following.

Figure 6.6: Histogram of the TCWV anomalies in % for all cases (solid lines) and for
cases with cloud higher than 75 % (dashed lines). For detailed description see the text.
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Figure 6.7 shows the seasonal mean TCWV as a function of cloud cover . The low cloud

cover class (0-20 %) is indicated by bright colors and the high cloud cover class (80-100 %)

is indicated by dark colors. For the observation, meaning the GNSS TCWV and MODIS

cloud-mask (upper left plot with blue colors), a clear relationship of increasing TCWV

with increasing cloud cover for all seasons emerges. Overall, the statistics for COSMO-

DE represent this relation, but the absolute values of the seasonal TCWV are significant

smaller for cloud classes below 80 % cloud cover in comparison to the observations. The

same applies to the ERA-Interim data and reflects the dry bias between observations

and models. The relationship of increasing TCWV with increasing cloud-over is not

represented in the ERA-Interim data set for the cloud classes between 20 and 80 %.

This could be due to the fact that there is only a comparably small number of cases of

those cloud cover classes, that is confirmed in the following.

In Figure 6.8 the direct comparison of the cloud cover between the models and the

observations is shown for each cloud cover class. On the left panel of the figure, the

comparison to COSMO-DE data reveals that observations and models agree that there

are significant more cases that are either clear or totally covered by clouds. However,

COSMO-DE tends to produce more cases with cloud cover higher than 80 % that is

consistent with Figure 6.6 (over 50 % of the cases are in that cloud cover class, indicated

by the fractions at the right of the plot). Overall, observations and models agree in 48 %

of all cases (sum of all numbers in the bisector line, indicated by the grey number in

the top right corner of the plot). For ERA-Interim, the general agreement is lower in

comparison to COSMO-DE.

The statistical relationship between CWP, cloud cover and TCWV is integrated in Figure

6.9 for the model and observation data sets. Here, CWP bins are plotted as a function

of cloud cover and additionally marked with the mean TCWV anomalies for each bin.

Terra cases in December and January for the whole time series were omitted in order to

account for the larger uncertainties of the MODIS CWP due to low sun elevations. The

analysis of the left panel in Figure 6.9 that represents the observations reveals an increase

number of cases with higher CWP with increasing cloud cover . As expected, the mean

CWP of a scene of 21x21 pixels increases with higher percentage of clouds. Hence, the

TCWV anomaly increases with higher CWP and higher cloud cover . Additionally, the

TCWV anomaly increases faster with increasing CWP for higher cloud cover than for

lower cloud cover . For cases with CWP higher than 200 g/m2 the mean TCWV anomaly

is higher than 120 %, meaning that for cases with high cloud cover and increased CWP,

the TCWV is significantly higher than the climatological mean. There are essential

differences between the observations and the COSMO-DE model-data output. For cloud

cover lower than 80 %, the CWP does not exceed 140 g/m2 and the TCWV anomalies

are below 100 % for these cases. All CWP classes at cloud cover class 80-100 % show

a mean TCWV anomaly of over 100 %. The statistics of the ERA-Interim output are

more similar to the observations. Here again, an increase of TCWV anomaly and CWP

with increasing cloud cover is recorded. Nevertheless, cloud classes below 80 % have

lower CWP than in the observations.
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Figure 6.7: Seasonal mean TCWV as a function of seasonal mean cloud cover for
the observations (top left Panel; blue), COSMO-DE (top right panel; red), and ERA-
Interim (lower Panel; green). The markers include the interval of 95 % confidence of

the mean value.

In the following, the total cloud water path is connected to the height and the extend of

the cloud. High and thin clouds have a significant lower CWP than clouds that range

from the lower troposphere to the tropopause such as cumulus nimbus. Figure 6.10

shows a study of the influence of the height of the cloud on the TCWV. The cloud

top pressure of the MODIS observations and the cloud cover in a certain height of the

models can not be compared directly due to the fact that the satellite can only detect

the height of the uppermost cloud layer. Therefore, the data was transformed in the

following way.

1. First, for each MODIS scene the pixel where classified in the height classes pre-

sented in Table 6.1 using the CTP. Afterwards, the number of pixel in each cloud-

height class was converted to a total cloud cover . All cases that contain snow

pixels were excluded.

2. The cloud cover for the three height classes of the COSMO-DE output was modified

so that the sum of the cloud cover in the classes equals the total cloud cover given

by the model. This was done while favouring always the highest cloud layer. For

example, all grid-cells on the highest cloud layer, that have a cloud cover higher

than 50 % were counted as cloudy for the highest cloud class. For the medium
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Figure 6.8: Number of cases for cloud cover classes of direct comparison of the total
cloud cover between observations and model data output (left panel: COSMO-DE;
right panel: ERA-Interim). The darker the colors, the higher the number of cases. The
coloured numbers at the right and top end give the fraction of all cases in the cloud class
for model or observation in comparison to the number of all cases. The grey number

at the top right end indicates the percentage of cases that are in the angle bisector.

cloud layer, all grid cells that have a cloud cover higher than 50 % BUT are not

detected as cloudy in the highest layer where counted as cloudy for the medium

cloud layer. This procedure was applied equivalently to the lowest layer. The

outcome is similar to the cloud cover seen from space.

3. Because of the large grid-cell size of the ERA-Interim data, the fractional cloud

cover for each height class was used for the comparison as provided by the model.

Afterwards, the collocated cases were sorted into the three cloud-height classes if the

according cloud cover in that level exceeds 50 %. This artificial threshold is expected to

represent the dominating cloud-height class. For example, a cases with 62 % high cloud

cover , 30 % medium cloud cover and 8 % low cloud cover is sorted into the group of high

clouds. Figure 6.10 shows the frequency of occurrence of a certain cloud cover height-

class as a function of TCWV anomalies. Here, for all three data sets a similar picture

is revealing. For low TCWV anomalies, cases with medium cloud-height are dominant.

Cases with low level clouds are sparse in this comparison. First, this could be due to

the shielding effect of the higher clouds in multilayer cloud conditions and second due to

the fact that clouds below 2 km are usually small cumulus clouds that do not produce

cloud cover s higher than 50 %. With increasing TCWV anomalies, the fraction of high

clouds is increasing while the fraction of medium and low clouds is decreasing. For cases

with 180 % TCWV anomaly over 60 % of the cases are high clouds, only about 30 % are

medium clouds and low clouds are rarely observed.

The good agreement between observations and models in the statistics of Figure 6.8

does not propagate into the direct comparison of the cloud heights, shown in Table
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Figure 6.9: TCWV anomalies in % for different CWP intervals in g/m2 as a function
of cloud cover .

Table 6.3: Case to case agreement between observations and models for the cloud top
height classes.

Cloud height COSMO-DE [%] ERA-Interim [%]

High 71 55
Medium 55 45

Low 30 22

6.3. The agreement is increasing with higher clouds. COSMO-DE performs better than

ERA-Interim.

6.4 Summmary and outlook

In this study the statistical relationship between TCWV and selected cloud properties

for observations and analysis of NWP models was assessed. Additionally, climatologies of

different parameters for the observations and models were analysed. Five years of TCWV

derived from German GNSS receivers were collocated with the MODIS-L2 cloud product

for the observations. For the models, analysis data of the corresponding grid cells of
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Figure 6.10: Frequency of cloud top heights for different TCWV anomaly intervals
(indicated by the size and the darkness of the squares). See text for detailed description.

the COSMO-DE model and ERA-Interim data set were collocated. In the following the

main findings of this study are listed:

1. The comparison of weekly mean TCWV reveals that COSMO-DE agrees with the

observations even in short term variations of the TCWV, whereas ERA-Interim

shows some deviations. The modelled TCWV shows a systematic dry bias.

2. The weekly mean TCWV for scenes, where MODIS detects mostly ice clouds is

higher on average than for the cases with mostly water clouds.

3. There are systematic differences in the comparison of the weekly mean CWP.

Generally, the models show lower CWP with only half of the yearly mean CWP in

the COSMO-DE case in comparison to the observations. A possible explanation

is the lack of sub-grid clouds in the integral of cloud water path. The observed

weekly mean CWP is significantly higher in the winter months. This could be

explained by the high sun zenith angles that are problematic for the retrieval.

4. The TCWV anomaly from the climatological mean is increased for cloudy cases in

comparison to all cases (consistent with the findings in Chapter 5). Here, COSMO-

DE overestimates the number of cases with cloud cover higher than 75 %. A

detailed analysis reveals that mostly high clouds are responsible for the difference,

that is consistent with evaluation studies of the Model.
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5. The observations show a clear relationship of increasing seasonal mean TCWV

with increasing cloud cover . In the COSMO-DE output this relationship is cap-

tured, although the TCWV for lower cloud cover s is reduced in comparison to

the observation. This could be explained by the dominance of the number of cases

with high cloud cover s above 80 % in the model data output. The observations

show that cloud cover between 20 and 80 % are less common in this comparison.

COSMO-DE overestimates the number of cases with high cloud cover. A similar

behaviour applies to the ERA-Interim data set.

6. The direct comparison of TCWV anomaly, CWP and cloud cover supports the

earlier findings. TCWV anomaly is increasing and cases with higher CWP are

more likely with higher cloud cover in the observations. COSMO-DE only produces

mean CWP higher than 140 g/m2 only for cloud cover higher than 80 %. The

outcome of the ERA-Interim data is closer to the observation than COSMO-DE.

7. The investigation of the statistical relationship between TCWV anomaly and cloud

height reveals that for low TCWV anomalies medium cloud top heights are most

common. With increasing TCWV anomaly, the number of cases with higher cloud

top as well as the number of low cloud cases is decreasing. Here, observations

and models generally agree. However in the direct case-by-case comparison the

agreement is lower.

Summarizing the relationship between TCWV and clouds for the observations, the

TCWV increases not only with higher cloud cover but also with increasing CWP and

cloud top height and the fraction of cloud top ice phase. The CWP and the cloud top

height and phase can be a measure of the cloud thickness and type. However, in order to

draw a clear conclusion of the relationship between TCWV and cloud type, observations

of cloud types or at least cloud extend such as from space borne radar have to be taken

into account. These studies can also serve the improvement of the parametrisation of

the models.

Summarizing the relationship between TCWV and clouds of the observations in com-

parison to the models, there are some differences. This could originate from the spatial

and temporal resolution of the models as well as the parametrisations of the cloud pro-

cesses. Although the spatial resolution of COSMO-DE allows simulations of deep moist

convection, it can not resolve small scale convection. The underestimation of TCWV

and CWP could be a result of that. The overestimation of cloud cover , in detail of high

thin clouds as stated by Böhme et al. (2011), could be verified in this comparison.

Overall summarizing, this study represents a first step to a detailed analysis of the inter-

action between cloud and TCWV and the corresponding representation/parametrisation

in the models. On the one hand, the limitation of the area of interest (Germany) allows

a better interpretation of the data than a study of global data, due to the similar clima-

tological circumstances. On the other hand, the outcome of this study is constrained to

only this area and can not be extrapolated to other regions. Consequently, it is planned

to extend the collocation for the global GNSS data set used in Chapter 5 (Wang et al.



Chapter 6. Relation between cloud properties and TCWV 103

2007). In addition to the GNSS TCWV, observations from space on high spatial resolu-

tions such as from MERIS (see Chapter 3) can be used to derive the spatial variability

on a statistical level. These information can serve the improvement of the cloud evo-

lution parametrisation in the models. The consideration of information of the weather

situation or general circulation patterns is favourable.





Chapter 7

Conclusion and outlook

An universal total column water vapour retrieval has been developed and implemented

that derives TCWV from space borne radiance measurements for cloud-free land and

ocean surfaces. The procedure allows the adaption to satellite sensors that measure

radiance in the ρστ-water vapour absorption band. The algorithm iteratively minimises

the difference between simulated and measured radiances in a water vapour absorp-

tion channel with a sophisticated optimal estimation method. Additionally, it provides

uncertainty estimates on a pixel basis.

For this purpose, radiative transfer simulations have been performed for the water vapour

absorption band around 950 nm including the adjacent window bands. In order to fill

the gap between MERIS and OLCI in the TCWV time series, the retrieval was first

adapted to MODIS observations.

The investigation of a retrieval using only one of the three absorption channels of MODIS

results in different biases for each channel. After an extensive search for reasons for these

deviations and excluding several possible sources of errors such as the inaccurate spectral

calibration, the real cause remained unclear. Consequently, correction coefficients were

obtained setting ground based MWR measurements as truth and applied to the forward

operator that derives the atmospheric transmittance for each absorption channel. Fur-

ther, the universal retrieval was extended to ocean surfaces. Despite the fact that dark

ocean surfaces lead to higher uncertainties, information about the TCWV on a pixel

basis can improve atmospheric corrections, especially for ocean color remote sensing.

A detailed theoretical analysis of uncertainties of TCWV retrievals, that use radiance

measurements in the NIR, has been performed, focussing on the optimal channel com-

bination for future sensors. The study reveals that the uncertainties are most depended

on the surface reflectance followed by the presence of aerosols. In order to reduce the

uncertainties, in particular over dark surfaces, it is suggested to use at least two water

vapour absorption bands. Additionally, the optimal positions of the absorption bands

were evaluated by means of minimising the theoretical uncertainties.

105
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Furthermore, influences of the constrains to cloud-free areas and the low temporal sam-

pling of TCWV retrieved from polar orbiting satellites using reflected sunlight were

assessed. A global data set of TCWV derived from ground based GNSS zenith total

delay measurements, that is not affected by clouds, was analysed. The study reveals that

analysis of global mean TCWV is only marginally influenced by the fact that most of the

areas on the globe are only covered maximal once per day at 10:30 local time. However,

the variability of TCWV on a particular day can be larger than the difference between

the TCWV value observed from space and the daily mean TCWV. The limitation to

cloud-free areas introduces a significant dry bias to monthly mean TCWV.

Although this thesis focusses on the observation of TCWV, its representativeness and the

uncertainties, two applications of TCWV were presented. First, full resolution MERIS

TCWV data was used to demonstrate that small scale variations of water vapour in

the boundary layer can be resolved. A case study was presented demonstrating the

possibility to detect convective rolls could be detected over land surfaces over Central

Europe.

Secondly, the statistical relationship between TCWV and cloud properties was quan-

tified. Ground based GNSS TCWV data over Germany has been used and collocated

with space borne observations of cloud properties extracted from the MODIS L2 cloud

product. The general outcome of the investigation is that on average, TCWV and total

cloud water path (CWP) increase with increasing cloud coverage. Additionally, analysis

data of the high resolution COSMO-DE model and reanalysis data from ERA-Interim

were collocated. It turns out that on average the models agree with the observations.

However, the models tend to produce more cloudy cases with lower CWP.

To conclude, a basis of future remote sensing of water vapour has been accomplished

with the universal water vapour retrieval. Detailed analysis of the uncertainties and

representativeness were performed that enable fair interpretations of the outcomes of

studies that make use of the retrieved TCWV. A vital component of this work are ground

based observations of TCWV, in particular from GNSS stations. These observations

serve as ground-truth for the evaluation studies and are basis of the quantification of

the statistical relationship between cloud properties and TCWV.

In the near future, there are a few issues that have to be addressed regarding the universal

TCWV retrieval. Most importantly, the evaluation of the ocean processor has to be

done for MODIS and continued for MERIS with appropriate and independent data.

Furthermore, the reasons for the wet bias in the ocean processor need to be assessed.

Additionally, a comparison between MODIS and MERIS TCWV will be performed in

order to check for consistency. TCWV will be processed using the first OLCI data in

order to evaluate the performance especially over water surfaces. A closer look will

be taken on the uncertainties of the retrieved TCWV on a global scale will be taken.

Especially over land, the influence of the surface type, e.g. to vegetation, is planned to

be addressed.

Generally, TCWV will be retrieved for the entire MERIS and MODIS time series, al-

lowing studies about global water vapour trends like Docter (2015). Further, small scale
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variabilities of TCWV from MERIS full resolution data will be investigated. In partic-

ular, statistics of the small scale humidity structures will be derived. These information

can potentially improve the understanding of cloud formation processes in the NWP

and climate models.

The universal TCWV retrieval will be implemented in the BEAM software toolbox (open

source). A broad community of remote sensing scientist will be able to retrieve TCWV

for the scenes of interest. Finally, the retrieval will be adapted to OLCI data, validated

and cross compared with MODIS TCWV.

Once MTG is operating, observations of TCWV on high temporal and spatial resolutions

are possible. This will largely benefit studies of the diurnal cycle of TCWV. Furthermore,

studies about the interaction of water vapour and clouds, in particular the prediction of

convective initiation processes, will be performed with this data.
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Appendix

Figure 1: Normalized frequencies of occurrence for comparisons between TCWV from
GNSS observations and models (left: COSMO-DE, right: ERA-Interim).

Figure 2: Histogram of the TCWV anomalies in % for all cases (solid lines) and for
cases with cloud higher than 75 % (dashed lines). For the cloudy cases, all cases with

high clouds are omitted (cloud cover of high clouds higher than 5 %).
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Abbreviations

AATSR Along Track Scanning Radiometer

AERONET AEROsol Robotic NETwork

AMF Air Mass Factor

AOT Aerosol Optical Thickness

BRDF Bidirectional Reflection Distribution Function

CERES Earth’s Radiant Energy System

CWP Cloud Water Path

DSD Daily Standard Deviation

EMiR ERS/Envisat MWR Recalibration and

Water Vapour Thematic Data Record Generation

FCI Flexible Combined Imager

GCM Global Circulation Model

GCOS Global Climate Observing System

GRUAN GCOS Upper Air Reference Network

GNSS Globale Navigation Satellite System

HCR Horizontal Convective Roll

LT Local Time

LUT Look Up Table

IASI Infrared Atmospheric Sounding Interferometer

IQR InnerQuartil Range

IR InfraRed

NIR Near InfraRed

NWP Numerical Weather Prediction

NSA North Slope of Alaska

MERIS MEdium Resolution Iimaging Spectrometer
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MSG Meteosat Second Generation

MTG Meteosat Third Generation

MWR MicroWave Radiometers

MODIS MOderate Resolution Iimaging Spectroradiometer

MOMO Matrix Operator Method Model

NASA National Aeronautics and Space Administration

OLCI Ocean and Land Color Instrument

OE Optimal Estimation

PDF Probability Density Function

RMSD Root Mean Square Deviation

rH relative Humidity

NPTS Number of PoinTS

SEVIRI Spinning Enhanced Visible and InfRared Imager

SH Specific Humidity
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Summary

Water Vapour plays a vital role in the Earth’s atmosphere. It is an important part of the

water cycle and accounts for the largest component of the total greenhouse effect. Several

feed-back mechanisms are connected to water vapour, in terms of the rise in global mean

temperature as part of the global climate change. Observations of water vapour are

crucial for the monitoring of the Earth’s climate. The diversity of ground based and

space borne observations has increased over the years. However, global coverage can

only be provided by space borne sensors. Currently, the monitoring of water vapour on

spatial resolutions up to a few hundred meters can only be provided by spectrometers

that measure reflected sunlight.

In this work, a universal Total Column Water Vapour (TCVW) retrieval has been de-

veloped and implemented that derives TCWV from radiance measurements in the ρστ-

water vapour absorption band. TCWV and uncertainties are provided on a pixel basis

over land and ocean surfaces for all cloud-free daytime scenes. The procedure allows the

adaption to satellite sensors that measure radiance in the near-infrared. The algorithm

iteratively minimises the difference between simulated and measured radiances in the

water vapour absorption channels with a sophisticated optimal estimation method. The

procedure has been applied to the channel setups of the MEdium Resolution Imaging

Spectrometer (MERIS) on ENVISAT and the MOderate Resolution Imaging Spectro-

radiometer (MODIS) on Aqua and Terra. It is also ready to be adapted to the Ocean

and Land Color Instrument (OLCI) on Sentinel-3.

In order to assess the performance of the algorithm over land, processed TCWV data

were compared to several independent ground based observations such as from Global

Navigation Satellite System (GNSS) stations and GCOS Reference Upper Air Network
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(GRUAN) radiosondes. The validation reveals high correlations and no significant bi-

ases. A first evaluation of the MERIS ocean processor shows a significant but constant

wet bias.

The retrieval has been applied to full resolution MERIS data. It showed that small scale

variations of water vapour in the boundary layer can be resolved. A case study was

presented demonstrating the possibility to detect horizontal convective rolls over land

surfaces over Central Europe.

Furthermore, a quantification of uncertainties of TCWV retrievals that use radiance

measurements in the NIR was performed. This study includes the theoretical determi-

nation of the optimal channel combination in order to minimise the uncertainties of the

retrieval.

Additionally, influences of the constrains to cloud-free areas and the low temporal sam-

pling of TCWV retrieved from polar orbiting satellites using reflected sunlight were

assessed. A global TCWV data set from ground based GNSS stations, that is not af-

fected by clouds, was analysed. The study reveals that analysis of global mean TCWV

is only marginally influenced by the fact that most of the areas on the globe are covered

maximal once per day. However, the variability of TCWV on a particular day can be

larger than the difference between the TCWV value observed from space and the daily

mean TCWV. The limitation to cloud-free areas introduces a significant dry bias to

monthly mean TCWV.

Finally, the statistical relationship between TCWV and cloud properties has been quan-

tified. Ground based GNSS TCWV data over Germany was used and collocated with

space borne observations of cloud properties extracted from the MODIS L2 product.

The general outcome of the investigation is that on average, TCWV and total cloud wa-

ter path (CWP) increase with increasing cloud coverage. Additionally, analysis data of

the high resolution COSMO-DE model and reanalysis data from ERA-Interim were col-

located. It turns out that on average the models agree with the observations. However,

the models tend to produce more cloudy cases with lower CWP.



Zusammenfassung

Wasserdampf spielt eine wichtige Rolle in der Erdatmosphäre. Es ist ein bedeuten-

der Bestandteil des Wasserkreislaufs und ist verantwortlich für den größten Teil am

Treibhauseffekt. Mehrere Rückkopplungsmechanismen sind mit dem Wasserdampf ver-

bunden, welche durch die Erhöhung der mittleren globalen Temperatur als Teil der

Klimaveränderung hervorgerufen werden. Die Beobachtung von Wasserdampf ist es-

sentiell für die Überwachung des Klimas der Erde. Die Vielfalt an Observationen vom

Boden und aus dem Weltraum hat über die Jahre zugenommen. Allerdings können nur

weltraumgestützte Sensoren die globale Abdeckung zur Verfügung stellen. Im Moment

können nur Spektrometer, die reflektiertes Sonnenlicht messen, räumliche Auflösungen

von bis zu wenigen hundert Metern erreichen.

In dieser Arbeit wurde ein Verfahren zum Ableiten des Gesamtsäulenwasserdampfes

(TCWV) entwickelt und implementiert, welches TCWV aus Radianzmessungen in der

ρστ-Wasserdampfabsorptionsbande bestimmt. TCWV und dessen Unsicherheiten wer-

den auf Pixel-Basis für tageszeitliche und wolkenfreie Szenen über Land oder Ozean

bereit gestellt. Das Verfahren kann auf Satellitensensoren adaptiert werden, die im na-

hen infraroten Spektralbereich messen. Der Algorithmus minimiert iterativ die Differenz

zwischen simulierten und gemessenen Radianzen in den Wasserdampfabsorptionskanälen

mit einer hochentwickelten optimal estimation method. Das Verfahren wurde auf die

Kanalsetzung des MEdium Resolution Imaging Spectrometer (MERIS) auf ENVISAT

und des MOderate Resolution Imaging Spectroradiometer (MODIS) auf Aqua und Terra

angewendet. Die Adaption auf das Ocean and Land Color Instrument auf Sentinel-3

wurde vorbereitet.

Um die Leistungsfähigkeit des Algorithmus abzuschätzen, wurden prozessierte TCWV

Daten mit mehreren unabhängigen bodengestützten Observationen verglichen, wie z.B.
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von Global Navigation Satellite System (GNSS) Stationen and GCOS Reference Upper

Air Network (GRUAN) Radiosonden. Aus diesem Vergleich gingen hohe Korrelationen

und keine signifikanten Abweichungen hervor. Eine erste Einschätzung des Ozeanprozes-

sors ergab einen signifikanten aber konstant positiven Fehler.

Der Algorithmus wurde auf MERIS full resolution Daten angewendet. Es zeigt sich,

dass kleinskalige Variationen des Wasserdampfs in der Grenzschicht aufgelöst werden

können. Eine Fallstudie präsentiert die Möglichkeit mit diesen Daten horizontale kon-

vektive Rollen über Landflächen in Zentraleuropa zu detektieren.

Zusätzlich wurden die Unsicherheiten von Wasserdampfableitungsverfahren quantifiziert,

welche Radianzmessungen im nahen infraroten Spektralbereich verwenden. Diese Studie

beinhaltet außerdem die theoretische Bestimmung der optimalen Kanalsetzung, bei der

die Unsicherheit des Verfahrens minimal ist.

Des Weiteren wurden die Einflüsse der Beschränkung auf wolkenfreie Gebiete und die

geringe zeitliche Abtastung von TCWV-Verfahren, welche reflektiertes Sonnenlicht ver-

wenden, abgeschätzt. Ein globaler TCWV Datensatz von bodengestützten GNSS Statio-

nen, welcher nicht von Wolken beeinflusst ist, wurde dafür verwendet. Die Studie zeigt,

dass Analysen von global gemittelten TCWV-Werten nur marginal dadurch beeinflusst

werden, dass viele Bereiche der Erde maximal einmal pro Tag abgedeckt werden. Jedoch

kann die Variabilität des TCWV an einem Tag größer sein als die Differenz zwischen

dem vom Satelliten abgeleiteten TCWV und dem täglichen Mittel des TCWVs. Durch

die Einschränkung auf wolkenfreie Gebiete ist der monatlich gemittelte TCWV-Wert

signifikant niedriger als für bewölkte und nicht bewölkte Fälle zusammen.

Weitergehend wurde der statistische Zusammenhang zwischen TCWV und Wolkenpa-

rametern quantifiziert. Bodengestützte GNSS-TCWV-Daten über Deutschland wur-

den ausgewertet und mit den satellitengestützten Observationen von Wolkenparametern

kollokiert, welche vom Moderate Resolution Imaging Spectroradiometer (MODIS) L2-

Produkts extrahiert wurden. Das generelle Ergebnis der Untersuchung ist, dass TCWV

und Wolkenwassergehalt (CWP) im Durchschnitt mit zunehmender Wolkenbedeckung

ansteigen. Zusätzlich wurden Daten des hochaufgelösten COSMO-DE Modells und Re-

analysedaten von ERA-Interim kollokiert. Es ergibt sich, dass die Modelle im Mittel
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gleiche Ergebnisse liefern. Allerdings tendieren sie dazu, eine größere Anzahl von wolki-

gen Fällen mit weniger CWP zu produzieren.
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Aktivitäten in den Pausen, auf Konferenzen und für die Beantwortung so vieler Fragen

danken. Hervorheben möchte ich René Preusker, der mir bei allen Problemen geholfen

hat, Cintia Carbajal-Henken für interessante Diskussionen und Florian Filipitsch, dem

besten Zimmerkollegen den ich mir vorstellen konnte. Vielen Dank auch an Nicole
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