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Abstract

Effect of clouds in a changing climate represent a major source of uncertainty in simula-
tion for future climate. Among other, these uncertainties include changes in cloud cover,
cloud lifetime, and response of cloud cover to increasing greenhouse gases. Cloud effect
on the radiation budget in a future climate change is therefore an important issue.

The aim of this thesis is to improve the understanding of radiation transfer in cloudy
atmosphere by determining the effect of a given cloud class (stratiform clouds) on short-
wave (solar) radiation fluxes at Payerne (Switzerland). For this purpose, a method is
devised that can be applied to longterm time series issued from operational monitoring
at aerological stations. A first step is devoted to verifying how well single cloud layer
situations can be identified, and how well the lower and upper boundary of the cloud
layer can be determined. This step relies on comparing data obtained via operational
monitoring (remote sensing and in-situ radiosounding) with data from an intensive ob-
servational period (TUC - Temperature hUmidity and Cloud campaign) conducted at
Payerne. In a second step, the validity of our understanding (model simulation) of radi-
ation transfer in clear-sky atmosphere is tested with observational data. In a third step,
selected single cloud layer situations are simulated with a radiation transfer model, and
the simulation results are verified with observational data at the surface and the top of
the atmosphere. These simulations are then used to infer the absorbance, transmittance
and reflectance of the single cloud layer for each selected situation. In parallel an empir-
ical method is also applied to determine the cloud effect uniquely from observational data.

The Baseline Surface Radiation Network (BSRN) aims at longterm high accuracy ra-
diation monitoring, and includes 39 stations over the globe. One of the BSRN stations is
collocated with the Payerne aerological station of the Federal Office of Meteorology and
Climatology, MeteoSwiss. Since 1992, short- and longwave downward and upward radia-
tion is observed according to BSRN guidelines. Additionally, aerosol optical depth (AOD)
observations are performed since October 2000. Surface observations of the cloud cover,
type and altitude are performed at 3 hours intervals (synop), during day and night. Fi-
nally, balloon-borne meteorological radiosoundings including temperature, humidity and
pressure profiles, are performed twice a day. Together with additional surface observa-
tions from Payerne and from other meteorological stations in Switzerland, these data sets
are the basis for the studies presented here.

During the experimental TUC campaign in winter 2003/2004, a cloud radar and a ceilome-
ter were simultaneously operated in Payerne. A method for automatic detection of fog
and stratus cloud lower and upper boundaries is presented. The ceilometer shows high
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efficiency for fog and cloud-base detection (> 95%). The cloud radar, which represents a
prototype instrument, reveals less reliability (< 60%) for the cloud- and fog-top detection.
Furthermore, a comparison of the cloud-top detection with cloud radar and radiosounding
temperature and humidity profiles is performed. The results show that a positive bias on
the order of 50 m exists between the radiosounding and cloud radar determination of the
upper cloud boundary.

AOD observations, radiosounding profiles and further meteorological observations from
2001 to 2005 are used for clear sky radiation simulations with MODTRANTM. Compari-
son of modeled shortwave downward radiation (SDR) and BSRN observations show good
agreement for the global SDR, with an accuracy well within instrument precision (< 1%).
The model simulations for diffuse SDR reveal more difficulties, and the model to observa-
tion linear regression slope and zero-intercept differ significantly from their ideal value of
1 and 0. Hypothesis for explaining the discrepancies and propositions for improving the
agreement between modeled and observed diffuse SDR are given. The clear sky radiation
transfer simulations allow the determination of the RTM MODTRANTM performance for
the Payerne site.

An empirical method to determine the cloud effect on radiation was tried in parallel
to the theoretically based method at the core of this thesis. An algorithm based on SDR
and LDR observations is used for the detection of clear sky radiation measurements and
the estimation of clear sky SDR and LDR during cloudy moments. A combination of
the synoptic surface cloud observations and the BSRN radiation data allows the determi-
nation of the effect of all sky situations on the incoming SDR and LDR. For the time
period 1998 to 2003, clouds are responsible for an average 36 Wm−2 reduction of the net
incoming radiation at the Payerne observation site. Furthermore, the effect of clouds on
incoming radiation depends on the cloud type.

Relying on the previous findings, a method is developed to deduce absorbance, absorp-
tion and reflectance of solar radiation for well-defined stratiform cloud cases with RTM
MODTRANTM. The Clouds and the Earth’s Radiant Energy System experiment provided
a data set of shortwave upward radiation (SUR) observations at the top of atmosphere
(TOA), collocated with the Payerne BSRN station. This data set allows to simulate ra-
diation transfer including a single cloud layer so that there is reasonable agreement with
observations both for surface SDR and SUR at TOA. The median differences of the
model and the observations are on the order of 9 % at the TOA, and the corresponding
differences for surface model and observation is < 1%. The median absorbance between
cloud base and cloud top is 0.22, and the absorption is on the order of 28 Wm−2.



Zusammenfassung

Der Effekt der Wolken sorgt für grosse Unsicherheiten bei der Modellierung der künftigen
Klimaentwicklung. Diese Unsicherheiten beinhalten Veränderungen der Wolkenbedeck-
ung und Lebensdauer der Wolken sowie die Reaktion der Wolkendecke auf die Zunahme
der Treibhausgase. Die Effekte von Wolken auf den globalen Strahlungshaushalt in einem
künftigen, sich verändernden Klima stellen eine Herausforderung dar.

Das Ziel dieser Dissertation ist die Verbesserung des Verständnis des Strahlungstransfers
in einer bewölkten Atmosphäre. Dafür wird der Effekt von Schichtwolken (stratiformer
Bewölkung) auf die kurzwellige Strahlung für Payerne im Schweizerischen Mittelland er-
mittelt und eine Methode entwickelt, die für lange Zeitreihen operationeller Beobachtun-
gen von atmosphärischen Messstationen angewandt werden kann. Zuerst wird geprüft,
mit welcher Genauigkeit Wolkensituationen mit einer einzelnen Wolkenschicht identifiziert
werden, und wie gut ihre Ober- und Untergrenze bestimmt werden kann. Dieses Verfahren
beruht auf Vergleichen zwischen operationellen Messdaten mittels Fernerkundung und Ra-
diosondenprofilen, und Daten einer Messkampagne (TUC - Temperature hUmidity and
Cloud) in Payerne. In einem zweiten Schritt wird unser Verständnis des Strahlungstrans-
fers in klaren (wolkenlosen) Situationen durch Modellsimulationen vertieft. Resultate
solcher Strahlungsberechnungen für Situationen mit einer einzelnen Wolkendecke werden
mit Messdaten an der Erdoberfläche und an der Obergrenze der Atmosphäre verglichen.
Diese Simulationen werden schliesslich dazu verwendet, um die Absorption, Transmission
und Reflexion in einzelnen Wolkenschichten zu ermitteln. Parallel dazu wird auch eine
empirische Methode angewendet, wobei der Wolkeneffekt ausschliesslich mittels Beobach-
tungsdaten bestimmt wird.

Das Baseline Surface Radiation Network (BSRN) strebt lange Zeitreihen mit präzisen
Strahlungsmessungen an und betreibt weltweit 39 Stationen. Eine dieser BSRN Statio-
nen befindet sich an der Aerologischen Station in Payerne und wird durch das Bundesamt
für Meteorologie und Klimatologie (MeteoSchweiz) betreut. Die kurz- und langwellig
einfallende und reflektierte Strahlung wird seit 1992 gemäss BSRN Richtlinien gemessen,
während seit Oktober 2000 auch die Aerosol optische Dicke (AOD) erfasst wird. Beobach-
tungen der Wolkenbedeckung, Wolkengattung und Höhe der Wolkenuntergrenze werden
Tag und Nacht alle 3 Stunden durchgeführt (Synop). Schliesslich werden in Payerne
zweimal täglich Ballonsondierungen durchgeführt, mit denen die Temperatur-, Feuchte-,
und Druckprofile bis in grosse Höhen ermittelt werden. Zusammen mit weiteren Boden-
messungen vom Standort Payerne und anderen meteorologischen Stationen in der Schweiz
bilden diese Daten die Grundlage der hier vorgestellten Studien.
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Während der TUC Messkampagne im Winter 2003/2004 waren ein Wolkenradar und
ein Ceilometer in Payerne in Betrieb. Eine Methode für die automatische Erkennung der
vertikalen Ausdehnung von Nebel und tiefliegenden Stratuswolken wird vorgestellt. Der
Ceilometer erwies sich als sehr effizient für die Erkennung von Nebel und der Wolkenunter-
grenze (>95% der Fälle). Das Wolkenradar ist noch in der Entwicklungsphase und zeigt
eine geringere Zuverlässigkeit (<60%). Ausserdem wird ein Vergleich der Wolkenober-
grenze zum einen durch das Wolkenradar, zum anderen mittels Radiosonden durchgeführt.
Dabei ergibt sich eine Unterschätzung der Wolkenobergrenze durch das Radar von etwa
50 m.

Über einen Zeitraum von 2001 bis 2005 werden AOD Messungen, Radiosondenprofile und
andere meteorologische Beobachtungen für die Simulation einer Anzahl wolkenloser Sit-
uationen mit MODTRANTM verwendet. Vergleiche modellierter kurzwelliger Strahlung
(SDR - shortwave downward radiation) mit BSRN Strahlungsmessungen weisen für die
Globalstrahlung eine gute Übereinstimmung innerhalb der Messgenauigkeit auf (<1%).
Die Modellsimulationen für die diffuse SDR erwiesen sich als schwieriger wobei die lin-
eare Regression zwischen der modellierten und der gemessenen Diffusstrahlung signifikant
von ihrer idealen 1 : 1 - Linie abweicht. Nachfolgend werden Hypothesen aufgestellt
um diese Unterschiede zu erklären, sowie Vorschläge gemacht, um die Übereinstimmung
zwischen modellierter und gemessener diffuser SDR zu verbessern. Die Simulationen des
Strahlungstransfers für wolkenfreie Situationen ermöglichen die Ermittlung der Güte des
Modells MODTRANTM für den Standort Payerne.

Parallel zur deterministischen Methode mit den Modellrechnungen wird auch eine em-
pirische Methode getestet um den Effekt der Wolken auf die Strahlung zu bestimmen.
Ein auf kurz- und langwelligen Strahlungsmessungen basierender Algorithmus wird ver-
wendet, um Strahlungsmessungen unter wolkenlosen Bedingungen zu erkennen, sowie die
wolkenlose Strahlung in bewölkten Situationen zu schätzen. Eine Kombination der synop-
tischen Augenbeobachtungen und der BSRN Strahlungsdaten ermöglicht die Bestimmung
des Effekts von allen Bewölkungssituationen auf die einfallende kurz- und langwellige
Strahlung. Für den Zeitraum von 1998 bis 2003 führen Wolken am Messstandort Payerne
zu einer mittleren Reduktion der totalen einfallenden Strahlung um 36 Wm−2. Ausserdem
hängt der Effekt der Wolken auf die Strahlung vom Wolkentyp ab.

Basierend auf die zuvor genannten Ergebnisse wird schliesslich eine Methode entwickelt
um die Absorption und Reflexion der Sonnenstrahlung innerhalb einer einzelnen Wolken-
schicht mit Hilfe von MODTRANTM zu berechnen. Das Clouds and the Earth’s Radiant
Energy System Experiment liefert einen globalen Datensatz mit Messungen der an der
Atmosphärenobergrenze gemessenen reflektierten Strahlung. Die Daten die über der Sta-
tion Payerne gemessen wurden ermöglichen die Simulation des Strahlungstransfers durch
eine einzelne Wolkenschicht, so dass gleichzeitig eine annehmbare Übereinstimmung der
modellierten und gemessenen Strahlungsflüsse an der Erdoberfläche und an der Atmo-
sphärenobergrenze erreicht wird. Der Median der Differenzen zwischen dem Modell und
den Messungen liegt bei 9% (n=18) an der Atmosphärenobergrenze, der Median für die
entsprechenden Differenzen an der Erdoberfläche unter 1%. Der Median des Absorp-
tionsvermögens zwischen der Wolkenunter- und Obergrenze ist 0.22, und die absorbierte
Strahlung beträgt ungefähr 28 Wm−2.









22 3. Detection of fog and low cloud boundaries

Fig. 3.1: Upper panel: time series of cloud base (ceilometer, red dots), cloud top (cloud
radar, black dots), and 2-D color time series of wind profiler signal-to-noise ratio, 9 De-
cember 2003, starting at 21 UTC of the previous day. The three rectangles with grey and
purple lines correspond to the profiles measured with the radiosounding at 11 and 23 UTC
(dashed line = time of sounding, purple line = temperature with a horizontal scale of 10 K,
green line = humidity with a horizontal scale of 100%). Lower panel: time series of surface
relative humidity (green), temperature (red), incoming short-wave radiation (blue), and
horizontal visibility (black).

below the ceilometer (cloud base) signal (after 09 UTC and between 12 and 18 UTC).
This may be explained either by the instruments pointing in slightly different directions,
or by a height measurement error in one or both instruments.

The determination of cloud base and top was compared with the temperature and humid-
ity profiles measured with radiosoundings from Payerne at 00 UTC, at 12 UTC with a
Snow White sensor, and at 00 UTC 8 December 2003 (see the three boxes in Figure 3.1 top
panel). At 12 UTC and 00 UTC 9 December there is an excellent agreement between the
top of the cloud as detected with the cloud radar and the bottom of the thermal inversion,
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indicated by a sharp decrease of the humidity (gray line), and temperature (magenta line)
starting to increase with altitude. Confirmation of the cloud-top determination is also ob-
tained by overlaying the data with the Payerne wind profiler signal-to-noise ratio profiles
(colored background in Figure 3.1): the intensity of the returned signal depends mainly
on humidity gradients and turbulence, producing an intensity maximum just above the
cloud layer (Dibbern et al., 2003). On the other hand, when comparing with the first
radiosonde profile (00 UTC 8 December 2003), or with the wind profiler SNR between
21 and 03 UTC, the cloud radar seems to give an erroneous cloud top height. Close in-
spection of the information provided in the top panel of Figure 3.1 reveals the reason for
this discrepancy. First, between 00 and 03 UTC, the wind profiler shows higher SNR at
two altitudes separated by one region of lower SNR. This may indicate multiple layers in
the first 1000 m, of which the cloud radar would have picked the lowest one. Second, the
temperature inversion was at 1500 m AGL (not shown), which is out of the limit chosen
for the cloud radar top height detection algorithm (1200 m, the study focuses on fog and
low clouds). Finally, the ceilometer shows a transition period from a higher cloud layer
to well detected low stratus cloud between 21 and 00 UTC. Thus, it can be assumed that
there was a transition period until 04 UTC from a multilayer cloud situation in the lower
troposphere to a well-defined low stratus cloud situation for the rest of the day.

Surface information (Figure 3.1 bottom) is consistent with a day constantly overcast with
a low cloud layer or fog. The relative humidity (green) was high all day long (> 80%),
the temperature (red) shows only a modest increase during daytime, and the incoming
shortwave radiation (global radiation, blue) is very low even at noon. Similarly, the hor-
izontal visibility was low all day corresponding well with the low visibilities reported in
the synops, even though the correspondence is not perfect (synops indicate > 10 km of
visibility at 00 UTC, then visibility < 2 km until 15 UTC, then again > 10 km).

The case of 19 November 2003 is an example where the determination of the fog base and
top was not possible for the whole day with the two systems running in parallel. During
this day, fog and cloudy conditions alternated. Fog was reported in the synops at 06, 15,
18 and 21 UTC, as well as 00 UTC. Figure 3.2 displays the data retrieved from ceilometer
and cloud radar for that day. The cloud radar was unable to detect the fog top corre-
sponding to observations at 18, 21, and 00 UTC, but the fog base was well detected with
the ceilometer. At 06 UTC the cloud top was not detected, but the cloud base and top
of a layer of fog was detected during the previous hour, while at noon, the base and top
of a cloud layer was detected by the ceilometer and cloud radar, even though the obser-
vation at that time did not report fog. In the period between 10 and 15 UTC conditions
were unstable with fog setting and clearing, which explains the apparently contradictory
results. Radiosounding temperature and humidity profiles recorded at 00, 12, and 00
UTC the next day are consistent with the reported intermittent fog situations. The two
radiosoundings at 00 UTC show a high relative humidity (gray line) with a sudden de-
crease between 200 and 400 m AGL. At 12 UTC, the humidity is high but not as much as
expected in a foggy situation, and the drop at around 300 m is less marked. The humidity
at this time may have been too low for a dense fog to set up, and fog and mist episodes
alternated. This explains the fog detection by the ceilometer and cloud radar while the
observation at noon did not report fog, and the relative humidity from the profile being
below the selected threshold. Wind profiler signal-to-noise ratio profiles also show patchy
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Fig. 3.2: Same as FIG. 3.1, but for 19 November 2003.

layers that indicate variable hydrolapse and temperature inversion height and strength.
This is likely to be associated with alternate presence and absence of fog or cloud. The
surface information (Figure 3.2 bottom) is consistent with such a situation, as well. The
relative humidity (green) was above 80% all day and 100% when fog was reported. The
horizontal visibility varied between 0 and 8 km. The very low visibility observed at 18,
21, and 00 UTC also confirms the presence of fog. Temperature (red) and shortwave
radiation (global radiation, blue) are as expected for such conditions.

The alternated fog and cloud conditions are confirmed by multiple observations and can
explain the relatively poor performance of the cloud radar particularly when fog was
present. Possible explanations are the droplets being too small to be detected by the
radar or the presence of water on the reception dish of the system (the dish which was
not heated, and the relative humidity being 100% during that period, it is highly probable
that water condensed on the instrument). Finally, it is possible that in some cases, the
top of the fog layer was below the lower detection height of the cloud radar.




