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Abstract
Ship tracks are clear manifestations of aerosol-cloud interactions (ACI) in marine warmphase boundary layer clouds. Since their discovery in satellite retrievals, field measurements
have confirmed that increases in internally mixed aerosol particle concentrations within the
exhaust plume can indeed induce locally increased cloud droplet number concentrations and
increased cloud albedo under suitable environmental conditions. However, the variety and
extent of the occurring ACI, their feedbacks and representation in microphysical and boundary layer parameterisations, remain highly uncertain. Indeed, low clouds and ACIs within
low clouds in general remain amongst the largest uncertainties in climate projections.
In order to evaluate the parameterised effects in ship tracks qualitatively and quantitatively
against observations, real case simulations at the meso-gamma scale are explored. At a 2km horizontal resolution, the track structure (∼ 12 km in width) should be captured, while
boundary layer and ACI processes occur predominantly on the sub-grid scale. The real case
approach allows for the direct evaluation of the simulated features against observations. In
particular, the simulations are focused on a case of ship tracks detected within MODIS retrievals obtained at a 1-km horizontal resolution in the Bay of Biscay on January 26th 2003.
In the first part of this PhD thesis, the simulated environmental conditions of the case study
are evaluated against boundary layer soundings and satellite imagery. It is shown that for
subsidence rates of −0.5 m s−1 to −1.5 m s−1 , inversions of 10 – 12 K are simulated, provided
the prescribed minimal eddy diffusivity threshold implemented in the model is lowered. Reducing the eddy diffusivity limiter from 1 m2 s−1 to less than 0.4 m2 s−1 increases the realism
of the simulated vertical mixing and cloud distribution in the boundary layer considerably,
whilst the sensitivity of these entities to the horizontal resolution was found to be less pronounced.
Introducing mobile ship emissions to the simulations induces local increases in cloud droplet
number concentration and decreases in effective radii which are comparable to observations.
In simulations with varied emission specifications, which are based on marine ship exhaust
measurements, the spatial structure and magnitude of the cloud response are evaluated. All
simulations display increments of cloud optical thickness between 3 to 15, which are com-

parable to the MODIS observations on this day. However, only simulations of up-scaled
emission fluxes displayed in-plume aerosol-size distribution perturbations comparable with
field observations and ship tracks of realistic spatial extent.
As well as microphysical impacts of ship exhausts, feedbacks of the macrophysical state are
also simulated. In particular, two-fold increases in the liquid water path are found within
25% of the ship track regions, which is attributed in most cases to a local increase in liquid
water content by drizzle suppression, and a subsequent lowering of the cloud base by vertical
mixing.
In the final chapter, the potential resolution dependence of these findings is addressed. As
the boundary layer and microphysical parameterisations of the employed model are also used
in many global climate models, such an analysis can provide valuable insights into the limitations of global radiative impact assessments of ship emissions. Our simulations indicate
significant variations of the exerted shortwave cloud radiative effect for varying degrees of
emission dilution. It was found to be stronger by −2.3 W m−2 when emissions were diluted
from 2 km down to 50 km. Therefore our results indicate that the cloud radiative forcing due
to ship emissions is overestimated in global climate models due to their coarse resolution.
Overall, it is demonstrated in this thesis that real case regional-scale simulations of ship
tracks provide a valuable platform for the evaluation of parameterisations involved in boundary layer ACIs. We believe that this approach can contribute to the general assessment of
individual physical parameterisations, and their effects.
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Zusammenfassung
Kondensstreifen, welche sich hinter mit Schweröl betriebenen Schiffen in der Grenzschichtbewölkung bilden, gelten als unumstrittener Beweis für die Existenz von Aerosol-Wolken
Wechselwirkungen (AWW). Seit der Entdeckung von Schiffskondensstreifen in Satellitenbeobachtungen, konnte in Feldstudien bewiesen werden, dass der konzentrierte Ausstoß von
hypdrophilen Aerosolpartikeln unter bestimmten Bedingungen zu lokal erhöhten Wolkentröpfchenkonzentrationen und Wolkenalbedo führen kann. Allerdings sind das Ausmaß der
AWW und deren Einfluss auf die Grenzschichtdynamik weiterhin nicht vollständig erfasst.
Auch die Implementierung von bereits bekannten Mechanismen in mikrophysikalische Parameterisierungen und Grenzschichtparameterisierungen gestaltet sich als schwierig. Bereits
existierende Parameterisierungen beinhalten große Unsicherheiten was die Auswirkung der
AWW betrifft. Generell kann ein Großteil der Unsicherheiten in Klimavorsagen auf Unsicherheiten in der Entwicklung der Grenzsichtbewölkung und der AWW innerhalb dieser
Wolken zurück geführt werden.
Um die Auswirkung der parameterisierten Effekte in Schiffskondensstreifen qualitativ und
quantitativ zu beurteilen, werden Simulationen eines realen Fallbeispieles innerhalb der
meso-gamma Skala durchgeführt. Bei einer horizontalen Auflösung von 2 km können Kondensstreifen mit einem Durchmesser von rund 12 km erfasst werden, während Grenzschichtprozzesse und AWW ausschließlich auf Parameterisierugen beruhen. Die Verwendung eines
realen Fallbeispiels ermöglicht den direkten Vergleich mit Beobachtungen welche unter ähnlichen Bedingungen durchgeführt wurden. Die Simulationen dieser Dissertation orientieren
sich an Aufnahmen des MODIS Satelliten von Schiffskondensstreifen, welche mit einer Auflösung von 1-km am 26. Januar 2003 gemacht wurden.
Zu Beginn werden die Hintergrundbedingungen evaluiert. Grenzschichtprofile und Wolkenverteilungen werden mit Sondierungen und Satellitenmessungen verglichen. Es wird gezeigt,
dass starke Inversionen von 10 – 12 K unterhalb gross-skaliger Subsidenz (−0.5 m s−1 bis
−1.5 m s−1 ) nur dann simuliert werden können, wenn der im Model implementierte Minimalwert des turbulenten Diffusionskoeffizienten reduziert wird. Eine Verkleinerung des Standardwertes von 1.0 m2 s−1 auf mindestens 0.4 m2 s−1 ermöglicht eine realistischere Darstel-

lung der turbulenten Flüsse, der Inversion und der Wolkenverteilung. Die Abhängigkeit
dieser Größen zur horizontalen Auflösung ist im Vergleich dazu klein.
Die Berücksichtigung von Schiffsabgasen in den Simulationen führt zu lokal erhöhten Konzentrationen und kleineren Effektivradien der Wolkentröpfchen, welche mit Beobachtungen vergleichbar sind. Simulationen mit unterschiedlich großen Emissionsflüssen werden durchgeführt, um die Struktur und den Einfluss der AWW zu evaluieren. Dabei werden die Emissionsflüsse basierend auf Feldmessungen von Abgasfahnen bestimmt. In allen Simulationen
wird ein relativer Anstieg der optischen Dicke der Wolke von 3 bis 15 diagnostiziert. Das
Ausmaß der optischen Verdickung der Wolke befindet sich in guter Übereinstimmung mit der
MODIS Beobachtung dieses Tages. Allerdings können gemessene Aerosolgrössenverteilungen
und Kondensstreifen von realistischer Länge nur dann simuliert werden, wenn die Emissionflüsse nach oben skaliert werden.
Neben mikrophysikalischen Wechselwirkungen werden auch makrophysikalische Effekte in
den Simulationen diagnostiziert. Entlang 25% der Abgasfahnen wird mindestens eine Verdopplung des integrierten Flüssigwassergehaltes festgestellt. Dieser Anstieg im integrierten
Flüssigwassergehalt kann in den meisten Fällen einer Erhöhung des Flüssigwassergehalts auf
Grund der Niederschlagsunterdrückung und einem einhergehenden Absinken der Wolkenbasis durch vertikale Durchmischung zugeschrieben werden.
Im letzten Kapitel dieser Dissertation wird die mögliche Auflösungsabhängigkeit der parameterisierten Effekte untersucht. Da viele der hier verwendeten Parameterisierungen ebenfalls
in Globalmodellen eingesetzt werden, könnte eine solche Studie zur Untersuchung der AWW
im Allgemeinen dienen und zur Bestimmung der globalen Strahlungseinflüsse von Schiffsemissionen beitragen. Unsere Simulationen zeigen eine deutliche Änderung im kurzwelligen Strahlungseffekt bei zunehmender Emissionsverdünnung. Werden die Emissionen von
2 km auf 50 km verdünnt so wird ein Anstieg im kurzwelligen Strahlungseffekt von bis zu
-2.3 W m−2 diagnostiziert. Damit zeigen diese Simulationen dass der Wolkenstrahlungseffekt
von Schiffsabgasen in Globalmodellen überschätzt wird.
Im Allgemeinen wird in dieser Dissertation gezeigt, dass Simulationen von realen Fallstudien von Schiffsabgasfahnen auf der regionalen Skala ein geeignetes Instrument sind, um
Parametrisierungen, welche die AWW in der Grenzschicht betreffen, zu evaluieren. Wir
denken, dass dieser Ansatz zur generellen Prüfung einzelner Parameterisierungen und deren
Einfluss auf die AWW beitragen kann.
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Chapter 1

General Introduction
Ship tracks, defined as "anomalous cloud lines" (Conover, 1966) of increased cloud albedo,
could be referred to as the Goldilocks of all clouds. In the fairy tale by Robert Southrey, a
small girl called Goldilocks lets herself into a cottage lived in by a family of bears and will
only use and eat what is just right in her perception.
An equivalent extent of choosiness can be observed in ship tracks. These linear structures of
increased cloud droplet number concentration (Nd ) and hence increased albedo, are found exclusively within a very narrow range of environmental conditions. Only within a constrained
temperature range, level of vertical mixing, horizontal wind shear, availability of moisture,
background aerosol particle concentration, and large scale forcing will an increase of cloud
condensation nuclei (CCN) due to ship emissions lead to a cloud response, detectable as a
ship track.
Due to the spatially confined response to increases in aerosol particles under defined environmental conditions, ship tracks provide an opportunity to study warm-phase aerosol-cloud
interactions (ACI) in a strongly constrained environment. Their discovery has indeed led to
a vast amount of research ranging from observational field campaigns, small-scale process
modelling studies (O (0.1) km scale resolution), to global impact assessments (O (100) km)
on the Earth’s radiative budget.
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1.1

Marine Boundary Layer Conditions

We know from observation that not every ship, even with identical emissions, produces a ship
track. It was therefore proposed that the existence and strength of the cloud response had to
be linked to varying environmental conditions of the marine planetary boundary layer (PBL)
into which the ship emissions are ejected. A first set of environmental conditions favouring
ship track formation were suggested by Bowley (1967) and Coakley et al. (1987). Both studies
imposed a shallow, mixed, cloud topped PBL with low background CCN concentrations, high
relative humidity and relatively homogeneous surface temperature. These hypotheses were
confirmed and strengthened (Durkee et al., 2000a) during the Monterey Area Ship Track
(MAST) experiment (Durkee et al., 2000b), which is the largest and most comprehensive
field campaign to investigate ship tracks to this date.
In agreement with these criteria, ship tracks have predominantly been studied in the subtropics in regions of prevalent warm-phase stratocumulus.

1.1.1

The Dynamics of Stratocumulus
100 km

Figure 1.1: Stratocumulus structures. Ranging from continuous cloud sheet to closed cellular structures, to pockets of open cells, to unorganised cells. Figure adapted from Wood
(2012).
Intermittent cloud decks of great horizontal extent, but small vertical dimension forming
underneath statically stable conditions in the lower troposphere are generally referred to as
stratocumulus. These type of clouds can stretch over hundreds of kilometres over relatively
cool ocean surfaces (colder than 20◦ C (de Roode and Duynkerke, 1997; Durkee et al., 2000a))
in regions of large-scale subsidence, where the descending dry air (O (−1) cm s−1 ) warms adi-
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abatically. In the sub-tropics these conditions are found in the descending branches of the
Hadley cell and regions of cold upwelling ocean currents along the west coast of major continents (North and South America, and Africa). In the mid-latitudes these conditions are
obtained in winter-time subsidence regions of high pressure systems or behind cold fronts.
Many structural manifestations of stratocumulus have been observed. These differ significantly in terms of the PBL state and cloud cover (Fig. 1.1). Whether mesoscale structures
of open cellular convection, or closed cell structures of considerably higher cloud cover and
albedo, or stratocumulus sheets of no discernible structure at all are formed, strongly depends on the balance and feedbacks between radiative forcing, turbulent mixing, surface
fluxes, latent heating, precipitation and entrainment. An overview of all the key processes
involved is given in Fig. 1.2.

Figure 1.2: Conceptual schematic of processes involved in the dynamics of stratocumulus.
Figure is taken from Wood (2012).
Below the subsidence inversion, which limits the vertical cloud extent, long-wave (LW) radiative cooling near the cloud top is the main driver of PBL turbulence (Lilly, 1968; Moeng
et al., 1996). Due to the divergence of outgoing and incoming LW radiation, the LW radiative
cooling can be as large as −90 Wm−2 , which drives negatively buoyant eddies downward and
below cloud base. Given a sufficient cloud optical thickness (τ ) and cloud emissivity near
the cloud top, the generated turbulent mixing by the LW radiative cooling can be sustained
down towards the ocean’s surface, thereby coupling the cloud layer to the moisture supply.
The cloud-top-generated turbulent mixing is enhanced by latent heating (warming in updrafts due to condensation and cooling in downdrafts due to evaporation) and weakened by
solar absorption. During the day, cloud droplets absorb incoming solar radiation (predominantly in the near-infrared), which offsets the LW radiative cooling, weakens the vertical
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mixing and thereby limits the moisture supply (Caldwell et al., 2005). Given sufficient heating rates due to solar absorption, the generated vertical mixing can not be sustained towards
the surface and the cloud layer is decoupled from the ocean’s surface. In this case, an independent surface-driven mixed layer forms as in a classical boundary layer. This process
can lead to diurnal breakup of the stratocumulus cloud. If sufficient cloud water remains
at sunset, the LW radiative cooling at night is sufficient to re-establish the moisture supply
and strengthen the remnant stratocumulus.
The depth of the boundary layer is fundamentally defined by the balance between the largescale subsidence and small-scale entrainment. Eddies generated near cloud top drive not
only the PBL vertical mixing, but also the entrainment of free tropospheric air into the
cloud layer. Dry and warm entrained parcels are mixed with cloudy air and cooled by evaporation. If cooled sufficiently the parcels become negatively buoyant with respect to their
surroundings and sink through the cloud layer. By this mechanism entrainment has been
known to enhance vertical mixing near the cloud top (e.g. Stevens (2002)) or sometimes even
throughout the entire PBL. As more and more air from the free troposphere is mixed into
the boundary layer, it deepens. This process has also been argued to induce a drying of
the cloud, as more dry air is entrained due to the increased vertical mixing. This runaway
entrainment effect that could lead to cloud dissipation is still heavily debated and seemingly
less important than first thought (Deardorff, 1980a; Randall, 1980).
The balance of the processes described above for a given large-scale forcing and given surface
fluxes is well understood (at least qualitatively) today, thanks to a combined approach of
detailed observations obtained during several field campaigns (e.g. FIRE (Albrecht et al.,
1988), ASTEX (Albrecht et al., 1995), DYCOMS-I/II (Lenschow et al., 1988; Stevens et al.,
2003) and EPIC (Bretherton et al., 2004b)) in combination with physical process modelling
(e.g. Deardorff (1980b); Moeng et al. (1996); Bretherton et al. (1999); Stevens et al. (2005)).
Detailed measurements of turbulent and thermodynamic profiles allow for explicit validation
of large-eddy simulations (LES) and the implemented physical process descriptions therein.
However modelling these processes still remains an immense challenge due to the large vertical gradients involved. In particular, the simulation of the inversion in terms of height,
extent and strength as well as the entrainment rate were found to be challenging (Stevens,
2002; Dietze et al., 2013) even at LES resolution (O (100) m). In many atmospheric models
operating at larger scales, such as regional models (2 – 50 km) and global models (100 –
300 km) the representation of the involved processes occurring on the sub-grid scale (SGS) is
often found to be unsatisfactory (Siebesma et al., 2004; Hannay et al., 2009). This leads to
large biases in the occurrence as well as the albedo of simulated stratocumulus (IPCC, 2014;
Nam et al., 2012). To improve on this issue, significant effort has been directed towards
developing alternative parameterisations of turbulence and shallow convection with the aim
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of reducing existing biases (e.g. Bretherton et al. (2004a); Koehler (2005); Siebesma et al.
(2007); O’Brien et al. (2012)).
Furthermore, the impact of precipitation on the interlinked processes has not yet been considered in the discussion above. Precipitation has been shown to stabilise the cloud layer
and consequentially reduce vertical mixing and entrainment rates, thereby modifying the
PBL state (Stevens et al., 1998). More importantly, precipitation-induced changes of the
mesoscale organisation of stratocumulus have been seen in both modelling studies and observations. As precipitation formation is tightly linked to the cloud droplet number concentration and therefore to the CCN availability, cloud microphysics (section 1.1.2) needs to be
considered, which opens up additional pathways for numerous feedbacks (section 1.1.3).

1.1.2

The Microphysics of Warm-phase Stratocumulus

The microphysical processes relevant in warm-phase stratocumuli include the condensation
and evaporation of water vapour, collision-coalescence processes between cloud and rain
droplets as well as the sedimentation of rain. At the heart of these processes is the relation of the cloud water content to the cloud droplet number concentration (Nd ), i.e. the
evolution of the cloud droplet size distribution (DSD). Whilst the cloud water content is
(to first order) determined by the saturation adjustment depending on the thermodynamic
state of the system, Nd is constrained by the number of activated aerosol particles, or cloud
condensation nuclei (CCN).
Marine stratocumulus generally form in clean environments with CCN concentrations ranging from 10 cm−3 (in pristine conditions) up to 500 cm−3 (Wood, 2012). Local natural sources
of CCN include sea salt (main source) and sulphate particles formed from dimethylsulphid
(DMS) emissions from the ocean. Another origin of CCN are aerosol particles from the
free troposphere which have been mixed down into the PBL (e.g. Kazil et al. (2011)). Such
aerosol particles may be mixtures of anthropogenic and natural sources.
The growth of an individual, internally mixed aerosol particle (solid or liquid) of radius R by
vapour deposition and its activation into a CCN is governed by the following relation (Pruppacher and Klett, 1997a) in its most general form:
0 00

0

00

00

/
(ν − νk,0 ) 0 2νk,0 σ
a
L
dp −
d( ) + R∗ d ln 00k
− k2 dT + k,0
T
T
T
R
ak
0

0

00

!

=0

(1.1)

Eq. 1.1 holds for a closed system of two phases (marked by and ) of a chemical component
k in thermal, mechanical and chemical equilibrium at the curved interface between the two
phases. The activation a of component k, ak , provides a measure of the available molecules
of component k and R∗ denotes the universal gas constant of moist air. The latent heat of
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0

0 /00

00

transformation between phase and is denoted as Lk , while σ denotes the surface tension
of the interface. The initial specific volume of each component k of each phase and at time
0 00
0 is denoted by ν or k,0 .
In its simplest application, that is in the case of an infinite pure water surface interface
0
00
0
in contact with water vapour (i.e. R → ∞, k =water, awater = awater = 1, p = es and
0 /00
Lk = Lν/w ), eq. 1.1 reduces to Clausius-Clapeyron as the last two terms approach zero:
Lν/w
des
=
dT
T (ν ν − ν w )

(1.2)

For more realistic applications, such as a solution drop suspended in humid air, the relation
of the saturation vapour pressure to the solution drop size R can be determined at constant
temperature, pressure and for constant solute mass. In this case, the first two terms of
eq. 1.1 approach zero and the remaining terms are integrated to give the Köhler equation:

e
ln
es




=

AKelvin BRaoult
−
R
R3

(1.3)

The coefficients AKelvin and BRaoult include the effects of Kelvin’s Law (maintenance of a
curved liquid-gas interface) and Raoult’s Law (lowering of saturation vapour pressure by the
solute). Following eq. 1.3, an aerosol particle is activated once it surpasses a critical size
threshold determined by the local supersaturation. If activated, aerosol particles continue
to grow into cloud droplets by vapour deposition.
Based on this theory, parametrisations of varied complexity were built. The parameterisation developed by Abdul-Razzak and Ghan (2000) for instance, was extended further from
the solution-drop approach, to apply for internally mixed aerosol particles in contact with
humid air in general. Therefore, it can be applied for aerosol particles, which are composites of soluble (sulphates, sea salt, etc.) and insoluble (black carbon, dust, etc.) chemical
species. However, in this parameterisation the aerosol chemical composition is considered
uniform across each mode of the aerosol size distribution (which is often a composite of
several lognormal modes). Furthermore, kinetic effects are ignored, which means that the
aerosol particles activate instantly excluding time-dependent mass transfer effects. Both of
the above effects are included in an alternative, more recent parameterisation by Nenes and
Seinfeld (2003).
However, observations (Wood (2012) and references therein) of clean background stratocumuli (CCN < 200 cm−3 ) seem to suggest a much simpler relationship between aerosol particles and CCN concentrations might be applicable in this regime. CCN number concentrations
were found to approach a linear scaling with accumulation mode aerosol number concentra-
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tions, which include aerosol particles within a size range between 0.05 ≤ R ≤ 0.5 µm. These
findings support the continued use of the empirical aerosol activation scheme by Lin and
Leaitch (1997) in this regime, which is built on this simple relation between the CCN and
aerosol number concentration.
Once formed, the condensational growth of cloud droplets slows down with droplet size (Pruppacher and Klett, 1997b). Once the droplet radius exceeds 20 µm, collision-coalescence
processes between cloud droplets will dominate the continued growth. Collisions between
droplets occur due to their different fall speeds determined by their mass (gravitational
collision). This process is well known and its implementation into microphysical models
established (Long, 1974; Pinski et al., 2003). It has been proposed that turbulence might
act to enhance the collision probability. Whilst turbulence is believed to play an important
role in the onset of the collision-coalescence process (Franklin et al., 2005), the general enhancement of the collision probability due to turbulence is still under debate (e.g. Franklin
et al. (2005); Seifert and Stevens (2010)).
Once the droplets reach a critical size such that their terminal fall velocity begins to exceed
the updraft velocity within the stratocumulus (updraft < 1 ms−1 ), they will precipitate as
rain. Falling rain drops continue to grow as they sediment through the cloud by scavenging
further cloud droplets (accretion) or other, smaller rain drops (self-collection) before falling
through the cloud base and thereby removing cloud water. The efficiency and onset of rain
formation is strongly dependent on the cloud DSD. While narrow distributions slow the onset
of precipitation formation due to small collision probabilities, wide DSD favour precipitation
onset.
As the balance of the available condensate and Nd fundamentally defines the DSD and
therefore precipitation onset, changes in aerosol concentration can induce a wide range of
aerosol-cloud interactions (ACI) within this system. For one, a positive perturbation in CCN
concentration may lead to increased Nd and therefore a decrease in cloud droplet size at constant water content (Twomey, 1974). Since the cloud droplet size is inversely proportional to
τ , this effect has also become known as the "albedo effect", as it leads to a cloud brightening.
The albedo effect can be buffered by local changes in supersaturation in the updrafts even
when the macrophysical state remains unchanged (Stevens and Feingold, 2009). As Nd increases, local supersaturations within the updraft are decreased and fewer aerosol particles
are activated. Therefore the cloud albedo effect might be considerably smaller than anticipated by Twomey (1974).
Furthermore, as rain formation is dependent on the cloud droplet size spectra, increases in
Nd may lead to slower or even suppressed rain formation (Albrecht, 1989), which modifies
cloud droplet water content and may increase cloud lifetime. As precipitation is a key driver
of PBL vertical mixing, increases in Nd can change the macrophysical state of the system.
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Therefore the susceptibility of stratocumulus to an aerosol perturbation is determined by a
balance of an intricate network of micro- and macrophysical feedbacks, which are discussed
in the following section.

1.1.3

The Interplay between Stratocumulus Dynamics and Microphysics

As is the case in many research areas, the strongly interactive system of mixing, entrainment,
and radiative and microphysical processes, behaves in a more complicated manner than originally proposed by Twomey (1974) and Albrecht (1989). Although cloud brightening effects
(e.g. ship tracks) have been observed in stratocumulus due to an increase in aerosol concentration as hypothesised by Twomey (1974), so has cloud dimming (Chen et al., 2012).
While increases in liquid water path (LWP) have been seen in aerosol-perturbed clouds, so
have cloud thinning and faster cloud dissipation (Wood, 2007; Christensen and Stephens,
2012). In some cases, even no changes in cloud albedo have been observed despite significant
increases in aerosol concentrations (Chen et al., 2012).
As was discussed in section 1.1.1, precipitation reduces entrainment rates by stabilising the
boundary layer. Therefore reductions in rain efficiency of the cloud increase entrainment.
Depending on the free tropospheric humidity this could lead to more efficient drying of the
cloud despite decreases in precipitation. The resulting decrease in liquid water path (LWP)
would offset the albedo effect (Ackerman et al., 2004) in this case. The sign of a change in
LWP is therefore determined by the sum of the opposing tendencies of surface precipitation
(proxy for cloud water removal) and in-cloud precipitation amount (mediating entrainment).
Due to the influence of precipitation in mediating the cloud response to aerosol perturbations,
non-precipitating or weakly precipitating stratocumuli behave in a fundamentally different
manner to precipitating stratocumuli. While weakly precipitating, closed cellular stratocumuli are known to buffer the albedo effect (Coakley et al., 1987; Chen et al., 2012), which is
partially offset by decreases in LWP and microphysical buffering, optically thin, precipitating stratocumuli are indeed susceptible to aerosol perturbations (Christensen and Stephens,
2012).
The effect of precipitation on the entrainment rate was suggested to fundamentally depend
on the unperturbed state of the cloud. In particular Wood (2007) hypothesises, based on
mixed-layer simulations, that the precipitation feedback is constrained by the cloud base
height. A higher cloud base allows for more evaporation of precipitation to occur before
reaching the surface. Therefore stronger precipitation feedbacks on the entrainment rate can
occur. In their simulations stratocumuli with a cloud base above 400 m in the unperturbed
state became optically thinner due to aerosol perturbations, while stratocumuli with a cloud
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base below 400 m behaved as predicted by Albrecht (1989).
Finally, entrainment rates are modified not only by precipitation, but also by the available
condensate near the cloud top. Given higher concentrations of cloud water near the top
available for evaporation as free tropospheric air is mixed into the cloud, the vertical mixing
is increased (Ackerman et al., 2004; Bretherton et al., 2007). Given the increased sedimentation velocity of larger drops, injections of aerosol particles, which subsequently decrease
cloud droplet size, can lead to an additional enhancement of entrainment by reducing cloud
droplet sedimentation.
Besides local changes of LWP, perturbations in aerosol concentrations have been shown to
change the entire mesoscale structure of the system. Changes from open cell structures to
closed cells have been induced by aerosol injections into the PBL (Wang et al., 2011; Goren
and Rosenfeld, 2012), while the opposite was found in case of aerosol depletion by precipitation (Ackerman et al., 1993; Wood et al., 2011a; Berner et al., 2013). As indicated in Fig.1.1,
changes between open and closed cellular mesoscale organisation lead to considerable changes
in cloud cover and thereby significant modifications of cloud albedo over large regions. In
extreme cases of aerosol depletion, where CCN concentrations are reduced to about 10 cm−3 ,
the resulting τ is insufficient to create sufficient cloud top radiative cooling to sustain mixing
throughout the boundary layer. In this case the boundary layer collapses (Ackerman et al.,
1993; Wood et al., 2011a).
In summary, aerosol-induced changes in Nd are known to cause changes in the condensation
and evaporation of water, cloud radiative effects as well as entrainment-precipitation and
entrainment-sedimentation feedbacks. However, the net impact on the stratocumulus state
and structure still remains poorly understood at this moment in time (Wood, 2012), and still
requires further field studies such as VOCALS_REx (Wood et al., 2011b), the most recent
performed campaign on ACI in stratocumulus.

1.2

Current Role and Impacts of Shipping

Shipping is the dominant form of transportation in international trade. Currently 90% of
all intercontinental goods are transported via the sea (United Nations Conference on trade
and development (UNCTAD), 2011). The combined domestic and international commercial
fleet consisted of 104,304 ships of at least 100 GT∗ (gross tons) in 2010 with an average age
of 22 years. Furthermore, just over half of the world fleet are cargo carrying ships consisting
of general cargo ships, tankers, bulk carriers, container and passenger ships. An additional
∗

A gross ton is a unit in shipping referring to the ships storing capacity in terms of volume (1 ton =
100 ft3 = 2.83 m3 ).
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21% of the world’s fleet are fishing vessels (Source:Lloyd’s Register/Fairplay – World Fleet
Statistics 2010 ) and the remaining vessels are classed as inland waterway vessels and war
ships (Endresen et al., 2003).
Most of these ships are currently burning low-quality residual fuels, such as marine diesel
oil. By internal combustion of these fuels, CO2 , water vapour, hydrocarbons, SOX , NOX and
CO are emitted together with particulate matter (PM) consisting of sulphate, organic material (OM), black carbon (BC) and ash. Recent studies have focused on environmental and
climatic impacts of shipping emissions and in particular concentrated on the effects of SO2 ,
NOX and CO2 , which accumulate to 4–9%, 10–15% and 2–3% of the global anthropogenic
emissions respectively (Corbett, 2003; Endresen et al., 2003, 2007; Eyring et al., 2005b).
Concentrated emissions of sulphur dioxide and NOX in harbours and high traffic density regions can cause increased acidification of the environment and increased air pollution levels
by chemical ageing and tropospheric ozone production. In fact, Corbett et al. (2007) estimated an annual rate of 60, 000 premature deaths due to PM emissions of global shipping.
Furthermore the formed ozone and directly emitted CO2 and CH4 increase greenhouse gas
(GHG) emissions, which have climate implications.
Despite these implications, shipping remains one of the least regulated commercial transport sectors with respect to anthropogenic emissions (Eyring et al., 2005a). However, within
the International Maritime Organisation (IMO), regulations have been put in place with
the MARPOL 73/78 convention, which until 2005 merely included restrictions with respect
to oil spillage, general on-route waste disposal until it was extended by Annex VI regulating emissions of international and national shipping globally and especially in emission
controlled areas (ECAs). In particular sulphur oxides, nitrogen oxides and in some cases
also soot emissions are restricted. Currently defined ECAs include the North and Baltic
sea, west and east coast of Canada and USA. It is further planned to declare the whole of
the Mediterranean area and southern coast of Japan as restricted emission areas and zones
around Australia, the United States of the Caribbean Sea, Alaska, Hawaii, South Korea and
the Black Sea are discussed. Globally and within ECAs the sulphur content of ship diesel is
restricted since May 2005 (MARPOL 73/78 Annex VI ) as shown in Table1.1.
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Table 1.1: Sulphur fuel content limitations for shipping according to MARPOL 73/78
Annex VI.
outside ECA
4.5%*prior 1/1/2012
3.5% after 1/1/2012
0.5% after 1/1/2020**
*

inside ECA
1.5% prior 1/7/2010
1.0% after 1/7/2010
0.1% after 1/1/2015

mass percentage (m/m).

**

or 2025 depending on an intermediate review in 2018.

1.2.1

Quantification of ship emissions

In order to quantify ship emissions and to determine their properties (such as aerosol size
and solubility) two different kinds of approaches have been used in recent years.

Activity-based approach
This approach was first used by Corbett (2003) as well as Endresen et al. (2003). Using this
approach, shipping emissions are estimated as follows: (i) estimate the global fuel consumption of the fleet, (ii) obtain emission factors for converting units of consumed fuel (either in
mass or in power) to masses of emission constituents and (iii) assign emissions to locality.
In order to quantify the total global fuel consumption, the entire fleet was categorised according to ship and engine type for which specific loadings and operating hours were estimated.
For the year 2001 studies applying this approach estimated the global fuel consumption as
289 Mt (Corbett, 2003) and 280 Mt (Eyring et al., 2005b), which is almost double the amount
estimated by Endresen et al. (2003), which is merely 144 MT. While activity-based estimates
are believed to be more realistic than bunker statistic estimates, due to discrepancies in the
data (Eyring et al., 2005b), significant uncertainty remains with respect to operating hour
estimates (Corbett, 2003). This can then lead to large bias in global fuel consumption estimates noted above.
The emission factors are obtained either based on confidential data by the leading marine diesel engine manufacturers (Eyring et al., 2005b) or international data platforms
such as the Oil Industry International Exploration and Production Forum formed in 1974
and now known as the International Association of Oil & Gas Producers (http://http:
//www.ogp.org.uk/), the Lloyd’s Register of shipping (http://www.lr.org/en/marine/),
or the European Monitoring and Evaluation Programme (http://www.emep.int). For PM
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emission fluxes, they remain the dominant source of uncertainty to this day (Murphy et al.,
2009).
For the spatial distribution of the determined emissions, different data sets can be applied.
These include the COADS (Comprehensive Atmosphere-Ocean Data Set (Slutz et al., 1985)),
AMVER (Automatic Mutual-Assistance Vessel Rescue System; http://www.amver.com),
and LMIU (Lloyd’s Marine Intelligence unit; http://www.lloydslistintelligence.com)
datasets. Alternatively the SeaKLIM algorithm can be applied developed by Paxian et al.
(2010), which merely requires data about the start and end harbours of the ships.

In-situ approach
While the activity-based inventories are widely used in global modelling, in-situ measurements of ship exhaust are more valuable for considering the effects of individual ship tracks.
As in the previous approach, large differences in terms of emissions were found for different
ship types, engine types, fuel burned and loading conditions. Therefore in order to obtain
emissions representative of the global fleet, measurements over a range of ships would have
to be measured (Lack et al., 2009).
Ship emissions have been determined from airborne measurements by applying two different
methods. The first method is based on the carbon dioxide balance (Hobbs et al., 2000;
Lack et al., 2009). A strong correlation between PM (and SO2 ) plume concentrations with
CO2 , the principal product of marine fuel combustion, has been determined in plume measurements (Hobbs et al., 2000). As the CO2 emission flux can be determined directly from
chemical reactions (in an ideal combustion), the PM emission flux can be directly determined
from the fuel consumption rate, by scaling the calculated CO2 emission flux. Alternative estimates of PM emissions are obtained from inverse Gaussian plume modelling (Hobbs et al.,
2000; Petzold et al., 2008). Based on concentration measurements at variable distances from
the plume, emission fluxes are determined assuming near Gaussian dispersion.
Uncertainties remain in both methods. Combustion processes are not ideal and the correlation between CO2 and PM plume concentrations varies significantly between ships. On the
other hand, the Gaussian plume approach relies heavily on obtaining the peak concentration measurements. If the peak concentration is missed during the traversal of the plume,
emission fluxes will likely be underestimated (Hobbs et al., 2000).

1.2.2

Aerosol-cloud interactions in ship tracks

Ship tracks are clear manifestations of aerosol-cloud interactions. Based on their spatial
confinement, they have proven to be ideal platforms for studying microphysical and macro-
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physical feedbacks induced in stratocumulus by aerosol perturbations.
The regime dependence of the net cloud albedo response of stratocumulus, given by the
balance of the cloud effect (microphysical) and LWP change (macrophysical), was clearly
observed in ship tracks (Christensen and Stephens, 2011, 2012; Chen et al., 2012). While a
reduction or even suppression of drizzle was observed in most ship tracks (Ferek et al., 2000;
Christensen and Stephens, 2012), the LWP response varied significantly between open and
closed cell regimes. In open cell stratocumulus, the ship exhaust generally led to a deepening of the cloud by increased entrainment and increased liquid water content. The resulting
positive change in LWP does not only increase the cloud albedo, but has indeed been found
to dominate the cloud albedo response in this regime (Christensen and Stephens, 2011).
On the other hand, only small changes in cloud-top height together with cloud thinning were
observed for ship exhaust emitted into closed-cell stratocumulus (Christensen and Stephens,
2011). Therefore the decrease in LWP in this regime usually acts to offset the albedo response (Coakley and Walsh, 2002; Chen et al., 2012). However, Christensen and Stephens
(2011) still found the cloud albedo to be slightly increased, as microphysical effects (i.e. the
albedo effect) dominated. Chen et al. (2012) on the other hand have shown the cloud albedo
to remain unchanged, or even decreased in this regime.
Finally the sensitivity of the cloud response to background CCN concentrations was also
seen in ship track measurements (Russel et al., 2012). In marine areas subject to continental outflow, the cloud response to ship exhaust was found to be considerably weaker due
to significantly higher background CCN concentrations, than in clean marine regions. This
re-emphasises the fact that ship effluents seem to have the largest effects in stratocumuli,
whose evolution is CCN-limited.
In addition to regime-dependent effects, transitions between stratocumulus regimes induced
by ship exhaust were also observed (Goren and Rosenfeld, 2012) and have been successfully
simulated (Wang et al., 2011). Over the period of two days transitions of open cell to closed
cell stratocumuli were induced.
Due to the strong dependence of the induced feedbacks on the unperturbed state, the physical properties of ship tracks were found to be quite variable. Ship tracks measured during
the MAST campaign were found to be 296 ± 233 km long, 7 ± 6 h old and 9 ± 5 km wide.
By developing automatic detection algorithms (Campmany et al., 2009), ship tracks could
be categorised world-wide. During a 2-year period, merely 10 924 ship tracks were detected
world-wide. Most of the tracks were found at California’s west coast and in the Atlantic off
West Africa and south-western Europe.
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1.2.3

From ship tracks to global impacts

Ship tracks themselves do not matter on a global scale due to their rare manifestation in
particular boundary layer states (Schreier et al., 2007). However, the general effect of tons
of ship exhaust per year (gaseous and solid) on the atmospheric state still remains to be
seen. Disentangling the radiative forcing due to ship emissions has proven to be extremely
difficult in observations and global modelling.
The large natural variability of τ (1 ≤ τ ≤ 20 ) that is even found in solid stratocumulus
decks (Hahn et al., 2001) makes it near impossible to extract radiative forcings due to ship
emissions in satellite data (Peters et al., 2011). An alternative method to address this issue
lies with global modelling experiments. While the modelling approach provides the rare
opportunity to simulate different realisations of the world (e.g. with and without ship exhaust), the uncertainties involved are substantial. Low marine, stratiform clouds themselves
are badly captured by many GCMs (Nam et al., 2012) and aerosol-cloud interactions as well
as their representation in GCMs remain one of the most inscrutable issues in climate prediction (Myhre et al., 2013). Even assuming a perfect representation of the involved processes
in parameterisations, the vertical resolution applied in many GCMs today (e.g. 19 (Righi
et al., 2011) or 31 (Peters et al., 2012) levels between surface and 10 hPa) will make it very
difficult to capture effects on low boundary layer clouds.
Estimates of the radiative forcing induced by ship emissions vary over an order of magnitude
and range between −0.6 Wm−2 and −0.07 Wm−2 (Lauer et al., 2007; Righi et al., 2011; Peters et al., 2012; Partanen et al., 2013). A fraction of this uncertainty will be attributable to
differences between alternative emission inventories. However, the main cause of uncertainty
remains with the different model descriptions applied and uncertainties therein.
One approach to increase confidence in simulated estimates of radiative forcing and the
potential impacts of ship emissions on climate, would be to focus on raising confidence in
the parameterisations themselves. At this moment this remains a difficult step as our understanding of the chain of processes occurring in aerosol-perturbed stratocumuli remains
limited (see section 1.1.3).
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1.3

Objectives

In this thesis, we use the numerical weather prediction model COSMO to study ship tracks
at the meso-gamma scale. Two main challenges are inherent to this work and motivated the
research objectives listed below. For one, the study of ship tracks at regional-scale resolution
has not been previously attempted within the community. Therefore, the feasibility of this
approach and its merit have so far remained unclear. Secondly, while the regional model
COSMO is well established and successfully applied in weather prediction and climate projections over continental Europe, model experience regarding marine boundary layer clouds
has been limited.
The objectives of this thesis arising from these two overarching challenges are summarised
here. The chapters in which they will be addressed are provided in addition:
1. Assess the ability of regional model simulating shallow, stratocumulus-topped boundary layers capped by strong inversions in the Bay of Biscay and attribute potential
biases to numerical or physical model deficiencies. [chapter 3]
2. Determine the model’s ability to capture the key processes involved in ship track
formation, such as aerosol processing and transport within confined plumes, activation,
as well as cloud microphysical and radiative effects at the regional scale. [chapter 4]
3. Given the previous objective, quantify and evaluate cloud micro- and macrophysical
effects induced in the stratocumulus layer by ship exhaust. [chapter 4]
4. Obtain insights into the resolution dependence of aerosol-cloud interactions and the regionally averaged cloud-radiative effect induced by ship emissions. We thereby address
the overarching question whether higher-resolution simulations compared to GCM resolution are a necessity to estimate global climate impacts of shipping. [chapter 5]
5. Establish applicability of real-case, regional-scale simulations in combination with highquality, comprehensive observations in determining and constraining uncertainties in
model formulations. [chapters 3, 4, 5]
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Chapter 2

Modelling Approach
For this work the limited-area numerical weather prediction and regional climate model
COSMO is used, which is maintained by the Consortium on Small-scale Modelling (http:
//www.cosmo-model.org). This limited area model has been widely used by a range of
European weather services, as well as atmospheric and climate research. It had also been
successfully applied in long-term climate studies (Zubler et al., 2011b; Ban et al., 2014;
Kotlarski et al., 2014) as well as detailed process studies (Hohenegger et al., 2009; Schlemmer
et al., 2011; Langhans et al., 2013) at a range of horizontal resolutions (from 50 km to 500 m).
This thesis is based on COSMO version 4.14, which had been extended to include a detailed
aerosol and cloud microphysical description including prognostic equations for mass and
number concentrations of a range of aerosol species and hydrometeors.
In the following sections, some aspects of the model with relevance for the simulation of
boundary layer meteorology and in particular ship tracks are described in more detail. The
focus here is on the dynamical core, the sub-grid-scale mixing, aerosol and warm cloud
microphysics, and the radiation scheme.

Dynamical Core
The dynamical core of this non-hydrostatic model consists of fully compressible flow equations, which are solved using a 3rd-order Runge-Kutta discretisation in time (Wicker and
Skamarock, 2002; Foerstner and Doms, 2004). For advective terms a distinction between
horizontal and vertical advection is made. Whilst a 2nd order centred scheme is applied
for advection terms in the vertical, a 5th-order upstream discretisation approach is used for
the computation of horizontal advection. Tracer that are positive-definite, such as aerosol
particles and hydrometeors, are advected using the second order Bott scheme (Bott, 1989).

Modelling approach

Sub-grid Scale Transport
SGS transport occurring predominantly in the boundary layer, such as turbulence (vertical)
and moist convection (shallow and deep convection) are parameterised following Mellor and
Yamada (1974, 1982) and Tiedtke (1989) respectively.
The turbulence scheme is based on 1.5 order turbulence closure assumptions with a prognostic evolution of turbulent kinetic energy (TKE), as well as the common K-flux approach,
where turbulent mixing in the vertical of a given entity (χ) is assumed to be proportional
to its vertical gradient multiplied by an Eddy diffusivity (Kχ ):
w0 χ0 = −Kχ

∂χ
∂z

(2.1)

Near the surface, turbulence is generated due to the exchange of heat and moisture between
the surface and the atmosphere. The sensible HSH and latent heat HLH surface fluxes are
parameterised based on the surface layer stability and roughness-length following Businger
et al. (1971) and are given as:
HSH = −ρChd vh (θπsf c − Tsf c )




v
HLH = −ρCqd vh q v − qsf
c .

(2.2)
(2.3)

d
provide the bulk-aerodynamic transfer coefficients for heat and moisture respectively
Ch,q
and therefore characterise the surface layer stability. The density ρ, horizontal wind speed
vh , potential temperature θ, specific humidity q v are obtained at the lowest model level above
v
the surface. The surface fields for temperature Tsf c and humidity qsf
c are non-interactive
over the ocean and prescribed by ECMWF Interim Reanalysis (ERA-Interim;Uppala et al.
(2005); Simmons et al. (2007)), while the Exner function πsf c provides the scaled surface
pressure.
The convective fluxes are computed using a directional mass-flux approach, which relies on
the organisation of the dynamics into cloud-forming updraft regions of small horizontal extent and downdraft regions in the surrounding environment. The convective flux of specific
humidity qv and dry static energy s = cpd T + gz, where cpd denotes the dry heat capacity,
T the temperature, g the gravitational acceleration and z gives the height, is parameterised
by the following relations:



ρ w 0 χ0



= M (χc − χ)

(2.4)

where χ ∈ (qv , s)
∂M
and
= M ( − δ) .
∂z

(2.5)

conv

(2.6)
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The cloud core properties are marked by the subscript c and environmental properties are
assumed to equal the grid-box mean values χ. The mass flux M ≡ ρac (wc − w) is proportional to the difference of the updraft velocity wc and the mean grid-scale velocity w scaled
by fractional updraft area ac and density ρ.
The entrainment and detrainment rates,  and δ respectively, are set equal in the Tiedtke
(1989) scheme, which implies that the mass flux between the cloud base and cloud top of
the convective clouds remains constant with height following eq. 2.6. The strengths of the
upward and downward mass fluxes are computed iteratively from cloud base to cloud top.
Therefore closure assumptions at cloud base are required in this approach. Furthermore
a triggering condition has to be defined for when the atmosphere is perceived as unstable
enough, based on the grid-scale entities, for convection (deep or shallow) to occur. As this
work focuses on a dynamical regime in which shallow convection (SC) occurs, the closure
and triggering assumptions used for shallow convection only are presented here.
Shallow convection is confined to the boundary layer. Downdrafts are not computed for
shallow convection, since the updrafts are perceived as too weak to generate downdrafts of
sufficient relevance for moisture and heat transport. The cloud depth, determined by a hypothetical adiabatic parcel ascent from the surface, is limited to 250 hPa. Should the cloud
depth be exceeded, the scheme is turned off. The entrainment and detainment rates are
prescribed as 3 × 10−4 m−1 in this parameterisation. For the cloud base closure of the SC
scheme the moisture balance closure is used:
{Mu (quv

v

− q )}zb = −

Z zb
zs

v

∂F q
v
~
dz.
ρ~v · ∇q +
∂z

(2.7)

Mu denotes the updraft mass flux, quv denotes the specific humidity within the updraft region,
and qv the environmental specific humidity. The integral is computed over the sum of the
v
vertical turbulent flux of specific humidity (F q ) together with the large-scale divergence
between the surface level (zs ) and the diagnosed cloud base (zb ), which is determined by the
hypothetical parcel ascent.
The SC scheme is triggered, if the RHS of eq.2.7 is positive, i.e. a moistening of the sub-cloud
layer occurs due to large-scale horizontal advection or turbulent mixing, and the atmosphere
is diagnosed as thermodynamically unstable. Again a hypothetical adiabatic parcel ascent
is used to determine the thermodynamic instability of the atmosphere using the virtual
v
v
temperature (T v ), i.e. Tparcel
+ 0.5K − Tenv
> 0 is required. The additional 0.5 K are a
prescribed offset allowing for a small amount of convective inhibition to be overcome. A
final condition for the triggering of SC regarding the ascending parcel’s moisture content
v
v
is prescribed. In order for moist convection to occur, the condition that qparcel
> qenv
is
enforced at cloud base.

19

Modelling approach

Aerosol Microphysics
A prognostic description of the microphysical processes for five aerosol species (sulphate,
black carbon, organic carbon, sea salt and dust) was implemented (Muhlbauer and Lohmann,
2009; Zubler et al., 2011a) following the M7 aerosol parameterisation by Vignati et al. (2004).
This bulk microphysical parameterisation is fundamentally characterised by its distribution
of the considered aerosol species into seven lognormal size distributions:

2 r
)
ln
(

ri 
,
exp 
−
2
2 ln (σg,i ) 


N (ln r) =

7
X

Ni
√
2π ln σg,i
i=1

(2.8)

where Ni denotes the aerosol number concentration and ri , the count median radius of each
species, which is diagnosed from the aerosol mass and number concentration of each mode.
The standard deviation of the lognormal distribution of each mode is denoted by σg,i and is
given for each of the four size intervals (g index) shown in Fig. 2.1.

ri < 5 nm
σ1,i= 1.59

5 nm < ri < 50 nm
σ2,i= 1.59

50 nm < ri < 0.5 µm
σ3,i= 1.59

ri > 0.5 µm
σ4,i= 2.0

Figure 2.1: Schematic for M7 module consisting of seven modes (i) grouped into four size
modes (g= 1-nucleation, 2-Aitken, 3-accumulation and 4-coarse).
The aerosols within these modes interact by inter- and intramodel coagulation. If mixed
aerosol coagulate with insoluble aerosols, the product is considered mixed. The growth of

20

existing aerosol by condensation, or production of new particles by nucleation of gaseous
SO4 is also included, which requires a description of the gas-phase sulphur cycle. The oxidation processes of sulphur dioxide or dimethyl sulphide (DMS) to gaseous SO4 follow the
description of Feichter et al. (1996) for which the abundance of the chemical oxidants OH,
H2 O2 , NO2 or O3 is required. For these species climatological monthly means obtained from
the chemical transport model MOZART (Horowitz et al., 2003) are prescribed.
Once the aerosol is soluble, either due to its own high hygroscopicity, or a coating of sulphate,
it can grow by water uptake. The description of this process is based on Köhler theory and
follows the implementation of Petters and Kreidenweis (2007). To determine the activated
fraction of soluble aerosol to act as CCN, the Lin and Leaitch (1997) activation scheme is
used. In this parameterisation all mixed aerosol larger than 35 nm, are considered activated.
Aerosols are removed from the atmosphere by dry and wet deposition, as well as sedimentation, which is the slowest of all removal processes and most effective for coarse mode and
large accumulation mode aerosols. The sedimentation velocity is given by a form of Stoke’s
law, which has been adapted for turbulent flow and the invalidity of the non-slip condition
assumption, which is inadequate in the atmosphere at aerosol size (Seinfeld and Pandis,
2006). Dry deposition entails the direct removal of aerosols in the atmosphere to the surface
and is therefore strongly dependent on the properties of the surface layer (such as stability
and roughness length). Like sedimentation, this aerosol removal process is most effective for
large and heavy aerosols such as sea salt and dust (Stier et al., 2005). For particulate matter,
dry deposition is parameterised following Ganzeveld et al. (1998), whilst gaseous species are
deposited according to Feichter et al. (1996).
For wet deposition a distinction is made between in-cloud and below-cloud scavenging by
falling rain or snow. The below-cloud scavenging is constrained by the collection efficiency
of snow or rain at a given fall speed for an aerosol of a given size, as well as the ability
of the considered precipitant to reach the surface within one time step. As in-cloud scavenging only nucleation scavenging is considered, as impaction scavenging is currently not
implemented. However, as for most species apart from dust, which does not play a role in
these simulations, nucleation scavenging accounts for over 90% of the total scavenged aerosol
in stratiform clouds (Croft et al., 2009), the error made is believed to be small. Activated
CCN, which are enclosed within cloud droplets, are scavenged by the removal of the cloud
droplets themselves, which occurs due to scavenging processes between the cloud droplets
and precipitating hydrometeors. When distributing the scavenged aerosol mass and number
onto the individual aerosol modes, it is assumed that larger aerosol particles are scavenged
before smaller aerosol particles.
Finally, surface DMS and aerosol emissions are considered, which are given as prescribed
fields for most species apart from sea salt, dust and DMS, which are computed online. Both

21

Modelling approach

anthropogenic, e.g. biomass burning, burning of fossil fuels and transport sector emissions,
as well as natural emissions such as sea salt and wildfires are considered. For a detailed
description of the emissions, see Zubler et al. (2011a) and references therein.

Warm-Cloud Microphysics
A bulk microphysical parameterisation following (Seifert and Beheng, 2006) describes the
processes of different hydrometeors (cloud droplets and rain in the warm phase) and their
interactions using the infamous two-moment approach.
Mik

=

Z x2
i
x1i

xfi (x)dx for i ∈ [1, 5] and k ∈ [0, 1]

(2.9)

For each hydrometeor i of mass x, the zeroth (k = 0) and first (k = 1) moment are computed, which are equivalent to the mass and number density. The size distribution f (x),
which is fundamental to this approach, is assumed as a generalised Γ-distribution for cloud
and a simple exponential for rain drops.
In the warm phase these densities are modified by condensation, evaporation and collisioncoalescence processes. Cloud droplets grow by condensation and coalescence until a prescribed mass limit (x2cloud ) is surpassed and they begin to sediment as rain. Falling rain
drops can then further grow by collecting cloud and smaller rain drops. Once they pass the
cloud base, they begin to evaporate. Finally rain drop break-up is also considered.
The sedimentation of cloud droplets, which has been shown to modify entrainment rates in
LES studies (Ackerman et al., 2004; Bretherton et al., 2007), is currently not included in the
model. This should be implemented for future applications of COSMO in both weather and
climate studies.

Radiation
The radiative transfer computation follows the δ-two-stream approach by Ritter and Geleyn
(1992). The radiative fluxes are computed using the plane-parallel assumption across 3
channels in the shortwave (1.53 – 4.64 µm, 0.7 – 1.53 µm, 0.24 – 0.7 µm) and 5 channels in
the longwave (20.0 – 104.51 µm, 12.5 – 20.0 µm, 8.33 – 9.0 µm & 10.31 – 12.5 µm, 9.01 –
10.31 µm, 4.64 – 8.33 µm). The optical properties of the aerosol species, such as the extinction
coefficient, single-scattering albedo and the asymmetry factor were previously obtained by
off-line radiative transfer calculations applying Mie-theory and are stored in look-up tables.
The extinction coefficient determines the extinction of the electromagnetic wave intensity
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due to the absorbing species, whilst the single-scattering albedo determines the species’
ability to scatter electromagnetic radiation in a single event. Finally, the asymmetry factor
provides information about the spatial distribution of the scattered radiation. The same
optical properties are computed on-line for cloud droplets following the parameterisation
by Hu and Stamnes (1993).
In addition to grid-scale cloud water, sub-grid scale (SGS) cloud water is considered, where
a distinction between convective and stratiform contributions is made. The convective cloud
water is obtained by the convection scheme (see below) and stratiform SGS contributions
are determined following Slingo (1987) based on the following relative humidity criterion:
"

CLCSGS

"

!

qt
− RHcrit (1 − RHcrit )−1
= max 0, min 1,
qsat

##2

,

(2.10)

where CLCSGS is the SGS cloud fraction and qt is the total water content (vapour and
condensed phase). The saturation water vapour mixing ratio is given by qsat in the absence
of ice. RHcrit is a height-dependent parameter, where SGS cloud water is formed if it is
exceeded.
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Low-lying inversions and stratocumulus

3.1

Abstract

Many regional forecasting models struggle to simulate low-lying strong temperature inversions. To understand this apparent deficit for forecast improvements, a case study of a strong
inversion occurring in the Bay of Biscay on 27 January 2003 is conducted. The event was
characterized by extensive stratocumulus cloud cover beneath an extensive high pressure
system, as well as a particularly strong inversion of 10–12 K at an altitude of 500–800 m.
Simulations were performed at a 2 km and 12 km horizontal resolution, with 60 vertical levels
(13 levels within the first 1000 m), and with lead times of 12–72h. The simulations were
validated using in-situ radiosonde and satellite data. Besides large-scale subsidence, turbulent vertical mixing is a key dynamical process for the formation of nocturnal inversions.
Sensitivities to parameters for vertical mixing (the minimum threshold for eddy diffusivity,
and the turbulence length scale) are investigated. Results presented herein show the marine
boundary layer (PBL) profiles to be very sensitive to the minimum threshold applied for
eddy diffusivity, whereas little sensitivity with respect to the turbulence length scale parameter was found. PBL moisture and potential temperature (θ) profiles for hindcasts between
24–72h lead times at both resolutions were adequately simulated. In simulations with an adequate representation of the vertical turbulent exchange, realistic cloud cover was simulated,
whilst too high values of the aforementioned threshold produced a strong underestimation of
cloud cover. These results indicate that a realistic simulation of strong inversions and their
associated cloud cover is feasible, provided the vertical turbulent exchange is adequately
represented.

3.2

Introduction

The marine boundary layer (PBL) is often capped by pronounced inversions, which in turn
may strongly affect the associated dynamics as well as cloud distribution, cloud thickness
and cloud type. In the case of stratus and stratocumulus clouds considered in this study,
a shallow well-mixed boundary layer with a strong low-lying temperature inversion is common. However, it is known that many regional and global models struggle to capture stable
boundary profiles, and in particular, sharp inversions (Stevens et al., 2003; Bretherton et al.,
2004b; Hannay et al., 2009; Wyant et al., 2010; Svensson and Holtslag, 2009; Svensson et al.,
2011; Holtslag et al., 2013; Sandu et al., 2013).
The vertical extent, height and strength of the inversion are determined by a balance between
the large-scale subsidence and the boundary layer turbulence (Neiburger et al., 1961; Stevens,
2005). In recent studies it has been suggested that the inability of global and regional-scale
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models to simulate stable boundary layer profiles results from the over-prediction of the
turbulent mixing (Holtslag et al., 2013; Sandu et al., 2013). Parameterizing sub-grid-scale
mixing, or turbulence, is based on the Reynolds-averaged flow in combination with some
closure-assumption for the sub-grid-scale fluxes. A common approach is to have a onedimensional scheme in combination with a flux-gradient approach based on eddy-diffusivity
closure (e.g. Cuxart et al. 2006). However, the implementation of such schemes varies considerably between different models leading to a variety of skill in predicting stable boundary
layers (Holtslag et al., 2013). For instance, Sandu et al. (2013) addressed the issue of overprediction of the vertical mixing due to the implementation of unsuited (for stable boundary
layers) stability functions within the ECMWF model. By changing the profiles of the prescribed stability functions, Sandu et al. (2013) observed a significant improvement in the
stable PBL profiles, as well as low-cloud cover. However, they also observed a degradation
of the large-scale flow when using fixed stability functions.
Buzzi et al. (2011) performed a different study using the regional COSMO model (Doms and
Schättler, 2002; Steppeler et al., 2003). In this model the turbulent fluxes are parametrized
using the down-gradient flux approach with a local closure of eddy-diffusivity. In this scheme
the vertical profile of the stability functions is explicitly diagnosed for each column, and a
minimum threshold on the diagnosed eddy diffusivity is imposed. Buzzi et al. (2011) showed
in idealized single-column experiments that the stable PBL structure and inversion were
largely sensitive to this prescribed minimal eddy-diffusivity. In particular they found an
improved representation of the inversion when this limiter was reduced. Such a limiter on
the vertical turbulent flux has been in use in mesoscale models such as the fifth-generation
Pennsylvania State University – National Center for Atmospheric Research Mesoscale Model
(MM5) and the Regional Climate Model (RegCM3).
Another study (Vellore et al., 2007) has also raised the issue of boundary data for simulating
marine stable boundary layers with regional models (Vellore et al., 2007). They analyzed
MM5 hindcasts of stable marine boundary layers near the West Coast of California and
validated them against a comprehensive dataset including buoy, aircraft, satellite, and large
eddy simulation (LES) data. They found the simulated inversion strength was underestimated by about 50%, which they believed to be as a result of deficiencies in the prescribed
initial conditions from the National Centers for Environmental Prediction – National Center for Atmospheric Research (NCEP-NCAR; Kalnay et al. (1996)) and ECMWF (Uppala
et al., 2005) reanalyzes, which themselves severely underestimated the inversion. However,
the MM5 also imposes a minimum value on the eddy diffusivity of at least 1 m2 s−1 , so their
forecasts might also be subject to an overprediction of vertical mixing, which depletes their
simulated inversion.
Following the findings of Buzzi et al. (2011), we investigated the role of the eddy diffusiv-
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ity limiter in real-case simulations of stable boundary layers in a real-case simulation. We
investigated if a reduction of this limiter would lead to an improved representation of inversion strength, inversion height, and low-cloud cover, and whether it affects the generation
and strength of the turbulent kinetic energy distribution within the PBL. Furthermore, we
considered the findings of Vellore et al. (2007) and determined the sensitivity of our results
to the initial conditions by generating an ensemble of simulations with increasing lead time.
For our simulations we set up a case study in the Bay of Biscay, where a strong inversion
of 10–12 K at a height of 500 – 800 m was observed with widespread stratus and stratocumulus cloud cover. The simulations were validated against soundings from stations located
at Brest, France, and A Coruñia, Spain, as well as using the Moderate Resolution Imaging
Spectroradiometer (MODIS) data.
This paper is structured as follows: In section 3.3 we provide an overview of the COSMO
model and the simulation setup, as well as the observations used. The results are then
presented in the following section, which includes a discussion of the large-scale flow and
predominant subsidence (section 3.4.1), the influence of the eddy-diffusivity limiter (3.4.2),
the initial conditions (3.4.3), the turbulence length scale parameter (3.4.4), and the horizontal resolution 3.4.5). In the final section our main results are summarized.

3.3
3.3.1

Numerical setup and data
Model description

For this study the state-of-the-art regional climate and weather prediction model COSMO
(version 4.14) was used. The governing equations for the fully compressible flow are discretized in time using a standard third-order Runge-Kutta scheme (Wicker and Skamarock,
2002; Foerstner and Doms, 2004). The horizontal advection is computed by a fifth-order
upstream-biased advection scheme, whereas a centered second order scheme is applied in the
vertical. Moisture variables are advected using a semi-Lagrangian scheme with a multiplicative filling approach to guarantee positive definite advection. The radiative transfer scheme
by Ritter and Geleyn (1992) is used in combination with a relative humidity criterion for
determining sub-grid-scale cloud cover (CLC).
Instead of a simplified one-moment cloud microphysics scheme, a two-moment scheme (Seifert
and Beheng, 2006; Zubler et al., 2011a) was used. This scheme parametrizes droplet nucleation (based on the vertical saturation gradient and vertical velocity), as well as the processes
of accretion and autoconversion, self-collection, raindrop breakup and rain sedimentation for
the warm-phase cloud microphysics on the grid-scale. A constant cloud condensation nuclei
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(CCN) concentration of 100 cm−3 was prescribed, which is characteristic of the marine environment (Kubar et al., 2009). Deep and shallow convection are paramterized by the Tiedtke
(1989) scheme.
Turbulence Parametrization
The COSMO turbulence scheme is a one dimensional turbulence parametrization based on
a 1.5 order turbulence closure after Mellor and Yamada (1974;1982). In this scheme the
sub-grid-scale vertical turbulent mixing is parametrized to first order using the traditional
K-closure approach with a prognostic equation for turbulent kinetic energy (q 2 ), which over
sea includes the following terms:
∂u
∂v
g
1 ∂ w 0 p0 1 2 0
dq 2
= −u0 w0
− v 0 w0
+ w0 θv0 −
[ρ
+ ρq w ] − 
dt
∂z
∂z θv
ρ ∂z ρ0
2

(3.1)

where u (v) denotes the grid-scale mean westerly (northerly) horizontal velocity component,
u0 (v 0 ) corresponds to the respective sub-grid-scale fluctuation from the mean, and θv denotes
the virtual potential temperature. Therefore, the turbulent kinetic energy includes shear production, buoyancy generation, pressure and turbulent transport, as well as eddy dissipation.
The vertical diffusion coefficients for heat (subscript H) and momentum (subscript M) are
parametrized as
(3.2)
KM,H = lqSM,H
where SM and SH denote the stability functions for momentum and heat and l is given by
Blackader (1962):
kz
l = l∞
.
(3.3)
kz + l∞
Here l∞ denotes the assumed fundamental length-scale of turbulence and k is the Kármán
constant, which is set to 0.4 in the COSMO model.
In the standard setting of the COSMO model, minimum values for KM (KMM IN ) and KH
(KHM IN ) have been introduced in order to avoid a too low mixing in very stable situations
and for assuring mostly always good numerical stability of the turbulence scheme (Raschendorfer pers. com.). A more detailed description of the turbulence parametrization and the
computation of the stability functions can be found in Buzzi et al. (2011).

3.3.2

Simulation setup

The one-way nested simulations performed at two horizontal resolutions are initialized and
driven at the lateral boundaries with the ECMWF Interim Reanalysis (ERA-Interim;Uppala
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et al. (2005); Simmons et al. (2007)). The low-resolution simulations (0.11◦ ∼ 12 km) cover
a region from the northeast Atlantic to the eastern boarders of Switzerland and Germany,
whereas the high-resolution simulation (0.02◦ ∼ 2 km) is centered over the ocean, covering
a domain area of 1160 × 800 km2 . The computational domains are shown in Fig.3.1a,b. For
the vertical coordinates, a nonhomogeneous level spacing was used with 13 levels within the
first kilometer and at a minimum spacing of 20 m. A time-step of 90 s is used in the lowresolution simulation and is reduced to 20 s in the high-resolution simulation. The model
setup follows the MeteoSwiss COSMO configuration that is used for the operational forecasting. Whereas both deep and shallow convection, are parametrized in the coarse-grid
simulation, only shallow convection is parametrized by the reduced Tiedtke scheme in the
2-km simulation, in order to represent convective structures smaller than 12 km (six grid
points) in diameter.

Table 3.1: List of all simulations performed with distinguishing characteristics (see section 3.3.1 for details). Columns relate to: horizontal resolution, turbulence parameters (
K(M,H)M IN , tur_len ) and initialization time during 2003.

simulation

resolution [km×km]

KMIN_1.0L
KMIN_0.4L
KMIN_0.1L
KMIN_0.01L
KMIN_1.0H
KMIN_0.01H
TURL_500
TURL_60
KMIN_2400L
KMIN_2412L
KMIN_2500L
KMIN_2512L
KMIN_2612L

12 × 12
12 × 12
12 × 12
12 × 12
2×2
2×2
12 × 12
12 × 12
12 × 12
12 × 12
12 × 12
12 × 12
12 × 12

K(M,H)M IN [m2 s−1 ] tur_len [m]
1
0.4
0.1
0.01
1
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

500
150
150
150
250
150
500
60
150
150
150
150
150

initialization
26.01.
26.01.
26.01.
26.01.
26.01.
26.01.
26.01.
26.01.
24.01.
24.01.
25.01.
25.01.
26.01.

00
00
00
00
00
00
00
00
00
12
00
12
12

UTC
UTC
UTC
UTC
UTC
UTC
UTC
UTC
UTC
UTC
UTC
UTC
UTC

In this case study, the sensitivities of the boundary layer and inversion strength on the time
of initialization as well as the vertical turbulent mixing were investigated. An overview
of the performed simulations can be found in Table 3.1. In particular, the sensitivities
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with respect to different values of K(M,H)M IN = {1, 0.4, 0.1, 0.01} m2 s−1 and l∞ , defined
as tur_len = l∞ /k in the COSMO namelist, were analyzed. The sensitivities to values
of tur_len = {500, 250, 150, 60} m were also investigated, where tur_len = 500 m and
tur_len = 250 m correspond to the COSMO standard setups with 12- and 2-km horizontal
resolutions, respectively.
Table 3.1 shows the details of the simulations. Most simulations were initialized at 00 UTC
26 January 2003. However, we also performed an ensemble of simulations with different
initialization times between 00 UTC 24 January and 12 UTC 26 January 2003.

3.3.3

Observational data

The COSMO simulations were compared against two different types of observations. The
total cloud cover, obtained by the MODIS satellite (Platnick et al., 2003) and archived at
1-km resolution, provided the horizontal overview. In addition, two radiosonde stations at
Brest and A Coruña were used that were predominantly exposed to maritime conditions.
Radiosonde profiles for θ, relative humidity (RH) and horizontal wind at 00 UTC and 12 UTC
27 January 2003 were compared against the simulated profiles within the simulation domain.

3.4
3.4.1

Results
Synoptic conditions and mesoscale forcing

On 26 – 27 January 2003, the large-scale flow throughout the 12 km and the therein nested
2 km domain was characterized by a high pressure system. This high pressure system was
centered to the southwest of the Bay of Biscay as is shown by the geopotential height at
925 hPa in Fig. 3.1b. The position and magnitude of the geopotential height, as well as
the associated subsidence (Fig. 3.1c), are to a large extent determined by the driving ERAInterim reanalysis.
The large-scale subsidence is strongest during the night where values between −1.5 and
−2 cms−1 are seen on 26 and 27 January 2003. At 09 UTC 27 January there is a synoptic
regime change within the 2 km domain, transitioning from a high pressure subsidence to
a moderate large-scale ascent (of the order of 0.5 – 1.5 cms−1 ). This ascent is caused
by a cold front propagating into the domain from the northwest, weakening the influence
of the high pressure system that is displaced to the southwest. The position of the cold
front can be inferred from Fig. 3.1d, which shows the diagnosed PBL height (PBLH) at
12 UTC 27 January 2003. North of about 50◦ N one can see a bandlike structure around
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PBLH

Jan 26

cm/s

Jan 27

km

Figure 3.1: (a) Topography [m] at 12-km horizontal resolution, and (b) geopotential height
contours with the wind field overlain on the 925 hPa surface for KMIN_1.0L simulation (see
Table 3.1) at 00 UTC 27 Jan 2003. The red box shows the nested 2 km simulation domain and
crosses mark locations of two radiosondes used in this study. (c) Temporal evolution of the
horizontally averaged vertical velocity profile. The horizontal average was obtained over the
sea grid points of the 2 km domain. (d) PBLH [km] at 12 UTC 27 Jan 2003 diagnosed by the
top of the inversion determined by the temperature gradient (see section 3.4.2 for detailed
description). White regions in (d) denote areas where the PBLH could not be diagnosed
because of an insufficient gradient in temperature.
the geographical position of Ireland, where the PBLH could not be diagnosed due to an
insufficient temperature gradient.
Throughout the simulated time period a maritime northerly flow towards the European
landmasses was observed. As can be seen by the wind field at 925 hPa (Fig. 3.1b), the wind
flow is diverted along the Spanish coast resulting from the increase in topography from sea
level to 1000 m over a region of 200 km (see Fig. 3.1a). This diversion of the wind field can
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be explained by shallow water theory, as we are dealing with a shallow PBL, which is topped
by a strong temperature inversion in the maritime domain (see Fig. 3.2). According to the
flow diagnostics of Houghton and Kasahara (1968) for shallow fluid flow incident upon a
ridge, the present situation can be classified as "total blocking" event (i.e. the flow does not
overcome the ridge).
This flow diagnostic is based on the values of two nondimensional parameters: the Froude
√
number F0 and a scaled mountain height M . The Froude number is defined as F0 = u/ g ∗ h0 ,
where u is the incident wind speed, h0 the depth of the PBL and g ∗ = g∆θe /θe . The scaled
mountain height is given by M = H/h0 , where H is the height of the mountain (in this
case the height of the Spanish coast). Depending on the position in this two-dimensional
parameter space spanned by values of F0 and M , one can define different flow regimes as
depicted in Fig. 6 of Houghton and Kasahara (1968). For the flow in the Bay of Biscay on
27 January, we estimate u to be about 5 ms−1 , H to be about 1000 m, h0 to be about 700 m
and g ∗ to be about 0.3 ms−2 (Fig. 3.2). These values give F0 of approximately 0.3 and M
of about 1.4. Following Houghton and Kasahara (1968), these values suggest that the flow
falls within the "blocking regime".

K

PBLH

PBLH

KMIN_1.0L

PBLH

KMIN_0.4L

km

PBLH

KMIN_0.1L

KMIN_0.01L

Figure 3.2: (a) – (d) Maximum vertical temperature gradient found within in the inversion,
as diagnosed from the temperature profiles (see section 3.4.2 for details). (e) – (h) PBLH
defined by the diagnosed inversion top. Sensitivity of inversion strength and height with
respect to K(M,H)M IN at 00 UTC 27 Jan 2003 is shown. Black line in (d),(h) shows position
of vertical potential temperature cross sections presented in Fig. 3.3.
However, rather than being reflected backwards, as is the case in Houghton and Kasahara
(1968) for calculations for infinitely long ridges, the flow is deviated along the Spanish coast
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to lower mountain passes (Fig. 3.1b). The flow-blocking also leads to a lifting of the PBLH
in front of the Spanish coast, as can be seen in Fig. 3.1d.

3.4.2

Sensitivity to eddy diffusivity limiter

Here, the sensitivity of the simulated boundary layer structure and cloud formation to the
prescribed minimum threshold of the eddy diffusivity for momentum and heat (K(M,H)M IN =
{1, 0.4, 0.1, 0.01} m2 s−1 ) was investigated. Throughout the maritime domain a tendency of
shallower boundary layer formation with stronger capping inversions for lower minimum
values of eddy diffusivity can be observed in Fig. 3.2. The top panels show the maximum
vertical temperature gradient within the inversion layer. The inversion layer, using the standard definition of a temperature inversion (Geer, 1996), was diagnosed between the lowest
level where a positive temperature gradient is seen, up to the next level where the temperature gradient switches to a negative sign. If the total temperature increase is larger than
0.5 K, an inversion was diagnosed and the maximum gradient within the inversion layer
was determined. The PBLH (Fig. 3.2e – h) was diagnosed at the determined inversion top.
This diagnostic is to some extent sensitive to the vertical resolution, as the accuracy of the
diagnosed PBLH is limited by the vertical grid spacing around the inversion layer (between
0.5 km and 1 km the vertical grid spacing varies between 100 m and 150 m).
Throughout much of the maritime domain, no inversion (see Fig.3.2a) could be diagnosed
in the KMIN_1.0L simulation (K(M,H)M IN = 1 m2 s−1 , see Table 3.1). If an inversion was
diagnosed, the maximum gradient is of the order of 1 – 2 K per 100 m only. For lower
values of K(M,H)M IN , stronger temperature inversions were simulated over larger regions in
the maritime domain. The strongest inversion was simulated by the KMIN_0.01L simulation (see Table3.1), where over large areas a maximum vertical temperature increase of 6 K
per 100 m was diagnosed (Fig. 3.2d,h). The PBLH in these regions was diagnosed between
600 – 800 m. In general one observes a lowering of the PBLH with stronger inversions, dependent on the eddy diffusivity limiter chosen. Considering that the large-scale subsidence
and therefore the adiabatic heating are not affected by K(M,H)M IN , this increase in inversion
strength and decrease in inversion height is due to the changed turbulent mixing (discussed
below) only. Furthermore, the influence of the surface fluxes on the inversion strength was
found to be negligible. The vertical mixing profile, and hence the inversion, was found to
be more sensitive to changes in K(M,H)M IN than changes in surface fluxes. The sensible heat
flux (∼ 10 Wm−2 within the maritime domain) remained invariant, while the latent heat
flux at the surface increased from approximately 10 Wm−2 to approximately 40 Wm−2 as
K(M,H)M IN was reduced.
The vertical structure of the inversion layer is shown in Fig. 3.3. In the KMIN_1.0L simu-
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lation the gradient in θ is smoothed considerably throughout the first two kilometers of the
atmosphere (Fig. 3.3a). One can observe a constant increase of potential temperature of
about 1 K per 100 m. Consistent with Fig. 3.2, the inversion gradient increases considerably
with the reduction of the eddy diffusivity limiter and the extent of the inversion layer.

Figure 3.3: The θ cross sections (along black line shown in Fig. 3.2d,h) for simulations
with different K(M,H)M IN values at 00 UTC 27 Jan 2003.
At either end of the cross sections, the inversion layer is lifted. The cross sections are oriented
perpendicularly to the cold front. The left-hand side of the cross sections passes through the
cold front to the southwest of Ireland (see Fig. 3.2(d),(h)) and the right-hand side crosses
the Spanish mainland. On the right-hand side of the cross section, the lifting of the inversion
layer is consistent with the diagnosed "total blocking" (Section 3.4.1) of the flow caused by
the coastal topography. On the left-hand side it is caused by cold air advection into the
PBL attributed to a cold front, which also weakens the inversion considerably. In addition,
one can observe (Fig. 3.3) that the occurrence of gravity waves triggered by the cold front
seems to be affected by K(M,H)M IN . Vertical disturbances of the θ contours are visible in
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Fig. 3.3c,d and to a lesser extent in Fig. 3.3b, but are completely absent in Fig. 3.3a. The
absence of the θ perturbations in the vertical show that higher values of the eddy diffusivity
limiter lead to a smoothing of gravity waves.
Furthermore between 800 – 1300 km along the cross section, one notices the absence of a
mixed layer (ML) in Fig. 3.3a. It appears that the turbulent fluxes, with high values of
K(M,H)M IN , are strong enough to destroy the inversion and the ML below.

Figure 3.4: (a) MODIS total CLC is compared against low CLC (below 800 hPa) at 00 UTC
27 Jan 2003 for (b) KMIN_1.0L, (c) KMIN_0.4L, (d) KMIN_0.1L, (e) KMIN_0.01L. The
resolution of MODIS retrieval has been reduced to 12 km to match horizontal resolution of
simulations.
Comparing the simulated CLC for KMIN_1.0L to the retrieved CLC from MODIS, throughout the domain of strong inversions at the PBLH, it is clear that cloud cover was generally
severely underestimated (Fig. 3.4a,b). The polar orbiting satellite MODIS, which passed
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over the Bay of Biscay at 12 UTC 27 January, can be used for the evaluation of low-level
cloud cover since no high-level clouds were present in these regions according to the observed
cloud top temperature. For a fair comparison of the retrieval with the four simulations with
varied K(M,H)M IN , as shown in Fig. 3.4b – e, the MODIS CLC resolution was reduced to
12 km.
Cloud cover from simulations that used K(M,H)M IN < 1 m2 s−1 is in much better agreement
with the MODIS retrieval. A continuous cloud deck is simulated within the Bay of Biscay
as well as in the southwest of the domain in all three simulations 3.4(c – e).
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Figure 3.5: RH, θ and horizontal wind profiles from left to right (a – c) at 00 UTC and
(d – f) at 12 UTC 27 Jan 2003 at Brest. The radiosonde soundings are denoted in black
dashed lines in (a,b,d,e) and are shown in the first column in (c) and (f). Simulated profiles
at the nearest grid point on land to the radiosonde’s location are shown for the simulations
with varied K(M,H)M IN .
However, there is a noticeable structure of cloud lines within an otherwise cloud-free region
visible in the satellite retrieval, which is not captured by the simulations. These streaks can
be identified as ship tracks, which have been shown to be an aerosol-induced phenomenon
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(Bowley, 1967; Durkee et al., 2000b). The current simulations were carried out with constant CCN concentrations and time-varying aerosol effects were ignored. Hence these ship
emission effects could not be captured in these simulations, but will be addressed in future
work.
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Figure 3.6: As Fig. 3.5, but for A Coruña radiosonde station.
For a more detailed analysis of the effects of K(M,H)M IN on the PBL profiles we considered
profiles at the location of two radiosonde stations which were exposed to marine air (see
Fig. 3.1b). At Brest and A Coruña we compared θ, RH, and horizontal wind profiles to
the soundings at 00 and 12 UTC 27 January (as shown in Fig. 3.5 and 3.6 respectively),
and investigated the effect of K(M,H)M IN on the turbulent kinetic energy (TKE) in Fig. 3.7.
At Brest a particularly strong inversion of approximately 12 K per 150 m at a height of
500 m was observed at 00 UTC (Fig. 3.5b, dashed line). As the PBL is heated during
the day the inversion strength was decreased to approximately 5 K per 150 m by 12 UTC,
while the inversion height remained unchanged. At A Coruña the inversion was considerably weaker, but displayed a double-gradient structure at 00 UTC, which was dissolved by
12 UTC (Fig. 3.6(b,e)). Strong gradients were also observed in the RH profiles. In line
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with the θ profiles, similarly strong gradients and equivalent structures were observed for
relative humidity. The RH profile at Brest for 00 UTC (Fig. 3.5a) shows a clear decoupling
between a near-saturated PBL and dry free troposphere, which is to be expected due to the
inhibition of adiabatic exchange across the inversion. Looking at the vertical distributions
of the horizontal wind at Brest and A Coruña, one notices a uniform northeasterly wind at
Brest, whereas the wind veers significantly with height at A Coruña, both at 00 and 12 UTC
(Fig.3.5(c,f) and Fig.3.6(c,f)). In both cases one observes weaker wind speeds within the
PBL and stronger wind speeds above. This suggests a decoupling of the wind field across
the PBLH, as anticipated.
The exceptionally strong inversion at Brest at 00 UTC is strongly underestimated in both
the KMIN_1.0L and KMIN_0.4L simulations, but well captured by the two simulations
with reduced eddy diffusivity limiters of 0.1 m2 s−1 and 0.01 m2 s−1 . The deficiencies of the
simulated θ profiles for the KMIN_1.0L and KMIN_0.4L simulations are also mirrored in
the RH profiles, where one observes a too dry upper PBL (by ∼ 15%) and a too moist free
troposphere above (15% – 30%). On the other hand, the KMIN_0.1L and KMIN_0.01L
simulations better capture the moisture decoupling. The decoupling of the horizontal wind
profile is equally well captured at Brest at 00 UTC in all four simulations.
These results are consistent with the previous findings presented in Fig. 3.2 and Fig. 3.4 and
reiterate the strong influence of K(M,H)M IN on the inversion strength and extent, as well as
the moisture distribution between the free troposphere and the PBL. However, the comparison of the simulated profiles to the observed soundings also highlights some persisting biases
of the simulations. Although the inversion gradient is better captured in simulations with
reduced K(M,H)M IN , the decrease in inversion strength from 00 UTC to 12 UTC at Brest is
not reproduced well. In the KMIN_0.01L simulation the PBL is about 2 K too cold and the
free troposphere is 2 K too warm in the first 300 m above the inversion, leading to an overestimation of the inversion gradient and a too moist PBL. On the other hand the inversion
gradient is captured well in the KMIN_0.1L simulation, but the simulated inversion height
is too high by approximately 150 m.
The decoupled boundary layer structure observed at A Coruña at 00 UTC is not captured
in the simulations. Looking at the RH profile, the decoupling is probably due to underlying
cumulus clouds feeding the stratocumulus cloud deck above, which is consistent with the
findings of previous studies (e.g. Serpetzoglou et al. 2008). This indicates that the simulation of decoupled boundary layers remains to be a difficult issue independent of the values
chosen for K(M,H)M IN . However, in principle the model is able to simulate such a decoupling
for higher boundary layers (up to 3 km) as can be seen in the θ cross sections in Fig. 3.3
just ahead of the cold front.
Further understanding of the results on a process level can be obtained from the evolution
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of the vertical TKE profiles shown in Fig.3.7. Here, clear differences between the strength
of TKE and the turbulence structure are observed for simulations of varied K(M,H)M IN . In
most K(M,H)M IN simulations, one can observe TKE being generated at the cloud top and
the surface (during the day). In stratus or stratocumulus topped cloud layers the turbulence
during night-time is driven by entrainment of warm dry air from above the inversion and
by longwave radiative cooling at the cloud top (de Roode, 1999), which is locally as large
as −29 K/day at Brest and −24 K/day at A Coruña in our simulations. Convective eddies
form during the day that are driven from the surface.
Consistent with the prescribed high minimum value for eddy diffusivity, higher values of TKE
are generated over a greater vertical extent in the KMIN_1.0L simulation (Fig. 3.7a,e). Furthermore, TKE is generated far above the grid-scale clouds shown in Fig. 3.7a. This is
attributable sub-grid-scale clouds (not shown) that continue forming higher up in the troposphere. At Brest these clouds form up to a height of 2 km, where RH is still as high as
75%. Between the KMIN_0.4L (Fig. 3.7b,f) and KMIN_0.1L (Fig. 3.7c,g) simulations, minor differences in structure as well as magnitude of TKE are found. In both simulations one
can observe a reduction of TKE between the regions of TKE generation at the surface and
at cloud top. However for K(M,H)M IN = 0.01 m2 s−1 cloud-top generated TKE is significantly
reduced compared to the other simulations.
The range of TKE in all simulations where K(M,H)M IN < 1 m2 s−1 was found to be in good
agreement with the literature (e.g. Moeng et al. 1996, de Roode and Duynkerke 1997, Stull 2009).
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Figure 3.7: Evolution of TKE in the PBL at (a)–(d) Brest and (e)–(h) A Coruña for
simulations with different K(M,H)M IN values. Hatching denotes regions of grid-scale cloud.
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3.4.3

Sensitivity to initial conditions
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Figure 3.8: Sensitivity of of the KMIN_0.01L simulation to different initial conditions.
Initial conditions vary between 00 UTC 24 Jan 2003, up to 12 UTC 26 Jan 2003 (see Table 3.1). The simulated profiles are shown at 00 UTC 27 Jan with lead times of 12–72 hours
(a – c) at Brest and (d – f) at A Coruña. The ERA-Interim reanalysis is shown as a solid
black line.
Here, we consider an ensemble of simulations in order to assess the level of predictability,
the dependence on the initial boundary conditions, and the associated uncertainties of our
results. To this end, we considered six hindcasts with a resolution of 12 km, that were
initialized between 00 UTC 24 January and 12 UTC 26 January. While all simulations
use the same lateral boundary conditions, this setup serves well in generating perturbations that might lead to mesoscale differences (Hohenegger and Schär, 2007). Indeed, the
large-scale subsidence was found to be reduced in simulations with longer lead times. In
the KMIN_2400L simulation the subsidence (not shown) between 21 UTC 26 January and
09 UTC 27 January was reduced from a range of [−1.5,−2] cms−1 to [−0.75,−1] cms−1 in
the upper troposphere.
In Brest, the simulated profiles at 00 UTC (Fig. 3.8a,b) and 12 UTC (not shown) agree

42

3.4. Results

well with each other, independently of their time of initialization. Very little variation is
observed in the wind fields. In the θ profiles one notices a slight vertical shift of the inversion
of approximately 150 m between simulations started at 00 UTC and 12 UTC 24 January
and 00 UTC 25 January, and simulations started thereafter. This upward shift of the earlier
initialized simulations increased to ∼ 300 m at 12 UTC and seems to coincide with the
weaker subsidence simulated in simulations initialized prior to 00 UTC 25 January. The
inversion gradient on the other hand is equally strong in all simulations.
These results show that the model was able to form and maintain as strong an inversion as
was observed at Brest for a variety of initial conditions and simulated subsidence. Nonetheless, the inversion might still be sensitive to some extent to the reanalysis used (Vellore et al.,
2007). However, investigating the effect of a wider range of initialization PBL profiles from
different reanalyzes is beyond the scope of this study. The panels in Fig.3.8 show the PBL
profiles according to the driving ERA-Interim reanalysis. Hence we can demonstrate in this
study that the simulation of the inversion is successful despite its strong underestimation in
the driving lateral boundary data.
The lifting of the PBLH can also be observed throughout the maritime domain depicted in
the previous figure shown in section 3.4.2. In both Fig. 3.2 and Fig. 3.3 one also sees a lifting
of the boundary layer at 12 UTC 27 January ahead of the cold front. Although the cold
front itself progressed in the same manner in all simulations, the extent of the prefrontal
lifting is seen to be increased with larger lead times. In the KMIN_2400L simulation this
lifting of the PBLH to 1 – 1.4 km reaches as far as the northwestern tip of the Spanish coast,
but does not affect the northern part of the Bay of Biscay as strongly. This suggests that
the formation of a stronger transverse ageostrophic circulation across the cold front (Holton,
1992) is seen in simulations with longer lead times, which is in agreement with the weaker
simulated subsidence.
At A Coruña (3.8d,e), there are significant differences at 00 UTC 27 January between simulations with different initial conditions. Inversion strength, height and the vertical wind profile
of the horizontal wind vary significantly between the simulations. The double inversion and
the associated turbulent decoupling of the boundary layer is not captured by the simulations. Nonetheless, one could argue that all of the simulations apart from KMIN_2400L and
KMIN_2412L are performing better with respect to inversion extent and vertical position
than the driving ERA-Interim reanalisys at 12 UTC 27 January.
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3.4.4

Sensitivity to the turbulence length-scale
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Figure 3.9: Sensitivity of K(M,H)M IN = 0.01 m2 s−1 simulations to tur_len. Maximum
temperature gradient simulated for (a) tur_len = 500 m and (b) tur_len = 60 m. (c,d,e)
Profiles shown at Brest and (f,g,h) profiles at A Coruña at 00 UTC 27 Jan 2003. The
tur_len = 500 m (TURL_500L), tur_len = 60 m (TURL_60L) and tur_len = 150 m
(KMIN_0.01L) were investigated.
The sensitivity of the PBL structure to the fundamental turbulent length scale, which is set
by the tur_len parameter, was analyzed for tur_len = {500, 150, 60} m. In order to assess
the impact of this parameter on the development of the parametrized PBL turbulence and
simulated boundary layer profiles, we chose the K(M,H)M IN = 0.01 m2 s−1 setting for these
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simulations. In this setting the parametrization operates with the least restriction by the
eddy diffusivity limiter.
As can be seen in Fig. 3.9, little difference can be found between the TURL_60L simulation
and the KMIN_0.01L simulation, where tur_len was set to 150 m. The maximum temperature gradient within the inversion over the maritime domain is almost identical in both
simulations, as are the θ and RH profiles at Brest and A Coruña for 00 UTC. In agreement to
these findings, we also observe no significant changes of the TKE patterns at the radiosonde
locations (not shown) as we reduced tur_len from 150 m to 60 m. However, the magnitude
of TKE was reduced by about ∼ 30% due to the reduction of tur_len.
On the other hand, increasing tur_len to its operational value of 500 m, reduces the inversion
strength significantly. The maximum temperature gradient is reduced by up to 1 K/100 m
(Fig. 3.9a). The simulated inversion is nevertheless strong enough for low-cloud formation,
as the cloud cover (not shown) was not significantly changed by tur_len. Looking at the
PBL profiles at Brest, one observes a weaker inversion at 00 UTC as well as a corresponding
weakened moisture decoupling. The θ and RH profiles at A Coruña are not strongly affected. Increasing tur_len to 500 m leads to a stronger production of TKE throughout the
boundary layer. Particularly high values of over 5 m2 s−1 were reached in the TURL_500L
simulation at the cloud top.
These results suggest that the inversion strength is sensitive to tur_len. In particular, one
has to care not to choose high values for tur_len. In the case of a shallow boundary layer
with a depth between 500 – 800 m within the maritime subsidence domain, it might not be
surprising that a value of 500 m for tur_len leads to a degrading of the inversion. Finally, it
should be noted that no sensitivity to tur_len was observed in the KMIN_1.0L simulation.
Therefore, K(M,H)M IN seems to dominate the evolution of TKE, and hence the evolution of
the PBL structure when set to 1.0 m2 s−1 .

3.4.5

Sensitivity to horizontal resolution

We tested whether the simulated PBL structure and the influence of K(M,H)M IN would change
when applying a higher horizontal resolution. To do this, two 2-km-resolution simulations
for K(M,H)M IN = 1 m2 s−1 and K(M,H)M IN = 0.01 m2 s−1 were performed (see Table 3.1). As
can be seen in Fig. 3.10 no difference in PBL structure was found between KMIN_1.0H and
KMIN_1.0L or between KMIN_0.01H and KMIN_0.01L.
The strong inversion at Brest was equally well captured by KMIN_0.01H and KMIN_0.01L
and strongly underestimated to the same extent by KMIN_1.0H and KMIN_1.0L. The
equivalent simulated PBL structures of the 12-km and 2-km simulations were also found at
12 UTC at Brest (not shown), as well as in A Coruña. Considering that the key processes
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Figure 3.10: Sensitivity of K(M,H)M IN = 0.01 m2 s−1 and K(M,H)M IN = 1.0 m2 s−1 simulations on horizontal resolution. (a,b,c) Profiles shown at Brest and (d,e,f) at A Coruña at
00 UTC 27 Jan 2003. (Note the height difference of the profiles near the surface is caused
by the differently resolved topopgraphies at 2-km and 12-km horizontal resolution.)
of stratocumulus formation are parametrized at both 2 km and 12 km scales, this might not
be surprising. One needs to access considerably higher horizontal and vertical resolutions in
order to physically resolve turbulent and convective processes for stratified PBLs (Mason,
1989; Stevens et al., 1998; Siebesma et al., 2003). Therefore, increasing the horizontal resolution has no impact on the model’s ability to simulate the observed decoupled boundary
layer.

3.5

Conclusions

Forecasting shallow boundary layers with strong capping inversions has been a challenge for
many regional and global models. To analyze this problem we set up a case study, and based
on process or subjective understanding, we isolated the problems that are commonly experienced by mesoscale models. Large-scale subsidence and turbulence have previously been

46

3.5. Conclusions

identified as the main drivers of inversion formation. In this study we investigated whether
the simulated inversion is sensitive to parameters used within the turbulence parameterization and if their modification within a range of physical limits, would lead to an improved
simulation of the inversion. In particular we investigated the effect of two key turbulence
parameters; minimum vertical diffusion [K(M,H)M IN ], and turbulence length scale [tur_len].
In addition we analyzed the uncertainty of our results by using an ensemble of simulations
with different lead times. In this setup, we investigated whether the inversion was formed
and maintained for simulations with lead times between 12 and 72h.
We used the COSMO model in this study, which was set to run at two horizontal resolutions
(2 and 12 km) and 13 vertical levels focused in the lowest kilometer. In particular, PBL profiles were verified with Brest and A Coruña soundings and horizontal cloud cover by using
MODIS.
The key findings of this study are summarized as follows:

• Turbulent vertical mixing is crucial for the thermodynamic PBL structure. One has
to take extreme precaution when introducing flux limiters such as K(M,H)M IN into the
turbulence formulation, as the PBL profile is found to be largely sensitive to this
parameter.
• Despite the evident dependence on parametrizations, nocturnal inversions of 10–12 K
were accurately predicted with lead times between 24–72 h, provided small values of
K(M,H)M IN were used.
• The inversion height, inversion strength and cloud distribution below the inversion were
obtained with identical quality in simulations performed at the mesoscale (12 km) and
cloud-resolving scale (2 km).
Inversions of the above mentioned magnitude were simulated throughout vast portions of
the maritime domain, and are in particularly good agreement with the observations at Brest
at 00 UTC 27 January. These findings are also in good agreement with other recent studies (Holtslag et al., 2013; Sandu et al., 2013), which suggest that the simulation of stable
PBL characteristics can be improved by decreasing the simulated vertical mixing.
Although one seems to have improved the model’s ability to simulate inversions and to maintain sharp inversion gradients, the process of decoupling in a stable boundary layer remains a
difficult issue. Our simulations show that the model in principle is capable of simulating such
boundary layers, but not adequately enough to reproduce the shallow decoupled boundary
layers.
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3.6

Appendix A: Sensitivity to vertical resolution

In addition to horizontal resolution discussed in section 3.4.5, the sensitivity to the vertical
resolution is analysed. Given the inversion strength and shallow planetary boundary layer
(PBL) depth, increases in vertical resolution could be expected to improve the inversion representation and PBL characteristics. For this reason we performed an additional simulation
using the KMIN_0.01L setup, but doubled vertical resolution within the PBL (see Fig. 3.11).
The vertical resolution was increased from a grid spacing of at most 150 m within the PBL
(60 levels in total), as in KMIN_0.01L, to 70 m within the PBL (75 levels in total). The
vertical resolution above 2.5 km was identical in both simulations. An additional simulation
was performed with a 10 m vertical resolution in the PBL (158 levels in total) to test the
stability in a real-case simulation with K(M,H)M IN = 0.01 m2 s−1 . Unrealistic oscillations of
the eddy diffusivities and step-structures in PBL profiles of wind and potential temperature
θ were seen at high vertical resolutions in idealised simulations (Buzzi et al., 2011). Given
the high vertical resolution applied in this test, the time-step was adjusted in this simulation
from 90 s, as used in KMIN_0.01L, to 5 s.

60 lev

75 lev

158 lev

Figure 3.11: Distribution of vertical levels used in 3 different simulations where vertical
spacing within the boundary layer is at most 150 m (60 lev), 70 m (75 lev) or 10 m (158 lev).
The level spacing above 2.5 km is identical in all simulations.
As can be seen in Fig. 3.12, a doubling of the vertical resolution is not seen to improve the
PBL relative humidity (RH ) and θ profiles in comparison to the Brest sounding. The same
was seen at A Coruña (not shown). Given the similarity of the simulations performed with
60 or 75 levels, the simulations conducted in chapters 4 and 5 are performed with 60 levels
for computing time optimisation.
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Figure 3.12: Brest soundings of relative humidity RH and potential temperature θ are
shown at 00 UTC 27 Jan 2003 and compared against simulations obtained at varied vertical
grid spacing. The distribution of the 60, 75 and 158 vertical levels is shown in Fig. 3.11.
Increasing the vertical resolution to 10 m leads to a deterioration of the θ and RH profiles
in comparison to the Brest sounding, as shown in Fig. 3.12. The simulated free troposphere
is too warm and moist and the inversion is underestimated. This suggests that the vertical
exchange (grid-scale and sub-grid scale) is overestimated in this simulation. While unrealistic
oscillations of the eddy diffusivity are not seen and step structures as pronounced as in Buzzi
et al. (2011) are not simulated, artificial kinks appear in profiles obtained at increased vertical
resolution.
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Appendix B: PBL structure in ship track domain
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Figure 3.13: (a,c,e) Maximum vertical temperature gradient diagnosed within the inversion and (b,d,f) PBL height (PBLH) at 06, 12, 18 UTC respectively on Jan 26th 2003 (see
section 3.4.2). (d) red box denotes ship track domain of which center point is marked (×).
The following chapters focus on aerosol-cloud interactions within ship tracks simulated at
2-km horizontal resolution on Jan 26th 2003. The dynamical setup of these simulations initialised at 00 UTC Jan 26th 2003 is based on KMIN_0.01H (see section 3.3). In order to
assess the realism of the simulated PBL profiles at 12-km and 2-km resolution in chapter 3,
PBL profiles near radiosonde stations were considered. However, the impacts of ship emissions on the cloud layer as well as the PBL structure are addressed (chapter 4) in a 500 km
by 460 km sized domain over the ocean west of the Bay of Biscay (Fig. 3.13(d)). Therefore,
the PBL state for KMIN_0.01H in the ship track region is shown here for completeness.
The maximum diagnosed temperature gradient on Jan 26th 2003 varies between 1.0 and 4.0
K over 100 m (Fig. 3.13), while the PBLH ranges between 0.6–1.0 km throughout the ship
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track domain. The evolution of the inversion strength and height in this region was not
found to be sensitive to lead time, or resolution. Simulations started at 00 UTC on Jan 26th
displayed similar characteristics as simulations with lead times up to 2 days (not shown).
In all simulations the inversion was found to strengthen throughout the day and the PBLH
decreased in regions reaching into the ship track domain from the north.

2

2

(a)

height [km]

height [km]

1

Brest
25

50
RH [%]

75

0

100

2

(d)

height [km]

height [km]

280

θ [K]

290

300

(e)

obs

1

2

3

4

5

6

m/s

(f)

1.5

1.5

1

1

0.5

0.5

0
0

1

0.5

0.5

2

m/s

(c)

1.5

1.5

0
0

(b)

Center
25

50
RH [%]

75

100

1 = ERA 2606
4 = KMIN_0.01H 2606

0

280

θ [K]

290

2 = ERA 2612
5 = KMIN_0.01H 2612

300

1

2

3 = ERA 2618
6 = KMIN_0.01H 2618

3

4

5

6

obs 2612

Figure 3.14: Evolution of PBL profiles shown at 06 h interval on Jan 26th 2003 at (a,b,c)
Brest and (d,e,f) center point of ship track domain for KMIN_0.01H and ERA-Interim.
Sounding available at Brest at 12 UTC is shown in black.(Note height difference of profiles
near surface is caused by different topographies.)
The sounding at Brest (Fig. 3.14(a,b,c)) displays a double-inversion structure together with
a layer of strong horizontal winds (up to 45 ms−1 ) at 12 UTC on Jan 26th , which are not
captured by the KMIN_0.01H simulation and the ERA-Interim reanalysis. Instead the simulation provides a mean representation of the PBL structure with a single inversion of similar
extent of the sounding for reasons previously discussed in section 3.4.2. The horizontal wind
is considerably weaker and quite uniform with height (in terms of magnitude) in both the
driving reanalysis and KMIN_0.01H. As the cause for the layer of strong horizontal winds
can not be further constrained by available observations, it is difficult to determine the rea-
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son for its absence in the simulation. It might be due to its absence in the driving reanalysis,
but it could also be a local phenomenon, which was not captured in these simulations.
As seen in Fig. 3.13, one can observe a strengthening and lowering of the inversion at the
center point of the ship track domain (Fig. 3.14(e)) throughout the day together with a
moistening of the PBL (Fig. 3.14(d)). Within 12 h, the PBLH decreases from 1 km down to
almost 500 m, while the inversion is strengthened by 3 K. The simulated horizontal wind is
stronger by 30% than in the reanalysis, while the rotation of the horizontal wind with time
is seen in both models.
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Aerosol-cloud interactions in ship tracks

4.1

Abstract

Ship tracks provide an ideal test bed for studying aerosol–cloud interactions (ACIs) and
for evaluating their representation in model parameterisations. Regional modelling can be
of particular use for this task, as this approach provides sufficient resolution to resolve the
structure of the produced track including their meteorological environment whilst relying
on the same formulations of parameterisations as many general circulation models. In this
work we simulate a particular case of ship tracks embedded in an optically thin stratus
cloud sheet which was observed by a polar orbiting satellite at 12:00 UTC on 26 January
2003 around the Bay of Biscay. The simulations, which include moving ship emissions, show
that the model is indeed able to capture the structure of the track at a horizontal grid
spacing of 2 km and to qualitatively capture the observed cloud response in all simulations
performed. At least a doubling of the cloud optical thickness was simulated in all simulations
together with an increase in cloud droplet number concentration by about 40 cm−3 (300 %)
and decrease in effective radius by about 5 µm (40 %). Furthermore, the ship emissions lead
to an increase in liquid water path in at least 25 % of the track regions. We are confident
in the model’s ability to capture key processes of ship track formation. However, it was
found that realistic ship emissions lead to unrealistic aerosol perturbations near the source
regions within the simulated tracks due to grid-scale dilution and homogeneity. Combining
the regional-modelling approach with comprehensive field studies could likely improve our
understanding of the sensitivities and biases in ACI parameterisations, and could therefore
help to constrain global ACI estimates, which strongly rely on these parameterisations.

4.2

Introduction

Since their discovery in satellite imagery, ship tracks have been viewed as convincing evidence of aerosol–cloud interactions (ACIs) occurring in shallow, marine planetary boundary
layers (PBLs). Their exclusive existence within a narrow range of environmental conditions
despite vast global emissions of ship exhaust has inspired a wide field of experimental and
modelling research on the influence of aerosol perturbations on cloud microphysics and the
marine PBL state. Since marine shallow clouds are particularly effective in modulating the
radiative budget as well as the hydrological cycle (Stevens and Feingold, 2009), the role of
anthropogenic emissions for these clouds is of particular interest not only for process understanding, but also for climate impacts.
In particular it has been shown in both satellite observations (Christensen and Stephens,
2011; Chen et al., 2012; Goren and Rosenfeld, 2012) and modelling studies (Wang et al.,
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2011; Kazil et al., 2011; Berner et al., 2013) that changes in the background aerosol and
cloud condensation nuclei (CCN) concentrations not only affect the cloud albedo by producing more numerous and smaller cloud droplets (Twomey effect, 1974), but may also induce
transitions between cloud regimes, which fundamentally change the boundary layer state.
While CCN injections were found to induce transitions from open- to closed-cell stratocumulus by suppressing drizzle formation (Wang et al., 2011; Goren and Rosenfeld, 2012), the
converse was simulated in the case of aerosol depletion by precipitation. The scarcity of
CCN induced the collapse of the boundary layer and a break-up of the stratocumulus cloud
deck into an open cell structure with scattered, drizzling shallow cumuli (Ackerman et al.,
1993; Wood et al., 2011a; Berner et al., 2013).
Despite significant impacts of ship tracks on the regional and local scale, their radiative forcing on the global scale was found to be insignificant due to their rare occurrence (Schreier
et al., 2007; Peters et al., 2011, 2014). Assessing the global effects of ACIs due to ship
emissions in general and their relevance to climate has been challenging in both satellite
observations and global models. Peters et al. (2011) found no statistically significant impacts on large-scale cloud fields by shipping emissions using satellite observations. However,
due to the large natural variability within the cloud systems which might mask potentially
relevant ACIs, satellite observations (Peters et al., 2014) could not exclude their existence
either.
Global general circulation model (GCM) simulations yield globally averaged ACIs due to
ship emissions between −0.6 and −0.07 Wm−2 (Lauer et al., 2007; Righi et al., 2011; Peters
et al., 2012; Partanen et al., 2013). Given the maximum simulated cooling effect, ACI induced by shipping emissions could significantly contribute to the current best estimate of
globally averaged ACI (−0.45 Wm−2 , Myhre et al., 2013). However, ACI are represented in
GCMs by parameterisations, which are highly uncertain. Combined with the limited ability
of GCMs to simulate mesoscale circulations and low clouds in general (Nam et al., 2012),
these estimates can be given with limited confidence only.
In order to gain a more detailed understanding of the parameterised cumulative response
of dynamical and microphysical processes to aerosol perturbations by ship emissions, we
consider the regional modelling approach. While both boundary layer and microphysical
processes are represented by similar parameterisations in regional models as in GCMs, one
should be able to capture the structure of a ship track at kilometre-scale resolution. Therefore, this approach allows for a direct comparison of the simulated ACI to observations and
can hence aid significantly to constrain the realism of the parameterised response.
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Figure 4.1: True-colour MODIS satellite image (wavelength bands 670, 565 and 479 nm)
on 26 January 2003 at 12:00 UTC of the Bay of Biscay. Note the numerous ship tracks in
the northwest of the image and the pre-frontal band of convection stretching across the Bay.
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In this study we use the regional COSMO model to simulate the most prominent case of ship
tracks observed over Europe by the MODIS satellite on 26 January 2003. At 12:00 UTC,
the polar-orbiting satellite passed over this region and captured ship tracks embedded within
optically thin stratus (optical thickness τ ≤ 2) west of the Bay of Biscay (see Fig. 4.1). From
the satellite image one can deduce further information on the background conditions of the
boundary layer.
Based on the structures of open cells underneath the optically thin cloud layer visible in
the MODIS image, one can infer the cloud to be drizzling. To the east of the ship track
region, a closed stratocumulus deck without any ship track signal was observed. This is
consistent with our current understanding of the susceptibility of different cloud systems to
aerosol perturbations (Stevens and Feingold, 2009). While drizzling boundary layers of little
cloud water have previously been identified as susceptible to aerosol perturbations, optically
thick non-precipitating stratocumulus sheets are known to buffer the response to the aerosol
perturbation (e.g. Coakley et al., 1987; Stevens and Feingold, 2009; Chen et al., 2012; Christensen and Stephens, 2012).
Furthermore the presence of the optically thin stratus suggests the boundary layer to be
weakly mixed in this region as the cloud top radiative cooling is small. This is supported
by soundings at the French coast at Brest, which display a collapsed boundary layer structure with a strong inversion of 12 K at 500 m on 27 January 2003 at 00:00 UTC (Possner
et al., 2014). The collapse of the marine boundary layer with a remnant stratified thin
cloud layer has been found to coincide with aerosol deprived clean background conditions
due to precipitation scavenging of CCN where cloud droplet numbers can be as low as 1–
10 cm−3 (Ackerman et al., 1993; Wood et al., 2011a; Berner et al., 2013).
In these simulations the response of the aerosol and cloud bulk microphysics parameterisations to the ship emissions are quantified and discussed in the context of the MODIS
observation and other ship track measurements from the literature. Additionally, parameterised boundary layer processes, such as PBL tracer transport, are discussed as well as the
impact of the ship exhaust on the PBL structure.

4.3
4.3.1

Methods
Model description

The simulations were carried out with the COSMO model, developed and maintained by the
COSMO consortium. The COSMO model (version 4.14) is a state-of-the-art, non-hydrostatic
model used at 2 km horizontal resolution with a time step of 20 s. A vertical resolution
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of at most (resp. at least) 150 m (20 m) in the PBL was used. The fully compressible
flow equations are solved using a third-order Runge–Kutta discretisation in time (Wicker
and Skamarock, 2002; Foerstner and Doms, 2004). Vertical advection is computed using
an implicit second-order centred scheme and horizontal advection is solved using a fifthorder upstream discretisation. Tracers, such as the hydrometeors and aerosol species, are
advected horizontally using a second-order Bott scheme (Bott, 1989). The turbulent fluxes
are represented using a 1-D turbulent diffusion scheme with a prognostic description for the
turbulent kinetic energy. The minimum threshold for the eddy diffusivity intrinsic to the
turbulence parameterisation is set to 0.01 m2 s−1 (Possner et al., 2014). Shallow convection
is described using the Tiedtke (1989) mass flux scheme without precipitation production
with an entrainment rate of 3 × 10−4 m−1 . The radiative transfer is based on a δ-two-stream
approach (Ritter and Geleyn, 1992) using a relative humidity criterion for subgrid-scale cloud
cover.
In previous work the model was extended with a two-moment bulk cloud microphysics scheme
(Seifert and Beheng, 2006) and the M7 aerosol microphysics scheme (Vignati et al., 2004;
Zubler et al., 2011a). The aerosol microphysics scheme describes the evolution of black
carbon (BC), organic carbon (OC), sulfate (SO4 ), sea salt and dust. These species are
binned into four internally mixed soluble and three insoluble modes determined by fixed size
ranges (nucleation, Aitken, accumulation and coarse). The processes relevant to this study
captured by the model include condensation of sulfuric acid vapour, hydration, coagulation,
sedimentation as well as dry and wet deposition of aerosol particles. The soluble aerosol
particles are activated according to Lin and Leaitch (1997). All soluble aerosol particles in the
accumulation (50 nm ≤ R ≤ 0.5 µm) and coarse (R > 0.5 µm) mode, as well as Aitken mode
(5 nm ≤ R ≤ 50 nm) aerosol particles larger than 35 nm radius are considered as activated.
Although there exist more physical activation parameterisations (e.g. Abdul-Razzak and
Ghan, 2000; Nenes and Seinfeld, 2003), using this simpler form of activation is still in good
agreement with observations, which found the CCN concentration to scale linearly with the
soluble accumulation mode number concentration (Wood, 2012 and references therein). The
number of newly activated cloud droplets is then further restricted by the available moisture
content and the updraft velocity (Lohmann, 2002).
The cloud microphysical processes for cloud droplets and rain described by the Seifert and
Beheng (2006) parameterisation contain the growth by condensation, self-collection of cloud
droplets and rain drops, autoconversion, accretion, droplet breakup, sedimentation of rain
and evaporation (saturation adjustment is applied). The grid-scale cloud optical properties
are parameterised as a function of wavelength using the effective droplet radius (Hu and
Stamnes, 1993).
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4.3.2

Numerical experiments

The dynamical settings and nesting approach used in these simulations are based on the
setup of Possner et al. (2014). We use a one-way nesting approach, where the 2 km simulation (∆t = 20 s) is nested in a 12 km simulation (∆t = 90 s) run over a larger domain
stretching from the northeast Atlantic to the eastern borders of Switzerland and Germany
(see Fig. 1 of Possner et al., 2014). The initial and lateral boundary conditions for the dynamical fields are provided by the ECMWF Interim Reanalysis (Uppala et al., 2005; Dee D.
P. et al., 2011). For the aerosol tracers, the climatological means for January (1999–2009)
obtained in ECHAM-HAM simulations (Folini and Wild, 2011) are prescribed as initial and
lateral boundary conditions. The global simulations were performed with a two-moment
bulk scheme for aerosol (Stier et al., 2005) and cloud (Lohmann et al., 2007) microphysics
with prescribed aerosol and precursor emissions from the Japanese National Institute for
Environmental Studies (NIES, Roeckner et al., 2006; Stier et al., 2006; ?).
In the present simulations, anthropogenic aerosol emissions, excluding ship emissions, are
given by the AeroCom data set (Kinne et al., 2006). Natural emissions such as dimethylsulfide (DMS) emissions (Zubler et al., 2011a) and sea salt (Guelle et al., 2001) emissions are
computed interactively.
Shipping emissions
By combustion of low-quality fuel ships emit gases such as SO2 , NO2 , hydrocarbons and
carbon monoxide, and particulate matter (PM) such as SO4 , OC, BC and ash into the atmosphere.
However, of the gaseous emissions only SO2 is considered in this study, which focuses solely
on aerosol–cloud interactions (ACI) of ship emissions. Although emitted hydrocarbons, as
well as CO, lead to significant increases of greenhouse gas concentrations (CH4 and CO2
respectively), their contribution to aerosol mass and number concentrations is small (Murphy et al., 2009). As the secondary aerosol formation of nitrates in sulfur-rich emissions is
also very small (Vutukuru and Dabdub, 2008; Murphy et al., 2009), NO2 emissions were
not prescribed. Furthermore, ash emissions are also not included as ash particles are too
small in number due to their large size (∼ 200 nm to 10 µm, Moldanová et al., 2009) to
contribute significantly to the CCN concentration and were not measured in the two field
campaigns (Hobbs et al., 2000; Lack et al., 2009) used for the emission specification of this
study.
The emission fluxes used in this study are based on measurements of cargo ship emissions
obtained in the Monterey Area Ship Track campaign (Hobbs et al., 2000). Cargo ships, such
as tankers, bulk carriers, container and passenger ships larger than 100 gross tons, contribute
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to 50 % of the global fleet and are the major source of global shipping emissions (Corbett,
2003). The PM emission fluxes for BC, OC and SO4 are based on the mean PM particle
number emission flux of five different cargo vessel measurements (Hobbs et al., 2000). The
mean total particle number flux (9 × 1015 s−1 ) was chosen, as individual emission measurements themselves varied by more than a factor of 2 between the individual vessels. The PM
mass flux was estimated using the total particle number flux and estimates of emission size
and density. For each of the five considered ships, the median emission radius was provided
by Hobbs et al. (2000). The averaged median radius (0.04 µm) was used as the emission size
estimate for all particles. Together with the density estimate, which was taken as the mean
density across all involved constituents (∼ 1.95 g cm−3 ), the PM mass flux was approximated
as 20.84 kg h−1 . In a final step the emission fluxes for OC (9.59 kg h−1 ), BC (3.13 kg h−1 )
and SO4 (8.13 kg h−1 ) were determined using the mass fractions of ship emissions measured
by Lack et al. (2009). The SO2 emission flux (144 kg h−1 ) was inferred from Hobbs et al.
(2000) by averaging the five vessel measurements.

Table 4.1: Specifications of the two size distributions used for ship emission fluxes obtained
from Righi et al. (2011). The ship emissions are treated as lognormal size distributions and
are partitioned into the soluble Aitken (AIT) and accumulation (ACC) modes based on the
mass percentage at the mean radius R̄.
Fresh
AIT ACC
R̄ [µm]
0.015
–
% [mass] 100
0

Aged
AIT ACC
0.029 0.16
96
4

In the present simulations, the PM and SO2 emission mass fluxes were emitted in one level
∼ 160 m above the surface (e.g. Peters et al., 2012) with a log-normal size distribution
(σ = 1.59) and two different size specifications (Righi et al., 2011; Lund et al., 2012) shown
in Table 4.1. Both size distributions, fresh and aged, are inferred from measurements and
attempt to include coagulation effects of the aerosol as time progresses. They differ in the
partitioning of the emission fluxes between the Aitken and the accumulation size modes.
Whereas the size distribution of the fresh emissions is representative for emissions at the
ship’s exhaust where all aerosol particles are emitted into the Aitken mode, the aged size
distribution represents older emissions where coagulation processes occurred and the aerosol
particles are split into the Aitken (96 %) and accumulation (4 %) modes.
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Figure 4.2: 2 km simulation domain of 1160 km × 800 km showing three prescribed ship
routes oriented from northeast to southwest. A schematic of the distribution of the ship
emissions along the 2 km × 2 km grid is given inside the black box. The emissions are
distributed at a 3 min (1.5 min) interval within four adjacent grid boxes along the ship’s
route for ships moving at 5 or 10 m s−1 (20 m s−1 ). The red box displays the ship track
domain used in Figs. 4.3–4.7 and 4.9. (Note that the ship plume locations shown in these
figures are determined by the relative motion between the ships and the horizontal wind.)
We prescribe three ships starting at 03:00 UTC on 26 January 2003 at the same longitude
at the edge of the Bay of Biscay, arbitrarily separated in their initial position in the latitude
by 50 km (between the northernmost and middle ship) and 80 km (between middle and
southernmost ship). All ships move southwest at 230(0 pointing north) at 5, 10, or 20 m s−1 .
For numerical stability the ship exhaust is not emitted into a single grid box, but distributed
horizontally into four adjacent grid boxes (Fig. 4.2), based on the ship’s exact location, scaled
by the distance-weighted mean.
Whilst all boundary fields are updated at an hourly rate, the ship emission fields are updated
every 3 minutes. For each 3-minute interval the ship emissions are accumulated within the
four adjacent grid points around the instantaneous ship position.
The performed simulations, summarised in Table 4.2, include a control run (clean) where
the contribution of shipping emissions is zero and a simulation where the ship emissions are
specified as described above (ship). As discussed in detail in Sect. 4.4.1, the emission flux
by Hobbs et al. (2000) generated smaller aerosol perturbations near the emission source in
the ship simulation than the measurements of aerosol number concentration obtained in the
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same study. We therefore perform experiments with scaled emission mass fluxes by a factor
10 (ship10 ). A scaling of similar order of magnitude has been applied in a previous study
performed at considerably higher resolution, where the aerosol perturbation generated by
emissions from Hobbs et al. (2000) were found to be insufficient to create a significant cloud
response (Wang and Feingold, 2009).
The necessity for such a scaling may be due to the dilution of a point source emission onto
the grid scale, which may lead to a biased representation of the subsequent microphysical
processing of the plume. However, it may also be needed due to possible measurement biases,
which are particularly likely to occur near the emission source, as the aerosol concentrations
vary rapidly with the plume’s cross-sectional radius in this part of the plume.

Table 4.2: Summary of ship emission specifications as prescribed in the simulations. Prescribed SO2 and PM mass fluxes based on the literature (Hobbs et al., 2000) are given together
with prescribed size distributions and ship’s speed (vship ).
Simulation
clean
ship
ship10
ship10A
ship10_V5
ship10_V20

SO2 flux
[kg h−1 ]
–
144
144
144
144
144

PM flux
[kg h−1 ]
–
20.84
208.4
208.4
208.4
208.4

Size
distribution
–
fresh
fresh
aged
fresh
fresh

vship
[m s−1 ]
–
10
10
10
5
20

In addition, the sensitivity towards the emission particle size is investigated in ship10A, where
the aged emission size distribution is prescribed. Furthermore, simulations with varied ship
speeds are performed in order to understand the balance of the macrophysical constraints
(e.g. cloud cover and moisture availability) and the microphysical feedbacks involved in
determining the extent of the ship tracks. Whereas the ships move at 10 m s−1 in most simulations, the ships’ speed was set to 5 m s−1 in ship10_V5 and 20 m s−1 in ship10_V20. In
doing so, one can assess the influence of the ship’s speed on the track structure.
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4.3.3

Classification of ship plume

In order to quantify the changes in microphysical entities, a distinction between plume and
non-plume grid points has to be made in the post-processing. As the only perturbation in
total aerosol number concentration Na is caused by ship emissions, we defined a relative
threshold concentration of Na at each grid point to determine the plume points. Only
points where Nasimulation ≥ 3Naclean are considered part of the ship exhaust plume. This
threshold provides the required balance of being small enough to include a maximum number
of plume points and being large enough to separate the core track structures from surrounding
increases of Na due to aerosol being mixed away from the track region.
Another sampling was performed to determine not only the plume points, but the subset of
plume points where a significant cloud response was detected. Here, the additional criterion
in terms of cloud droplet number concentration Nc of Ncsimulation ≥ 5Ncclean was applied.
The ability to distinguish plume from non-plume points and ship track from non-ship-track
points of these criteria is shown in Sect. 4.4.4.

4.3.4

Evaluation of cloud optical thickness

A simple metric to compare simulated cloud optical thickness to the MODIS observation
was designed, as the COSP simulator (Bodas-Salcedo et al., 2011), including grid-scale and
subgrid-scale cloud water contributions, is not yet available within COSMO.
Cloud optical thickness τ within COSMO is diagnosed for each of the eight spectral intervals
(three shortwave and five longwave) in the radiation scheme. For warm-phase clouds τ is
given as
τ (x, y, λi ) =

Z TOA
0

ξ (λi ) qctot (x, y, z)clctot (x, y, z)dz,

(4.1)

where ξ (λi ) denotes the extinction coefficient of each spectral band λi , qctot the total (gridscale and subgrid-scale) liquid water content at each grid point at coordinates x (longitude),
y (latitude) and z (level), and clctot the cloud cover fraction (predominantly 0 or 1 in these
simulations).
As MODIS cloud optical thickness during day-time and over the ocean is predominantly
defined by radiances measured within the visible (King et al., 1998; Platnick et al., 2003),
the contribution of the visible channel in COSMO (0.25 ≤ λ ≤ 0.7 µm) to the total τ was
isolated and used for the MODIS comparison.
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4.4

Results

Before a detailed assessment of the ship exhaust effects on the stratocumulus deck is given in
the following sections, the background state is described. The mesoscale circulations and the
macrophysical state on 26 January are predominantly driven by an extensive high-pressure
system with an underlying subsidence rate of about −0.75 cm s−1 at night and −0.25 cm s−1
during daytime at a height of 1.5 km. Temperature gradients of up to 4 K per 100 m are
simulated within the inversion in the ship track domain (domain shown in Fig. 4.2). An
inversion of this magnitude was only obtained after a significant reduction of the prescribed
minimum threshold for the eddy diffusivity of heat and moisture from the operational value
of 1.0 to 0.01 m2 s−1 (Possner et al., 2014). A detailed evaluation using coastal soundings
of PBL profiles of horizontal wind, potential temperature θ and relative humidity and their
impact on cloud cover is presented in Possner et al. (2014).
The horizontal large-scale advection of the air masses is dominated by northwesterly flow,
pushing air masses from the ship track region towards the continent. During the simulated
period a pre-frontal band of organised convection (see Fig. 4.1) propagates through the
domain from the northwest to the east and passes through the ship track domain between
07:00 and 12:00 UTC.

4.4.1

Impacts on aerosol microphysics

The simulated background of this case study is very clean due to the presence of unpolluted
marine air into the ship track domain and the removal of aerosol by precipitation. Aerosol
concentrations as low as 285 cm−3 and CCN concentrations of 10–20 cm−3 are simulated.
The background aerosol particles are a composite of sea salt emitted within the region and
sulfate particles within the Aitken mode, which are transported into the domain from the
lateral boundaries. The sulfate particles formed in the mid-troposphere and were mixed
downward in the driving GCM simulations. Although the aerosol and CCN concentrations
are low, they are not unrealistic for this region (Zubler et al., 2011a) or for stratocumulus
in general (Wood, 2012) and are consistent with the MODIS observation of optically thin
stratus.
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Figure 4.3: Mean aerosol size distributions of internally mixed aerosol for (a) clean,
(b) ship, (c) ship10 and (d) ship10A are shown at 06:00 and 12:00 UTC. At 06:00 UTC
size distributions were averaged bin-wise near the emission source and at 12:00 UTC at a
distance of 216 km (see text for details). Red line marks the activation size threshold. In
panels (b–d): grey shaded region spans between the 10th and 90th percentiles at 06:00 UTC;
field study measurements are represented by coloured markers and include five size distribution measurements (different shades of blue) obtained by Hobbs et al. (2000) of vessels and
one measurement (orange) obtained by Petzold et al. (2008); box plot representations of the
total aerosol perturbation (∆Na ) at 06:00 UTC near the emission source with respect to the
background (obtained from clean) are shown in addition (note their different scale).
The impact of the ship exhaust in all simulations, containing either a varied emission mass
flux (ship10 ) or emission size (ship10A), on the aerosol size distribution is illustrated in
Fig. 4.3. This figure shows the averaged aerosol size distributions determined over a plume
volume close to the source at 06:00 UTC and at a distance at 12:00 UTC. The selection
method of the included plume grid points of each track is illustrated in Fig. 4.4. At each
of these points the size distribution is determined and then bin-wise averaged over all selected plume points. As in situ size distribution measurements shown in Fig. 4.3 are obtained
within a 10 km radius of the ship’s position, plume points within the same radius of each ship
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are selected at 06:00 UTC. Furthermore, to ensure a comparison of the same volume of air
between different simulations, the plume points considered for this analysis were determined
in ship10 and used in all other simulations. In order to visualise size distribution changes
along the plume due to dilution and microphysical processing, the distributions were determined again at 12:00 UTC over plume points selected from a volume of air centred at the
same latitude as 06:00 UTC (see Fig. 4.4) which now contains atmospherically aged aerosol
particles. To highlight the variability between individual plume points, the span between
the 10th and 90th percentiles (P10 and P90 respectively) is shown in addition to the averaged
distribution in grey at 06:00 UTC.
In general a good agreement of the peak width is found between all simulations and observations obtained by Hobbs et al. (2000) (Fig. 4.3 blue markers) and Petzold et al. (2008)
(Fig. 4.3 orange markers), while peak amplitudes are underestimated with respect to the
observations in ship and ship10A. Observed peak concentrations in aerosol number per size
bin, which vary between 5000 cm−3 and 100 000 cm−3 (i.e. over two orders of magnitude),
are only captured by the ship10 simulation.

06 UTC

12 UTC

Figure 4.4: Schematic of selection method for plume points considered for averaged size
distributions shown in Fig. 4.3. Exemplary tracks are shown for 06:00 and 12:00 UTC within
the same map. The plume points are sampled at each level within a 10 km radius (red half
circle) at the latitude (red line) defined by the ship’s position at 06:00 UTC. Therefore the
plume points contain freshly emitted aerosol particles at 06:00 UTC and atmospherically aged
aerosol particles at 12:00 UTC.
However, it has to be considered that the observations shown in Fig. 4.3 were obtained
within different marine boundary layers of varying background aerosol concentrations, ship
emissions (in terms of mass flux and size) and PBL state, and were obtained for considerably
smaller samples of air (compared to a 2 km by 2 km by 100 m volume) at different plume
ages. As all of these factors influence the plume evolution, complete conformity between the
simulated plumes of this case study and the observations is not to be expected. However, a
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qualitative comparison in terms of order of magnitude can still be made and provides valuable
insights.In addition to size distribution measurements, observations of the total perturbation in aerosol number concentration are also considered. The simulated perturbations in Na
(∆Na shown in Fig. 4.3b–d) are compared to measurements obtained by Hobbs et al. (2000)
(Fig. 1 of their paper) for a bulk carrier running on marine fuel oil (Star Livorno), which was
one of the five ships considered for the ship exhaust estimate of this study. The observations
of ∆Na range between 3000 and 30 000 cm−3 . However, only 7 % of the measurements were
smaller than 5000 cm−3 , while over 50 % were obtained at ∆Na > 20 000 cm−3 . Therefore,
peak concentrations of at least 20 000 cm−3 in the vicinity of the ship can be inferred.
In the simulations ∆Na was determined at each point by taking the difference between any
simulation containing ship exhaust and clean over plume points within a 10 km radius from
the source at 06:00 UTC. A comparison between the simulated range of ∆Na with the observations shows that almost 75 % of the simulated perturbations are below the observed range.
This indicates that the aerosol perturbation due to the literature-scale emission flux might
be insufficient to generate comparable peak concentrations within the plume. On the other
hand, the simulated range of perturbations as compared to the observations agrees well up
to the 75th percentile (P75) with the observations of ship10. However, this agreement is
obtained at the expense of a considerable overestimation of the peak perturbations in this
simulation.
In addition to differences in peak amplitude, a shift of the aerosol peak towards smaller radii
is detectable between the ship and ship10 simulations and observations. The difference in
peak radius is strongly tied to the emission size of the ship exhaust. Whilst an emission size
of 0.015 µm was specified for fresh plumes (Table 4.1), ship exhaust radii of at least 0.03 µm
were measured by Hobbs et al. (2000). While this discrepancy in emission radius was noted,
the results of this study were not found to be affected.
The aerosol size distribution in ship10A displays a distinct double-peak structure due to
the bimodal emission size distribution applied (Table 4.1). While all observations shown in
Fig. 4.3 display a single peak, measurements of double-peak structures have been obtained
in test bed studies (Petzold et al., 2008). In terms of ∆Na , smaller peak perturbations are
simulated in ship10A than observed, as the aged emission size distribution was developed to
represent older plume segments, which consequentially are more diluted.
As time evolves and the growing plumes are increasingly diluted, the in-plume size distributions are increasingly influenced by clean air. Indeed the size distribution peak is found to
shift towards the clean aerosol peak position in all simulations (Fig. 4.3b–d) by 12:00 UTC.
In addition the formation of a secondary peak can be observed for ship, which is not simulated to the same extent in ship10. This is caused by the increase of background aerosol
concentrations within this size range (Fig. 4.3a) and their increased impact in ship as com-
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pared to ship10.
In terms of microphysical processing, the most relevant processes include the condensation of
sulfate and water vapour onto mixed aerosol particles. The presence of the ship pollutants
leads to a suppression of sulfate nucleation due to the abundance of condensation nuclei
within the plumes. In combination with efficient scavenging by in-plume aerosol particles,
the nucleation mode aerosol concentrations are reduced.
Finally the number of activated particles was found to be strongly tied to the prescribed
emission flux and to a lesser extent to emission size. As can be seen in Fig. 4.3, particle
concentrations larger than 35 nm are similar between ship10 and ship10A, which are five
times as high as the activated aerosol concentrations in ship. However, the percentage of
activated particles lies between 3 and 6 % in most of the plume areas, which agrees well with
plume measurements obtained at 0.2 % supersaturation (Hudson et al., 2000).

4.4.2

Vertical aerosol transport
a
b

a

c

03 UTC
06 UTC
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cm-3

Figure 4.5: (a–b) Mixed aerosol number concentration [cm−3 ] averaged at each level over
the ship track domain at a 15 min interval for (a) clean and (b) ship10. The mean cloud
base height is shown in white. (c) Potential temperature (θ) profiles at 03:00, 06:00 and
09:00 UTC at the ship track domain centre point.
After emission at ∼ 160 m a.s.l., the ship plume aerosols are subject to turbulent and convective boundary layer transport. Figure 4.5 provides an insight into the vertical distribution
of mixed aerosols in clean and ship10. Under clean conditions, the background aerosols
(Fig. 4.5a) are not homogeneously distributed in the mean boundary layer profile. Instead,
the aerosol concentration is found to increase from at least 300 cm−3 near the surface to
500 cm−3 near the PBL top in stratified layers. The PBL top, as defined by the inversion,
and boundary layer stability, can be inferred from Fig. 4.5c, which displays the potential

70

4.4. Results

temperature (θ) profile at the centre point of the ship track domain at 03:00, 06:00 and
09:00 UTC. Throughout the first 9 h of simulation, the PBL remains slightly stable in this
region, which allows for persistent vertical gradients in the mixed aerosol concentrations.
Higher concentrations of mixed aerosol particles up to 600 cm−3 are reached due to the increased concentration of Aitken mode sulfate above the inversion.
For the formation of ship tracks, the timescale of the ship plume reaching cloud base is of
particular interest. The mean cloud base height within the ship track domain between 00:00
and 09:00 UTC was determined at ∼ 360 m, as shown by the white line in Fig. 4.5a and b.
Figure 4.5b shows the evolution of the mixed aerosol concentration including ship exhaust
averaged every 15 min at each level. As time progresses, the total number concentration
increases within the PBL, due to cumulative emissions within this region. From the clearly
distinguishable emission height at ∼ 160 m, the aerosol are mixed both downwards towards
the surface and upwards towards the PBL top, as expected within a turbulent boundary
layer (e.g. Verzijlbergh et al., 2009). At cloud base the mixed aerosol number concentration is first raised from the background concentration of 350 to 420 cm−3 within 1 h 15 min
after emission begin at 03:00 UTC. This timescale is consistent with the timescale estimate
obtained for the turbulent mixing of a passive tracer assuming a gradient approach, i.e.
w0 c0 = −Kc ∂c/∂z, where c is the passive tracer concentration, w0 the turbulent vertical velocity and Kc is the eddy diffusivity of the tracer. Taking Kc ∼ Kh , the eddy diffusivity for
heat, one can estimate Kc as 12.3 m2 s−1 based on the mean Kh profile for the ship track domain (not shown). Neglecting variations of Kc with height, the overturning time scale within
a slab of the atmosphere of extent ∆z can be approximated as τturb ∼ ∆z 2 /Kh . Therefore
taking ∆z = 200 m, which is the difference in height between the cloud base and emission
height, τturb is approximated as 54 min, which agrees well with the timescale obtained from
the mean profiles shown in Fig. 4.5b.
In addition to turbulent transport, a fraction of the ship emissions are transported by convective fluxes into the cloud layer, just below the inversion base. At the level between 500 m
and inversion base height, the mixed aerosol concentrations are raised by 10–15 cm−3 already
30 min after emission onset. However, turbulent mixing is the predominant form of vertical
PBL transport at this time.
Finally, Fig. 4.5b clearly highlights the confinement of the ship plume to the boundary layer
due to the strong inversion. The mixed aerosol concentrations above the PBL remain unaffected by the ship emissions.
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4.4.3

Microphysical and radiative effects

The simulated cloud microphysical response to the plumes of increased aerosol concentration
was found to be in agreement with findings of previous studies. Within plume regions, the
increased number of activated aerosol led to an increase in cloud droplet number concentration and a decrease in effective radius. As a result, the cloud optical thickness increased.
The strength of the response is sensitive to the plume’s age and intensity (in terms of aerosol
number concentration) as well as the environmental conditions, as discussed in Sect. 4.4.4.
Figure 4.6 displays the cloud droplet number burden summed over the PBL (columns 1 and
2) and τ (columns 3 and 4) at 09:00 and 12:00 UTC. For this purpose, the inversion top,
which lies at around 800 m, was diagnosed for each column based on the temperature gradient (Possner et al., 2014). Although all simulations display an increase in the cloud droplet
burden along the tracks, its extent varies significantly among the different simulations. At
09:00 UTC, the cloud droplet burden is increased up to 120 × 104 cm−2 within the plume
regions in all simulations apart from ship, where maximum burdens of 15 × 104 cm−2 are simulated. Considering the significantly smaller number of activated aerosol within the plume
in ship (Fig. 4.3b), this is to be expected. After an additional 3 h of simulation, the tracks
have grown in size, but similar values of cloud droplet burden are reached at 12:00 UTC.
In ship10_V20 however, a significant decrease in the cloud droplet burden was simulated
down to 20 × 104 cm−2 until 12:00 UTC. Whilst the ship tracks shown in rows 1–5 in Fig. 4.6
form ∼ 25 km from the source, or even just ∼ 7 km in ship10_V5, the emission sources are
already separated by 313 km from the track sections displayed within the ship track domain
in row 6 at 12:00 UTC, and are therefore significantly more diluted.
Additionally, little difference in cloud droplet burden is found between plumes where a fresh
(ship10 ) or an aged (ship10A) size distribution was assumed at the point of emission. In
accordance, marginal differences in cloud droplet number concentration (Nc ) were simulated,
as shown in Fig. 4.7. Although P75 is slightly higher in ship10, the median of Nc lies at
32 cm−3 in both simulations. This is consistent with the equivalent increase of aerosol number concentration within the size range of activation in these simulations. This result is
contradictory to global studies (Righi et al., 2011; Peters et al., 2012), where a high sensitivity of the aerosol–cloud interactions to the aging of the prescribed emissions was found. The
cause for these different sensitivities remains to be addressed. It could be due to different
treatments of the cloud or aerosol microphysics within the different models, or it may be attributable to the different microphysical aging of the plume allowed by the higher resolution.
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Figure 4.6: Columns 1 and 2 show grid-scale cloud droplet number burden [cm−2 ] and
columns 3 and 4 cloud optical thickness, including grid-scale and subgrid-scale contributions,
at 09:00 and 12:00 UTC respectively. Rows (a–f) show the following simulation results: (a)
clean, (b) ship, (c) ship10, (d) ship10A, (e) ship10_V5 and (f) ship10_V20. Grey shaded
areas in columns 1 and 2 denote regions of missing grid-scale clouds.
73

Aerosol-cloud interactions in ship tracks

Comparing the simulated changes in effective radius Reff (Fig. 4.7b) as well as Nc to in situ
and surface remote sensing observations of ship tracks one finds, in general, a good agreement
of the simulated and observed cloud response. The observed increase in cloud droplet number concentration ranges between 40 cm−3 (Hobbs et al., 2000) and 800 cm−3 (McComiskey
et al., 2009), though most observed cloud droplet number concentrations lie within a narrower range of 40 to 200 cm−3 (Ferek et al., 1998; Hobbs et al., 2000; Hudson et al., 2000;
Durkee et al., 2000b).
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Figure 4.7: (a–b) Distributions across PBL grid points for either plume points of significant cloud response or environmental background conditions are shown for (a) Nc and (b)
Reff at 12:00 UTC for all simulations containing ship emissions. The box edges denote the
25th and 75th percentiles, and the whiskers display the 5th and 95th percentiles. The plume
regions were diagnosed within ship10, ship10_V5 (for ship10_V5 only) and ship10_V20 (for
ship10_V20 only). The range of observations is denoted in black. Panel (c) displays the
top of the atmosphere (TOA) shortwave (SW) cloud radiative effect (CRE) averaged over
the entire ship track region for all simulations (clean is shown in light blue).
Similarly the in situ observations of cloud effective radii measured in ship tracks ranged
between 6 and 15 µm. This is almost identical to the range spanned by P25 and P75 in all
simulations. Although these values were obtained for a range of environmental conditions
which are not necessarily similar to the environmental conditions of this case study, these
measurements provide a basis to demonstrate the realism of our simulated cloud response.
In line with the increase in Nc , and the decrease of Reff (Fig. 4.7), τ increases within the
plume regions. In the ship10, ship10A and ship10_V5 simulations the response in τ varies
between 6 to 10 at the track edges and 12 to 24 within the track centres. Within the
ship simulation the response in τ is considerably weaker, following the considerably smaller
perturbations to Nc and Reff , at both 09:00 and 12:00 UTC. An increase in optical thickness
of 8 to 10 was simulated within the considerably smaller plume areas. A slightly stronger
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response was simulated at 12:00 UTC in ship10_V20, where the increase in τ ranges between
8 to 14 within the plume regions.
Due to the significant increase of cloud optical thickness within the ship track regions, the
top of the atmosphere (TOA) shortwave (SW) cloud radiative effect (CRE), defined as the
difference between all-sky outgoing SW and clear-sky outgoing SW radiation at TOA, was
changed. Averaged over the entire ship track domain, the TOA SW CRE (Fig. 4.7c) increased
in magnitude by 19 % in ship10, ship10A and ship10_V5. The stronger cooling of the clouds
at the TOA is solely due to changes within the ship tracks themselves, which cover at most
6 % of the domain area, while the background TOA SW CRE variations were no larger than
5 Wm−2 (∼ 3 %) at any given time.

4.4.4

Interplay between micro- and macrophysics

In confined regions of the simulated ship tracks, the changes in microphysical properties
were found to produce localised changes of macrophysical entities, such as cloud extent and
in-cloud liquid water content qc . As is shown in Fig. 4.8, regions of increased Nc due to
the ship exhaust aerosol were found to coincide with regions of increased qc . The localised
increase of qc is caused by the suppression of rain formation, since the influx of activated
aerosol led to a significant decrease of cloud droplet size. Within the ship track domain, the
stratocumulus deck is lightly precipitating with almost all precipitation evaporating before
reaching the surface, thereby moistening the subcloud layer. Starting at 04:00 UTC, the rain
water content within the ship track is reduced. At 09:00 UTC, the mean rain water content
in ship10 within the ship track is reduced in the mean by 45 % and by 38 % at 12:00 UTC.
The resulting increase of liquid water path LWP is not only seen for the particular crosssection shown, but in several confined regions of the ship tracks (Fig. 4.9). The background
LWP ranges between 0.02 and 0.08 kg m−2 and is found to remain constant throughout the
day. Within the ship10 simulation, the LWP is increased to 0.12 or even 0.16 kg m−2 in ship
track regions (Fig. 4.9), which corresponds to almost a doubling of the LWP as compared
to the background.
Changes in cloud liquid water content and cloud depth due to increased aerosol concentrations have been shown to affect cloud life time (Albrecht, 1989). Whether the cloud life time
is increased or decreased depends fundamentally on the effect of drizzle suppression on the
entrainment rate and the humidity in the free troposphere (Stevens et al., 1998). In general,
precipitation acts to stabilise the boundary layer. In the case of a collapsed boundary layer
such as the one analysed in this study, where cloud droplet number concentrations and accumulation size aerosol concentrations are extremely low, entrainment rates are believed to
be small due to the weak radiative cloud top cooling generated by the optically thin clouds.
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Therefore, decreases in precipitation combined with a re-establishment of CCN have been
shown to increase entrainment and lead to a re-growth of the previously collapsed boundary layer. However, entrainment rate parameterisations in most global and regional climate
models are inadequate to capture such effects. During this case study we are not able to
study possible effects of the ship exhaust on the PBL top as this process was found to occur
on a typical timescale of the order of days (e.g. Berner et al., 2013). Due to advection of the
air masses into regions of changed environmental conditions the impact of the ship exhaust
on the stratiform cloud deck could only be studied for about 12 h.
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Figure 4.8: Vertical cross-sections (location shown in Fig. 4.6 row c) for (a) the total
aerosol number concentration Na [cm−3 ], (b) Nc [cm−3 ], (c) θ [K] and (d) the liquid cloud
water content qc [g kg−1 ]. Each contour in (a) indicates a doubling of the concentration
starting at 250 cm−3 . In (b) the contour levels are: 2, 5, 10, 50, . . . every 50 . . . , 350 cm−3 .
θ contours are given at an interval of 1.4 K and for qc the contour spacing is 0.02 g kg−1 . Grey
shading in (a, c) indicates plume points and in (b, d) plume points where a significant cloud
response was simulated as defined in Sect. 4.3.3.
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Figure 4.9: Liquid water path [kg m−2 ] is shown in the ship track domain for two simulations
(row a: clean, row b: ship10) at 09:00, 12:00 and 15:00 UTC. AT 12:00 UTC the LWP
histogram for the contour spacing is shown for clean and ship10 in addition for the displayed
domain.
Nonetheless, increases of liquid water content within these regions were found to affect the
simulated cloud depth, by lowering the cloud base. This is shown explicitly in Fig. 4.8d,
where the cloud base is lowered significantly within the track regions. The occurrence of an
increase in LWP with a combined decrease in cloud base height over the simulated period
within the ship track domain is summarised in Fig. 4.10. As can be seen in Fig. 4.10a, a
50 % LWP increase is simulated in at least 25 % of the ship track regions in all simulations
but ship.
Figure 4.10b displays the simultaneous occurrence of cloud base lowering, given a 50 % LWP
increase. Between 09:00 and 15:00 UTC 50 to 80 % of regions with increased LWP display
an additional lowering of the cloud base, while a cloud base lifting was not simulated.
This phenomenon has previously been observed using balloon soundings during the Monterey Area Ship Track campaign (Durkee et al., 2000b) campaign by Porch et al. (1999),
where similar environmental conditions were encountered. A lowering of the cloud base by
∼ 50 m was measured. Based on their data alone, no clear explanation for this phenomenon
could be found. However, Porch et al. (1999) hypothesised that the cloud base lowering
was related to dynamical effects, such as adiabatic cooling in convective plumes originating
from the ship. Microphysical effects related to increases in drizzle, on the other hand were
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perceived as unlikely. Our simulations suggest the cloud base lowering to be a consequence
of drizzle suppression and the resulting localised increase of qc within the PBL. As is shown
in Table 4.3, the elevated increase in Nc (45 % above ship track mean) in regions where a
cloud base lowering is detected induces a larger decrease in the rain water content (30 %
below ship track mean) and hence a particularly pronounced LWP (22 % above ship track
mean) and τ increase (24 % above ship track mean). As can be seen in Fig. 4.8, the cloud
base is situated within the slightly stable PBL. Whilst the PBL stability and vertical mixing
coefficients (not shown) are not affected by the emissions, the larger gradient in cloud water
content itself, leads to an increased cloud water mixing below cloud base. There the cloud
water evaporates, leading to a moistening of the subcloud layer. If a sufficient amount of
cloud water is mixed downward, such that saturation is reached, the vertical cloud extent
is increased. Additional cloud water condensation due to increased radiative cooling in the
cloud layer within the enhanced LWP region was not simulated.

(a)

ship
ship10

(b)

ship10A
ship10_V5
ship10_V20

Figure 4.10: (a) Percentage of ship plume points of significant cloud response determined
as in Fig. 4.7, where at least a 50 % liquid water path (LWP) increase was detected. Given
a 50 % LWP increase in at least 25 % of all plume points, the percentage of plume perturbed
grid points which additionally displayed a cloud base lowering was computed and is shown in
(b). A cloud base lowering is diagnosed for any change greater than 0 m. Note that a cloud
base lifting was not detected at any point.
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Table 4.3: Overview of changes in microphysical (cloud droplet and activated aerosol number burdens), radiative (τ ) and macrophysical entities (LWP, total water path (TWP) and
rain water path (RWP)) averaged over the following and regions and simulations: the enhanced (50 % increase) LWP region in ship10, the track regions in ship10 and clean, and the
background region for clean.
Entity
Cloud droplet
Number burden [cm−2 ]
Activated aerosol
Number burden [cm−2 ]
τ
LWP [kg m−2 ]
RWP [kg m−2 ]
TWP [kg m−2 ]

4.4.5

Enhanced LWP
ship10

Track
ship10

Track
clean

Background
clean

12622

8677

1644

1434

90194
8.4
0.067
0.007
8.5

87448
6.8
0.055
0.01
8.6

28808
4.34
0.038
0.017
8.6

26493
3.8
0.033
0.016
8.1

Evaluation against observations

The simulated cloud optical thickness, diagnosed in the visible spectrum, is compared to the
MODIS observation for τ obtained at 12:00 UTC on 26 January 2003. Within the observation shown in Fig. 4.11, three characteristic features can be determined. Firstly, considerably
higher values of optical thickness (with τ > 20) are detected over land than over the ocean.
Secondly, a pre-frontal band structure passing through the domain, which stretches across
the Bay of Biscay from 4 W, 47 N to 10 W, 44 N at 12:00 UTC, is characterised by τ values
of similar magnitude. Finally, a region of ship tracks embedded within an optically thin
stratified cloud layer (τ < 2) located to the west of the pre-frontal band of convection was
observed.
The optical thickness is shown in Fig. 4.11 for two simulations (clean and ship10 ) in comparison to the MODIS observation. Only one of the simulations including ship emissions is
shown here, as the two features outside the small ship track region are identical (qualitatively) in all simulations. The cloud response within the ship tracks for all other simulations
is shown in Fig. 4.6 for the ship track domain.
The cloud optical thickness over land as well as within the convective band is strongly underestimated in all simulations. Causes for this low bias in τ can be manifold and can not
be disentangled with confidence based on this observation alone. It might be caused by
an underestimation in pollution, or vertical velocity in the simulations, which would lead
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to a low bias in either activated cloud droplet number concentration, cloud water or both.
Although the issue has to be acknowledged, it is outside the scope of this work.
We now focus our analysis on the region west of the convective cloud band. The observed
background optical thickness in this region ranges from less than 2 up to a value of 4,
which represents an optically very thin cloud sheet. The range of τ simulated within the
background cloud compares well to observations. However, significantly more small-scale
structures with higher values of optical thickness (3–4 instead of τ < 2) occur within the
simulations than the observations. These structures are due to subgrid-scale cloud water
produced by the shallow convection scheme. Therefore, with respect to the mean state, a
slightly optically thicker background cloud sheet is simulated than observed.
The perturbation in τ along the observed ship tracks varies between 5–10 in one group of
tracks and 10–24 in more pronounced ship tracks. Although the simulated and observed
ship tracks cannot be compared one-to-one since the prescribed ship routes vary in space
from the observations, a comparison in terms of the perturbation in τ as well as the track
structure can be made.

MODIS

a

(b)
b

Figure 4.11: Comparison of cloud optical thickness observed by MODIS to simulated cloud
optical thickness including grid-scale and subgrid-scale contributions for (a) clean, (b) ship10
at 12:00 UTC.

80

4.5. Conclusions

The simulated cloud response in terms of optical thickness in all simulations containing
ship emissions agrees well with observations. As was done for the observed ship tracks, the
simulated cloud response along the ship tracks can be grouped into the same two classes.
While simulations with a smaller prescribed ship emission flux (ship), or older ship tracks
(ship10_V20 ) lead to a smaller perturbation in τ (i.e. 5–10), the remaining simulations
produced ship tracks with a larger cloud response where τ ranges between 10 and 24 as in
the observations.
Furthermore, the simulations and the observations are nearly identical in terms of horizontal
track extent and length. The only exception might be ship, as the ship track segments where
the aerosol perturbation is sufficient to create a detectable increase in τ with respect to the
background seem to be underestimated in length compared to the observations.

4.5

Conclusions

In this study a new approach to study aerosol–cloud interactions and macroscopic feedbacks
in ship tracks has been used. For a particular case study ship tracks were simulated in a
real-case setup with the regional non-hydrostatic COSMO model for 26 January 2003 and
evaluated against MODIS cloud optical thickness obtained at 12:00 UTC.
Numerous ship tracks were observed in this region, covered by a drizzling, optically thin
cloud sheet (τ ≤ 2) under very clean conditions with very few accumulation mode background aerosol. Such a regime had previously been identified as susceptible to aerosol perturbations, allowing the formation of ship tracks within the cloud sheet.
These simulations have shown that a regional model is able to capture key aspects of ship
track formation and to simulate a realistic cloud response. After reaching cloud base (which
was found to take roughly 1 h), the aerosol coated by sulfate begin to interact with the cloud.
Evaluation against observations showed the cloud microphysical response to be comparable
to observations in terms of changes in cloud droplet number (∆Nc ≤ 150 cm−3 ) and effective
radius (∆Reff ∼ −5 µm). Furthermore, all simulations with ship exhaust displayed at least
a doubling of τ with respect to the background. The comparison of the simulations against
MODIS showed the simulated cloud-radiative response to be realistic.
The resulting cloud radiative effect is largely determined by the change in CCN due to the
ship emissions. The CCN concentration in turn is intrinsically linked to the aerosol perturbation within the soluble Aitken and accumulation modes. These simulations showed the
aerosol size distribution perturbation to be very sensitive to the emission flux and size. A
scaling of the emission mass flux by a factor of 10 had to be applied to reproduce observed
aerosol size distributions near the source, which defines the size distribution within the entire
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exhaust plume and hence the potential CCN perturbation by ship emissions. While some
uncertainty remains with the observations, the dilution of literature ship emissions onto the
grid scale, which provides a grid-scale mean perturbation to the system, may lead to a significant underestimation of their potential effects. However, the performed scaling of the
emission fluxes leads to a considerable overestimation of peak concentrations in ship10. In
this manner the simulations highlight the issues tied to analysing effects of a rapidly microphysically processed point-source aerosol emission with parameterisations based on grid-scale
mean fields operating at discretised time steps. In order to determine the magnitude and
sensitivity of the emission dilution effect, simulations for a range of computational resolutions, including LES resolution, would be highly desirable.
Although global studies are based on fundamentally different ship emission inventories than
those used in this study, they are still restricted to area-weighted emission fluxes over grid
box sizes of O(100) km. Furthermore, given atmospheric residence times of SO4 , BC and OC
of several days to a week, biases in the predicted aerosol number perturbation due to ship
emissions could introduce significant uncertainties in radiative forcing estimates. Indeed it
has been shown in global simulations, based on the same aerosol microphysical parameterisation, that a tenfold upscaling of the emission inventories did induce significant changes in
microphysical and macrophysical quantities surpassing the background noise (Peters et al.,
2014).
Besides the microphysical and radiative response, changes in cloud structure and liquid water content were simulated. The liquid water content was found to have increased by 50 %
in at least 25 % of the ship tracks, which coincided with a cloud base lowering in over 70 %
at the early onset of ship track formation. By vertical mixing of cloud water within the
boundary layer and evaporation below cloud base the condensation level was lowered in the
simulations.
On the whole, these simulations give confidence in the realism of a multitude of simulated
processes occurring predominantly on the parameterised scale. To further constrain parameterisations which are widely used in regional and global models using this kind of approach,
a more comprehensive data set would be required. In order to attribute biases to particular
parameterisations (turbulence, cloud and aerosol microphysics, radiation, shallow convection, etc.) simultaneous observations of the boundary layer and turbulent structure, ship
emission, background aerosol concentrations and composition as well as cloud property measurements in and around the ship track would be needed, most of which were obtained during
the Monterey Area Ship-Track campaign (e.g. Noone et al., 2000).
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4.6

Appendix A: Impacts of alternative aerosol activation parameterisation

The sensitivity of the ship tracks and background state to the activation formulation was
analysed. Since the cloud droplet number concentration Nc is determined by aerosol activation, it fundamentally impacts the stratocumulus cloud microphysics. All simulations of
chapter 4 have been performed with the Lin and Leaitch (1997) parameterisation (LL). This
parameterisation uses an empirical relationship between the aerosol number concentration
of aerosol particles larger than 35 nm Na>35 nm and the number of newly activated cloud
droplets Ncnew :
!1.27
Na>35 nm wmax
,
(4.2)
Ncnew = 0.1
wmax + 0.023Na>35 nm
√
where wmax = w̄ + 1.33 T KE. As the grid-scale vertical velocity w̄ is small, the maximal
√
vertical updraft wmax will be dominated by 1.33 T KE. T KE denotes the turbulent kinetic
energy. This activation parameterisation was used predominantly in this thesis, as it has
been well tested in previous studies (Zubler et al., 2011a,b) and is based on marine warmphase measurements in stratocumulus clouds.
In this section we consider the impacts of the alternative activation parameterisation by
Abdul-Razzak and Ghan (2000, ARG). In this formulation, Ncnew is determined from the
aerosol number concentration Na based on Köhler theory (Pruppacher and Klett, 1997b),
such that:

  2 
Sr̄




Na
 ln S

1 − erf  √ c  ,
(4.3)
Ncnew =
2 


3 2 ln σ 
where Sr̄ denotes the supersaturation with respect to an aerosol particle of a particular geometric mean radius r̄ and Sc provides the critical supersaturation for activation, defined by
the peak of the Köhler curve. The geometric standard deviation of the aerosol size distribution is denoted by σ and the error function approximates the integral of the aerosol size
distribution. Note that the natural logarithm in eq. 4.3 is only defined if Sr̄ > Sc .
All simulations shown, are set up as described in section 4.3.2. The only change is in the
activation parameterisation. In addition to ship, ship10 and ship10A, all of which are based
on LL and have been introduced in chapter 4, simulations ship_ARG, ship10_ARG and
ship10A_ARG were performed, which use the ARG activation parameterisation instead.
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Figure 4.12: Columns (1 – 2) show grid-scale cloud droplet number concentration and (3
– 4) cloud optical thickness, including grid-scale and sub-grid-scale contributions, at 09 UTC
and 12 UTC respectively. Rows (A – F) include the following simulations: (A) ship_ARG,
(B) shipA_ARG, (C) ship10_ARG, (D) ship10A_ARG, (E) ship and (F) ship10 (see text
for details). Grey shaded areas in columns (1 – 2) denote regions of missing grid-scale clouds.
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The difference in background cloud optical thickness τ and cloud droplet number burden
between LL and ARG simulations is tremendous. In Fig. 4.12, the cloud droplet number
burden (columns 1 and 2) is approximately four times higher in the background using ARG
as compared to LL. At the same time the relative difference in cloud droplet number burden
within the ship tracks and background is reduced. In terms of τ an equivalent scaling is seen
in the background (columns 3 and 4). Although increased values of τ in the ARG simulations
within the convective band are in far better agreement with the MODIS observation shown
in Fig. 4.11 of section 4.4.5, the background stratocumulus sheet in which the ship tracks
are embedded is significantly overestimated.
A better understanding of these results is obtained by considering cross sections through the
background stratocumulus and embedded ship tracks. Fig. 4.13 shows cross sections of Nc
and liquid water content qc for ship10 and ship10_ARG. Increases in background Nc from
2 – 5 cm−3 (ship10 ) to 10 – 20 cm−3 (ship10_ARG) coincide with significant increases in qc
and cloud base lowering. Therefore, changes in the microphysics and in particular in the
activation are found to modify the macrophysical state on a large spatial scale. Indeed, we
believe the same process to occur that was hypothesised to operate within the ship tracks
themselves (see section 4.4.4). Within the tracks increases in Nc were hypothesised to induce
increases in qc by drizzle suppression, which in turn induced a lowering of the cloud base by
vertical mixing.
In agreement with the reduced increase in cloud droplet number burden within the ship
tracks, Nc perturbations are considerably smaller within the track regions in ship10_ARG
than ship10. Despite identical emission fluxes and similar perturbations in the aerosol-size
distribution within the plumes, less in-plume aerosol particles are activated using the ARG
parameterisation. The LL parameterisation activates all aerosol particles larger than 35 nm,
while ARG activates all aerosol particles whose critical supersaturation is above the supersaturation within the updraft. The lower concentration of newly activated Nc within the plume
in ARG rather than LL simulations suggests, that the smallest activated particles in the
ARG parameterisation have to be larger than 35 nm. Indeed, it has been shown by Phinney
et al. (2003) that the ARG parameterisation tends to overestimate the water vapour condensation onto the largest particles at high Na and low vertical velocity at the expense of
activating smaller aerosol particles. Given the high degree of pollution (Na ∼ 1000 cm−3 )
and low vertical updraft speed (w ∼ 0.4 m s−1 ) within the plume regions, this could explain
the lower degree of in-plume activation simulated by the ARG parameterisation as compared
to the LL approach.

86

4.6. Appendix A: Impacts of alternative aerosol activation parameterisation
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Figure 4.13: Vertical cross sections (location shown in Fig.4.12 row C) for (a,b) the total
cloud droplet number concentration Nc [cm−3 ] and (c,d) the liquid cloud water content qc
[g kg−1 ]. The contour spacing in (a,b) is given as 2,5,10,20,50,...every 50...,350 cm−3 . Contours in (c,d) are equally spaced and separated by 0.02 g kg−1 . Ship10 results are shown on
the RHS while the LHS panels show Nc and qc of ship10_ARG. Grey shading in all panels
indicates plume points determined in ship10 where a significant cloud response was simulated
as defined in section 4.3.3.
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Weaker increases in qc within the tracks with respect to the background are seen in Fig. 4.13.
Combined with a smaller simulated decrease in effective radius Ref f (not shown), the simulated change in τ (∆τ ) is smaller in ARG simulations. Indeed, ∆τ in ship10_ARG is
merely 60% of ∆τ simulated in ship10. Given the weaker τ perturbations in the ship plumes
in ARG simulations, the range of τ values reached within the ship tracks is similar within
ARG and LL simulations. Only in simulations with literature scale emissions (i.e. ship and
ship_ARG), higher values in τ are reached in the simulation using the ARG parameterisation instead of LL. Finally larger differences in τ are seen in simulations performed with
respect to the emission size in ARG simulations. Larger τ perturbations are simulated in
ship10A_ARG than ship10_ARG.
However, this case study is not suited to constrain the realism of either activation approach.
For instance, biases in the background cloud optical thickness can not be attributed to the
activation parameterisation itself. As observations constraining the background qc , cloud
depth, CCN concentrations, Nc , specific water vapour content, or vertical velocity are not
available, it is unclear whether biases in the background state drive biases in the cloud
microphysics or vice versa. For this purpose, the real-case modelling approach at regional
resolution could be used with extensive data sets such as the one presented by Noone et al.
(2000).
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Appendix B: Role of the shallow convection scheme

The Tiedtke (1989) shallow convection (SC) scheme has been applied in all simulations
performed in chapters 3–4. In this scheme, the convective transport of heat, moisture and
momentum (small for stratocumulus) is parameterised using the mass flux approach (see
chapter 2). Although this approach itself has been shown (Siebesma et al., 2003) to capture
80–90% of the convective fluxes, assumptions made by Tiedtke (1989) have been shown to
be inaccurate.
The entrainment and detrainment rates,  and δ respectively, are both prescribed as 3 ×
10−4 m−1 in the Tiedtke scheme, which implies a constant mass flux between cloud base
and cloud top. However large-eddy simulations of the BOMEX field campaign (Holland and
Rasmussen, 1973), which focused on shallow cumulus clouds over the ocean, have shown
the mass flux to decrease with height (Siebesma and Cuijpers, 1995; Siebesma et al., 2003).
This decrease can only occur if δ >  is given (Siebesma and Cuijpers, 1995; Siebesma et al.,
2003), which questions the  = δ assumption made by Tiedtke (1989). Furthermore, the
entrainment rate was found to vary with height as  ∼ 1/z (Siebesma and Cuijpers, 1995;
Siebesma et al., 2003), which contests the fixed entrainment rate assumed by Tiedtke (1989).
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Figure 4.14: Relative humidity (RH) and liquid potential temperature θl profiles at center
point of ship track domain (see Fig. 3.13 for location) at 12 UTC on Jan 26th 2003. The
profiles are compared between ship10, ship10_noSC and ERA-Interim.
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While a full assessment of different entrainment and detrainment rate formulations (e.g.
Siebesma et al. (2003); De Rooy and Siebesma (2008)) and their impacts is beyond the
scope of this study, these studies motivated an assessment of the impact of the currently
implemented SC scheme on the findings of this chapter. Therefore, the scheme’s influence
on the planetary boundary layer (PBL) properties and simulated aerosol-cloud interactions
(ACI) in ship tracks is analysed. For this purpose simulations ship_noSC and ship10_noSC
were performed, which do not include an SC parameterisation but are otherwise identical in
setup to the corresponding simulations ship and ship10 (see section 4.3.2).
Turning off the SC parameterisation leads to a considerable decrease in marine PBL depth,
as is shown in Fig. 4.14. Profiles of liquid potential temperature θl and relative humidity
(RH) of the ship10_noSC simulation are shown at the center point of the ship track domain
(see Fig. 3.13) at 12 UTC on Jan 26th 2003. The cloud depth (saturated region of PBL
profile) in ship10_noSC is reduced by about 100 m, which is predominantly caused by a
lowering of the PBL top rather than changes in the cloud base height. This phenomenon is
seen throughout the simulation domain and indicates that SC generates a substantial fraction of the vertical mixing which keeps the boundary layer from collapsing underneath the
high-pressure subsidence.
However, no discernible differences between the two simulations and the Brest and A Coruña
soundings (see Fig. 3.5 and Fig. 3.6 in section 3.4.2 for soundings) are seen in terms of potential temperature θ or RH (not shown for ship_noSC and ship10_noSC ). The PBL profiles
compare equally well to the observations independent of the SC scheme. Therefore, based
on PBL profiles alone we can not conclude which of the simulations (with or without SC) is
more realistic.
Considerable loss of horizontal variability of the vertically integrated fields of cloud optical
thickness τ and cloud droplet number burden (CDN B) is seen in Fig. 4.15 in ship10_noSC
and ship_noSC. Almost completely homogeneous cloud fields are simulated in which the
ship tracks form. As the PBL properties are largely defined by the sub-grid-scale dynamics,
which is reduced to turbulent mixing only in simulations without SC, the absence of horizontal variability is not surprising. Since the turbulent mixing parameterisation acts in the
vertical only and is driven by horizontally homogeneous surface conditions and large-scale
forcing, horizontal variability is not generated in simulations without SC.
The loss of background cloud variability leads to visually more pronounced ship tracks in
simulations without SC (Fig. 4.15). The tracks are almost entirely straight and for this
reason appear somewhat artificial. In simulations with parameterised SC, the ship track
structure is in far better agreement with the MODIS retrieval of that date (Fig. 4.11). Furthermore, SC seems to play an important role in the dissipation of the ship exhaust and its
dilution into the background, as the tracks are considerably longer in simulations without SC.
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Figure 4.15: Columns (1 – 2) show grid-scale cloud droplet number burden [cm−2 ] and (3
– 4) cloud optical thickness, including grid-scale and sub-grid-scale contributions, at 09 UTC
and 12 UTC respectively. Rows (A – D) include the following simulations: (A) ship_noSC,
(B) ship10_noSC, (C) ship and (D) ship10 (see text for details). At 12 UTC the mean
values over the background (first value) and the ship exhaust perturbed region (second value)
are provided at the top, right corner of each panel. Grey shaded areas in columns (1 –
2) denote regions of missing grid-scale clouds. The white, dashed oval marks pre-frontal
convective band.
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Figure 4.16: Liquid water path (LW P ) [kg m− 2] in ship track region at 12 UTC on Jan
26th 2003 for ship_noSC, ship10_noSC, ship and ship10 simulations.
The change in τ between the background and the ship track is enhanced in terms of mean
values (see Fig. 4.15) from 0.9 to 1.2 in ship_noSC and from 2.9 to 5.1 in ship10_noSC.
The ship track region is defined by grid points where the aerosol number concentration has
at least tripled with respect to the background. This difference in τ is predominantly due
to a decrease in background τ when the SC scheme is switched off. While the average τ
within the background is 4.1 in ship and ship10, it is merely 2.9 and 2.8 in ship_noSC and
ship10_noSC at 12 UTC on Jan 26th 2003. At the same time, the simulations performed
with and without SC are similar in terms of the background CDN B and the grid-scale
background liquid water path (LW P ), which is shown in Fig. 4.16. Therefore, the grid-scale
contribution to τ is the same in simulations with and without SC. This suggests that the
change in background τ is due to the sub-grid-scale liquid water content generated by the SC
scheme. Its absence in ship_noSC and ship10_noSC leads to a reduction of the background
τ by 30%.
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The larger change in ship10_noSC between track and background when the SC scheme is
turned off (5.1 instead of 2.9), as compared to ship_noSC (1.2 instead of 0.9), can be explained using the following (approximate) relation between LW P , CDN B and τ :

s

τ=

3

9π LWP2 CDNB
.
2

(4.4)

The change in LW P (Fig. 4.16) between the ship tracks and background, is 0.03 kg m−2 in
ship_noSC and 0.04 kg m−2 in ship10_noSC. However the relative change between simulations with and without SC is 0.01 kg m−2 in both cases. Increases in LWP within the ship
tracks are hypothesised in section 4.4.4 to occur due to a combination of increased cloud
water content and a lowering of the cloud base by turbulent mixing. The enhanced increase
in ship track LWP in simulations obtained without SC suggests, that SC fluxes act to offset
this mechanism.
CDN B is increased in ship10_noSC by 64% with respect to ship10, whilst it remains unchanged in ship_noSC. Therefore, based on eq. 4.4, the larger increase in τ in ship10_noSC is
consistent with a larger CDN B and a larger LW P in ship tracks simulated in ship10_noSC
as opposed to CDN B and LW P in ship_noSC.
The pre-frontal convective band (marked in Fig. 4.15 at 09 UTC on Jan 26th ), is absent in
simulations without SC. Hence, this dynamical feature, which is seen in the MODIS satellite
retrieval (see Fig. 4.11), is not generated by grid-scale or turbulent motion alone.
In summary, we found the SC scheme by Tiedtke (1989) to impact the marine PBL profiles
and the cloud properties. We show that cloud radiative response within the ship tracks is
reduced when the SC scheme is included. To fully evaluate the effect of the SC scheme and
perhaps varied SC entrainment and detrainment assumptions on ACI in ship tracks, a case
study with more observations is needed. However, based on the comparison of the simulated
τ to the MODIS satellite retrieval, we find the simulations including an SC parameterisation
to be more realistic in terms of the simulated cloud and ship track structures and dynamical
features such as the pre-frontal convective band.
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Resolution dependence of cloud effects

5.1

Abstract

The resolution dependence of simulated aerosol-cloud interactions (ACIs) in ship tracks and
stratocumulus clouds in general remains an open question to be addressed. To this end, the
ship track framework is used to contrast resolution effects of simulated cloud radiative impact
(CRI) to dilution impacts of the prescribed ship emissions. The numerical weather prediction model used in this study includes bulk descriptions of aerosol and cloud microphysics.
Boundary layer processes (turbulent mixing and shallow convection) are parameterised at all
resolutions. Two chains of simulations are performed. In one chain, the horizontal resolution
is gradually increased from 50 km to 1 km (resolution effects) and in the other the horizontal
resolution is kept constant at 2 km and the ship emissions are coarse grained down to 50 km.
Simulations of varied horizontal resolution ranging from 1 km to 50 km showed a high degree
of similarity in terms of the planetary boundary layer (PBL) state, and cloud micro- and
macrophysical properties. Changes in CCN perturbations at different resolutions were found
to depend on the degree of vertical mixing upon emissions. In simulations with stronger vertical mixing, as was simulated at higher resolutions, the integrated CCN perturbations were
found to be smaller when aggregated to 50 km. Therefore, these simulations emphasise the
importance of an adequate simulation of the PBL dynamics for the CCN formation potential
of the exhaust plume. For simulations of similar vertical aerosol transport the CCN perturbation integrated over the PBL was similar for different degrees of emission dilution. However,
the aggregated shortwave cloud radiative effect (CRE) in these simulations was found to
depend on emission dilution and are larger in coarser resolution simulations. Differences in
the CRE as large as −2.3 W m−2 were simulated. Consequently, these simulations suggest
that the radiative forcing estimates caused by shipping is overestimated in coarse-resolution
models even if the PBL characteristics are perfectly captured.

5.2

Introduction

Aerosol-cloud interactions (ACI) within warm-phase boundary layer clouds, such as stratocumulus, remain uncertain (e.g. Wood (2012)). This uncertainty is due to poorly constrained
estimates of the magnitude of aerosol-induced microphysical and dynamical feedbacks occurring in the planetary boundary layer (PBL) and the free troposphere in both modelling
studies and observations (Myhre et al., 2013).
Furthermore, our current metrics for quantifying the strength of ACI, or the susceptibility of
the system to aerosol perturbations, are scale dependent, as was illustrated for marine stratus
clouds (McComiskey et al., 2009) and later confirmed by theoretical arguments (McComiskey
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and Feingold, 2012). Measures of susceptibility such as dReff /dNa , i.e. the relative change of
the effective radius Reff with changes in aerosol number concentration Na , or dτ /dNa , where
τ denotes the cloud optical thickness, strongly depend on the characteristic length scales of
homogeneity inherent to the system. Therefore, these length scales are strongly resolution
dependent, which leads to a considerably different quantification of susceptibility at different
resolutions (McComiskey and Feingold, 2012). This complicates the evaluation of simulated
aerosol-cloud interactions in climate models ranging from O (1) km scale (regional climate
models) to O (100) km scale (general circulation models) with in-situ observations or even
satellite observations, which themselves are often obtained at a different resolution.
In a recent model-intercomparison study by Wyant et al. (2014) which involved regional as
well as global models spanning horizontal resolutions from 9 km to 250 km, the inter-model
spread in marine PBL and aerosol characteristics, as well as ACI was shown in relation to
observations. While the simulated structures of the PBL and aerosol-cloud interactions are
recognisably similar to the observations, significant variations in terms of magnitude (of e.g.
liquid water content, or cloud droplet number concentration Nc ) between individual simulations and the observations were found. However, attributing these differences to individual
processes in multi-model ensembles is extremely difficult, if not impossible, due to the variety
of physical and numerical descriptions applied within the participating models.
We therefore investigate the resolution dependence of the shallow marine PBL state and
aersol-cloud interactions in stratocumulus with a single model. The restriction of a resolutionbased ensemble to a single numerical model has the advantage of allowing a process-oriented
analysis, since the dynamical core and parameterisations used are the same in all simulations. Here, the COSMO-CLM model is used, a limited-area numerical weather prediction
and regional climate model, which has been successfully used in meso-scale and convective
scale climate applications (Zubler et al., 2011b; Ban et al., 2014; Kotlarski et al., 2014)
and operational forecasting (Steppeler et al., 2003; Weusthoff et al., 2010). The particular
version applied in this study is equipped with a 2-moment bulk cloud microphysics description (Seifert and Beheng, 2006) and aerosol microphysics module (Vignati et al., 2004; Zubler
et al., 2011a).
The resolution dependence of the simulated cloud response in a stratocumulus deck in the
Bay of Biscay to an aerosol perturbation by ship emissions is investigated, following previous
work (Possner et al., 2015) investigating ACI in ship tracks observed in that region. In Possner et al. (2015) the structure of the tracks forming behind a moving emission source was
successfully captured, while the magnitude of the change in τ within the track was found
to be very sensitive to the activated fraction within the plume. The process of activation in
turn is constrained by the aerosol size distribution and water vapour content, which may be
resolution dependent, and the updraft speed, which is known to depend on resolution. Fur-
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thermore, climate impacts of ship exhaust are quantified on global scales, where estimates
of ACI due to shipping range between −0.6 Wm−2 and −0.07 Wm−2 (Lauer et al., 2007;
Righi et al., 2011; Peters et al., 2012; Partanen et al., 2013). A scale dependence may have
substantial implications for the estimation of climatic effects of ship emissions on clouds.

1km

4 km

12 km
25

50 km

Figure 5.1: MODIS cloud optical thickness retrieved following (Platnick et al., 2003) at
12 UTC on Jan 26th 2003 is shown at the retrieval resolution (1 km) and rescaled resolutions
obtained by direct grid-cell averaging (4 km, 12 km, 50 km).
This study focuses on the same case analysed by Possner et al. (2015). On Jan 26th 2003,
ship tracks were observed by the MODIS satellite in the Bay of Biscay at 12 UTC. The
observed cloud optical thickness retrieved at 1 km horizontal resolution is shown in Fig. 5.1.
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For illustrative purposes, the observation was aggregated by averaging adjacent cells to 4 km,
12 km and 50 km. While the 1 km and 4 km images display minute differences in terms of
structure and magnitude (e.g. in the lee-waves forming at the Spanish coast), considerable
differences are observed when comparing the 12 km and 50 km images. In the highly heterogeneous regions of the ship tracks, aggregation leads to a considerable loss of the structure
and variability of τ . Less pronounced ship tracks, where τ is elevated to 6 – 8 only instead of
10 – 14, are entirely smoothed out by aggregation, while in regions of pronounced tracks (at
50◦ N) the optical thickness is still elevated from the background (2 ≤ τ ≤ 4) at 50 km. This
figure illustrates the point previously made by McComiskey and Feingold (2012) about the
resolution-dependent length scales of homogeneity. Furthermore it can be seen that often
more than one track is included in a 50 km average.
In this study, three types of simulations were performed to address the dependence of the
simulated ACI and the PBL state on model resolution and to isolate the impact of emission
plume dilution. Simulations of increasing horizontal resolution from the meso-scale (50 km)
to the convection resolving scale (1 km) are performed with and without ship emissions,
while the vertical resolution remains fixed. To address the possible effects of plume dilution
only, the ship emissions are coarse grained down to 50 km in the third type of simulations,
whilst the horizontal grid spacing remains at 2 km. The setup of the simulations is given
in section 5.3. The analysis for the resolution (dilution) dependence of the boundary layer
structure and the ship induced ACI are presented in sections 5.45.4.1 and 5.45.4.2 respectively. Differences in the CRE between individual simulations are attributed to individual
processes whenever possible.

5.3
5.3.1

Methods
Numerical Model

All simulations are performed with the limited-area model COSMO-CLM (version 4.14).
COSMO-CLM is a non-hydrostatic model where the fully compressible flow equations are
solved by a 3rd-order Runge-Kutte discretisation in time (Wicker and Skamarock, 2002; Foerstner and Doms, 2004). The horizontal and vertical advection terms are determined using
a 5th-order upstream discretisation and an implicit 2nd order centred scheme respectively.
Aerosol and hydrometeors are advected using the second order Bott scheme (Bott, 1989).
Radiative heating rates are determined based on a δ-two-stream approach (Ritter and Geleyn, 1992) using a relative humidity criterion for subgrid-scale cloud cover. The grid-scale
clouds, which are described by a 2-moment bulk microphysics scheme (Seifert and Beheng,
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2006), are linked to the radiation scheme via the effective radius Ref f of each considered hydrometeor type (e.g. cloud droplets). Ref f is used to determine the wavelength dependent
cloud optical properties, such as the single scattering albedo, extinction coefficient and the
asymmetry factor, according to Hu and Stamnes (1993).
Aerosol particles such as black carbon (BC), organic carbon (OC), sulphate (SO4 ), sea salt
and dust, which are binned into 4 internally mixed soluble and 3 insoluble modes, are described by the M7 aerosol microphysics scheme (Vignati et al., 2004; Zubler et al., 2011a).
The relevant processes considered include the hydration, coagulation, sedimentation, dry
and wet deposition of aerosol particles as well as the condensation of sulfuric acid onto their
surface. Soluble aerosol particles larger than 35 nm can be activated into cloud droplets following Lin and Leaitch (1997). The number of newly formed cloud droplets further depends
on the updraft velocity (Lohmann, 2002).
Within a shallow PBL forming underneath large-scale subsidence the simulated updraft velocity is largely determined by the turbulent kinetic energy (TKE). The turbulent fluxes are
described by a 1-D diffusion scheme (Raschendorfer, 2001) with a prognostic description for
TKE. Following previous work (Possner et al., 2014), which investigated the scheme’s ability
to simulate low-lying (∼ 500 m) strong inversions (O (12) K), the prescribed minimum eddy
diffusivity in the parameterisation is set to 0.01 m2 s−1 and the turbulent length scale is set
to 150 m in all simulations.
In addition to vertical mixing by the turbulence scheme, the vertical transport within the
PBL is partially performed by the shallow convection (SC) scheme (Tiedtke, 1989), which
has a fixed entrainment rate set to 3 × 10−4 m−1 .
During each simulation, the advective, turbulent, radiative and microphysical tendencies
are recorded and averaged hourly using a budget tool, which was specifically designed for
COSMO-CLM (Langhans, 2012). These tendencies were used to disentangle the differences
between different simulated background states at changing horizontal resolution shown in
section 5.45.4.1.

5.3.2

Simulation Setup

Simulations with varied horizontal grid spacings were obtained for Jan 26th 2003 over the Bay
of Biscay for clean background conditions (simulations clean) and polluted conditions subject
to ship emissions (simulations ship). Each group (clean or ship) consists of six different
realisations obtained with horizontal resolutions of 0.01◦ (about 1 km), 0.02◦ (about 2 km),
0.04◦ (about 4 km), 0.12◦ (about 12 km), 0.24◦ (about 25 km) and 0.48◦ (about 50 km).
The specifications of these simulations and their acronyms are given in table 5.1.

100

5.3. Methods

Table 5.1: Simulation specifications for each of the 3 simulation groups: clean, ship and dil
including horizontal resolution, domain size (# of grid cells), time step, emission mass flux
(Mship ) per container ship and emission surface area (Aship ).
simulation
res. [◦ ] domain size
clean_01
0.01
1160 × 800
clean_02
0.02
580 × 400
clean_04
0.04
305 × 215
clean_12
0.12
282 × 206
clean_25
0.24
156 × 118
clean_50
0.48
93 × 74
ship_01
0.01
1160 × 800
ship_02
0.02
580 × 400
ship_04
0.04
305 × 215
ship_12
0.12
282 × 206
ship_25
0.24
156 × 118
ship_50
0.48
93 × 74
ship_50_dt20
0.48
93 × 74
dil_04
dil_12
0.02
580 × 400
dil_25
dil_50

time step
10 s
20 s
30 s
90 s
90 s
180 s
10 s
20 s
30 s
90 s
90 s
180 s
20 s

20 s

Mship

Aship

not defined

PM:
208 kg s−1
SO2 :
144 kg s−1

2
4
8
12
25
50
50
8
12
25
50

km×2 km
km×4 km
km×8 km
km×12 km
km×25 km
km×50 km
km×50 km
km×8 km
km×12 km
km×25 km
km×50 km

In line with the changing horizontal resolutions, the time step was varied within each group.
It ranges from 10 s in 1 km scale simulations to 3 min in 50 km scale simulations. The
vertical grid spacing, on the other hand, was kept constant in all simulations. 60 levels were
prescribed in the vertical between the surface and 23.6 km with a maximum vertical grid
spacing of 144 m within the boundary layer. The grid spacing, numerical and physical specifications of each simulation are provided in table 5.1. The domain size of each simulation
is shown in Fig. 5.2. While the coarse-resolution simulations (12 km, 25 km, 50 km) include
large areas of Western and Southern Europe, the high-resolution simulations (1 km, 2 km
and 4 km), are focused on the Bay of Biscay, where the ship routes are placed. The grids
were carefully placed in order to allow for conservative remapping by direct averaging among
the simulations.

101

Resolution dependence of cloud effects

m

50 k

m
25 k
m
12 k

4 km
1,2 km

Figure 5.2: Domains for each simulation. The colours show the orography of the 50km-simulation.

An additional group of simulations (dil) was performed to analyse the impact of increased
exhaust plume dilution at the point of emission. All dil simulations were performed with
an almost identical setup to ship_02 (see table 5.1) differing merely in the ship emission
area, which was coarse grained in four simulations to 4 km, 12 km, 25 km and 50 km resolution. All simulations are initialised and driven at the lateral boundaries with ERA-interim
meteorological profiles. The lateral boundary profiles are updated hourly, by linearly interpolating the six-hourly ERA-interim reanalysis data in time. Background aerosol profiles
are initialised and prescribed at the lateral boundaries by 20-year climatological means for
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January (between 1999 and 2009) obtained from global climate simulations performed with
ECHAM5-HAM (Folini and Wild, 2011).
The prescribed ship emissions closely follow the method applied in Possner et al. (2015). In
ship simulations emissions of four representative container ships traversing the simulation
domain are considered as an additional source of pollution. As can be seen in Fig. 5.1,
often more than one ship is found within a 50 × 50 km2 region. Furthermore, global climate
model assessments of ship impacts (Righi et al., 2011; Peters et al., 2012, 2014) rely on
activity-based emission estimates, which consider the cumulative emission amount of each
individual ship at each grid box for a given time. For this reason we chose to simulate four
ships such that at least 2 ships would reside in a 50 km×50 km grid box. As in Possner et al.
(2015) all four ships are moving southwest in parallel at 230◦ (0◦ pointing due north) with a
constant speed of 10 m s−1 . The spacing between the ships remains constant throughout the
simulations at about 22 km (one ship every 20 grid boxes in simulation ship_01 (table 5.1)).
The emission mass fluxes for particulate matter emissions (PM) and gaseous emissions are
prescribed as in Possner et al. (2015). In this study the mass flux is parameterised based on
in-situ exhaust measurements (Hobbs et al., 2000) obtained within marine boundary layers
of five cargo vessels running on marine fuel oil. However, the literature based PM emission
fluxes of 20.84 kg s−1 per ship were insufficient to generate an in-plume aerosol perturbation
comparable to measurements of the exact same exhaust plume (Hobbs et al., 2000), which
coincided with a significant underprediction of the cloud response in comparison with the
MODIS retrieval obtained on Jan 26th for this particular marine boundary layer simulated
at 2-km resolution (Possner et al., 2015). To account for this deficit, a tenfold scaling of the
PM emission flux to 208.4 kg s−1 was applied. The gaseous emissions of sulfur dioxide (SO2 )
were not scaled and are prescribed as 144 kg s−1 in accordance to the in-situ measurements
obtained by Hobbs et al. (2000). In a final step the PM emission flux was separated into
BC, OC and primary SO4 emissions based on the chemical composition by mass of ship PM
emissions obtained by Petzold et al. (2008).
The ship emissions, which are updated in terms of location with every time step, were not
prescribed directly at the surface (as in Peters et al. (2012)), but into one model layer above
the surface at a height of 167 m. With respect to the horizontal distribution of the emissions
a distinction is made between high- and coarse resolution simulations. In the high-resolution
simulations (1 km, 2 km, 4 km), the emissions are inhomogeneously distributed into four
adjacent grid boxes of the current ship location based on distance-weighted means. In the
coarse-resolution simulations (12 km, 25 km, 50 km), where the emissions will be considerably
more diluted due to grid resolution and the individual ship track features are under-resolved,
the emissions are emitted into the grid box closest to the ship’s location.
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Figure 5.3: Hourly averaged potential temperature (θ) and total moisture (qt ) profiles and
tendencies for all clean simulations (see table 5.1) at 12 UTC on Jan 26th 2003. The dendencies were averaged over a 150 × 150 km2 domain shown in column 1 of Fig. 5.4. For both
quantities the total tendency (TOT), as well as individual contributions as advection (ADV),
turbulent mixing (TURB), microphysics (MIC) and radiation (RAD) for θ, or convection
(CON) for qt , are shown.
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5.4
5.4.1

Results
Background State

On Jan 26th 2003, the synoptic forcing over the Bay of Biscay is defined by large-scale subsidence. At all resolutions, subsidence rates vary in time between −0.25 cm s−1 and −1.5 cm s−1
(not shown). Furthermore, the evolution of the large-scale forcing on Jan 26th 2003 between
individual simulations is very similar. Fig. 5.3 shows elevated large-scale heating rates for potential temperature (θ) in the inversion layer in the coarse-resolution simulations (clean_12,
clean_24 and clean_48) at 12 UTC. The tendencies shown in Fig. 5.3 were obtained using
the Langhans (2012) budget tool. The displayed tendencies are hourly averaged and are
further averaged over a 150 km × 150 km domain shown in Fig. 5.4. In the coarse-resolution
simulations the inversion is not yet fully established. In comparison to high-resolution simulations (clean_01, clean_02 and clean_04) the inversion at 12 UTC is about 1 K weaker.
The heating rates of θ due to PBL turbulence and microphysical processes are very similar
in all simulations and balance each other throughout the column. They indicate a mixing
of warm and dry air below cloud base (i.e. dθ/dt|turb > 0 and dθ/dt|mic < 0), and cold
and moist air into the cloud layer (i.e. dθ/dt|turb < 0 and dθ/dt|mic > 0). The simulated
cloud top radiative cooling, which drives the PBL turbulence, is at most −0.8 K/h in all
simulations.
Although the cloud layer is coupled to the surface fluxes by turbulent mixing, the PBL remains slightly stable throughout the simulation. This is also seen in terms of the total water
mixing ratio (qt ), which gradually decreases with height (Fig. 5.3). As for θ, the microphysical tendencies are largely off-set by the turbulent and, in case of moisture, also convective
transport. The cloud microphysics itself also contributes to the vertical redistribution of
moisture throughout the column by precipitation formation and evaporation. In the cloud
layer, which is moistened by turbulent and SC transport from below, precipitation is formed
(dqt /dt|mic < 0), which evaporates below cloud base (dqt /dt|mic > 0) thereby moistening
the sub-cloud layer. Moisture released by evaporation is then mixed up into the cloud layer,
which provides an additional source of moisture.
The evolution of cloud micro- and macrophysical entities for the clean simulations in the
volume of the cloud which will be perturbed by ship exhaust perturbations in the ship simulations, is shown in Fig. 5.5. In particular, the evolution of the effective cloud droplet radius
(Ref f ), the CCN concentration and the liquid water path (LWP) is shown. The median
LWP ranges between 32 g m−2 and 55 g m−2 in the clean simulations. Furthermore a typical diurnal evolution of stratocumulus is seen in the LWP. As the solar insolation increases
until reaching its peak between 12 UTC and 13 UTC the cloud-top radiative cooling is weak-
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ened due to the absorption of shortwave radiation, which leads to an LWP decrease. After
13 UTC, as the radiative cooling increases, the cloud layer begins to recover.

Clean original

Ship original

Ship coarse grained

ΔShip coarse grained
Δτ=0.2

1 km
Δτ=0.2

2 km
Δτ=0.3

4 km
Δτ=0.6

12 km
Δτ=0.6

25 km
Δτ=0.9

50 km

Figure 5.4: Simulated cloud optical thickness τ of clean and ship displayed at 12 UTC
on Jan 26th 2003. Columns 1 and 2 show τ at their original resolutions. In column 3
exp(−τ ) was coarse grained to 50 km for all simulations of ship and τ re-computed for direct
comparison. The difference in coarse grained τ (∆τ ) between ship and clean is shown in
column 4. Mean ∆τ values given in white box were determined over the region shown in last
panel of column 3 (large pink box). Small pink boxes in column 1 denote location region for
computation of Fig. 5.3.
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Although median LWP values are very similar at all resolutions (excluding clean_01), peak
LWP values of the 75th percentile (P75) are considerably higher in the high-resolution simulations. This is due to the increased SC moisture transport into the cloud layer at high
resolutions. The SC scheme is triggered given a sufficient instability in terms of virtual
temperature and moisture in combination with diagnosed moisture convergence. The higher
the horizontal resolution, the more often SC transport is triggered and often with higher
intensity, due to stronger moisture convergence diagnosed at higher resolutions. As is shown
in Fig. 5.3, the SC transport is particularly pronounced in clean_01, which produces a peak
in the median LWP at 12 UTC.

1 km
2 km
4 km
12 km
25 km
50 km

Figure 5.5: Temporal evolution of cloud condensation nuclei concentration (CCN), liquid
water path (LWP) and effective radius (Ref f ) for all clean simulations on Jan 26th 2003. At
15-minute intervals the median (solid line), 75th and 25th percentiles (denoted by shading)
were computed in the clean simulation over the entire cloud volume subjected to ship exhaust
in the corresponding ship simulation.
The cloud droplet size spectrum and the background CCN concentrations are very similar in all clean simulations. Ref f ranges between 7 µm and 17 µm, whilst the background
CCN is well constrained between 24 cm−3 and 30 cm−3 in all simulations. These low CCN
concentrations illustrate the pristine background conditions encountered in the clean simulations. Most of the background Aitken mode particles, which are sufficiently large to activate,
consist of sulphate advected into the simulation domains from the driving ECHAM5-HAM
climatology, whereas PBL accumulation mode particles consist predominantly of sea salt
emitted within the region. Both, the CCN concentrations and the cloud size spectrum remain constant throughout the day.
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The combined radiative impact of the LWP and Ref f is shown in column 1 of Fig. 5.4,
which shows the cloud optical thickness (τ ), for all clean simulations. τ was obtained by
integrating grid-scale and sub-grid-scale contributions within the visible wavelength band
(0.25 ≤ λ ≤ 0.7) as described in Possner et al. (2015). All clean simulations display a
simulated background cloud sheet at 12 UTC with τ ranging between 2 to 4 west off the
Bay of Biscay. However, differences remain in terms of cloud structure between different
resolution simulations. Cell structures of increased optical thickness (τ ∼ 6) are visible in
the clean_01 and clean_02 simulations. These are attributed to the increased SC activity
simulated at these resolutions. The additional condensate formed in the cells and their numerous occurrence lead to a regional increase of τ .
Furthermore, a break-up of the cloud deck in the northwest of the simulation domain is
simulated in clean_01. This is also attributed to the SC scheme and in particular to the
detrainment fraction (β). It determines the fraction of the mass transport in the model
layer above the diagnosed cloud top. If a too high percentage is prescribed, this can induce
an excessive drying of the PBL. Following Tiedtke (1989) the detrainment fraction is set to
0.33 in these simulations. In previous studies (Wang et al., 2004b,a; Zhang et al., 2011) it
had been proposed that lower values of β (0.23-0.26) should be chosen at higher resolutions.
However, sensitivity runs with our model setup showed that yet lower values of β = 0.16
would be needed in order to prevent cloud evaporation at 1-km resolution (not shown).
Overall, the clean simulations show a very uniform behaviour of the simulated background
state amongst different resolution members. Even at 50 km horizontal resolution a stratocumulus deck of comparable cloud water content and extend is simulated in the high-resolution
simulations. Therefore, this behaviour allows for the direct assessment of the resolution dependence of the aerosol cloud susceptibility in almost identical boundary layers and cloud
structures.

5.4.2

Resolution dependence of ACI

Fig. 5.4 illustrates the vertically integrated effect of changes in spatio-temporal resolution
on the resulting cloud-radiative response due to ship-exhaust induced ACI. Columns 2 –
4 show τ for all ship simulations at the original resolution, coarse grained to 50 km for
comparison and the relative difference to the coarse grained corresponding clean simulation
at each resolution.
As the spatio-temporal resolution becomes coarser, the maximum τ perturbations decrease
and the structure of the individual tracks is increasingly lost. This is to be expected due to
the finer temporal and spatial dilution of the ship exhaust at increasingly coarser resolutions.
However, the coarse-grained τ response and the relative difference to the clean simulations
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are found to increase as the horizontal resolution is decreased from 1 km to 50 km and
the time-step increased from 10 s to 180 s. Whilst the domain averaged (excluding zeros)
perturbation in τ due to ship exhaust is insignificant in the high-resolution simulations
(∆τ < 0.3, it gradually increases to ∆τ = 1.0 in ship_50. Furthermore, maximum values of
∆τ increase from 3 in ship_01 to 9 in ship_50.

Dil original

Dil coarse grained

ΔDil coarse grained
Δτ=0.2

4 km
Δτ=0.3

12 km
Δτ=0.3

25 km
Δτ=0.3

50 km

Figure 5.6: Simulated cloud optical thickness τ of for dil simulations at 12 UTC on Jan
26th 2003. Figure specifications as in Fig. 5.4.
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Although the mean perturbation in τ is small in all simulations, these counter-intuitive
results motivated further simulations. In particular, one needs to assess the impacts of
emission dilution on the cloud-radiative response in isolation and to address the seemingly
increasing τ -response with coarser spatio-temporal resolution.

Effects of Emission Dilution
In order to isolate the potential impact of emission source dilution on the cloud-radiative
effect, simulations (named dil) were performed where the horizontal (temporal) resolution
was kept at 2 km (20 s), but the prescribed emission fluxes were increasingly coarse grained
as described in table 5.1. Therefore, for example in dil_50 the same emission flux as in
ship_50 is prescribed, while the spatio-temporal resolution of the model is as in ship_02.
The cloud optical thickness is shown for all dil simulations in Fig. 5.6. Column 1 shows all
dil simulations at 2 km resolution. As for the ship simulations the track structure is lost
with increasing degrees of dilution of the prescribed emission flux and the peak τ values are
reduced. Nonetheless large τ responses are seen in dil_25 and dil_50 in small subsections of
the track. These are regions of strong SC transport, where a large fraction of the available
aerosol particles is mixed into the top of the cloud layer, where they are activated.
Coarse grained onto 50 km shown in column 2 of Fig. 5.6, which was done for comparison
with the ship simulations shown in Fig. 5.4, all dil simulations are very similar. Along the
ship plume, τ values between 6 – 8 are reached in all simulations. Consequently ∆τ shown
in column 3 is almost identical. The domain mean cloud optical thickness response is found
to be small (0.3 ≤ ∆τ ≤ 0.4) for all degrees of emission dilution.

Table 5.2: Ship induced changes in the shortwave (SW) cloud radiative effect (CRE) at the
top of atmosphere averaged over domain shown in Fig. 5.6 (pink box) at 12 UTC. SW CRE
is given for all ship and dil simulations in W m−2 .
resolution
1 km
2 km
4 km
12 km
25 km
50 km

ship
-4.9
-4.9
-6.0
-11.3
-10.0
-12.9

dil
×
×
-5.6
-6.2
-7.1
-7.2
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However, despite merely small changes in τ considerable changes in the shortwave (SW) cloud
radiative effect (CRE) at the top of atmosphere, which is given by the difference in the SW
all-sky outgoing radiation and SW clear-sky outgoing radiation are found. Table 5.2 lists the
mean SW CRE for the domain shown in Fig. 5.6. It is shown that an additional dilution of
the emissions from 2 km to 50 km leads to an increase in the radiative forcing of −2.3 W m−2 .
This is because of the strong non-linear relationship between the CCN concentration and the
SW CRE, which is proportional to exp(−τ ) under a linear operation such as a spatial average.
Given that SW CRE ∼ exp(−τ ) and using τ ' 23 LW P/Ref f and its simplification as τ ∼
−1

−1

Nc 3 for constant LWP and vertical cloud extent, SW CRE is proportional to exp(−Nc 3 ).
In a final step using Nc ∼ CCN , the power relation between SW CRE and CCN can be
1
obtained as SW CRE ∼ exp(−CCN − 3 ). Although this is a very simplified representation
of the true power relation between SW CRE and CCN concentrations it does highlight the
strongly non-linear hrelation between
these two entities. For this reason the average (avg)
i
− 13
of SW CRE ∼ avg exp(−CCN
is not equal to the computed SW CRE using averaged
1

CCN concentrations (∼ exp(−avg [CCN ]− 3 )). Therefore, these results suggest that the
large-scale SW CRE can be significantly overestimated due to ship emission dilution due to
the strongly non-linear relationship between the produced CCN concentrations and the SW
CRE.

Resolution Dependence of Plume evolution
Given the differences between ship and dil simulations in terms of τ , the plume evolution
was further investigated in the two types of simulations. At 12 UTC the aerosol number and
CCN concentrations integrated over the PBL and mean in-plume aerosol size distributions
are shown in Fig. 5.7. The aerosol size distribution was computed at each plume point and
then bin-wise averaged (constant log spacing of d log R = 0.02 between the bins) to obtain
a mean plume distribution. The plume points were diagnosed for the ship simulations and
then interpolated to the 2-km grid for the corresponding dil simulation.
The PBL mean aerosol number concentrations of the different simulations (ship and dil) all
lie within 10% deviation of one another. Hence differences in particle number between the
simulations are small. However, the particles may be dispersed differently throughout the
domain and particle size may differ in each of the simulations. Differences between corresponding ship and dil simulations in Fig. 5.7 increase with the difference in spatio-temporal
resolution between ship and dil, and are therefore most pronounced between ship_50 and
dil_50. Hence, the following discussion is based on simulations with an emission resolution
of 50 km, though conclusions drawn here are also valid qualitatively at finer resolutions.
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Figure 5.7: Aerosol number (column 1) and CCN (column 2) concentration vertically integrated over the PBL for ship and dil simulations at 12 UTC. Column 3 shows size distributions determined over the entire plume volume, which was diagnosed in ship simulations and
used in corresponding dil simulations. Numbers in the white box in column 1 give domain
mean (ignoring land). For discussion in the text the clean_02 size distribution is shown in
addition in the last panel of column 3. The red lines in column 3 denote the size threshold
(35 nm) for the Lin and Leaitch (1997) activation parameterisation. Black "x" in ship_50
marks location of profiles shown in Fig. 5.9.
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The ship emissions of the four container ships considered are prescribed in a 50 × 100 km2
region (2 ships per grid box per latitude). In the ship_50 simulation the emissions are dispersed more strongly laterally. The plume diameter increases up to 150 km (200 km) within
50 km (200 km) of the emission source. The dil_50 simulation on the other hand maintains
a plume diameter of 100 km for at least 200 km. Consequently higher aerosol number concentrations are simulated over a longer distance from the source, though they are similar
to ship_50 when coarse grained to 50 km resolution. Despite the weaker lateral dispersion
and locally higher aerosol number concentrations in dil_50, more CCN are activated over a
larger plume volume in ship_50. While aerosol particles are activated up to 225 km away
from the source, activation only occurs within 70 km of the source in dil_50.
The smaller activation potential in dil_50 is also seen in terms of the mean plume aerosol
size distributions shown for ship_50 and dil_50 in the bottom row of Fig. 5.7. A considerably higher amount of activation-size (R > 35 nm) aerosol particles is simulated in ship_50.
In comparison, the dil_50 size distribution is shifted towards smaller particle sizes (peak at
9.7 nm rather than 15 nm) and broadened. This implies a higher degree of dilution of the
exhaust plume, which is influenced stronger by the background state in dil_50. Both, ship
emission dilution, which is identical in both simulations, and horizontal dispersion can be
excluded as causes for the increased plume dilution in dil_50. Thus, changes in the in-plume
aerosol size distribution and consequently CCN concentration are attributable to increased
temporal variability, or changes in vertical transport for different spatio-temporal resolutions.

dil_50

ship_50

ship_50_dt02

[cm-3]

Figure 5.8: Evolution of the vertical distribution of aerosol number concentrations in the
soluble/mixed modes between 01 and 13 UTC for the dil_50, ship_50 and ship_50_dt02 in
comparison. The white lines mark the mean cloud base height in the Fig. 5.7 domain.
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Fig. 5.8 shows the vertical distribution of the aerosol particle number of all soluble/mixed
aerosols (i.e. contributions from the nucleation, Aitken, accumulation and coarse modes).
Considerable differences in vertical mixing between dil_50 and ship_50 are seen in Fig. 5.8.
The aerosol particles emitted by the ship are quickly mixed upward in the finer resolved
simulation, whereas they remain initially confined to the sub-cloud layer in ship_50. Consequently the ship exhaust is diluted over a larger volume in dil_50 than in ship_50. The
higher degree of dilution reduces the formation of larger aerosol particles, which is dependent
on the particle concentration in the beginning of the plume.
Besides vertical mixing, temporal variability could additionally contribute to a higher spread
of the aerosol size distribution. For this purpose the ship_50_dt02 simulation was performed, which is identical in the setup to ship_50, but applies a 20 s time step instead of
the original 180 s. The in-plume size distribution (not shown) was not found to depend on
the time step though. It is largely identical to ship_50 shown in Fig. 5.7.
ship_50
ship_50_dt02
dil_50

Figure 5.9: CCN profiles for ship_50, ship_50_dt02 and dil_50 at location shown in
Fig. 5.7. Profiles are shown at 12 UTC on Jan 26th 2003.
However, the simulation did show a large reduction in the cloud optical response as compared to ship_50. Indeed ∆τ of ship_50_dt02 (not shown) was found to be very similar to
dil_50. Given the almost identical aerosol size distributions and integrated aerosol number
and CCN concentrations over the PBL in ship_50_dt02 (not shown) and ship_50 the behaviour in ∆τ could not be attributed to differences in the microphysical processing of the
aerosol. It rather seemed to be caused by differences in vertical mixing. As in ship_50, the
ship emissions are initially confined to the sub-cloud layer (see Fig. 5.8) where activation-size
aerosol particles are formed, but less aerosol particles are mixed upward into the cloud in
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ship_50_dt02.
This is further illustrated by a CCN profile at a location of high aerosol concentration
marked in the ship_50 panel shown of Fig. 5.7 shown in Fig. 5.9. In ship_50_dt02 as
many activation size particles are formed in the sub-cloud layer as in ship_50, but a smaller
fraction of these particles is mixed upward into the cloud layer. Therefore, although the
column integrated CCN concentrations are the same, the cloud effect is considerably smaller
in ship_50_dt02. In dil_50 fewer CCN are produced in total, but they are more evenly
distributed across the boundary layer due to the increased vertical mixing in the higher
resolution simulation. Hence, the induced CRE is similar in dil_50 and ship_50_dt02 and
differences of both simulations to ship_50 are caused by differences in vertical mixing, causing the microphysical processing of the plume to be different in dil_50 and ship_50_dt02.
In summary, these results show that the degree of dilution upon emission (horizontal and/or
vertical) governs the formation of activation-sized particles near the source and thereby defines the CCN potential of each individual plume and hence the exerted cloud perturbation.
Whilst CCN concentrations of 340 × 106 cm−2 are reached in individual plumes in dil_04,
considerably smaller concentrations of at most 150 × 106 cm−2 are reached in dil_50, where
emissions are ∼ 10 times more diluted assuming identical vertical transport in both simulations. Consequently, larger maximal CRIs are seen in dil_04, where τ -values of up to 14
are reached within the plume, than in dil_50 where the maximum τ is 9 (ignoring regions
of pronounced SC transport). Coarse grained onto a 50-km grid spacing both, the vertically
integrated CCN concentrations shown in Fig. 5.10 as well as the CRI measured in terms of
τ are similar though for all dil simulations and indeed for ship_01, ship_02 and ship_04
also.
However, this behaviour changes, as the vertical dilution reduces increasingly in ship_12,
ship_24 and ship_48. With a reduction in vertical dilution, the CCN formation potential
(vertically integrated) per m2 increases. Hence, the coarse grained response, which is always
averaged over the same surface area, can no longer be the same between e.g. ship_02 and
ship_50. Consequently, the coarse grained CCN concentrations are higher in ship_50 than
in ship_02.
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Figure 5.10: Vertically integrated CCN distributions for all ship and dil simulations at
12 UTC.
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5.5

Conclusions and Outlook

In this study the resolution dependence of marine planetary boundary layer (PBL) structure
and aerosol-cloud interactions (ACIs) in ship tracks was investigated with the COSMO-CLM
model for a range of horizontal resolutions (1 km, 2 km, 4 km, 12 km, 25 km and 50 km). In
order to disentangle ACI effects from changes in the marine background state or PBL dynamics due to the different prescribed spatio-temporal resolutions, three different types of
simulations were performed. The clean simulations consist of six simulations performed
with the horizontal resolutions listed above, where ship emissions were ignored. On the
other hand, the ship simulations consider moving ship emission sources of four representative container ships which were prescribed near the surface. Although the PM exhaust
for the ship emissions was specified as 208.4 kg s−1 per ship for all ship simulations, a less
concentrated emission flux was prescribed over a larger area in simulations of coarser spatiotemporal resolution. In order to isolate the effect of emission dilution in identically resolved
PBLs, the dil (short for dilution) simulations were performed, which were run at 2 km (20 s)
spatial (temporal) resolution, but used prescribed emission fluxes of the 4 km, 12 km, 25 km
and 50 km resolution simulations. All simulations were performed with the same parameterisations for microphysical and boundary layer processes and forced at the lateral boundaries
with the ERA-Interim reanalysis and are merely distinguished by their horizontal resolution
and time step.
The clean simulations showed a strong similarity of all PBLs and cloud properties simulated
at different resolutions. Despite differences in SC transport in the high-resolution simulations
(in particular in ship_01 ), CCN concentrations, LWPs, effective cloud droplet radii Ref f s
and cloud optical properties were found to be comparable amongst all resolution members.
Simulations including ACI due to ship exhaust, showed a strong dependence of the CCN
production within the ship plume on the degree of dilution upon emission. Therefore, biases
in vertical mixing, PBL depth and inversion strength, which are known to exist in global
climate models (Nam et al., 2012; Neubauer et al., 2014) will likely impact the CCN production in the simulated plumes. However, in simulations of similar vertical aerosol transport
and consequently identical vertical dilution, only small differences in coarse-grained CCN
concentrations were found between the simulations, which suggests a weak dependence of
CCN formation on the emission flux dilution when considering the large-scale effects of ship
emissions. However, as was shown in table 5.2, the resulting SW CRE at the top of the atmosphere decreases with increased horizontal emission dilution from −4.9 W m−2 in ship_02
to −7.2 W m−2 in dil_50. Hence an insufficient resolution of the emission flux induced an
artificial increase in the SW CRE of −2.3 W m−2 in simulations of an identical background.
In global assessment simulations of the exerted cloud radiative forcing of shipping, the emis-
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sions are distributed in the horizontal using an activity-based approach where cumulative
emissions of several ships that have resided in the grid-box at a given time are prescribed
at resolutions of O100 km (Righi et al., 2011; Peters et al., 2012, 2014). The results of
this study suggest that radiative impact estimates due to ship induced ACI are likely to be
overestimated because of insufficient model resolution. Given that global estimates range
between -0.6 W m−2 and -0.07 W m−2 (Lauer et al., 2007; Righi et al., 2011; Peters et al.,
2012; Partanen et al., 2013), this would imply that the exerted cloud radiative forcing by ship
exhaust would be insignificant on the global scale as has been suggested based on satellite
observations (Schreier et al., 2007; Peters et al., 2011).
However, some uncertainty remains within the current simulations due to the large differences
in plume evolution between the ship and dil simulations at coarse resolutions (12 km, 25 km
and 50 km). In these simulations a resolution dependence of the vertical aerosol transport
was seen to largely impact the CCN formation potential within the plume. At this point in
time it is not yet fully determined where the decrease in vertical aerosol transport originates.
In particular, the time-step dependence seen in terms of vertical aerosol transport between
ship_50 and ship_50_dt02 requires further investigation. The ship_50_dt02 simulation
was originally performed to determine the impact of temporal variability on the increased
spread of aerosol size distribution in higher resolved simulations. The impact of the chosen
time discretisation on the size distribution was found to be negligible, but the impact of the
vertical distribution of the aerosol and hence the CCN perturbation in the cloud layer was
found to be crucial. Such a dependence could indicate potential problems in the numerical
implementation of the aerosol transport in the COSMO-CLM model.
However, the general decrease in vertical transport at lower resolutions is not only seen in
terms of aerosol transport, but also in terms of the total moisture content, qt . Fig 5.3 suggests that turbulent transport for qt is smaller in ship_50 and ship_25 than in ship_12,
where transport tendencies of 0.15 g kg−1 h−1 , 0.2 g kg−1 h−1 and 0.25 g kg−1 h−1 were simulated respectively at a height of 400 – 500 m. Some of this decrease of the turbulent mixing
may originate from the chosen parameter tur_len, which defines the fundamental turbulent
length scale used in the turbulence parameterisation (see chapter 3 for detail). This parameter was set to 150 m following Possner et al. (2014), which was not found to have a significant
impact at resolutions up to 12 km, but which has been shown to impact turbulence generation in stable boundary layers in general by Buzzi et al. (2011) and is changed by default
with resolution in the operational COSMO-CLM applications in weather (e.g. DWD and
MeteoSwiss) and climate (e.g. EURO-CORDEX).
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Summary and Outlook
In this thesis, we studied the dynamics and microphysics of ship tracks embedded in a marine stratocumulus-topped planetary boundary layer (PBL) at the regional scale. Under
constrained environmental conditions, sulphur-rich ship exhausts lead to the formation of
streak-line increases in cloud albedo with respect to the surrounding cloud.
Previously, ship tracks have been studied either in large eddy simulations (LES), or in general
circulation models (GCMs). While LES resolve the PBL dynamics, and therefore provide
valuable insights into the effects occurring within ship tracks on the process scale, GCM
simulations assess the large-scale radiative effects of aerosol-cloud interactions (ACI) caused
by ship exhausts, and hence the climatic relevance of shipping. Here, we assessed the benefits
and limitations of the meso-scale modelling approach in studying ship tracks by using the
Consortium on Small-scale Modelling model COSMO.
To this end we chose a case-study approach. This approach provides an opportunity for
detailed analyses, and permits the attribution of physical effects and biases to individual
parameterisations and processes. Furthermore, the study of a real case allows for the direct
evaluation against observations. For this thesis, ship track observations in the Bay of Biscay
obtained at 12 UTC on Jan 26th 2003 were chosen. This prominent case of ship tracks in
Europe was selected, as the COSMO model is very well established in this region (in terms
of model development and expertise).
Ship tracks predominantly occur in shallow, cloud-topped, inversion-capped, boundary layers with low cloud condensation nuclei (CCN ) concentrations, and high relative humidity
(RH). Therefore, an adequate representation of such a boundary layer at the regional scale
is a necessity for the success of this approach. However, many RCMs and GCMs are known
to severely underestimate sharp inversions, inducing biases within the PBL in terms of mois-
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ture content, cloud amount, cloud depth and PBL height.
Initial deficiencies in our simulations in terms of inversion strength, RH and cloud cover
on Jan 26th − 27th 2003 at horizontal resolutions of 2 km and 12 km (vertical-grid spacings
less than 130 m in the PBL), were attributed to overestimations of the turbulent mixing in
the lower troposphere. In particular, the minimum threshold of the eddy diffusivity for heat
and moisture intrinsic to the turbulence parameterisation of COSMO and other RCMs, was
isolated as the cause of this overestimation. By direct evaluation of simulated profiles of θ,
RH, and horizontal wind against soundings at Brest and La Coruña, we demonstrated that
a reduction of this threshold (default value 1 m2 s−1 ) to at least 0.4 m2 s−1 leads to a considerable improvement of the inversion strength of the mixed, cloud-topped PBL. Indeed,
inversions of 10 K or more at heights between 500 m to 700 m were simulated at horizontal
resolutions as large as 50 km, given the reduced eddy diffusivity threshold.
However, more intricate PBL structures such as double inversions are not captured at this
resolution. Instead decoupled boundary layers are represented as uniform inversion-topped
mixed layers, with the inversion height centred between the double-inversion structure.
Nevertheless, the good agreement obtained between the simulated and observed inversion
strengths and RH profiles allowed us to assess the model’s ability to simulate ship tracks
which form behind a moving emission source.
We demonstrated in a case study that the limited-area model COSMO is indeed able to
capture ship tracks of realistic structure and cloud response in comparison with the MODIS
observation on Jan 26th 2003 at a horizontal resolution of 2 km. Micro- and macrophysical
effects were simulated along the ship tracks, which led to an increase in cloud optical thickness τ by at least a factor of 2 in the simulations, consistent with the MODIS observations.
Simulated changes in effective radius Ref f (a microphysical effect) were within the range of
measurements obtained during field campaigns. Increases in liquid water content and cloud
depth (macrophysical effects) were simulated within a quarter of the ship track regions. This
has also been observed in soundings through exhaust plumes.
Furthermore, we argued that this approach, combined with comprehensive field studies including detailed PBL profile (e.g. vertical velocity, or turbulent kinetic energy, temperature,
humidity and liquid water content), cloud, and aerosol microphysical measurements could
be extremely valuable in evaluating simulated ACI. At RCM and GCM resolutions, ACI
rely predominantly on parameterisations. Therefore, this method contributes to the evaluation of the parameterisations themselves against observations. In particular, since PBL and
microphysical parameterisations of COSMO are also used in GCMs, such evaluations may
help us understand and constrain the simulated cloud response to aerosol perturbations in
warm-phase stratocumulus at the global scale.
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Nevertheless, limitations regarding the representation of grid-scale aerosol size distribution
perturbations caused by a point source were seen at the regional scale. Emission fluxes, specified from field studies, led to insufficient size-distribution perturbations. Consistency with
observations was only achieved by a ten-fold scaling of the emissions. This was necessary
because biases in the size distribution change are passed on by aerosol activation to biases
in the cloud number concentration, and hence the cloud response.
In the final chapter, we addressed the resolution dependence of the simulated cloud response for the following reasons: i) to determine whether stronger dilution of the emission
flux (due to a coarse horizontal grid spacing) leads to larger biases in the in-plume aerosol
perturbation, and hence larger biases in the cloud response, and ii) to assess the importance
of horizontal resolution in addressing large-scale cloud radiative effects of ship exhausts.
Neither of these aspects, despite their importance, had been investigated previously.
Our results showed that although aggregated CCN concentrations were not found to depend
on emission dilution in simulations of similar vertical aerosol transport, considerable changes
in the shortwave (SW) cloud radiative effect (CRE) were seen at different resolutions. The
SW CRE was up to −2.3 W m−2 larger in coarse resolution emission scenarios (50 km dilution) than fine resolution scenarios (2 km dilution). Consequently our results implicate
that radiative forcing estimates exerted by shipping in GCMs are overestimated due to their
inadequate resolution even if the PBL is perfectly captured in such simulations. Given that
GCM estimates of such a forcing range between −0.07 W m−2 to −0.06 W m−2 , it is further
implied that the cloud radiative forcing exerted by ship exhaust on the global scale is insignificant.
These findings demonstrate the ability to simulate ship tracks at the regional scale, and
provide evidence for the value of this approach. However, there are questions that remain
which could not be answered by this work alone, and so are subject to future research:

• Assessment of resolution dependency of ACI in GCMs with grid refinement
In addition to the approach performed in chapter 5, simulations with GCMs capable
of grid refinement could be performed. In one simulation, one could place the domain
with a refined grid spacing of 1 or 2 km, which is nested into the GCM, in a region
of frequent ship track occurrence. In a second simulation, the whole atmosphere,
including the ship track region, is simulated at a typical GCM resolution. Differences
in the cloud response between the two simulations could then be directly compared,
and the resolution dependency of ACI relying on the exact same parameterisations
could be assessed.
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• Aerosol-cloud interactions within resolved boundary layers
Neither GCM nor RCM simulations are capable of resolving boundary layer dynamics and thermodynamics. Therefore, we suggest a direct comparison of simulated
micro- and macrophysical effects seen in ship tracks, to simulations at LES resolution.
By nesting an LES simulation into the RCM, one could determine whether similar
changes in liquid water path are simulated within a better resolved boundary layer,
or if this is a phenomenon of the parameterisations. Furthermore, such simulations
of a dynamically-resolved PBL, in combination with field measurements, could help
constrain microphysical parameters. Finally, given the grid-scale limitation in representing point-source emission fluxes, simulations at LES resolution would provide
further evidence regarding this hypothesis, if indeed stronger aerosol-size distribution
perturbations are simulated at higher resolution. These proposed simulations should
be possible as soon as the new model version COSMO5.0-ART-M7, which includes
aerosol and cloud microphysical parameterisations and is capable of LES simulations,
becomes available.

• Evaluation of activation parameterisations
In the appendix to chapter 4, the sensitivity of the background cloud state, and susceptibility of the aerosol-perturbed cloud to the chosen activation scheme, is shown.
The empirical activation scheme by Lin and Leaitch (1997), which activates mixed
aerosol particles larger than 35 nm, leads to lower background cloud number concentrations and cloud amount, and simulates considerably stronger perturbations due to
the prescribed ship exhaust. Simulations performed with Abdul-Razzak and Ghan
(2000), which is a physical activation scheme based on Köhler theory, show considerably thicker background clouds with higher cloud water content and cloud droplet
number concentrations, and weaker sensitivity to the ship exhaust. Nevertheless, the
obtained ship track cloud optical thickness is very similar in both types of simulations.
However, larger biases in cloud optical thickness of the stratocumulus cloud sheet are
detected in comparison to MODIS in simulations performed with the scheme of AbdulRazzak and Ghan (2000). Yet, as the background cloud amount, cloud droplet number
concentration, cloud depth, and moisture content are not constrained by the available
observations, biases in cloud optical thickness can not be attributed to the process of
activation in these simulations. To address this issue, we propose to use this approach
near California’s west coast, together with extensive marine PBL and microphysical
measurements around ship tracks obtained by Noone et al. (2000).
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• Cloud droplet sedimentation
As was mentioned in chapter 2, the sedimentation of cloud droplets is not included in
this model, but is of relevance in PBLs with little vertical exchange (e.g. Ackerman et al.
(2004); Bretherton et al. (2007)). It would therefore be of high interest to implement
this process into the microphysics, and to analyse the potential effects caused.
• Closure of moisture budget
During this dissertation, limitations of the Eulerian approach regarding the moisture
budget became apparent. As a local, instantaneous closure between the suppression of
rain and increase in liquid water content is not given, we could not prove our hypothesis
that the increased number concentration in the plume is causing a suppression of precipitation in plume regions, and therefore an increase in liquid water content. Although
this hypothesis is believed to be likely, and is supported by the literature (e.g. Albrecht
(1989); Ferek et al. (2000)), one would have to follow the evolution of individual air
parcels, once when the parcel is perturbed by aerosol particles, and once under clean
background conditions. This could be done by calculating online trajectories during
the simulations, and outputting the microphysical tendencies along these trajectories.
This method has recently been implemented and tested for COSMO (Miltenberger
et al., 2013), and could be used in future work.
• Ship tracks - A phenomenon of the past?
According to MARPOL 73/78 Annex VI, the fuel sulphur content will be largely reduced by 2020∗ . The permitted sulphur content is to be reduced to 0.5% globally and
even 0.1% in emission controlled areas. However, a decrease in sulphate is found to
be largely compensated by increasing nitrate concentrations (Righi et al., 2014), at
least in terms of annual averages. Yet nitrate, which is very soluble and could coat
the insoluble BC and OC compounds instead of sulphate, has a strong daily cycle. As
opposed to SO4 , nitrate predominantly evaporates during the day, and this could imply
a significant reduction of potential CCN in the ship plume during the day. Therefore,
ship tracks may still form at night, but whether they persist in the cloud throughout
the day is not known.

∗
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The final date is subject to revision.
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