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Abstract

Clouds shape weather and climate by regulating the latent and radiative heating in the atmosphere. Recent work demonstrated the importance of cloud-radiative effects (CRE) for the
mean circulation of the extratropical atmosphere and its response to global warming. In contrast, little research has been done regarding the impact of CRE on internal variability. During
the northern hemisphere winter the dominant mode of atmospheric variability over the North
Atlantic and the surrounding continental areas of North America and Europe is the North Atlantic Oscillation (NAO). Here, we study how clouds and the NAO couple on synoptic timescales during northern hemisphere winter via CRE within the atmosphere (ACRE) in observations and model simulations.
A regression analysis based on 5-day-mean data from CloudSat/CALIPSO reveals a robust
dipole of cloud-incidence anomalies during a positive NAO, with increased high-level clouds
along the storm track (near 45°N) and the subpolar Atlantic, and decreased high-level clouds
poleward and equatorward of it. Opposite changes occur for low-level cloud incidence. Satellite retrievals from CloudSat/CALIPSO, CERES and GERB as well as ERA-Interim short-term
forecast data show that these cloud anomalies lead to an anomalous column-mean heating due
to ACRE over the region of the Iceland low, and to a cooling over the region of the Azores high.
To quantify the impact of the ACRE anomalies on the NAO, and to thereby test the hypothesis
of a cloud-radiative feedback on the NAO persistence, we apply the surface pressure tendency
equation (PTE) to ERA-Interim short-term forecast data. The NAO-related surface pressure
tendency anomalies due to ACRE amplify the NAO-related surface pressure anomalies over
the Azores high but have no area-averaged impact on the Iceland low. In contrast, surface pressure tendency anomalies due to total diabatic heating, including latent heating and clear-sky
radiation, strongly amplify the NAO-related surface pressure anomalies over both the Azores
high and the Iceland low, and their impact is much more spatially coherent. This suggests that
while ACRE lead to an increase in NAO persistence on synoptic time-scales, their impact is
relatively minor and much smaller compared to other diabatic processes.
To test the robustness of our PTE-based hypothesis, numerical simulations in ICON are
carried out. The PTE analysis in ICON shows results that are qualitatively consistent with the
observational analysis, in particular regarding the feedback mechanisms of ACRE and total
diabatic heating, which is dominated by latent heating. These PTE-based results are further
tested by means of sensitivity simulations in ICON, where a NAO-related diabatic heating

pattern is imposed either due to ACRE or total diabatic heating. These heating patterns are
based on 5-day-mean NAO regressions of either ACRE or total diabatic heating. The sensitivity
simulations confirm the observational hypothesis and show that ACRE feed back positively by
up to 1–2% of 1σ NAO, while the total diabatic heating feeds back positively by up to 10% of
1σ NAO. Overall, the observational and modeling work both illustrate the substantial impact
of the total diabatic heating for the NAO, while ACRE play a minor role. This highlights that
diabatic processes are essential for understanding and accurately modeling the NAO short-term
dynamics.
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1. Introduction

The North Atlantic region (90°W-40°E, 20°N-80°N) comprises the eastern parts of North
America, Greenland, Europe and northern Africa and includes some of the most populated
and economically developed areas of the world. A big portion of socioeconomic activities such
as trade logistics, agriculture, renewable energy and construction industry is highly dependent
on weather and climate conditions. The weather and climate in the North Atlantic region is
characterized by large variability on a wide range of spatiotemporal scales and has major impact on these socioeconomic activities across the seasons. Thus, understanding and improving
the medium- and long-range weather forecasting would create a great benefit to society as it
would allow for planning and mitigating the impacts of severe weather. This includes cold
outbreaks and winter wind storms (Renggli et al., 2011), which can lead to disruptions on
transport infrastructure networks (Palin et al., 2013) and can substantially impact the energy
demand (Clark et al., 2017).
Sir Gilbert Walker in 1924, using surface pressure measurements in Iceland and the Azores,
identified a large-scale atmospheric pressure seesaw over the North Atlantic region that he
named the so-called North Atlantic Oscillation (NAO; Walker, 1925; Walker and Bliss, 1932).
This concept and its impact on the weather and climate in the neighbouring and remote areas
gained a lot of research popularity in the following decades, during which the NAO was examined using newly developed technologies such as numerical weather prediction models and
statistical techniques. The NAO can be simply described as a giant surface pressure seesaw between an area around Iceland, known as the subpolar or Iceland low, and another over west of
the Iberian Peninsula around the Azores, known as the subtropical or Azores high. The relative
changes in surface pressure between these two areas define the NAO phase. A positive phase of
the NAO is defined when the surface pressure decreases over the Iceland low and increases over
the Azores high, while opposite changes define a negative phase of the NAO (Hurrell, 1995;
Visbeck et al., 2001; Hurrell et al., 2003). As illustrated in the schematic in Fig. 1.1, a positive
phase of the NAO is associated with more low pressure systems moving from the eastern USA
towards northern Europe bringing warmer and wetter conditions, while the Mediterranean region tends to be drier. On the other hand, a negative NAO is associated with more low pressure
systems moving towards the Mediterranean and southern Europe bringing wetter conditions,
while northern Europe and eastern USA tend to be colder and drier.
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Figure 1.1.: Schematic diagram of the major effects of a (a) positive and (b) negative NAO phase in the
European and North American continental areas. Copyright ©Thomson Higher Education, 2007 (can
be accessed at http://apollo.lsc.vsc.edu/classes/met130/notes/chapter10/graphics/
nao.jpg)

This large-scale atmospheric pressure seesaw is also linked to changes in the intensity and
latitudinal position of the North Atlantic jet stream. The North Atlantic jet stream is a meandering ribbon of fast moving winds near the tropopause (the boundary between the troposphere
and stratosphere) at roughly 10 km height and is found at the boundary between cold and warm
airmasses. Because this boundary is stronger during the winter, the North Atlantic jet stream
is also stronger during the winter (Blackmon, 1976; Athanasiadis et al., 2009). This air stream
interacts and steers synoptic-scale weather systems in the midlatitudes, e.g., systems of high
pressure or low pressure and their accompanied storms. The synoptic variability over the North
Atlantic region and its impacts on weather and climate timescales is well examined and linked
to the NAO (Hurrell, 1995; Visbeck et al., 2001; Wanner et al., 2001; Marshall et al., 2001;
Hurrell et al., 2003; Cohen and Barlow, 2005). Extreme and persistent NAO phases are associated with high-impact weather events such as heavy precipitation, damaging winds, droughts
and cold outbreaks (Leckebusch et al., 2006; Scaife et al., 2008; Pinto et al., 2009; Jung et al.,
2011; Nobre et al., 2017; Ferranti et al., 2018; Papritz and Grams, 2018; Pasquier et al., 2019;
Zanardo et al., 2019). In some winters a particular NAO state is more persistent, leading to
substantial seasonal temperature and precipitation anomalies. Figure 1.2 illustrates the temperature and precipitation anomalies of three examples of such persistent NAO events. A very
exceptional case is the winter from December to February (DJF) of 2009/10, when a very cold
winter was associated with a record-breaking negative NAO that resulted in negative temperature anomalies and heavy snow for many areas of Eurasia and the eastern USA (Osborn, 2011;
Jung et al., 2011). On the other side of the spectrum, very persistent positive NAO winters
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during DJF of 1989/90 and a more recent one during 2019/20 were associated with mild and
wetter winter periods for northern Europe (Fig. 1.2).

Figure 1.2.: Temperature at 2-m (top) and precipitation (bottom) anomalies during December-JanuaryFebruary of 1989/90 (left column), 2009/10 (middle column) and 2019/20 (right column) over the
North Atlantic, Europe, Africa and North America. Results are based on ECMWF ERA5 data and the
anomalies are calculated using the 1981–2010 as a reference period.

During the recent years a lot of research effort has been done mainly by European research
centers and national weather services, regarding the predictability of NAO and its representation in operational numerical weather prediction (NWP) models for medium-range weather
forecasts, seasonal and climate predictions. In general, predicting the weather in the midlatitudes tends to be particularly difficult beyond 5–10 days, therefore the strong relationship
between the NAO variability and the weather around the North Atlantic illustrates the need for
more skilful predictions of the NAO (Scaife et al., 2014). However, many different dynamical internal and external factors are driving the NAO variability, which leads to its chaotic
behaviour. During the last couple of years, substantial progress has been made in connecting the NAO predictability on subseasonal-to-seasonal timescales with external forcing processes such as the stratosphere (Scaife et al., 2005, 2014; Stockdale et al., 2015; Hansen et al.,
2017), the tropical forcing either in terms of sea surface temperature variability such as the El
Niño–Southern Oscillation (ENSO) (Scaife et al., 2014; Domeisen et al., 2014; Butler et al.,
2016) or in terms of convective rainfall such as the Madden–Julian Oscillation (MJO) (Cassou,
2008), and sea ice (Petoukhov and Semenov, 2010; Semenov and Latif, 2015). Yet, little research progress has been made on synoptic timescales. The NAO predictability is also partly
limited due to our lack of knowledge of the interplay between the large-scale dynamics and
diabatic processes (e.g., cloud-radiative effects and latent heating due to condensation).
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Advancing our understanding of processes linked to the persistence of the NAO and other
modes of atmospheric circulation variability can improve medium-range weather forecasts,
subseasonal-to-seasonal predictions and climate projections, all of which are essential for the
society. In the following chapter (Chapter 2) we extensively discuss the state of the art regarding this interplay between different processes and the NAO. The main goal of this PhD
thesis is to systematically investigate the role of the cloud-radiative effects as well as the total
diabatic heating for the NAO short-term dynamics in satellite observations, reanalysis data and
numerical simulations.
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Here we introduce fundamental theories and an overview of the state of the art regarding NAO
dynamics and its predictability, diabatic processes, the coupling between the circulation and
diabatic processes, and the coupling between the NAO and diabatic processes. This chapter
is inspired by previous work and different books such as "An Introduction to Dynamic Meteorology" by Holton (2004), "Atmospheric and Oceanic Fluid Dynamics: Fundamentals and
Large-scale Circulation" by Vallis (2006) and "Nonlinear and Stochastic Climate Dynamics"
by Franzke and O’Kane (2017). Parts of this chapter, with minor adjustments in the text, are
based on the article "The role of observed cloud-radiative anomalies for the dynamics of the
North Atlantic Oscillation on synoptic time-scales" by Georgios Papavasileiou, Aiko Voigt and
Peter Knippertz, first published on 18 February 2020 by the Quarterly Journal of the Royal
Meteorological Society (doi: 10.1002/qj.3768 ©2020 The Authors. Quarterly Journal of the
Royal Meteorological Society published by John Wiley and Sons Ltd on behalf of the Royal
Meteorological Society). This article is available under the terms of the Creative Commons
Attribution License (CC BY).
2.1. North Atlantic Oscillation
The weather and climate of the North Atlantic region and the neighbouring North American
and European continental areas exhibit considerable variability on a wide range of spatiotemporal scales. This variability is usually characterized in terms of anomalies, where an anomaly
is defined as the difference between the instantaneous state of the system with respect to a
specified reference period or climatology. The climatology is defined as the mean state of the
system computed over many years in order to be representative. Over the North Atlantic but
also the entire northern hemisphere, a large part of this variability is explained by the North
Atlantic Oscillation (NAO) (Hurrell, 1995; Visbeck et al., 2001; Hurrell et al., 2003), which is a
surface pressure seesaw with centers of action near Iceland and around the Azores. The NAO is
the dominant mode of atmospheric variability over the North Atlantic and the surrounding continental areas of North America and Europe during winter (Wallace and Gutzler, 1981; Wanner
et al., 2001; Visbeck et al., 2001; Hurrell and Deser, 2010). It is worth noting that there are also
other modes of atmospheric variability relevant for the European weather and climate such as
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the East Atlantic (EA) pattern and the Eurasian Pattern (Wallace and Gutzler, 1981; Barnston
and Livezey, 1987; Luterbacher et al., 1999).

Figure 2.1.: December–February climatology of mean sea-level pressure (contours) and zonal wind at
250 hPa (shading). Results are based on ERA-Interim reanalysis data from 1979-2019.

From a climatology perspective, during the winter period over the North Atlantic the surface pressure is lower in higher latitudes where the minimum is located over the Irminger
Sea west of Iceland, and higher in the lower latitudes where the maximum is located near the
Azores (Fig. 2.1). Regarding the upper-tropospheric zonal winds at 250 hPa (roughly at 10 km
altitude; shading in Fig. 2.1), a tilted band of very fast moving air occurs, which is called the
"jet stream". During the winter, the North Atlantic jet stream is tilted from the southwest to the
northeast. The reason for the tilt is the mean planetary scale flow, which is influenced by the
longitudinal variation of orography over North America and the land-ocean heating contrast
over the western North Atlantic (Gerber and Vallis, 2009; Woollings, 2010). During the winter, a low pressure trough is found over the eastern North America and a high pressure ridge
just to the west of Europe (Fig. 2.2). These zonal asymmetries reveal a so-called stationary
Rossby wave which is induced by the Rocky mountain range and the large land-ocean temperature gradient at the US and Canada east coast (Fig. 2.2; Blackmon, 1976; Holton, 2004;
Hall et al., 2015). Synoptic-scale disturbances, which span over thousands of kilometres and
have lifetimes of a few days to a week or more, tend to develop preferentially near the areas
of maximum time-mean zonal winds. They mainly develop in the right entrance and left exit
regions of the jet due to upper level divergence, e.g., over the western North Atlantic jet stream,
interact and propagate further downstream along storm tracks that approximately follow the jet
stream axis (Hoskins and Valdes, 1990; Chang et al., 2002).

6

2.1. North Atlantic Oscillation
The impact of the mean state of the dynamics can also be seen in cloud cover fields from
reanalysis data as well as cloud incidence from satellite retrievals. Cloud cover illustrates the
fraction of the sky covered by clouds, while cloud incidence shows the likelihood of a cloud
to be observed. On average during the winter more high-level clouds occur over the ocean
areas along the axis of the North Atlantic jet stream (Fig. 2.3a,b). These high-level clouds
are associated with midlatitude cyclones and their warm conveyor belts (WCB), which are
areas of strong large-scale ascending motions (Browning, 1986; Eckhardt et al., 2004). In
mid-levels more clouds are found everywhere in the higher latitudes compared to the lower
latitudes (Fig. 2.3c,d), while low-level clouds are mostly evident over the ocean and the cold
continental areas of eastern Canada and eastern Europe and are linked to increased downward
vertical velocity anomalies and low level static stability (Li et al., 2014b; Grise and Medeiros,
2016). On a day to day basis the North Atlantic jet stream varies substantially due to its
interaction with transient synoptic-scale baroclinic waves, and, thus, changes the temperature
advection, vertical motions and in turn clouds and precipitation. It therefore becomes apparent
that changes in the North Atlantic jet stream across different spatiotemporal scales have a
profound impact on the weather and climate variability over the North Atlantic area (Hall et al.,
2015).

Figure 2.2.: December–February climatology of geopotential height at 500 hPa (black contours; values
between 500 and 580 dam are shown with 10 dam intervals), temperature at 2m (shading) and zonal
wind at 250 hPa (green contours; only values larger than 20 m/s are shown with 10 m intervals). Results
are based on monthly mean ERA5 reanalysis data from 1979-2019.

There is no unique way to define the North Atlantic Oscillation index and its spatial structure. Early studies define the NAO index based on the difference between the normalized
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Figure 2.3.: December–February climatology of (a, b) high-, (c, d) mid-, and (e, f) low-level (a, c,
e) cloud fraction from ERA-Interim during 1979-2019 and (b, d, f) cloud incidence from CloudSat/CALIPSO during 2006-2011. The cloud incidence illustrates the likelihood of a cloud sensed by
the satellite within a given atmospheric volume (for details see chapter 4).

station-based surface pressure measurements from Reykjavik in Iceland and Ponta Delgada in
the Azores, Lisbon in Portugal or Gibraltar (Hurrell, 1995; Jones et al., 1997; Osborn, 2006).
The major advantage of this definition is that it allows one to reconstruct the NAO index back to
the 19th century using the available measurements from stations near the two centers of action.
Monthly mean NAO records based on Gibraltar, Lisbon, and the Azores extend back to 1821,
1864, and 1865, respectively (Hurrell, 1995; Jones et al., 1997; Osborn, 2006, 2011; Cropper
et al., 2015). An example of this NAO timeseries extending back to 1821 based on surface pressure records from Iceland and Gibraltar during the winter from December-February is shown in
Fig. 2.4. Here we can easily notice the large interannual variability and the chaotic behaviour of
the winter NAO. Several studies have attempted to extend the temporal length of the NAO timeseries further back in time by making use of proxy-based reconstructions, however the quality
of the reconstructions depends on the data availability (Luterbacher et al., 1999; Glueck and
Stockton, 2001; Cook et al., 2002; Schöene et al., 2003; Lehner et al., 2012). More modern pa-
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leoclimate studies, in which climate models and proxy-data have been jointly used, reconstruct
the NAO timeseries for the past millennium in order to investigate the low frequency climate
variability in the North Atlantic ocean basin (Trouet et al., 2009; Ortega et al., 2015). Cornes
et al. (2013) attempted to reconstruct the monthly NAO index back to 1692 by analysing digitized historical data from London and Paris, illustrating also the value of such datasets for
similar studies. The major advantage of the station-based definition previously discussed is
that it can reconstruct the NAO index records back in time by using available measurements or
proxy data from stations near the two centers of action (Jones et al., 1997; Luterbacher et al.,
1999; Cook et al., 2002; Cornes et al., 2013). The shortcomings of the station-based NAO timeseries is that it can be significantly affected by transient and small-scale weather phenomena
that do not reflect the NAO state. Another major disadvantage of the station-based timeseries
is that they are fixed in space, and, thus, are not able to capture the seasonal cycle as the two
centers of action shift throughout the year (Hurrell et al., 2003).

Figure 2.4.: Observed NAO index timeseries during the winter period December–February (DJF) from
1821-2019. The NAO index is based on the normalized surface pressure difference between Gibraltar
and Reykjavik in Iceland. The timeseries has zero mean and unit variance over the 1901-2000 period.
The thick black line shows smoothed values from a 10-year Gaussian-weighted filter. Figure as in
Osborn (2011). Copyright ©Osborn, 2019 and Climatic Research Unit, University of East Anglia (can
be accessed at https://crudata.uea.ac.uk/cru/data/nao/viz.htm)

In more modern studies with the development of gridded reanalysis data, the NAO is defined as the leading Empirical Orthogonal Function (EOF) of area-weighted sea-level pressure
over the North Atlantic domain (90°W-40°E, 20°N-80°N). The weighting accounts for the decrease in area towards the pole. The EOF analysis, also known as Principal component analysis
(PCA), introduced by Obukhov (1947) and following the work of Lorenz (1956) is one of the
most widely used statistical techniques in atmospheric sciences. The aim of the EOF analysis
is to reduce the large number of variables contained in a dataset to a dataset that contains fewer
new variables. The new variables are linear combinations of the original ones and these combinations are selected in such a way to represent the maximum possible fraction of variability
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of the original dataset. The linear combination can be achieved more effectively when the variables of the original dataset are highly correlated, as is the case with atmospheric pressure here.
In this way the EOF analysis excludes unnecessary information within the initial dataset. For a
more detailed description and applications of the EOF analysis the reader is referred to Wilks
(2011). The NAO index is then derived by projecting the spatiotemporal sea-level pressure
data onto this EOF-based NAO pattern (Hurrell et al., 2003; Hurrell and Deser, 2010). The
EOF-based NAO provides a better overview of the full NAO spatial pattern and can also capture the annual cycle variation (Hurrell et al., 2003; Hurrell and Deser, 2010). A disadvantage
of the EOF-based NAO is that it can be used only on gridded data and therefore its observational timeseries length is limited to the available reanalysis data (e.g., ERA5, ERA-Interim,
NCEP/NCAR Reanalysis, JRA-55).

Figure 2.5.: December–February regressions of mean sea-level pressure (shading) and zonal wind at
250 hPa (contours) onto monthly mean North Atlantic Oscillation (NAO). Results are based on ERAInterim reanalysis data from 1979-2019.

The map in Fig. 2.5 shows the spatial pattern of the EOF-based NAO expressed as mean
sea-level pressure (MSLP) anomalies during the winter from December to February based
on monthly mean data from ERA-Interim during 1979–2019. A positive phase of NAO is
associated with negative anomalies of MSLP around the Iceland low and positive anomalies
of MSLP over the Azores high (shading in Fig. 2.5), as well as a poleward shift of the jet
stream (contours in Fig. 2.5). A negative phase of the NAO is associated with an opposite
sign of MSLP anomalies and an equatorward shift of the jet stream. Note that the negative
NAO does not necessarily imply a reversed pressure distribution but opposite sign of surface
pressure anomalies. As previously illustrated in three examples (Fig. 1.2), these NAO-related
MSLP anomalies are accompanied by substantial changes in temperature, precipitation and
wind via modulating the latitudinal position of the eddy-driven jet and the storm track (Hurrell

10

2.1. North Atlantic Oscillation
and Deser, 2010; Woollings et al., 2010; Athanasiadis et al., 2010). The eddy-driven jet is
found in areas of enhanced baroclinicity and arises due to eddy momentum flux convergence
by transient midlatitude eddies (Hartmann, 2007; Li and Wettstein, 2012).
Another important aspect of the NAO influence on the weather and climate of the North
Atlantic and northern hemisphere is the distinction between the NAO and the Northern Annular Mode. Early studies inspired by previous influential work of Rossby and Willett (1948)
and Namias (1950) tried to connect the interannual variability of the northern hemisphere surface pressure and temperature with changes in the upper tropospheric and stratospheric mean
circulation during the winter from a "zonal index" perspective using observations and gridded
data (Lorenz, 1951; Kutzbach, 1970; Wallace and Gutzler, 1981; Trenberth and Paolino, 1981).
This zonal index configuration that was later extensively examined by Baldwin et al. (1994),
Perlwitz and Graf (1995) and Thompson and Wallace (1998, 2000) corresponds to the leading
EOF of northern hemisphere wintertime monthly mean sea level pressure, to which they referred as the Arctic Oscillation (AO) or the Northern Annular Mode (NAM). They found that
the winter AO/NAM exhibits a strong coupling between fluctuations of the lower-stratospheric
polar vortex and the geopotential height anomalies in the mid-troposphere that strongly resemble the NAO pattern. However, the northern center of action is located over the Arctic and there
is another dipole over the North Pacific. These findings led to a fast growing body of literature regarding the impact of the AO/NAM and how it differs from the NAO. Many following
studies showed that the correlation between NAM and NAO is high and they are almost indistinguishable (Deser, 2000; Ambaum et al., 2001; Feldstein and Franzke, 2006). However, other
studies showed that despite the high correlation between the AO/NAM and NAO impacts over
the North Atlantic, there is weak temporal coherence between the North Atlantic and North
Pacific (Deser, 2000), which is suggested to be explained by the differences in the jet dynamics
between the two ocean basins (Ambaum et al., 2001).
On synoptic time-scales the NAO arises as an internal mode of the tropospheric circulation
from eddy-mean flow interactions (Thompson et al., 2003; Hurrell et al., 2003; Barnes and
Hartmann, 2010). Thompson et al. (2003) showed that the NAO owes its existence mainly
to dynamics intrinsic to the extratropical troposphere, and Hurrell et al. (2003) in numerical
experiments demonstrated that the atmospheric processes alone are able to produce NAO-like
pattern of variability over the North Atlantic. In another influential paper on NAO dynamics,
Feldstein (2003) found that the NAO undergoes a full life cycle within a time period of about
2 weeks and studied the mechanisms that drive its growth and decay. Feldstein (2003) showed
that both high-frequency (less than 10 days) and low-frequency (more than 10 days) transient
eddy momentum fluxes contribute to the NAO growth. In an idealized modeling study for the
NAO-related anomalies life cycle Franzke et al. (2001) found the same time scale. Other studies
illustrate the link between cyclonic and anticyclonic Rossby wave breaking events (McIntyre
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and Palmer, 1985) and the NAO. In a modeling study Franzke et al. (2004), motivated by previous observational hypothesis of Benedict et al. (2004), showed that each NAO phase arises
from a wave breaking event over the North Pacific and North Atlantic, while in another observational work Strong and Magnusdottir (2008) highlighted the sensitivity of these processes
to the latitudinal position of the wave breaking. In a follow-up observational work Woollings
et al. (2008) presented a different perspective of the NAO via illustrating the linkages between
high-latitude atmospheric blocking induced by Rossby wave–breaking events and the NAO
(Tyrlis and Hoskins, 2008; Yao and Luo, 2018).
External forcings such as the stratosphere (Baldwin and Dunkerton, 1999; Ambaum and
Hoskins, 2002; Kidston et al., 2015; Hansen et al., 2017), the ocean (Visbeck, 2002; Knight
et al., 2005) and sea-ice (Krahmann and Visbeck, 2003; Semenov and Latif, 2015) can also
play a role in shaping the NAO state and lifecycle across different temporal scales. Recent
studies illustrated that these external forcings can contribute to skilful dynamical (Müller et al.,
2005; Scaife et al., 2014; Butler et al., 2016; O’Reilly et al., 2017; Weisheimer et al., 2017)
and statistical (Wang et al., 2004; Hall et al., 2017; Dobrynin et al., 2018) seasonal predictions
of the winter NAO. Others have studied the impact of the tropics on the NAO by investigating
the teleconnections between the El Niño–Southern Oscillation (ENSO) or the Madden–Julian
Oscillation (MJO) and the NAO (Wallace and Gutzler, 1981; Yadav and Straus, 2017; Barnes
et al., 2019). These studies found that El Niño winters tend to be associated with a stronger and
equatorwards shifted Pacific subtropical jet stream, enhanced cyclonic activity in the southeastern USA and a negative NAO (Li and Lau, 2012a,b; Zhang et al., 2019). More recent studies
highlighted the importance of the tropical atmospheric heating due to convection associated
with the Madden–Julian Oscillation (MJO) for the NAO predictability in both medium-range
and seasonal predictions (Cassou, 2008; Yadav and Straus, 2017; Barnes et al., 2019; Madonna
et al., 2019). Some of these forcings involve the interplay between the large-scale dynamics
and diabatic processes such as cloud-radiative effects. In the following section we present
some basic concepts regarding cloud-radiative effects and we discuss their coupling with the
large-scale extratropical circulation.
2.2. Coupling between the extratropical circulation and cloud-radiative effects
The primary driver of the earth’s general circulation is the uneven distribution of incoming and
outgoing radiation on earth. More incoming shortwave radiation reaches the tropics compared
to the higher latitudes, while the polar regions emit more longwave radiation back to space
than they gain via incoming solar radiation. This induces differential radiative heating between
the tropics and polar regions. One of the main implications of that energy imbalance is the
formation of a temperature gradient between the tropics and the polar regions, with higher
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temperatures in the tropics and lower temperatures in the polar regions. In combination with
the earth’s rotation this induces three large-scale atmospheric circulation cells in each hemisphere: the Hadley cell at low latitudes, the Ferrel cell at mid-latitudes and the Polar cell at
high latitudes (Fig. 2.6). This large-scale atmospheric circulation and its seasonal variations set
the environment for climate and weather variability (e.g., NAO, NAM). During the northern
hemisphere winter the temperature gradient between the tropics and the polar regions is larger
compared to summer, and the jet streams are stronger and more variable. The jet streams are
important components of the large-scale circulation as they dominate the momentum, heat and
moisture transport from the tropics to higher latitudes via troughs and synoptic-scale eddies
(Hoskins and Valdes, 1990; Chang et al., 2002).

Figure 2.6.: Schematic illustrating the large-scale circulation of the atmosphere. The three main circulations are the: 1) Hadley cell over the low latitudes where air rises vertically and moves poleward at
higher levels, while near the surface air moves towards the equator, 2) Ferrel cell over the midlatitudes
where near the surface the air moves poleward and eastward, while at upper levels the air moves equatorward and westward, and 3) Polar cell over the high latitudes where the air near the surface moves
equatorward while in the upper levels it moves poleward. This air movement introduces zonal bands of
sinking and rising air. At about 30°N/S the descending motions introduce a high pressure (subtropical
high) which leads to dry and hot weather. In the midlatitudes at about 50–60°N/S the rising motions
introduce a low pressure that leads to rainy and stormy weather associated with the polar jet stream
in the upper levels. Figure and caption adapted from Perlwitz et al. (2017) Copyright ©U.S. Global
Change Research Program and U.S. National Weather Service

The influence of the large-scale atmospheric circulation on clouds has long been well recognized and examined in both satellite observations and modeling studies. Changes in the
large-scale dynamics impact clouds by shaping the environment for vertical motions. In the
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extratropics, large-scale cloud systems are found in the vicinity of upper-tropospheric baroclinic waves associated with cyclogenesis and their storm tracks (Ceppi and Hartmann, 2015).
In particular, deep cloud structures occur within the extratropical cyclone’s warm sector and the
embedded warm conveyor belt, where strong large-scale ascent occurs (e.g., the comma shaped
cloud bands in Fig. 2.7; Browning, 1986; Eckhardt et al., 2004). In an overview study based on
satellite observations of clouds from CloudSat/CALIPSO (Mace et al., 2009), Li et al. (2014b)
thoroughly examined relationships between the large-scale dynamics and clouds over all ocean
basins and illustrated how cloud incidence varies with changes in atmospheric temperature,
static stability, sea surface temperatures and vertical motions. Li et al. (2014b) showed that in
the extratropics upper-level cloud fraction (6–12 km) increases for stronger ascending motion,
a weaker upper-tropospheric stability and a lower tropopause temperature. Moreover, Li et al.
(2014b) illustrated that in the lower troposphere of the extratropics cloud fraction (below 3 km)
increases as the low-level static stability and descending motions increase (Grise and Medeiros,
2016).
Other studies using a compositing method illustrated the cloud structures related to midlatitude cyclones and their accompanied warm and cold sectors in both satellite observations (Lau
and Crane, 1995; Field and Wood, 2007; Naud et al., 2010; Govekar et al., 2014) and models
(Field et al., 2008, 2011; Bodas-Salcedo et al., 2012; Govekar et al., 2014; Hawcroft et al.,
2017; Naud et al., 2019). Wall et al. (2017) in a joint observational and modeling study illustrated the sensitivity of cloud properties to meteorology using cloud observations from CERESCloudSat/CALIPSO-MODIS (CCCM) dataset (Kato et al., 2010) and highlighted the cloud biases in General Circulation Models (GCMs) using numerical simulations with the Community
Atmosphere Model, version 5 (CAM5; Neale et al., 2011). Hawcroft et al. (2017) using composites of cloud fields around midlatitude cyclones from satellite observations, reanalysis and
model data showed large biases which can influence the evolution and track of cyclones (Willison et al., 2013). In another recent observational study using cloud products from MODIS,
Madenach et al. (2019) investigated the interannual variability of the cloud vertical distribution
over the tropical Atlantic and showed how telleconnections between ENSO (Bjerknes, 1969;
Timmermann et al., 2018) and tropical Atlantic atmospheric and sea surface temperatures influence clouds distribution and variability. Tropical clouds play a key role not only for the
tropical but also for the extratropical circulation on various temporal scales (Mo and Livezey,
1986; Tyrrell et al., 1996; F. Panagiotopoulos et al., 2002; Liu and Alexander, 2007; Stan et al.,
2017).
Nevertheless, clouds are not simply a result of the circulation. There is increased evidence
that clouds impact the circulations in which they are embedded and shape the weather and
climate by regulating the latent and radiative heating in the atmosphere (Slingo and Slingo,
1988; Ramanatha et al., 1989; Hartmann et al., 1992; Fasullo and Trenberth, 2008). Clouds
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Figure 2.7.: Composite of satellite images from the Visible Infrared Imaging Radiometer Suite
(VIIRS) Corrected Reflectance Imagery instrument on board NASA/NOAA Suomi National Polar orbiting Partnership (Suomi NPP) satellite on April 19, 2020. The image is accessible via
https://worldview.earthdata.nasa.gov/

and their radiative effects are one of the major sources of uncertainty in climate projection of
the earth’s radiative balance (IPCC, 2013; Stocker et al., 2013; Bony et al., 2006; Sanderson
et al., 2008; Ceppi et al., 2012; Vial et al., 2013; Bony et al., 2015; Zelinka et al., 2020).
Recent work demonstrated the importance of clouds and their radiative effects for the mean
atmospheric circulation and its response to global warming. The last two decades there has
been substantial advancement in remote sensing of the earth’s energy budget, clouds and their
radiative effects (Stephens and Kummerow, 2007; L’Ecuyer et al., 2008; Loeb et al., 2009;
Oreopoulos and Rossow, 2011; Haynes et al., 2013; Rutan et al., 2015; Oreopoulos et al.,
2017; Loeb et al., 2018) as well as in climate modeling (Simpkins, 2017). These advancements
led to a fast growing body of literature on the impact of cloud radiative effects (CRE) on the
current and future large-scale atmospheric circulation.
Atmospheric CRE (ACRE) at a given atmospheric pressure level are defined as the allsky minus the clear-sky radiative heating rates (in units of K/d). The all-sky and clear-sky
radiative heating rates are computed from the longwave and shortwave radiative fluxes (in
units of W/m2 ). ACRE measure the impact of cloud-radiative heating/cooling on atmospheric
temperatures and are calculated as (Haynes et al., 2013)
dT
dt
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dT
dt

all-sky

−

dT
dt

clear-sky

,
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where the all-sky and clear-sky heating rates are calculated as
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T is the air temperature and ρ is the air density, c p is the specific heat of dry air at constant pressure, F is the net (longwave + shortwave) radiative flux, z is altitude, and t is time.
Vertically-integrated ACRE is calculated from the difference of top-of-atmosphere (TOA) and
bottom-of-atmosphere (BOA) fluxes and is expressed in units of W/m2 .

Figure 2.8.: DJF climatology of atmospheric cloud-radiative effects (ACRE) from CloudSat/CALIPSO
during 2006–2011 (left) and from ERA-Interim during 1979–2019 (right).

From a climatology perspective during the northern hemisphere winter from December–
February, ACRE satellite observations from CloudSat/CALIPSO and reanalysis data from
ERA-Interim illustrate that clouds heat the atmosphere over the tropics as well as over the
storm tracks, while clouds cool the atmosphere over the higher latitudes (Fig. 2.8). A comparison of ACRE between reanalysis data and satellite retrievals in Figure 2.8 shows qualitatively
consistent patterns for most areas, however substantial differences are evident in some regions.
The ACRE pattern is driven by the vertical distribution of clouds within the atmosphere. Oreopoulos et al. (2017) in a comprehensive analysis of cloud vertical structure (CVS; Rossow
and Zhang, 2010; Tselioudis et al., 2013) classes at global scales combining observations from
active space-based sensors illustrated the linkages between the CVS classes and CRE at the
top-of-atmosphere (TOA) and bottom-of-atmosphere (BOA), as well as within the atmosphere
in terms of ACRE. Figure 2.9 shows that areas where high-level clouds occur are associated
with column-mean ACRE heating, while areas where only mid- and low-level clouds occur
are linked to column-mean ACRE cooling. However, the magnitude of ACRE varies substantially depending on the vertical distribution and overlap of different cloud types. For example,
when clouds extend between different levels the ACRE magnitude tends to be larger compared
to when an overlap of clouds occurs. This characteristic of ACRE could also partly explain
the discrepancies between observations and reanalysis data (Fig. 2.8). In an earlier study Su
et al. (2010) using model simulations and satellite observations attempted to link ACRE with
different dynamical regimes based on vertical motions at 500 hPa, and highlighted the model
deficiencies in properly simulating clouds and their ACRE.
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Figure 2.9.: Schematic diagram summarizing the longwave and shortwave CRE for various CVS classes
(top panel) at the top-of-atmosphere (TOA), (bottom panel) at the bottom-of-atmosphere (BOA) as well
as (middle panel) the net ACRE within the atmosphere. The middle panel illustrates the CVS classes.
Figure from Oreopoulos et al. (2017). Copyright ©2017. American Geophysical Union.

Clouds live on a range of spatiotemporal scales, and the spatiotemporal variations of ACRE
can impact the mean circulation. Observational studies have attempted to quantify the response
of clouds and TOA CRE to dynamical changes in satellite retrievals but show diverse results.
Tselioudis et al. (2016) using satellite observations illustrated the linkages between high-level
cloud changes and meridional shifts of the Hadley cell and the jet streams. Over the North
Atlantic they showed that poleward shifts of high-level clouds either due to the Hadley cell
or due to the jet stream are linked to longwave TOA CRE heating in the higher latitudes and
longwave TOA CRE cooling in the lower latitudes, while the opposite occurs for shortwave
TOA CRE. In other similar studies Grise and Medeiros (2016) and Zelinka et al. (2018) using
satellite observations and model simulations studied the relationships between TOA CRE and
jet shifts and illustrated that cloud changes follow the changes in vertical motions. However,
they showed that TOA CRE in the lower latitudes of the extratropical ocean basins during a
poleward shift of the jet stream are poorly represented in models primarily due to biases in
vertical motions over these areas.
Previous present-day model climate studies, where clouds are made transparent to radiation
(Stevens et al., 2012) showed that the inclusion of ACRE leads to a consistent strengthening of
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Figure 2.10.: Schematic diagram summarizing the basic impacts of atmospheric cloud-radiative effects
(ACRE) on the zonal-mean circulation, as revealed in Fig. 4c of Li et al. (2015). The shading indicates
the ACRE impact in the clouds-on experiment; the solid line indicates the long-term mean tropopause
height from the clouds-on experiment. Figure from Li et al. (2015). Copyright ©2015 American
Meteorological Society

the Hadley cell (Harrop and Hartmann, 2016; Albern et al., 2018) and meridional shifts of the
extratropical jets (Li et al., 2015; Watt-Meyer and Frierson, 2017). In a modeling study Li et al.
(2015) illustrated that the inclusion of ACRE increases the upper-tropospheric baroclinicity
in the extratropics, which in turn leads to increased eddy kinetic activity, poleward eddy heat
fluxes and eastward eddy momentum forcing. These changes induce a dipole of zonal winds
which in turn strengthens the dipole of vertical motions and subsequently the dipole of precipitation between the higher and lower midlatitudes (Fig. 2.10). In another multi-model study
Watt-Meyer and Frierson (2017) using an idealized aquaplanet setup showed that the eddydriven response to the inclusion of ACRE exhibits large discrepancies among the models, with
some models showing an equatorward shift and other models showing a poleward shift. In an
attempt to understand these discrepancies Watt-Meyer and Frierson (2017) illustrated that the
overall response of the circulation depends on the opposing impacts of the inclusion of ACRE
in the tropics and the extratropics. Their modeling work showed that tropical ACRE shift the
eddy-driven jet equatorwards while extratropical ACRE shift the eddy-driven jet polewards
(Fig. 2.11). All these observational and modeling studies together highlight the importance of
ACRE for the present-day mean circulation of the extratropics.
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Figure 2.11.: The zonal-mean zonal wind without the inclusion of ACRE (black contours) and the wind
response to the inclusion of ACRE (shading) for the GFDL-AM2.1 (top) and NCAR-CAM5.3 aquaplanet models (bottom). The rightmost column illustrates the difference in zonal wind at 850 hPa between the simulations with and without ACRE. Figure from Watt-Meyer and Frierson (2017) ©2017.
American Geophysical Union.

Recent modeling work showed that cloud-radiative interactions are not only substantial
in contributing to model uncertainties in future global warming and climate sensitivity (Bony
et al., 2015; Ceppi and Hartmann, 2015, 2016; Zelinka et al., 2020), but also constitute a key
driver of the mean circulation response (Voigt and Shaw, 2015, 2016; Ceppi and Shepherd,
2017; Voigt et al., 2019). Previous studies illustrated that both changes in surface cloudradiative heating from low-level clouds (Ceppi and Shepherd, 2017) and changes in atmospheric cloud-radiative heating from high-level clouds (Voigt et al., 2019; Li et al., 2019) are
shaping the mean circulation response to global warming. This impact is mostly evident in the
extratropical circulation response, where recent findings demonstrated that changes in cloudradiative heating most likely force a poleward shift of the jet streams and storm tracks (Chang
et al., 2012; Barnes and Polvani, 2013; Ceppi et al., 2014; Shepherd, 2014; Simpson et al.,
2014; Voigt and Shaw, 2015; Vallis et al., 2015; Shaw et al., 2016; Ceppi and Hartmann, 2016;
Albern et al., 2019). In a recent study Voigt et al. (2019) using three global models found that
both the surface and atmospheric pathways are equally contributing to the poleward circulation
expansion, and in fact half of the total circulation response was attributed to the changes of
cloud-radiative heating from high-level clouds. However, their work also illustrated the model
shortcomings in properly representing high-level clouds and their associated ACRE, where the
models exhibit large differences among them as well as with observations. These model issues
also highlight the need for reducing cloud-radiative heating deficiencies in order to improve
future climate projections. As a whole, these studies illustrate the need for understanding and
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constraining the radiative impact of clouds on the circulation (Bony et al., 2015). This need is
exacerbated by the difficulties of current global climate models to adequately represent clouds
and their radiative effects.
Although the coupling of the extratropical circulation with clouds and their radiative effects
is well examined in previous literature for both the present-day and future climates, little research has been done regarding the impact of clouds on internal synoptic circulation variability.
In the following section we provide an overview of the state of the art in NAO persistence and
its coupling to diabatic processes.
2.3. Coupling between the NAO and diabatic processes
The persistence of the NAO, or more generally the annular modes and the extratropical jet
streams, was mostly examined in past studies from the perspective of the adiabatic circulation
and dynamical feedbacks involving eddies and Rossby wave breaking (Lorenz and Hartmann,
2001; Feldstein, 2003; Franzke et al., 2004; Barnes and Hartmann, 2010).

Figure 2.12.: Monthly mean NAM/NAO regressions of (a) pressure velocity at 300 hPa (positive values
denote upward motions), (b) 6–12 km cloud incidence, and (c) high-level cloud fraction. Pressure
velocity in (a) and high-level cloud fraction in (c) are based on ERA-Interim reanalysis data and cloud
incidence in (b) is based on CloudSat/CALIPSO data. The NAM/NAO index is standardized. Stippling
denotes statistical significant results. Figure from Li et al. (2014a) ©2014. American Geophysical
Union.

However, there is evidence that diabatic processes can also modulate the NAO variability. Previous studies illustrated that diabatic processes, such as latent heating, can modify
the NAO persistence (Hoskins and Valdes, 1990; Greatbatch and Jung, 2007; Xia and Chang,
2014; Woollings et al., 2016). Hoskins and Valdes (1990) concluded that latent heating within
the storm tracks was feeding back to maintain baroclinicity and in that way they described the
storm tracks as being self-sustaining (Robinson, 2006). Investigating the zonal index variability
over the southern hemisphere Xia and Chang (2014) in model experiments showed that diabatic
heating associated with precipitation anomalies acts to reduce the temperature gradient across
the jet anomaly and leads to a decrease in eddy generation, constituting a negative feedback
to the zonal index. In a later climatological study, Greatbatch and Jung (2007), using model
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simulations where the model was forced with a NAO-related diabatic heating, showed a weak
negative feedback to the NAO and the storm tracks. However, the response was not spatially
coherent with the NAO centers of action. In a more recent study Woollings et al. (2016) using observationally constrained analysis data investigated the very exceptional negative NAO
winter of 2010 and found a positive feedback of latent heating to the NAO variability and the
storm track.

Figure 2.13.: TOA downwelling radiation anomalies associated with the NAM/NAO due to (a) temperature (longwave), (b) clouds (longwave), and (c) clouds (longwave + shortwave). Green boxes denote
regions where the TOA radiation anomalies due to clouds coincide with the TOA radiation changes due
to changes in temperature. Figure from Li et al. (2014a) ©2014. American Geophysical Union.

While the importance of CRE for the present-day mean circulation of the extratropics and
its long-term climate change response is well established, at least from a modeling perspective,
little research has been done regarding a possible impact of CRE on the extratropical circulation
on synoptic time-scales. There is reason to believe that besides latent heating, radiative heating from clouds can affect the NAO persistence. This idea is motivated by observational and
modeling studies that highlighted the close coupling between CRE and the extratropical circulation across a range of time-scales. This includes observational studies that have shown the
impact of the extratropical circulation, i.e. the position of the extratropical jet, static stability
and large-scale vertical motion, on the patterns of cloud and CRE based on internal circulation
variability on time-scales of days to weeks (Grise et al., 2013; Grise and Polvani, 2014; Grise
and Medeiros, 2016; Li et al., 2014b; Tselioudis et al., 2016; Hawcroft et al., 2017; Zelinka
et al., 2018). Schäfer and Voigt (2018) proposed that CRE weaken idealised extratropical cyclones, which would seem to suggest a possible impact on storm tracks, the jet stream, and
hence the NAO. In another modeling study Grise et al. (2019) found that CRE lead to a small
but statistically significant weakening of extratropical storm tracks and cyclones. Moreover,
their work showed that this negative feedback of CRE arises due to changes in low-level static
stability induced by CRE (Grise et al., 2019). In an observational study Li et al. (2014a) investigated the linkages between clouds and the Arctic Oscillation (to which they refer to as the
Northern Annular Mode/North Atlantic Oscillation; NAM/NAO) on monthly time-scales using
satellite observations from CloudSat/CALIPSO and ECMWF ERA-Interim reanalysis data. Li
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et al. (2014a) found that the NAM/NAO is associated with robust changes in high-level clouds
which are in line with large-scale vertical motions (Fig. 2.12). Their analysis showed that a
positive phase of the NAO is associated with increased high-level clouds along the storm track
region and over the subpolar Atlantic, and decreased high-level clouds over the lower midlatitudes of the Atlantic. These changes are in line with enhanced upward motions over the higher
latitudes and enhanced downward motions over the lower latitudes. Moreover, they showed
that these high-level cloud changes lead to robust changes in TOA CRE with anomalous heating over the higher latitudes and anomalous cooling over the lower latitudes. Furthermore,
Li et al. (2014a) argued that this meridional anomalous TOA CRE dipole in the zonal mean
works against the temperature anomalies accompanying the NAM/NAO (Fig. 2.13), and they
interpreted this as a negative cloud-radiative feedback that shortens the NAM/NAO time-scale.
Over the North Atlantic region, however, evidence for a negative cloud-radiative feedback only
emerged in the lower mid-latitude region near the Azores. This, and the fact that the North
Atlantic storm track and jet stream are tilted meridionally, suggests that a regional latitudelongitude perspective is warranted, and a more thorough investigation of these interactions is
necessary.
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The NAO is the dominant mode of synoptic-scale variability over the North Atlantic region
and plays a key role for the weather and climate of the neighbouring continental areas. In the
previous chapter we introduced the pathways of different drivers that give raise to the NAO
growth, and processes that are linked to its persistence via complex interactions. These play a
key role for the NAO predictability and constitute a considerable challenge for both operational
weather forecasters and numerical weather prediction systems on a wide range of temporal
scales from a few days to seasons. Advancing our understanding of processes linked to the
persistence of the NAO and its predictability can improve medium-range weather forecasts,
subseasonal-to-seasonal predictions and climate projections which are essential to society for
both civil protection and economic growth. The aim of this thesis is to advance understanding
on how the NAO couples to diabatic processes by assessing the relative role of the latter for the
NAO dynamics on synoptic time-scales. In this chapter we summarize the research questions
that we address in this thesis.
Motivated by the hypothesis of Li et al. (2014a) that top-of-atmosphere cloud-radiative
effects (CRE) act as a negative feedback on the NAO and damp the NAO variability, we study
the coupling between the NAO and atmospheric CRE (ACRE) on synoptic time-scales and
quantify the importance of ACRE relative to the large-scale dynamics and the total diabatic
heating (chapters 5 and 6). This work addresses the following research questions (RQ):
RQ 1) How does the NAO impact clouds and their radiative effects?
RQ 2) To what extent are the NAO-related changes in ACRE robust in
observations, reanalysis and model simulations?
RQ 3) What is the role of the NAO-related ACRE anomalies for the dynamics of the NAO on synoptic time-scales, and how does the ACRE impact
compare to the impact of total diabatic heating?
To address the first research question we study the linkages between the NAO and clouds
as well as their associated radiative effects in satellite observations from CloudSat/CALIPSO,
CERES-SYN1deg, CERES-EBAF and GERB/SEVIRI, ECWMF ERA-Interim reanalysis data
and numerical simulations in ICON. We investigate the spatial and vertical distribution of cloud
changes linked to the NAO and the impact of these cloud changes on ACRE. A description of
the data and methods that we use for this analysis is given in chapter 4. Chapter 5 addresses
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the research questions from the perspective of observations and reanalysis data, while chapter
6 studies them based on ICON simulations.
Regarding the second research question, based on our analysis of the ACRE changes linked
to the NAO in observations and numerical simulations we discuss the robustness of these findings. In this part, we focus on a thorough investigation of NAO-related ACRE anomalies over
the two centers of action of the NAO, namely the Iceland low and the Azores high.
After having investigated the observed and modeled linkages between the NAO and ACRE,
we quantify the role of the NAO-related ACRE changes for the short-term dynamics of the
NAO. Here, based on a diagnostic approach using the surface pressure tendency equation in
ERA-Interim data (chapter 5) and ICON simulation (chapter 6), we quantify the relative role of
ACRE compared to the large-scale dynamics as well as other diabatic processes for the NAO
dynamics. We address to what extent the reanalysis-based results from the surface pressure tendency equation are reproduced in the ICON simulations. Finally, we perform ICON sensitivity
simulations to explicitly test the NAO impact of ACRE and total diabatic heating diagnosed
from the surface pressure tendency equation.
The methods and data used in chapters 5 and 6 are described in detail in chapter 4. The
thesis closes with overall conclusions and an outlook in chapter 7.
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In this chapter, we provide a description of the data and methods that are used in this thesis in
order to address the research questions introduced in chapter 3. In the first part of this chapter,
we describe the satellite observations from CloudSat/CALIPSO, CERES and GERB/SEVIRI
(4.1) and the ECMWF ERA-Interim reanalysis data (4.2) that we discuss in chapter 5. Then
we introduce the numerical simulations in ICON (4.3) that we discuss in chapter 6. For each
dataset a brief overview of the postprocessing is also provided. In 4.4 we describe the NAO
index that we use in the observational and modeling work. Furthermore, the diagnostic framework of the surface pressure tendency equation (PTE) that we use to assess the relative role of
adiabatic and diabatic processes for the NAO dynamics is illustrated (4.5). Finally, we illustrate the regression analysis that we use to assess the linkages between the NAO and various
fields such as clouds, ACRE and temperature, as well as the method that we use to address the
statistical significance of the regressions (4.6).
4.1. Satellite observations

4.1.1. CloudSat/CALIPSO cloud incidence
We use cloud observations for the years 2006 to 2011 from the 2B-GEOPROF-LIDAR product
(version P2R04; Mace et al., 2009), which combines retrievals from the National Aeronautics
and Space Administration (NASA) CloudSat Cloud Profiling Radar (CPR; Stephens et al.,
2008) and the NASA–Centre National d’Études Spatiales (CNES) Cloud–Aerosol Lidar and
Infrared Pathfinder Satellite Observations (CALIPSO; Winker et al., 2010). CloudSat’s CPR
is a non-scanning nadir-pointing space-borne W-band radar operating at 94GHz frequency and
provides reflectivity profiles with along and cross-track horizontal resolutions of about 1.7 and
1.4 km, respectively, and a vertical resolution of 240m. CALIPSO’s lidar collects footprints
with a horizontal resolution of 70m and a vertical resolution of 30 m. The vertical profiles
from the 2B-GEOPROF-LIDAR product are provided at the CloudSat’s CPR resolution within
82°N/S (Tanelli et al., 2008; Mace et al., 2009; Verlinden et al., 2011). The main advantage
of this synergy is that it combines the capacity of CloudSat’s CPR to probe optically thick
hydrometeor layers with CALIPSO’s lidar to detect optically thin hydrometeor layer whose
weak reflectivity is not detectable by CloudSat’s CPR. This allows us to characterize the vertical
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distribution of hydrometeors along the satellite’s orbit. However, there are many limitations in
these retrievals due to the instruments, such as the inability to detect hydrometeors from the
surface up to 1 km as a result of clutter in the radar measurements, the low spatial resolution
that leads to missing smale-scale clouds, CPR’s limitation to detect weak reflectivities, and
the high sensitivity of CALIPSO’s lidar during daylight (Marchand et al., 2008; Mace et al.,
2009). Another major limitation of this product is the spatiotemporal sampling compared to
other satellite observations, such as those from geostationary satellites. Nevertheless here we
focus on large-scale changes and assume that our profiles are representative of the large-scale
cloud fields. An example of vertical profiles of cloud fraction for one orbit is given in Fig. 4.1a,
and the path of CloudSat/CALIPSO orbit is shown in Fig. 4.1c.

Figure 4.1.: Cloud fraction (a) and all-sky radiative heating (b) on June 29, 2007 from CloudSat/CALIPSO. (c) The orbit of the satellites. The masked areas near the surface in (b) are due to
elevated surface over Antarctica and Greenland. Results are based on 2B-GEOPROF-LIDAR product
(version P2R04 Mace et al., 2009) and 2B-FLXHR-LIDAR product (version P2R04; L’Ecuyer et al.,
2008; Henderson et al., 2013)

Here we analyse cloud incidence. Cloud incidence is the likelihood that within a given
atmospheric volume the satellite senses a cloud. Following Verlinden et al. (2011) and Li et al.
(2014a) we use cloud incidence in a binary framework. If within a given atmospheric volume,
the cloud fraction is larger than 50%, then we assign a "1", otherwise if the cloud fraction is
less than 50% we assign a "0". Then, the resulting values are averaged over a given time period
and depending on the analysis over a given volume. For example, the mean cloud incidence
between 7 and 12 km height is calculated by averaging the cloud incidence over all volumes
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within this layer. A mean cloud incidence value of 30% indicates that at least half of the volume
was cloudy 30% of the time. Due to the spatiotemporal limitations of CloudSat/CALIPSO
on daily time-scales (Mace et al., 2009; Li et al., 2014a), we bin the vertical profiles into a
2.5°(longitude) x 2.5°(latitude) x 240 m (vertical) grid, and average the binned data over time
periods of 5 days.
4.1.2. CloudSat/CALIPSO cloud-radiative effects
In addition to cloud incidence we are also interested in the radiative heating associated with
these clouds (Fig. 4.1b). For that purpose we use the CloudSat/CALIPSO 2B-FLXHR-LIDAR
product over the time period 2006-2011 (version P2R04; L’Ecuyer et al., 2008; Henderson
et al., 2013). The 2B-FLXHR-LIDAR product is based on radiative transfer calculations that
make use of the CloudSat/CALIPSO cloud retrievals and allows for a detailed look at the vertical structure of atmospheric cloud-radiative effects (ACRE). ACRE at a given atmospheric
pressure level are defined as the all-sky minus the clear-sky radiative heating rates (in units of
K/d). We compute the all-sky and clear-sky radiative heating rates from the longwave and shortwave radiative fluxes (in units of W/m2 ) at every 240m height level provided by 2B-FLXHRLIDAR, and by using auxiliary data from the ECMWF-AUX product. The ECMWF-AUX
product provides atmospheric state variable data interpolated onto the same spatiotemporal
resolution of a CloudSat/CALIPSO track. ACRE is calculated as per equation (2.1) and the allsky and clear-sky heating rates are calculated as per equation (2.2) where the air temperature
and the air density are derived from the ECMWF-AUX product (CIRA, 2007), while the altitude, and time are derived from 2B-FLXHR-LIDAR product. ACRE is binned in the same way
as cloud incidence and averaged over time-periods of 5 days. Vertically-integrated ACRE is
calculated from the difference of top-of-atmosphere (TOA) and bottom-of-atmosphere (BOA)
fluxes provided by the 2B-FLXHR-LIDAR product and is expressed in units of W/m2 .
4.1.3. CERES and GERB/SEVIRI cloud-radiative effects
To test the robustness of the CloudSat/CALIPSO results we also analyse CERES (Clouds
and Earth’s Radiant Energy System) and GERB/SEVIRI (Geostationary Earth Radiation Budget/Spinning Enhanced Visible and InfraRed Imager) observations of TOA and BOA cloudradiative effects. The CERES project aims to monitor the earth’s radiation budget through the
CERES instruments that are on board of polar-orbiting satellites (TRMM, Terra, Aqua, S-NPP,
NOAA-20). A CERES instrument is a narrow field-of-view scanning radiometer with nadir
footprint size of 10–24 km depending on the platform and different scanning options. CERES
provides measurements of the reflected solar radiation and emitted thermal radiation from the
earth to space, across all wavelengths between the ultraviolet and far-infrared. CERES ob-
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Table 4.1.: Summary of the satellite data used in chapter 5. The middle column shows the data availability and the right column shows the temporal resolution of each dataset.

Satellite data
CloudSat/CALIPSO
CERES-SYN1deg
GERB/SEVIRI
CERES-EBAF

Data availability
2006–2011
2000–2017
2006–2011
2002-2017

Temporal resolution
5-day
5-day
monthly
monthly

servations, together with higher spatiotemporal resolution data from other polar-orbiting and
geostationary satellites are used to derive the earth’s radiation budget. Among these products is
GERB/SEVIRI which provides estimates of TOA and BOA broadband radiative fluxes derived
from GERB broadband and SEVIRI narrowband radiometer sensors onboard the Meteosat second generation (MSG) satellites.
Here we use the CERES-SYN1deg product edition 4A (Rutan et al., 2015) for daily-mean
CRE at the TOA and BOA. Apart from CERES observations, CERES-SYN1deg makes use of
cloud observations from MODIS and geostationary satellites, and CRE at the BOA are derived
from radiative transfer calculations. Again, we calculate the vertically-integrated ACRE from
the CRE difference at the TOA and BOA. We use CERES-SYN1deg for the same 2006 to 2011
period for which CloudSat/CALIPSO is available, as well as for a longer period from 2000 to
2017.
We further use monthly-mean fields from CERES-EBAF edition 4.0 (Loeb et al., 2018)
for 2002 to 2017 and from GERB/SEVIRI (Harries et al., 2005) for years 2006-2011. For
CERES-EBAF we analyse longwave and shortwave CRE at the TOA and BOA, from which
we derive vertically-integrated ACRE. For GERB/SEVIRI, we use TOA and BOA all-sky and
clear-sky longwave radiative fluxes. TOA fluxes are available at 0.1° spatial resolution, while
BOA fluxes are available at 0.05°. We remap the the fluxes onto a common 0.1° grid and derive
TOA and BOA longwave CRE as well as vertically-integrated longwave ACRE.
A summary of the satellite observations that we use in chapter 5 is given in table 4.1.
4.2. ERA-Interim reanalysis data
We use short-term forecasts from the ERA-Interim reanalysis dataset in full spatial resolution
T255 (0.75°grid spacing). ERA-Interim was generated by the European Centre for MediumRange Weather Forecasts covering the time period from 1979 to 2019 (Dee et al., 2011). We use
short-term forecasts because some of the input data for our surface pressure tendency analysis
equation, e.g., the radiative heating rates, are only available in the forecast. The 4D-variational
data assimilation scheme of ERA-Interim makes use of a time window of 12 hours. This
means that the short-term forecasts are strongly tied to the analysis and hence observations,
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implying that there is substantial knowledge of the synoptic-scale features. Given that the
diabatic processes are not directly observed, we have no alternative to using model-generated
fields (see Maranan et al., 2019).
We study two periods, 2006–2011 and 1979–2017. Our use of ERA-Interim serves two
purposes: First, it supplements the satellite observations by means of cloud fraction and ACRE
derived from accumulated TOA and BOA radiative fluxes in all-sky and clear-sky conditions in
the 6-h and 12-h forecasts initialised from the analyses at 00 UTC and 12 UTC. 6-hourly-means
of radiative fluxes are derived from the accumulated fluxes by a) dividing the 6-h accumulated
flux by the time period of 6 hours, and b) by differencing the 12-h and 6-h accumulated fluxes
and then also dividing by 6 hours. Given the different treatment of clouds in models and satellite data, we do not aim to validate ERA-Interim but rather look for broad consistency between
the complementary sources of information. We remind the reader that cloud cover from ERAInterim and cloud incidence from CloudSat/CALIPSO should not be compared quantitatively
because of different treatments of cloud overlap and the way we treat the cloud likelihood. Second, we use ERA-Interim for the surface pressure tendency analysis. 6-hourly snapshot values
of wind, temperature, geopotential height, humidity and surface pressure are taken from the
6-h and 12-h forecasts initialised from the analyses at 00 UTC and 12 UTC. For evaporation,
precipitation and the temperature tendencies from ACRE, clear-sky radiative heating, and the
sum of all diabatic processes, we use accumulated fields from the 6-h and 12-h forecasts and
convert these to 6-hourly-means in the same manner as described above for radiative fluxes.
4.3. ICON simulations
4.3.1. Control simulations
We perform numerical simulations with the atmospheric component of the ICOsahedral Nonhydrostatic model (ICON; Zängl et al., 2015) and using the physics package that is used for
numerical weather prediction (version 2.1.00). The ICON model is jointly developed by the
German national weather service (Deutscher Wetterdienst; DWD) and the Max Planck Institute
for Meteorology (MPI-M), aiming for a unified global NWP and climate modeling system. The
ICON model was introduced as the new global NWP operational forecast system of DWD in
January 2015 as a successor of the global NWP model Global Model Europe (GME). One of the
main goals in developing the ICON model was the need to develop a nonhydrostatic dynamical
core that can be applied on a wide range of spatial scales from 1 km to hundreds of kilometers.
The model equations are based upon the prognostic variables recommended by Gassmann and
Herzog (2008), where the mass conservation is achieved by using density as a prognostic variable and a barycentric velocity is chosen as reference velocity (Zängl et al., 2015). The spatial
discretization of the model equations is implemented on an icosahedral-triangular Arakawa C
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grid (Wan et al., 2013). The triangular grid of ICON is based on successive refinement of a
spherical icosahedron, which consists of 20 equilateral triangles of the same size. Then, in
the root division step, the edges of the basic triangles are divided into n equal arcs per edge,
termed Rn. Afterwards, connecting the new edge points by great circle arcs yields n2 spherical
triangles within each of the original triangles of the icosahedron. This step is followed by k bisection steps, termed Bk, where each triangle is repeatedly subdivided into 4 smaller triangles.
The resulting grid is then termed RnBk grid. For a specific grid resolution, the total number of
cells nc , edges ne and vertices nv are given by:
nc = 20n2 4k ;

ne = 30n2 4k ;

nv = 10n2 4k + 2

(4.1)

Then the average grid resolution ∆x can calculated by:
r
π re
∆x =
,
5 n2k

(4.2)

where re is the earth’s radius. For more details about the ICON model we refer the reader
to Zängl et al. (2015).
Here, the simulations are conducted in R2B04 horizontal resolution (approximately 160 km)
with 47 vertical levels extending up to 75 km and a time step of 720 s. We run ICON for 25
extended winter seasons from November to March with prescribed SST and sea-ice fields. The
SST and sea-ice fields are derived by calculating the multiyear monthly means over the Atmospheric Model Intercomparison Project (AMIP) period from 1979 to 2008 (Gates, 1992). To
derive the 25 initial conditions on November 1 we first integrate ICON forward in time for 5
years, initialised from a random initial state based on data from the ECMWF Integrated Forecast System (IFS) and we derive 5 November 1 states. Then by adding random noise in the
temperature field of these 5 November 1 states, we derive 5 additional initialisations for each
one of them, ending up with 25 November 1 initialisations. Based on these 25 initialisations we
run ICON from November 1 to March 31. Because here we focus on the synoptic time-scales
during the extended winter season from December to March (DJFM) we exclude November
from our analysis and so end up with 25 independent DJFM winter seasons. These are referred
to as the control (CTRL) simulations. A schematic illustration of the CTRL simulations is
given in Fig. 4.2.
4.3.2. Sensitivity tests
To assess the impact of the anomalous NAO-related diabatic heating pattern either due to ACRE
or total diabatic heating onto the NAO short-term dynamics we perform sensitivity tests in
ICON. In a hindcast perspective we rerun ICON initialised every 5 days from the CTRL simulations with an imposed additional NAO-related anomalous diabatic heating pattern either due
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Figure 4.2.: Schematic illustration of the control (CTRL) simulations in ICON. We run ICON for 5 years
initialised from a random ECMWF Integrated Forecast System (IFS) initial state. Then we perturb the
temperature field in each one of the 5 November 1 states and we derive 25 initialisation. Based on these
25 initial states we run ICON till March 31. For our analysis we exclude November and we end up with
25 December–March (DFJM) extended winter seasons.

to ACRE or total diabatic heating. The time length of these hindcast simulations, which we refer to as the forced (FORC) simulations, is 15 days and we impose the additional NAO-related
diabatic heating pattern constant in time. The imposed three-dimensional NAO-related diabatic
heating pattern is based on regressions of 5-day mean ACRE or total diabatic heating temperature tendency onto standardised 5-day mean NAO index from the CTRL simulations. In these
FORC simulations we perturb the temperature tendency field via adding the NAO-related temperature tendency either due to ACRE or total diabatic heating at each timestep of the model
integration.
dT
dt
where

FORC

dT
dt NAO-ACRE/TOTAL DIAB

=

dT dT
+
dt
dt

NAO-ACRE/TOTAL DIAB

,

(4.3)

denotes the additional NAO-related temperature tendency either

due to ACRE or total diabatic heating. Given that for each one of the 25 DJFM seasons we
have 24 initialisations, for this assessment we end up with a comparison of 600 pairs of 15-day
simulations between the CTRL and the FORC simulations.
4.4. North Atlantic Oscillation index
For the observational analysis (chapter 5) we use daily values of the NAO index provided by the
National Oceanic and Atmospheric Administration Climate Prediction Centre (NOAA-CPC) to
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Figure 4.3.: Schematic illustration of the forced (FORC) simulations in ICON for two initialisation on
December 1 and 6. For example, the FORC Dec 1 simulation is initialised from the state of the CTRL
simulation on December 1 with an additional NAO-related diabatic heating which is imposed constant
in time for 15 days.

construct 5-day means. The index is based on the anomalous geopotential height at 500hPa.
Normalised daily values are available from year 1950 onwards and can be downloaded from
ftp://ftp.cpc.ncep.noaa.gov/cwlinks/.
In the modeling analysis using ICON simulations, we define the NAO based on the first
Empirical Orthogonal Function (EOF) of 5-day mean sea-level pressure data over the North
Atlantic sector (20°-80°N, 90°W-40°E), which captures the full spatial NAO pattern (Hurrell
et al., 2003). The NAO in ICON is based on sea-level pressure data from the control simulations
of 25 extended winter seasons.
For the regression analyses presented in chapters 5 and 6 the NAO timeseries is standardised
to a standard deviation of 1.
4.5. Surface pressure tendency equation (PTE)
The PTE allows us to quantify the impact of heating and moisture anomalies on the surface
pressure evolution. We use the PTE to assess the relative importance of NAO-generated ACRE
changes with respect to changes in other diabatic processes, such as latent heating and clear-sky
radiation, and changes in temperature advection by the circulation. The PTE is given by
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∂ φ p2
∂ psfc
= ρsfc
+ ρsfc Rd
∂t
∂t
| {z } | {z } |
Dp

Z p2
∂ Tv
sfc

∂t

{z

ITT

Dφ

dlnp + g(E − P) +RESPTE ,

(4.4)

} | {z }
E-P

where psfc is the surface pressure, p is air pressure, ρsfc is the surface air density, Rd is the
gas constant of dry air, φ p2 is the geopotential at pressure p2 , Tv is the virtual temperature, g
is the gravitational acceleration, E is evaporation, P is precipitation, and RESPTE represents
the analysis residual due to, e.g., spatiotemporal discretization. Equation (4.4) measures the
surface pressure tendency (Dp) from changes in the upper boundary of the vertical integral,
here chosen as the geopotential at 100 hPa level in ERA-Interim and at 90 hPa in ICON (Dφ ),
changes in virtual temperature between this boundary and the surface (ITT), and changes in
column mass due to evaporation and precipitation (E-P).
Because we are interested in clouds, we focus on the ITT term, which we decompose further
into

Z p2

−~ν · ~∇ p Tν dlnp
!
Z p2
Rd Tν ∂ Tν
+ ρsfc Rd
−
ωdlnp
cp p
∂p
sfc

IT T = ρsfc Rd
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(4.5b)
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(4.5d)
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0.608T
sfc

dq
dlnp
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+ RESITT

(4.5e)

where ~ν is the horizontal wind, ω is the pressure velocity, c p is the specific heat capacity at constant pressure, T is the air temperature, Q is the total temperature tendency from subgrid-scale
diabatic processes, q is the specific humidity, and RESIT T is the analysis residual. Thus, the
ITT term is decomposed into contributions from horizontal temperature advection (TADV),
vertical motions (VMT) and diabatic processes (PHY+HUM). PHY measures the impact of
diabatic processes on temperature, e.g. latent heat release due to phase changes of water, radiative heating, sensible heat fluxes and boundary-layer turbulence, whereas HUM measures
the impact of diabatic processes on the amount of specific humidity (e.g. a specific humidity
decrease due to condensation of water vapor). In the observational analysis using ERA-Interim
data in chapter 5, the sum of PHY and HUM is referred to as the total diabatics term (DIAB),
DIAB=PHY+HUM. The DIAB term contains the all-sky radiative heating, which we further
separate into contributions from ACRE and clear-sky radiative heating. In the modeling analysis using ICON (chapter 6), the HUM is term is neglected.
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The PTE is a budget equation of the surface pressure tendency. Given a constant upper
boundary in geopotential height (Dφ = 0), a process that warms the atmosphere between the
surface and the upper boundary leads to decreased air density, mass loss and surface pressure
fall. Analogously, a process that cools the atmosphere works in favour of a surface pressure
rise. A detailed description of the PTE analysis is given in Fink et al. (2012). In ERA-Interim
data (chapter 5) we chose the upper boundary at 100 hPa, following Fink et al. (2012), while
in ICON we chose the upper boundary at 90 hPa. The choice of the upper boundary can affect
the relative contributions of ITT and Dφ (Knippertz et al., 2009). Because clouds are limited to
the troposphere, the 90 or 100 hPa boundary ensures that the cloud-radiative impact is captured
as part of the ITT term. We note that the vertical integrals are performed over dlnp (and not
d p), so that a heating in the upper troposphere has a stronger impact on the surface pressure
tendency than a heating in the lower troposphere. This is done because the volume in the upper
troposphere is larger compared to the lower troposphere and thus the changes in the upper
troposphere have a larger impact on the surface. As we will show later for the ACRE impact
over Iceland in ERA-Interim data (chapter 5), this can lead to a zero surface pressure tendency
impact despite a vertically-integrated anomalous ACRE heating.
4.6. Regression analysis and statistical significance
In chapters 5 and 6 we analyse the linkages between the NAO and other variables such as
clouds, ACRE, temperature, wind and PTE terms by means of linear least-squares regressions
for the two timeseries. For n data pairs of (xi , yi ), i = 1, ..., n the relationship between the
variables xi and yi can be described by:
yi = axi + b,

(4.6)

where a denotes the slope and b the intercept of a line. We aim to find a line which best fits all
these pairs of data (xi , yi ). We can achieve that by aiming to minimise the squared error:
n

e = ∑ (yi − axi − b)2 .

(4.7)

i=1

Then the slope a of a linear least-squares regression can be calculated as:
a=

Sy
∑ni=1 (xi − x̄)(yi − ȳ) Sx,y
= 2 = rx,y ,
n
2
Sx
Sx
∑i=1 (xi − x̄)

(4.8)

where x̄ and ȳ denote the mean of xi and yi respectively, Sx,y is the sample covariance of x and
y, Sx and Sy is the sample variance of x and y respectively and rx,y is the sample correlation
coefficient of x and y. The intercept b can be calculated as:
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b = ȳ − ax̄

(4.9)

The statistical significance of the slope (a) of the linear regression is assessed by a twosided Wald test. The two-sided significance level of 5% is used to assess weather the slope is
significantly different from zero in each grid point or atmospheric volume. The null hypothesis
(a0 ) is that the slope of the linear regression is zero. Then under the Wald test the estimated
slope is compared to zero weighted by the standard error of the estimated slope coefficient, and
the Wald-statistic (W) which is used to compute the p-values is given by
W=

a − a0
.
sea

(4.10)

sea is the standard error of the estimated slope and is given by
q

1
n−2 e

.
sea = p n
∑i=1 (xi − x̄)2

(4.11)

The sampling distribution of the Wald-statistic is a t-distribution with n-2 degrees of freedom
and the Wald-statistic in equation (4.10) based on which we calculate the p-value can be written
as
r
W =r

n−2
,
1 − r2

(4.12)

where r is the correlation coefficient. Then based on the p-value we either reject or accept the
null hypothesis.
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5. The role of observed cloud-radiative effects for the
NAO short-term dynamics

In this chapter we illustrate an observational analysis of the linkages between the NAO and
clouds as well as their ACRE in various satellite datasets (5.1, 5.2). To assess the relative
role of ACRE for the NAO short-term dynamics we present a diagnostic approach based on an
application of the surface pressure tendency equation to ERA-Interim short-term forecast data
(5.3).
This chapter, with minor adjustments in the text, is based on the article "The role of observed cloud-radiative anomalies for the dynamics of the North Atlantic Oscillation on synoptic time-scales" by Georgios Papavasileiou, Aiko Voigt and Peter Knippertz, first published
on 18 February 2020 by the Quarterly Journal of the Royal Meteorological Society (doi:
10.1002/qj.3768 ©2020 The Authors. Quarterly Journal of the Royal Meteorological Society published by John Wiley and Sons Ltd on behalf of the Royal Meteorological Society).
This article is available under the terms of the Creative Commons Attribution License (CC
BY).
5.1. NAO impact on clouds and ACRE in satellite observations
In this section we study the NAO impact on clouds and ACRE in satellite observations by
means of linear regressions of 5-day-means (for CloudSat/CALIPSO and CERES-SYN1deg)
or monthly-means (for CERES-EBAF and GERB/SEVIRI), respectively. We start with an
analysis of the zonal mean and then proceed with a latitude-longitude view over the North
Atlantic region. We further analyse vertical profiles over the two domains around the Iceland
low and Azores high, which are the centers of action of the NAO sea-level pressure seesaw.
5.1.1. Zonal-mean perspective
Motivated by the zonal-mean analysis of Li et al. (2014a), we start with studying the NAO
impact on zonal-mean cloud incidence and ACRE in the northern hemisphere (20°–80°N)
for 5-day means. Figure 1a shows regressions of zonal-mean cloud incidence from CloudSat/CALIPSO onto the NAO. During its positive phase, the higher midlatitudes (55°–70°N)
experience a statistically significant decrease in high-level cloud incidence around 10 km and
an increase in mid-level cloud incidence around 5 km. Further equatorward, low-level cloud
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incidence is increased in the subtropics and lower midlatitudes (20°–40°N), and around 25°N
cloud incidence is increased around 8 km and decreased around 12 km. These findings are
very similar to those of Li and Thompson (2016), who calculated year-round regressions (their
Fig. 2d). However, the NAO impact on zonal-mean cloud incidence is small and not statistically significant in most regions. This indicates that the zonal-mean perspective is of limited
use to understand the NAO impact on the cloud pattern.
The NAO impact on zonal-mean vertically-integrated ACRE from CloudSat/ CALIPSO
(2006-2011) and CERES-SYN1deg (2006-2011 and 2000-2017) exhibits a much clearer and
statistically-significant meridional pattern (Fig. 5.1b). During a positive phase of the NAO,
ACRE decreases in the subtropics and lower mid-latitudes (equatorward of 45°N), and increases in the higher mid-latitudes between 50°and 65°N. The anomalies in ACRE are dominated by the longwave component. The heating dipole of subtropical and lower-midlatitude
cooling and higher mid-latitude warming is robust in both CloudSat/CALIPSO and CERESSYN1deg, which agree well for the time period between 2006 and 2011. Despite some decadalscale variability in the magnitude of the NAO impact on higher mid-latitude ACRE (compare the 2006-2011 and 2000-2017 periods in CERES-SYN1deg), the heating dipole is robust
with respect to the observational time period and consistent with previous findings of Li et al.
(2014a) (compare our Fig. 5.1b with Fig. 2e of Li et al., 2014a).
There is no clear relationship between the changes in zonal-mean cloud incidence, which
are small and have a complex vertical structure, and the robust dipole in ACRE changes. In the
following we therefore change to a regional latitude-longitude perspective and investigate the
NAO impact on clouds and ACRE specifically over the North Atlantic region.
5.1.2. Latitude-longitude perspective over the North Atlantic region
The North Atlantic jet stream is tilted from southwest to northeast, different from the more
zonally-oriented jet streams in the North Pacific and the Southern Hemisphere. The tilt of the
North Atlantic jet stream suggests that the NAO leads to zonally-asymmetric cloud anomalies over the North Atlantic. This indicates that instead of a zonal mean, a latitude-longitude
perspective is necessary.
The regression analysis reveals a rich pattern of the NAO impact on cloud incidence at
different levels over the North Atlantic (Fig. 5.2). At higher levels (7–12 km; Fig. 5.2a), a
positive phase of the NAO leads to increased cloud incidence along the storm track region
(around 45°N; see also Athanasiadis et al., 2010) from eastern Canada/USA to Scandinavia
and over the subpolar Atlantic. Decreased cloud incidence is evident in near-zonal bands from
southwest of the Azores to the eastern Mediterranean and from the Labrador Sea to Iceland.
At mid-levels (1.5–7 km; Fig. 5.2b), cloud incidence is increased poleward of the storm
track over the eastern part of Greenland and over the subpolar North Atlantic. At the same
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Figure 5.1.: NAO regression of DJF 5-day mean zonal-mean (a) cloud incidence from CloudSat/CALIPSO from 2006–2011 and (b) vertically integrated ACRE from CloudSat/CALIPSO during
2006–2011 (black with diamond marker) as well as from CERES-SYN1deg during 2006–2011 (grey)
and 2000–2017 (black). The long-wave (LW) and short-wave (SW) components are also shown. Stippling in (a) and a thick line in (b) indicate statistical significance at the 5% level according to a two-sided
Wald test. Figure from Papavasileiou et al. (2020), ©2020 The Authors. Quarterly Journal of the Royal
Meteorological Society published by John Wiley and Sons Ltd on behalf of the Royal Meteorological
Society.

time, the lower midlatitudes experience reduced mid-level cloud incidence during a positive
NAO.
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At lower levels (0–1.5km; Fig. 5.2c) the NAO impact on cloud incidence is opposite to
that at high levels for many regions. Specifically, a positive NAO leads to increased low-level
cloud incidence around the Azores and around the Labrador Sea, and decreased low-level cloud
incidence in an area south of Iceland that extends from the Irminger Sea to Scandinavia.

Figure 5.2.: (a–c) NAO regression of DJF 5-day mean cloud incidence from CloudSat/CALIPSO from
2006–2011 for (a) high-, (b) mid- and (c) low-level clouds over the North Atlantic region. (d–f) NAO
regressions of DJF 5-day mean vertically integrated ACRE for (d) CloudSat/CALIPSO during 2006–
011, and for CERES-SYN1deg during (e) 2006–2011 and (f) 2000–2017. Stippling indicates statistical
significance at the 5% level according to a two-sided Wald test. For low-level clouds, Greenland is
masked out. The CloudSat/CALIPSO data are smoothed using the 9-point smoothing function from
the Climate Data Operator. Figure from Papavasileiou et al. (2020), ©2020 The Authors. Quarterly
Journal of the Royal Meteorological Society published by John Wiley and Sons Ltd on behalf of the
Royal Meteorological Society.
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The NAO impact on cloud incidence is in line with changes in large-scale static stability
and vertical motion accompanying the NAO (Li et al., 2014a; Li and Thompson, 2016; Grise
and Medeiros, 2016). For example, the increase in high-level cloud incidence along the storm
track region is consistent with large-scale ascent and the formation and eastward propagation
of extratropical cyclones. The decrease in high-level and increase in low-level cloud-incidence
around the Azores is consistent with a strengthening of the high-pressure system and largescale descent.
The NAO also impacts vertically-integrated ACRE. For a positive NAO, changes in ACRE
as derived from CloudSat/CALIPSO (Fig. 5.2d) show a tilted meridional heating dipole along
the SW-NE axis, with warming in a broad area around the British Isles and cooling in a broad
area around the Azores. ACRE from CERES-SYN1deg shows a consistent impact of the NAO
with higher statistical significance, thanks to the better spatio-temporal coverage of CERESSYN1deg (Fig. 5.2e for years 2006-2011; Fig. 5.2f for years 2000-2017). The ACRE changes
are characterised by a quadrupole that consists of heating east off the coast of Nova Scotia as
well as over the eastern North Atlantic, the British Isles and Scandinavia, and cooling over the
Azores and the Mediterranean as well as the Labrador Sea.
The quadrupole of the ACRE anomalies is consistent with the NAO impact on high- and
low-level cloud incidence (Oreopoulos et al., 2017). In many areas anomalous heating is associated with an increase in high-level cloud-incidence and a decrease in low-level cloud incidence.
Likewise, anomalous cooling is associated with a decrease in high-level cloud incidence and
an increase in low-level cloud incidence.
5.1.3. Vertical structure over Iceland and the Azores

We now analyse the vertical structure of cloud-incidence and ACRE from CloudSat/CALIPSO
over the two centers of actions of the NAO sea-level pressure seesaw, namely Iceland and the
Azores. The Iceland and Azores domains are shown in Fig. 5.3 and are selected based on NAO
regressions of 5-day-mean surface pressure from ERA-Interim. The Iceland domain contains
areas with a surface pressure anomaly of at least -9.3 hPa. Because the absolute magnitude of
the regression over Iceland is 1.9 times larger than over the Azores, a lower threshold of surface
pressure anomalies of 4.9 hPa is chosen for the Azores domain. Moreover, to avoid spurious
effects due to orography land areas in the Iceland domain are neglected.
Figure 5.4a and b show cloud-incidence and ACRE averaged over the Iceland domain. The
climatological cloud incidence exhibits two maxima; an upper-level maximum at 7 km and
a low-level maximum at 1.5 km (Fig. 5.4a, black). This leads to climatological cooling from
ACRE around the high-level and low-level cloud tops, and heating at the bottom of low-level
clouds (Fig. 5.4b, black).
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Figure 5.3.: Illustration of the Iceland (blue) and Azores (red) domains used for the area averages and
vertical profiles. See text for details on how these domains are defined. Figure from Papavasileiou et al.
(2020), ©2020 The Authors. Quarterly Journal of the Royal Meteorological Society published by John
Wiley and Sons Ltd on behalf of the Royal Meteorological Society.

The impact of the NAO is on the order of 20% of the climatological value for cloud incidence (Fig. 5.4a, blue), and up to 80% for ACRE (Fig. 5.4b, red). During a positive phase of
the NAO, high-level cloud incidence is decreased, and mid-level cloud incidence is increased.
There is also an indication of decreased low-level cloud incidence. These changes indicate
a downward shift of the climatological upper-level maximum in cloud incidence, probably a
consequence of a lowered tropopause, and an upward shift of the climatological low-level maximum of cloud incidence. In the upper-troposphere, the downward shift of high-level cloud tops
and the increased mid-level cloud incidence lead to anomalous ACRE cooling. In the lowertroposphere, the decrease in low-level cloud incidence leads to anomalous ACRE heating.
Over the Azores domain, the vertical profile of climatological cloud-incidence exhibits two
maxima: an upper-level maximum at 10 km and a low-level maximum at 1.5 km (Fig. 5.4c;
black). This leads to climatological ACRE cooling near the high-level and low-level cloud
tops, and ACRE heating in between in the mid-troposphere and near the surface underneath the
low-level clouds (Fig. 5.4d; black).
As for the Iceland domain, the impact of the NAO is on the order of 20% of the climatological value for cloud incidence (Fig. 5.4c, blue) and up to 50% for ACRE (Fig. 5.4d, red).
The NAO impact is opposite to that over the Iceland domain. During a positive phase of the
NAO, cloud incidence increases around 12 km and around 1.5 km, and decreases in between.
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Figure 5.4.: Vertical profiles of NAO regressions of DJF 5-day mean (a, c) cloud incidence (blue) and
(b, d) ACRE (red) averaged over the (a, b) Iceland and (c, d) Azores domains. The black lines indicate
the DJF climatology during 2006–2011. Thick lines denote statistical significance at the 5% level
according to a two-sided Wald test. Figure from Papavasileiou et al. (2020), ©2020 The Authors.
Quarterly Journal of the Royal Meteorological Society published by John Wiley and Sons Ltd on behalf
of the Royal Meteorological Society.

This indicates an upward shift of high-level clouds, consistent with a rising tropopause, and an
increase in low-level clouds, consistent with enhanced large-scale descent and enhanced low
level-stability. As a result, a positive phase of the NAO is associated with anomalous ACRE
heating in the upper troposphere and increased ACRE cooling in the lower troposphere. These
ACRE changes are opposite to those over the Iceland domain.
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5.2. Robustness in other observational datasets
We now verify that the NAO impact on vertically-integrated ACRE averaged over the Iceland
and Azores domains is robust in sign with respect to the choice of the observational dataset. To
this end we compare the CloudSat/CALIPSO results to CERES-SYN1deg, CERES-EBAF and
GERB/SEVIRI (Table 5.1).
Because GERB/SEVIRI is only available for the longwave component, the comparison is
restricted to that for all datasets. This is unproblematic, since ACRE is dominated by this
component anyway (Fig. 5.1b). CERES-EBAF and GERB/SEVIRI are only available on the
monthly timescale. The comparison between the 5-day-means from CloudSat/CALIPSO and
CERES-SYN1deg and the monthly-means from CERES-EBAF and GERB/SEVIRI indicates
to what extent the NAO impact is sensitive to the averaging period.
Table 5.1.: NAO impact on longwave vertically-integrated ACRE as well as TOA and BOA CRE during
DJF over the Iceland (top) and Azores (bottom) domain in satellite datasets and ERA-Interim. For
CloudSat/CALIPSO, CERES-SYN1deg and ERA-Interim 5-day-means are used. For CERES-EBAF
and GERB/SEVIRI monthly-means are used. The analyzed time periods are given in parentheses. Bold
numbers indicate statistical significance at the 5% level according to a two-sided Wald test, with the
confidence interval given in parentheses. Table from Papavasileiou et al. (2020), ©2020 The Authors.
Quarterly Journal of the Royal Meteorological Society published by John Wiley and Sons Ltd on behalf
of the Royal Meteorological Society.

Iceland
CERESSYN1deg
(2000-2017)
TOA +2.7(±0.7)
ACRE +1.9(±0.9)
BOA +0.8(±0.5)

CloudSat/
CALIPSO
(2006-2011)
+3.2(±1.0)
+1.0(±0.7)
+2.2(±0.9)

CERESEBAF
(2002-2017)
+2.1(±0.9)
+2.1(±1.2)
0.0(±0.8)

GERB/
SEVIRI
(2006-2011)
+1.9(±1.0)
+1.7(±1.1)
+0.2(±0.7)

ERAInterim
(1979-2017)
+2.1(±0.9)
+4.0(±0.5)
−1.9(±0.8)

GERB/
SEVIRI
(2006-2011)
−1.5(±0.9)
−0.7(±0.5)
−0.8(±0.5)

ERAInterim
(1979-2017)
−2.1(±0.7)
−2.5(±0.5)
+0.4(±0.8)

Azores
CERESSYN1deg
(2000-2017)
TOA −2.2(± 0.7)
ACRE −2.5(±0.8)
BOA +0.3(±0.4)

CloudSat/
CALIPSO
(2006-2011)
−0.1(±1.5)
−1.5(±0.8)
+1.4(±1.5)

CERESEBAF
(2002-2017)
−2.3(±1.2)
−2.4(±1.1)
+0.1(± 0.6)

The CRE anomalies at the TOA and BOA differ between the datasets by several W m-2 and
are not always statistically significant. Nevertheless, the vertically-integrated ACRE anomalies, which are computed from the difference of TOA and BOA anomalies, are more robust
and agree on the sign. All datasets show vertically-integrated ACRE cooling over the Azores
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domain during a positive NAO phase and heating over the Iceland domain. This robustness
in sign supports the results of the CloudSat/CALIPSO analysis, although the comparison also
illustrates the uncertainty in the magnitude of the NAO impact on ACREs. The comparison
between ACRE changes derived from the 5-day-means from CloudSat/CALIPSO and CERESSYN1deg and the monthly means from CERES-EBAF and GERB/SEVIRI shows that the uncertainty in the magnitude of the NAO impact does not primarily arise from the averaging
period. We will study the importance of these heating/cooling anomalies for the dynamics of
the NAO in the next section.
5.3. Role of the ACRE for the dynamics of the NAO: ERA-Interim analysis

In the previous section we found that a positive NAO leads to anomalous ACRE cooling
over the Azores high and ACRE heating over the Iceland low. This heating pattern could alter
atmospheric temperatures, air density, surface pressure and hence the NAO. More specifically,
the heating pattern suggests the possibility of a positive cloud-radiative feedback that amplifies
the sea-level pressure contrast between the Azores and Iceland and increases the NAO persistence. This is opposite to the negative cloud-radiative feedback suggested by Li et al. (2014a).
To study the role of ACRE for the NAO dynamics we apply the surface pressure tendency
equation (PTE) of Knippertz and Fink (2008) and Fink et al. (2012) using ERA-Interim data.
Before detailing the PTE analysis, we first confirm that ERA-Interim captures the observed
NAO impact on clouds and ACRE.
Figure 5.5 shows the impact of the NAO on high-level, mid-level and low-level cloud
cover in ERA-Interim for DJF from 1979 to 2017 by means of 5-day-mean regressions. In
ERA-Interim, sigma levels are used to distinguish high-level, mid-level and low-level cloud
cover (ECMWF, 2010), with boundaries at roughly 800 hPa and 450 hPa. The top panel
(Fig. 5.5a) illustrates that a positive NAO is associated with increased high-level cloud cover
along the storm track (near 45°N), the subpolar North Atlantic, and Scandinavia. Mid-level
cloud anomalies (Fig. 5.5b) exhibit a meridional dipole structure with positive anomalies poleward of the storm track and east of Greenland, and negative anomalies equatorward of the storm
track. The anomalies in low-level cloud cover are largely opposite to those of high-level cloud
cover (Fig. 5.5c). These results are qualitatively consistent with CloudSat/CALIPSO (Fig. 5.2),
apart from near Iceland and over the Norwegian Sea. These discrepancies might partly result
from the fact that ERA-Interim measures cloud cover and CloudSat/CALIPSO cloud incidence,
which leads to different treatments of cloud overlap and cloud likelihood in the two datasets
(chapter 4).
More importantly, and more relevant to the NAO dynamics, the regression analysis of 5day-mean vertically-integrated ACRE during DJF from 1979–2017 and 2006–2011 in the top
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Figure 5.5.: NAO regressions of DJF 5-day mean ERA-Interim (a) high-level, (b) mid-level and (c)
low-level cloud cover during 1979–2017. The boundary between the mid- and high-level clouds is
at 450 hPa, and the boundary between mid- and low-level clouds is at 800 hPa. Stippling indicates
statistical significance at the 5% level according to a two-sided Wald test. For (c), Greenland is masked
out. Figure from Papavasileiou et al. (2020), ©2020 The Authors. Quarterly Journal of the Royal
Meteorological Society published by John Wiley and Sons Ltd on behalf of the Royal Meteorological
Society.

panels of Fig. 5.6 shows an ACRE dipole that is broadly consistent with the satellite observations (Fig. 5.2d-f), albeit weaker. An exception is the Labrador sea. The vertical profiles of the
climatological ACRE and the NAO-generated ACRE anomalies over the Iceland and Azores
domains (Figs. 5.6c and 5.6d) show a similar structure as in CloudSat/CALIPSO (Figs. 5.4b
and 5.4d). In ERA-Interim the heating anomalies are statistically significant at almost all levels and smoother, while the maxima of the regressions are slightly weaker over the Azores
and slightly stronger over Iceland compared to CloudSat/CALIPSO. For vertically-averaged
ACRE, ERA-Interim is qualitatively consistent with the observations (Table 5.1). Thus, we
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conclude that ERA-Interim overall captures the observed impact of the NAO on clouds and
ACRE.

Figure 5.6.: NAO regression of DJF 5-day-mean ACRE in ERA-Interim. (a, b) Vertically-integrated
ACRE during 2006-2011 and 1979-2017. (c, d) Vertical profiles of ACRE regression during 20062011 averaged over the Azores and Iceland domains. The black lines indicate the DJF climatology
during 2006-2011. Stippling in (a) and (b) and thick lines in (c) and (d) indicate statistical significance
at the 5% level according to a two-sided Wald test. Figure from Papavasileiou et al. (2020), ©2020 The
Authors. Quarterly Journal of the Royal Meteorological Society published by John Wiley and Sons Ltd
on behalf of the Royal Meteorological Society.

To assess the relative role of ACRE compared to large scale dynamics and other diabatic
processes we use the PTE analysis (for details see chapter 4). We calculate the PTE and its
decomposition every 6 hours over the entire North Atlantic region, and then construct 5-daymeans. Fig. 5.7a illustrates the 5-day-mean PTE terms for the Iceland domain during DJF
2006/2007. Generally speaking both the ITT and Dφ terms are substantial and often compensate each other. Note that the instantaneous correlation between the Dp term and the NAO
index is not statistically significant. However when Dp leads the NAO by a 5-day mean period,
there is a weak but statistically significant negative correlation. The decomposition of the ITT
term (Fig. 5.7b) shows large and opposite contribution from horizontal temperature advection
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Figure 5.7.: Illustration of the PTE analysis using ERA-Interim data over the Iceland domain during DJF
2006/2007. (a) Surface pressure tendency and decomposition. (b) Decomposition of the ITT term. (c)
NAO index and area-average surface pressure. Note that the instantaneous surface pressure is shown
for the beginning of each 5-day period. The E-P and RESPTE are near zero and not included here. See
section 4 for a detailed explanation of the PTE terms. Figure from Papavasileiou et al. (2020), ©2020
The Authors. Quarterly Journal of the Royal Meteorological Society published by John Wiley and Sons
Ltd on behalf of the Royal Meteorological Society.

(TADV) and vertical motions (VMT). TADV and VMT tend to be negatively correlated because
a column-mean warming from horizontal temperature advection (TADV>0) is associated with
upward motions and adiabatic cooling (VMT<0), and vice-versa. In the following, we will
therefore consider the sum DYN=TADV + VMT to measure the surface pressure impact of the
circulation. The contributions from the sum of all diabatic processes (DIAB) and ACRE are
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smaller than TADV and VMT, but they can still considerably affect the ITT term because of
the compensation between TADV and VMT.
As for the analysis of the NAO impact on clouds in section 5.1, we regress the 5-day-means
of the PTE terms onto the NAO index. In particular the diabatic heating terms in the PTE are
not directly constrained by observations and therefore depend to some extent on the model
parametrizations of ERA-Interim. Yet, the NAO-generated anomalies in vertically-integrated
ACRE over the Azores and Iceland domains derived from ERA-Interim are qualitatively consistent with the observations (Table 5.1). Moreover, Ling and Zhang (2013) showed that
ERA-Interim’s diabatic heating profiles in the extratropics compare well with other reanalysis datasets and observations. This indicates that our PTE results should not be overly sensitive
to the choice of the reanalysis dataset.
5.3.1. Latitude-longitude perspective of the PTE regression analysis
We start with the latitude-longitude perspective of the NAO regression of the PTE terms
(Fig. 5.8). A positive NAO is associated with a positive surface pressure tendency in a region that extends from Iceland over the North Sea to the Iberian Peninsula, as well as over
western parts of the North Atlantic west of the Azores. A negative surface pressure tendency
is found over the Labrador Sea and the Irminger Sea. The surface pressure tendency pattern
results from large and opposite tendencies of the Dφ and ITT terms. The Dφ term dominates
over western Europe and over the Labrador Sea and the Irminger Sea (Fig. 5.8b).

Figure 5.8.: NAO regressions of 5-day-mean (a) surface pressure tendency and contributions from tendencies of (b) the 100 hPa geopotential height and (c) the virtual temperature. Black lines show the
NAO-related surface pressure anomaly (contour interval 2 hPa; dash lines indicate negative anomalies).
The green lines indicate the Azores and Iceland regions as per Fig. S1. For the Iceland domain land
is excluded, as indicated by the inner green dashed line. Results are based on DJF ERA-Interim data
from 2006-2011. Note the different color scales. Figure from Papavasileiou et al. (2020), ©2020 The
Authors. Quarterly Journal of the Royal Meteorological Society published by John Wiley and Sons Ltd
on behalf of the Royal Meteorological Society.

The ITT term dominates over the northeastern and the western parts of the North Atlantic
(Fig. 5.8c). A positive NAO is associated with a weakening of the Iceland low due to changes
in virtual temperature changes between 100 hPa and the surface (i.e., the ITT term), and a
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strengthening of the western and eastern edges of the Azores high. This is consistent with a
beginning decay of the positive phase of the NAO.

Figure 5.9.: NAO regressions of 5-day-mean surface pressure tendencies from (a) changes in virtual
temperature (ITT), (b) large-scale dynamics (DYN), (c) diabatic processes (DIAB), (d) atmospheric
cloud-radiative effects (ACRE) and (f) clear-sky radiation. Results are based on ERA-Interim data
during DJF from 2006 to 2011. Black lines show the NAO-related surface pressure anomaly (contour
interval 2 hPa; dash lines indicate negative anomalies). Stippling indicates statistical significance at the
5% level according to a two-sided Wald test. Note the different color scales. The green lines indicate
the Azores and Iceland regions as per Fig. S1. For the Iceland domain land is excluded, as indicated by
the inner green dashed line. Figure from Papavasileiou et al. (2020), ©2020 The Authors. Quarterly
Journal of the Royal Meteorological Society published by John Wiley and Sons Ltd on behalf of the
Royal Meteorological Society.

We now decompose the ITT anomalies into the contributions of Eq. (4.5) so as to assess
their relative importance for the NAO dynamics, with the horizontal advection term TADV and
the vertical motions term VMT shown as the sum DYN=TADV+VMT (Fig. 5.9; note the different magnitudes of each term). The ITT anomalies result from meridional dipoles in DYN and
DIAB, which largely oppose each other. The large-scale dynamics (DYN) work in favour of
dampening the NAO surface pressure anomalies (shown in black, Fig. 5.9b), while diabatic processes as a whole (DIAB) work in favour of reinforcing them (Fig. 5.9c). The magnitude of the
DIAB anomalies is almost as large as the DYN anomalies, and in fact larger west of the Azores.
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This is not surprising since the DIAB and DYN terms are not physically independent. For example an area of strong diabatic heating is associated with stronger upward vertical motions
and adiabatic cooling. This compensation leads to changes in the ITT term which in turn may
also affect the geopotential at the upper boundary since the Dφ and ITT terms in most cases
compensate each other (Fig. 5.8). The meridional dipole of the DIAB anomalies suggests that
diabatic processes as a whole positively feed back on the NAO by reinforcing both the Iceland
low and the Azores high during a positive NAO phase. ERA-Interim does not allow us to quantify the individual contribution of latent heating, however by analysing precipitation anomalies
associated with the NAO we can approximate its spatial distribution. Figure 5.10 illustrates
that a positive phase of the NAO is associated with strong positive anomalies of 5-day-mean
precipitation in the higher midlatitudes and strong negative anomalies in lower midlatitudes.
The spatial correspondence of the diabatic anomalies with the NAO-generated precipitation
anomalies indicates that latent heating is the dominant process, in line with Greatbatch and
Jung (2007) and Woollings et al. (2016).
The DIAB anomalies contain the sum of all diabatic processes. To assess the role of ACRE
and clear-sky radiative heating, we also regress surface pressure tendencies due to ACRE
(Fig. 5.9d) and clear-sky radiative heating (Fig. 5.9e) onto the NAO. A positive NAO is associated with positive surface pressure tendency anomalies due to ACRE around the Azores,
consistent with anomalous vertically-integrated ACRE cooling (Fig. 5.6). Around Iceland, the
pattern is less consistent, with negative surface pressure tendency anomalies south of Iceland
and positive anomalies north of Iceland. Averaged over the Azores and Iceland domains, during a positive NAO phase the ACRE anomalies slightly reinforce the Azores high but have no
impact on the strength of the Iceland low (Table 5.2). The PTE regressions thus indicate that
the ACRE anomalies, via strengthening the Azores high, are a small positive feedback on the
NAO and its persistence. Similarly, the anomalies from clear-sky radiative heating act as a
positive feedback by reinforcing both the Iceland low and Azores high. The clear-sky radiative
heating impact over the Azores is associated with anomalous column-mean heating (Fig. 5.13)
which leads to anomalous column-mean clear-sky radiative cooling, while the opposite occurs
over Iceland. Yet, the contribution of ACRE and clear-sky radiative heating to the diabatic
processes as a whole is relatively minor, suggesting that radiative feedbacks on the NAO are
small (Table 5.2).
5.3.2. Vertical perspective on the PTE regression analysis over Iceland and the
Azores
To better understand the impact of the ITT term and its decomposition, we study the vertical
profiles of the regressions averaged over the Iceland and Azores domains. This is shown in
Fig. 5.11.
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Figure 5.10.: ERA-Interim DJF precipitation from 2006-2011. (a) climatology. (b) NAO regressions
of 5-day-means. In (b) stippling indicates statistical significance at the 5% level according to a twosided Wald test and black lines show the NAO-related surface pressure anomaly (contour interval 2 hPa;
dashed lines indicate negative anomalies). Figure from Papavasileiou et al. (2020), ©2020 The Authors.
Quarterly Journal of the Royal Meteorological Society published by John Wiley and Sons Ltd on behalf
of the Royal Meteorological Society.

Over the Azores domain (Fig. 5.11a), a positive NAO is associated with large negative
tropospheric DYN anomalies between the surface and 300 hPa, which are opposed by large
positive DIAB anomalies. In the upper troposphere, the DIAB contribution is slightly positive
due to a positive anomaly from clear-sky radiation, with a small negative ACRE anomaly. Near
the surface, i.e. from 950hPa to 800hPa, roughly 20–30% of the DIAB anomalies are caused
by ACRE, but otherwise the ACRE anomalies are near zero. Overall, the surface pressure
tendency anomaly over the Azores domain is positive during a positive NAO phase due to
diabatic processes unrelated to radiation.
A very similar but opposite picture of anomalies occurs over the Iceland domain
(Fig. 5.11b).
Table 5.2.: NAO regressions of 5-day mean surface pressure tendencies from different contributions to
the ITT term. Values are vertically-integrated and averaged over the Azores and Iceland domains. The
analysis is based on ERA-Interim during DJF from 2006 to 2011. Bold numbers indicate statistical
significance at the 5% level according to a two-sided Wald test, with the confidence interval given in
parentheses. Table from Papavasileiou et al. (2020), ©2020 The Authors. Quarterly Journal of the
Royal Meteorological Society published by John Wiley and Sons Ltd on behalf of the Royal Meteorological Society.

DYN
DIAB
ACRE
Clear-sky radiation
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Azores

Iceland

−9.6(± 2.9)
+8.5(± 2.2)
+0.2(± 0.2)
+0.4(± 0.2)

+11.5(± 5.8)
−7.0(± 2.2)
0.0(± 0.3)
−0.8(± 0.5)

5.4. Comparison to Li et al. (2014a)

Figure 5.11.: NAO regressions of 5-day-mean vertical profiles of the ITT term and its decomposition
over the Azores domain (a) and the Iceland domain (b). Results are based on ERA-Interim data during
DJF from 2006 to 2011. Thick lines indicate statistical significance at the 5% level according to a
two-sided Wald test. Figure from Papavasileiou et al. (2020), ©2020 The Authors. Quarterly Journal
of the Royal Meteorological Society published by John Wiley and Sons Ltd on behalf of the Royal
Meteorological Society.

5.4. Comparison to Li et al. (2014a)
Our work is motivated by Li et al. (2014a). In contrast to our conclusion of a weak positive
cloud-radiative feedback on the NAO, Li et al. (2014a) argued for a negative feedback (note that
they do not quantify the magnitude of the feedback). To understand this difference, this section
contrasts our analysis method and interpretative framework with that of Li et al. (2014a).
The main differences are the analysis of CRE within the atmosphere (ACRE) instead of topof-atmosphere CRE, the use of 5-day-means instead of monthly-means, the use of the NAO
instead of the AO index, and the study of the winter months of December-January-February
instead of the extended winter from October to March.
These differences lead to substantial deviations in the zonal-mean anomalies of CloudSat/CALIPSO cloud incidence (Fig. 5.12), consistent with Li and Thompson (2016). However,
apart from the zonal-mean cloud incidence, our regression results are very similar to those of
Li et al. (2014a). This includes the zonal-mean CRE regression (compare our Fig. 5.1b with
Fig. 2e of Li et al., 2014a) as well as the North Atlantic regressions for clouds and CRE (compare our Figs. 5.2a, 5.5a and 5.6a to Figs. 3b, 3c and 4c from Li et al., 2014a). Moreover,
Table 5.2 indicates that the ACRE and top-of-atmosphere CRE anomalies closely resemble
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each other, at least when averaged over the Azores and Iceland domains. Thus, the difference
in the concluded direction of the cloud-radiative feedback on the NAO does not result from
differences in the analysis method but from different interpretative frameworks.

Figure 5.12.: Regression of zonal-mean cloud incidence from CloudSat/CALIPSO onto the AO (left)
and NAO (right) for 5-day-means and monthly-means, and for DJF and ONDJFM. Panel (a) in the
upper-left corner corresponds to Li et al. (2014a), panel (h) in the lower-right corner to our study.
The other panels indicate the impact of changing the circulation index, the averaging period, and the
number of months considered. Stippling indicates statistical significance at the 5% level according to a
two-sided Wald test. Figure from Papavasileiou et al. (2020), ©2020 The Authors. Quarterly Journal
of the Royal Meteorological Society published by John Wiley and Sons Ltd on behalf of the Royal
Meteorological Society.

Li et al. (2014a) apply a temperature anomaly framework. Looking down from the topof-atmosphere, they found negative CRE anomalies (i.e. cooling) around the Azores during a
positive NAO, while tropospheric temperatures are anomalously warm (as inferred from TOA
clear-sky longwave radiation). Li et al. (2014a) interpreted this as a cloud-radiative dampening
of NAO-generated temperature anomalies and hence a negative cloud-radiative feedback. Yet,
their framework ignores the vertical pattern of temperature and CRE anomalies. A comparison
between Fig. 5.6c and d with Fig. 5.13 shows that the CRE anomalies do not follow the vertical
profile of the temperature anomalies and are strongest in the lower troposphere where the temperature anomalies are weakest. In our view, the mismatch in vertical location questions the
picture of a cloud-radiative dampening of temperature anomalies and hence Li et al.’s (2014a)
conclusion of a negative cloud-radiative feedback.
We instead apply a surface pressure tendency framework, where the vertically-integrated
effect of CRE matters but not the vertical location of CRE with respect to temperature anoma-
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Figure 5.13.: NAO regressions of 5-day mean ERA-Interim atmospheric temperature during DJF 20062011 averaged over the (a) Azores and (b) the Iceland domains. Black lines show the climatology.
Figure from Papavasileiou et al. (2020), ©2020 The Authors. Quarterly Journal of the Royal Meteorological Society published by John Wiley and Sons Ltd on behalf of the Royal Meteorological Society.

lies. In this perspective, the vertically-integrated negative ACRE anomalies over the Azores
during a positive NAO strengthen the high and so act as a positive cloud-radiative feedback.
We believe that this framework is better suited to infer the cloud-radiative feedback, as it circumvents potential problems from the vertical mismatch of temperature and CRE anomalies.
However, model simulations would be needed to test this observationally based result.
5.5. Conclusions
The North Atlantic Oscillation is a dominant mode of synoptic-scale variability over the North
Atlantic region. In this chapter, we have studied i) how NAO variability on synoptic time-scales
affects clouds and cloud-radiative effects (CRE), and ii) the potential of these NAO-generated
changes in CRE to in turn affect the NAO. Our work was motivated by the hypothesis of Li et al.
(2014a) that top-of-atmosphere CRE act as a negative feedback on the NAO and damp NAO
variability. Our work is the first to study the NAO-CRE coupling on synoptic time-scales, and
to quantify its importance relative to large-scale dynamics and diabatic processes as a whole.
Since we are interested in synoptic time-scales we are specifically considering the role of CRE
within the atmosphere (ACRE).
The NAO has robust impacts on clouds and ACRE in a range of satellite observations and
ERA-Interim short-term forecasts. A positive phase of the NAO is associated with more highlevel clouds along the storm track (45°N) and the subpolar Atlantic, and less high-level clouds
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poleward and equatorward of it. The high-level cloud changes are consistent with stronger
upward motion and a lowered tropopause. For low-level clouds the NAO impact is opposite
to that of high-level clouds, with more low-level clouds around the Azores, consistent with
stronger descending motion, and less low-level clouds around and south of Iceland. The NAOassociated cloud changes lead to a dipole of anomalous vertically-integrated ACRE cooling
over the Azores and heating over Iceland that is robust in sign (but not in magnitude) across
satellite datasets and the ERA-Interim short-term forecasts.
To study to what extent the ACRE anomalies in turn affect the NAO and its persistence, we
have applied the surface pressure tendency equation (PTE) to ERA-Interim short-term forecast
data. This has allowed us to quantify the relative role of ACRE compared to the large-scale
circulation and the sum of all diabatic processes. The regression analysis indicates that the
NAO-generated ACRE anomalies over the Azores feed back positively on the NAO and so
should increase its persistence. This result is in contrast to Li et al. (2014a), who suggested
that top-of-atmosphere CRE should decrease the NAO persistence. As discussed in Section 5,
we believe the difference between our study and theirs lies in the interpretative framework.
While we have considered the surface pressure tendency, Li et al. (2014a) reasoned based on
a CRE dampening of NAO-generated temperature anomalies. Irrespective of this difference
in the concluded direction of the cloud-radiative impact, our analysis has also shown that the
cloud-radiative impact is minor compared to the impact of diabatic processes as a whole. This
suggests that cloud-radiative effects are not crucial to the NAO dynamics on synoptic timescales.
Diabatic processes as a whole, which besides CRE include latent heating, exhibit NAOgenerated changes that strongly project onto the NAO surface pressure anomalies. The changes
in diabatic processes appear to be dominated by latent heating, consistent with previous work
(Greatbatch and Jung, 2007; Woollings et al., 2016). Our PTE analysis indicates that diabatic
processes as a whole constitute a substantial positive feedback on the NAO. This is consistent
with Woollings et al. (2016) who showed that latent heating shifts with the jet stream and
balances the adiabatic destruction of baroclinicity by the circulation. However, our result is in
contradiction to the modelling work of Greatbatch and Jung (2007) and Xia and Chang (2014),
who argued that latent heating acts as a negative feedback and damps the persistence of the
NAO and the annular modes, respectively. As for CRE, we believe the difference results from
the chosen interpretative framework. Greatbatch and Jung (2007) and Xia and Chang (2014)
argued with a dampening of NAO-generated temperature anomalies, whereas we have reasoned
based on the surface pressure tendency.
In summary, we have documented robust impacts of the NAO on clouds and cloud-radiative
effects over the North Atlantic and the neighbouring regions. Our analysis suggests that cloudradiative effects represent a positive but small feedback on the NAO persistence on synoptic
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time-scales. In the next chapter we will test our PTE-based hypothesis by means of atmospheric
model simulations. This will also allow us to clarify the differences between interpretative
frameworks, and to investigate in more detail the role of diabatic processes.
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6. The role of cloud-radiative effects and diabatic
processes for the NAO short-term dynamics in ICON

The examination of the role of atmospheric cloud-radiative effects and total diabatic heating for
the NAO short-term dynamics in satellite observations and reanalysis data in chapter 5 has provided new insights of the interactions and feedback mechanisms that help determine the NAO
persistence. However, observations and reanalysis data are constrained by spatiotemporal data
availability. Here, we therefore test the robustness of our observational findings in numerical
simulations using ICON. The ICON simulations have two advantages. First, using numerical
simulations we can explicitly study individual diabatic processes and quantify their role compared to the large-scale dynamics and the sum of all diabatic processes. Second, using ICON
in perfect-model hindcast sense, we can quantify the impact of diabatic processes on the NAO
persistence through sensitivity simulations that we perturb with NAO-related diabatic heating.
In this chapter we provide a modeling analysis that focuses on four aspects: i) the impact of
the NAO on clouds and their radiative effects and the total diabatic heating, ii) the role of atmospheric cloud-radiative effects and other diabatic processes for the NAO dynamics, iii) the
consistency between ICON and observations, and iv) a quantification of the NAO response to
NAO-related cloud-radiative and total diabatic heating.
6.1. The North Atlantic Oscillation in ICON
Before we analyse the linkages between the NAO and cloud fields, it is important to characterize the NAO in the ICON control simulations. This includes a study of the NAO spatial pattern
and timescale. We define the NAO as the leading EOF of mean sea-level pressure (MSLP) over
the North Atlantic domain (90°W–40°E, 20°N–80°N) during 25 extended winter seasons from
December to March. An analysis of 5-day mean MSLP regressions onto the NAO (Fig. 6.1)
reveals a pattern similar to the observed NAO pattern. A positive phase of the NAO is characterized by negative anomalies of MSLP over the high latitudes with center of action around
Iceland, and positive anomalies of MSLP over the low latitudes with center of action around
the western Mediterranean (Fig. 6.1). The changes in MSLP northeast of Iceland are slightly
stronger and extend over a larger area that covers most of the subpolar Atlantic in ICON compared to ERA-Interim. On the other hand, in the low latitudes of the North Atlantic, the MSLP
anomalies are weaker in magnitude compared to ERA-Interim.
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Figure 6.1.: Regressions of 5-day-mean mean sea-level pressure anomalies onto the NAO timeseries
for ICON. The results are based on 25 extended winter seasons from December to March. The zero
contour is excluded.

Compared to ERA-Interim (Fig. 5.8), the centers of action are shifted eastward in ICON.
This is particularly evident for the southern center of action, where a shift from the Azores
to southern Europe is found in ICON. This can also be seen by comparing the climatological DJFM geopotential height at 500 hPa, which shows that the stationary trough over eastern
North America is shifted to the east in ICON compared to ERA-Interim (Fig. 6.2a). The differences between ICON and ERA-Interim could be linked to the stationary Rossby wave over
North America and interactions with synoptic-scale eddies. A potential reason might be a
weaker large-scale topographic forcing induced by the Rocky Mountains (Luo et al., 2011),
which might lead to an eastward shift of the stationary Rossby wave over North America in
ICON. Figure 6.2c illustrates that the Rocky Mountains in ICON are shorter by a few hundred
meters compared to ERA-Interim and the topography is smoother in ICON compared to ERAInterim. However, Fig. 6.2b shows that the mean position of the DJFM jet stream in ICON
compares well with ERA-Interim, especially regarding the tilt of the jet which many models
struggle to simulate properly (Zappa et al., 2013). Nevertheless, in the jet exit area over the
UK the jet stream is stronger in ICON compared to ERA-Interim. This suggests that the mean
cyclonic and anticyclonic activity is also shifted eastwards in ICON compared to ERA-Interim,
which might explain the eastward shift of the NAO pattern in ICON.
Besides the spatial pattern of the NAO, it is important to characterize the NAO persistence.
For that purpose we analyse the NAO timescale based on the autocorrelation of the daily NAO
index for the 25 extended winter seasons. Note that the MSLP anomalies that we use to compute the daily NAO index are calculated based on the 25 year DJFM climatology and thus the
interannual variability is included here. Figure 6.3a shows that the daily NAO index in ICON
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Figure 6.2.: DJFM climatology of (a) geopotential height at 500 hPa and (b) zonal wind at 250 hPa in
ERA-Interim (black) and ICON (red). Results are based on ERA-Interim data during 1979-2019, and
25 winter-season model integrations in ICON.

follows a normal distribution. An analysis of the NAO autocorrelation (Fig. 6.3b) shows that
the NAO e-folding timescale in ICON, defined as the timescale at which the autocorrelation
becomes less than e−1 , exhibits considerable interannual variability and varies between 2 to
12 days, with an average of 4.5 days. This suggests that the NAO timescale is strongly influenced by interannual variability (Keeley et al., 2009). It also illustrates the highly variable
NAO persistence on synoptic timescales that arises from various internal and external feedback
mechanisms.
6.2. NAO impact on clouds and cloud-radiative effects in ICON
Because we are interested in the coupling between cloud-radiative effects and the NAO, we
further investigate the link between the NAO and clouds in ICON. We illustrate the linkages
between the NAO and clouds as well as their radiative effects from different perspectives to
better understand their coupling in ICON.
On average during the winter DJFM more high-level clouds occur along the axis of the
North Atlantic jet stream from the southeastern USA to the Norwegian Sea compared to the
rest of the domain, which are maximised west of the Azores (Fig. 6.4a). In the mid-troposphere,
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Figure 6.3.: NAO (a) histogram and (b) e-folding timescale in ICON. The results are based on daily NAO
index during 25 extended winter seasons from December to March. The black line in (a) illustrates a
Gaussian kernel density estimate of the distribution. The orange lines in (b) illustrate the e-folding
timescale for each winter and the black line shows the mean over all winters. In (b) the grey dashed
line illustrates the e−1 value.

more clouds are found over the ocean areas and north of the Azores (Fig. 6.4b), while in the
lower troposphere more clouds are evident over the ocean and continental areas in the higher
latitudes (Fig. 6.4c). These upper- and mid-tropospheric clouds are associated with midlatitude cyclones that develop and move along the jet axis and areas of large-scale ascent associated with their warm conveyor belts. This is also suggested from the precipitation climatology (Fig. 6.14a; see also Browning, 1986). On the other hand low-level clouds are mostly
found over areas of enhanced downward motions and low-level static stability (Li et al., 2014b;
Grise and Medeiros, 2016). Although the pressure level chosen to separate high- and mid-level
cloud cover is different in ICON (400 hPa) compared to ERA-Interim (450 hPa) and although
in ICON we use DJFM instead of DJF, overall we find a qualitatively consistent climatology
of cloud cover with ERA-Interim (Fig. 2.3; left panels) over the North Atlantic domain.
To test the impact of the NAO on clouds, we analyse 5-day mean regressions of high-,
mid- and low-level cloud cover anomalies from ICON onto the NAO (Fig. 6.4; right panels).
Regressions of 5-day mean cloud cover from ICON reveal that a positive phase of the NAO is
associated with increased high-level cloud cover in an area that extends from the east coast of
the USA to Scandinavia and the subpolar Atlantic, and decreased high-level cloud cover over
the Labrador Sea and the lower latitudes over Europe and south of the Azores. In the midtroposphere, a positive phase of the NAO is associated with increased cloud cover in the higher
latitudes of the North Atlantic north of the Azores, and decreased cloud cover over the Labrador
Sea and the lower latitudes over Europe and south of the Azores. In the lower-troposphere, a
positive NAO is linked with increased cloud cover west of the Azores, the Mediterranean and
north of Iceland, and decreased cloud cover south of Iceland and over Europe.
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Figure 6.4.: DJFM (a,b,c) climatology and (d,e,f) NAO regressions of (a,d) high-level, (b,e) mid-level,
and (c,f) low-level cloud cover from ICON. The boundary between the high- and mid-level clouds is at
400 hPa and the boundary between mid- and low-level clouds is at 800 hPa. The results are based on
25 extended winter from December to March. The grey contours in (d,e,f) denote NAO regressions of
5-day mean surface pressure (contour interval 1 hPa; dash lines indicate negative anomalies; the zero
contour is excluded). Stippling indicates statistical significance at the 5% level according to a two-sided
Wald test.

These changes in cloud cover are in line with changes in large-scale static stability and
vertical motion linked to the NAO phase (Li et al., 2014a; Grise and Medeiros, 2016; Li and
Thompson, 2016). For instance, the increase in high- and mid-level cloud cover is associated
with large-scale ascending motions linked to the development and eastward propagation of
extratropical cyclones along the storm track. On the other hand, the decrease in high- and
mid-level cloud cover and increase in low-level cloud cover south of the Azores and over
the Mediterranean is in line with large-scale descent and a strengthening of the high-pressure
system.
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Except for some regions, the impact of the NAO on clouds is qualitatively consistent with
ERA-Interim reanalysis data (Fig. 5.5) and satellite observations (Fig. 5.2; left panels). The
discrepancies between ICON and observations in the lower-troposphere of the North Atlantic
lower latitudes are potentially linked to a weaker impact of the NAO and an eastward shift
of the southern center of action in ICON. However, this is not problematic since our analysis
mainly focuses on ocean areas despite the fact that the impact of the NAO in the lower latitudes
of the North Atlantic is not as strong as in observations.
The cloud changes associated with a positive phase of the NAO lead to substantial changes
in the vertically integrated atmospheric cloud-radiative effects (ACRE; Fig. 6.5). 5-day mean
regressions of vertically integrated ACRE onto the NAO show that a positive NAO is associated
with column-mean heating in a region between Iceland and the Azores along a zonal stretch
from Nova Scotia to Scandinavia. On the other hand, column-mean cooling occurs in the lower
latitudes in a zonal stretch from the west of the Azores to the Mediterranean, and north of Iceland. In most regions this pattern of ACRE anomalies results from an overlap of opposite cloud
cover changes between the high-/mid-levels and low-levels. For example, south of Iceland, the
column-mean heating largely results from increased high- and mid-level cloud cover, and decreased low-level cloud cover, while the opposite occurs over the lower latitudes south of the
Azores and Mediterranean. It is worth pointing out that despite the differences in low-level
clouds between ICON and observations (compare Fig. 6.4f with Fig. 5.2c and Fig. 5.5c), the
ACRE anomalies are qualitatively consistent (compare Fig. 6.5 with Fig. 5.2f Fig. 5.6b).

Figure 6.5.: NAO regressions of 5-day mean vertically integrated atmospheric cloud-radiative effects
(ACRE) in ICON. The results are based on 25 extended winter from December to March. The grey
contours denote NAO regressions of 5-day mean surface pressure (contour interval 1 hPa; dash lines
indicate negative anomalies; the zero contour is excluded). Stippling indicates statistical significance
at the 5% level according to a two-sided Wald test.

To investigate the vertical distribution of the NAO-related cloud and ACRE changes within
the atmosphere over the two centers of action of the NAO we further study regressions of areaaveraged 5-day mean vertical profiles of cloud cover and ACRE heating rates over the Iceland
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and Azores domain. We define the two domains based on MSLP regressions onto the NAO.
Although the maximum impact of the NAO on MSLP over the lower latitudes occurs over
Europe, we define the southern center of action only over the North Atlantic ocean to avoid
continental areas and areas over the Mediterranean. The threshold that we use for the Azores
domain is 2 hPa. On the other hand, for the Iceland domain we use -7 hPa as a threshold and
we also exclude land areas over Greenland and Iceland. The averaging domains for ICON
are shown in Fig. 6.6. Following our observational work, we exclude the continental areas in
order to avoid spurious effects in the lower troposphere induced by topography and to focus
our analysis over the North Atlantic ocean.

Figure 6.6.: The hatched areas enclosed by the red contour denote the averaging domains over the two
centers of action around Iceland in the north and the Azores in the south.

Over the Iceland domain more clouds occur in the mid- and lower-troposphere on average
with two distinct maxima at 450 hPa and 850 hPa (black line in Fig. 6.7a). This cloud vertical
distribution leads to mean ACRE cooling near the top of these two distinct maxima and mean
heating below the lower one near the surface (black line in Fig. 6.7b). On the other hand,
over the Azores more high-level clouds occur at roughly 300 hPa and more low-level clouds at
roughly 950 hPa (black line in Fig. 6.7c). These clouds lead to mean ACRE cooling near the
top of both cloud cover maxima at 900 hPa and 300 hPa and mean ACRE heating below these
two layers near the surface and at roughly 500 hPa.
To study the impact of the NAO on the vertical distribution of clouds and ACRE, we analyse 5-day mean regressions for the two domains (Fig. 6.7). Over Iceland, a positive phase
of the NAO is associated with statistically significant increased cloud cover for most of the
tropospheric depth, with a maximum increase at roughly 500 hPa. These cloud changes are
potentially linked to enhanced upward motions and midlatitude cyclones. These cloud changes
lead to statistically significant anomalous ACRE heating below 500 hPa that is associated with
trapped emitted longwave radiation from the surface, and anomalous ACRE cooling above.
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The anomalous ACRE heating maximizes in the lower troposphere at roughly 950 hPa, while
the anomalous ACRE cooling maximizes at roughly 400 hPa.
Over the Azores domain, a positive phase of the NAO is associated with positive anomalies of cloud cover in the lower and upper troposphere that maximize at roughly 850 hPa and
250 hPa, respectively (Fig. 6.7). The cloud changes in the lower troposphere are linked to enhanced downward motions and a strengthening of the high pressure over the Azores. Although
the cloud changes are mostly weak and not statistically significant, ACRE changes exhibit weak
but statistically significant signals. Anomalous ACRE cooling is evident near the surface and
in a layer that extends from roughly 700 hPa up to 300 hPa, while anomalous ACRE heating
occurs near the two positive cloud cover anomalies.
A comparison of these findings with satellite observations and ERA-Interim data (chapter 5) reveals qualitatively consistent changes in clouds and ACRE associated with a positive
phase of the NAO. However the changes in ICON are weaker, particularly over the Azores
domain. Our analysis of vertical profiles of clouds and ACRE suggests that these differences
mainly result from differences in the lower tropospheric cloud anomalies. For example, in
ICON the NAO has a weaker impact on low-level clouds over the Azores compared to satellite observations and ERA-Interim data. This in turn leads to a weaker ACRE cooling in the
lower troposphere in ICON and to a weaker column-mean cooling over the Azores. These
discrepancies are not surprising, and in fact the simulation of low-level clouds over the eastern
subtropical oceans is a well known issue in climate models (Myers and Norris, 2015). This is
also evident when comparing regressions of area-averaged TOA CRE, BOA CRE and vertically
integrated ACRE over the two domains (Table 6.1). Our analysis shows that a positive phase
of the NAO is linked to an anomalous ACRE dipole with statistically significant column-mean
heating over the Iceland domain and column-mean cooling over the Azores domain. These
findings are qualitatively consistent with observations and ERA-Interim, but the magnitude is
smaller in ICON.
Table 6.1.: NAO impact on vertically-integrated ACRE as well as TOA and BOA CRE during DJFM
over the Iceland (left) and Azores (right) domain in ICON. Results are based on 5-day mean data
during 25 winter seasons. Bold numbers indicate statistical significance at the 5% level according to a
two-sided Wald test, with the confidence interval given in parentheses.

ICON
ICON
TOA
+4.3 (±0.6)
TOA
+1.2 (±0.8)
Iceland
Azores
ACRE +0.7 (±0.3)
ACRE –0.4 (±0.3)
BOA
+3.6 (±0.6)
BOA
+1.6 (±0.7)

After having characterized the NAO in ICON and having analysed its link to clouds and
their ACRE on synoptic timescales, we study the dynamical connection between the NAO
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Figure 6.7.: Vertical profiles of cloud cover (a,c) and ACRE (b,d) regressions (blue and red lines) and
climatology (black lines) over the Iceland (a,b) and Azores (c,d) domains. Thick blue and red lines
denote statistical significance at the 5% level according to a two-sided Wald test, while shading shows
the confidence intervals. The averaging domains are shown in Fig. 6.6.

and ACRE and their relative role compared to the sum of all diabatic processes. Here, by
means of 5-day mean regressions of ACRE and total diabatic heating onto the NAO index we
illustrate their relationship with the NAO dynamics in ICON. We start with an analysis of the
zonal-mean perspective over the North Atlantic sector (90°W–40°E) and then proceed with a
latitude-longitude view.
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6.2.1. Zonal-mean perspective
From a climatological perspective, during DJFM diabatic heating mainly occurs in the lower
troposphere across all latitudes (Fig. 6.8a; grey lines). The diabatic heating maximizes in the
boundary layer and is associated with surface latent and sensible heat fluxes (Fig. 6.10d; grey
lines). In the midlatitudes between 35°N and 65°N the diabatic heating extends in the middle
troposphere linked to latent heating associated with midlatitude cyclones and their accompanying precipitation (Fig. 6.10c; grey line). Much weaker diabatic cooling occurs above these
levels in the free troposphere, where it is primarily linked to radiative cooling from high-level
clouds (Fig. 6.8b, 6.9a). The component of the total diabatic heating that we are interested in
here is ACRE. During DJFM, there is ACRE heating near the surface, the middle and upper
troposphere primarily linked to trapped longwave radiation emitted from the surface by upperand lower-tropospheric clouds, while ACRE cooling occurs in the upper troposphere and near
the top of the boundary layer, which is associated with emitted longwave radiation from the respective cloud tops (Fig. 6.8b, 6.9a). The arc of middle and upper tropospheric climatological
ACRE heating dipole in ICON is linked to ice clouds (Fig. 6.9b), which are known to heat the
atmosphere around cloud base and to cool it around cloud top (Atlas et al., 1995; Oreopoulos
et al., 2017). On the other hand, the climatological ACRE dipole in the lower troposphere with
cooling above 900 hPa and heating below is linked to water clouds (Fig. 6.9c), which are known
to cool the boundary layer (Oreopoulos et al., 2017).

Figure 6.8.: NAO regression of DJFM 5-day-mean zonal-mean (a) total diabatic and (b) ACRE heating
rates over the North Atlantic sector (90°W–40°E) in ICON. The grey lines denote the climatology. The
results are based on 25 extended winter seasons from December to March. Stippling indicates statistical
significance at the 5% level according to a two-sided Wald test.
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After having characterizing the climatology of ACRE and the total diabatic heating in
ICON, we investigate the link with the NAO by means of 5-day mean regressions of diabatic
temperature tendencies onto the NAO index over the North Atlantic sector (Fig. 6.8). Regressions of zonal-mean temperature tendencies due to ACRE (Fig. 6.8b) show that a positive
phase of the NAO is associated with a dipole of anomalous ACRE in the lower troposphere at
roughly 850 hPa with heating north of the storm track (45°N) and cooling to the south. These
ACRE changes are linked to changes in low-level water clouds (Fig. 6.9d,f), where increased
(decreased) cloud cover in the lower (higher) latitudes is associated with anomalous ACRE
cooling (heating) near the cloud tops. Moreover, a positive phase of the NAO is associated
with a vertically tilted dipole of ACRE anomalies with heating roughly below 400 hPa and
cooling above. This ACRE dipole is likely linked to anomalies in high- and mid-level ice
clouds (Fig. 6.9d,e).

Figure 6.9.: DJFM zonal-mean (a-c) climatology and (d-f) regressions of (a,d) cloud cover, (b,e) specific
cloud ice content, and (c,f) specific cloud water content over the North Atlantic sector (90°W–40°E)
for ICON. The results are based on 25 extended winter seasons from December to March. Stippling
indicates statistical significance at the 5% level according to a two-sided Wald test.
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A regression analysis of the total diabatic heating in ICON (Fig. 6.8a) reveals that a positive
phase of the NAO is associated with a robust temperature tendency dipole with heating north
of the storm track (45°N) and cooling to the south of it. The dipole extends from the surface
up to roughly 400 hPa, maximizes between 950 and 700 hPa and reaches a magnitude of up
to 60% compared to the climatology. This anomalous total diabatic heating dipole is linked
to a poleward shift of the jet stream (Fig. 6.10a) and vertical motions (Fig. 6.10b) and a dipole
of anomalous latent heating as well as surface latent- and sensible-heat fluxes, consistent with
analogous precipitation (Fig. 6.10c) and surface fluxes (Fig. 6.10d) regressions, respectively.
Overall, the zonal-mean perspective reveals robust ACRE and total diabatic heating
changes associated with a positive phase of the NAO. Our analysis in ICON shows that the
ACRE changes are linked to changes in the vertical distribution of clouds, while the total diabatic heating changes are primarily associated with changes in precipitation over the North
Atlantic.
6.2.2. Latitude-longitude perspective
Given the tilt of the North Atlantic jet stream (Fig. 6.2b) we may expect that the NAO leads to
zonally-asymmetric temperature tendency anomalies due to ACRE and total diabatic heating
over the North Atlantic sector. This is also suggested from the spatial distribution of cloud
anomalies linked to the NAO (Fig. 6.4). A latitude-longitude perspective may therefore be necessary for understanding the spatial distribution of this anomalous heating and its importance
for the NAO dynamics.
The regression analysis reveals a rich pattern of the NAO impact on diabatic temperature tendencies at different levels over the North Atlantic sector (Fig. 6.11). Temperature tendency regressions in ICON due to total diabatic heating at 300 hPa exhibit a percentage sign
structure with heating over the Labrador and the Mediterranean Sea, and cooling in a stretch
from the southeastern US to Scandinavia and the subpolar northeastern Atlantic (Fig. 6.11a).
ACRE regressions at 300 hPa reveal the dominating effect of ACRE in the upper troposphere
(Fig. 6.11b). The ACRE changes are in line with high-level cloud changes (Fig. 6.4), where
anomalous ACRE cooling is evident in areas of positive high-level cloud anomalies and anomalous ACRE heating in areas of negative high-level cloud anomalies.
At 500 hPa the total diabatic heating regressions exhibit heating in a stretch from south of
Iceland to the Norwegian Sea and cooling from the Labrador Sea to the Irminger Sea and in
a zonal stretch from west of the Azores to the Mediterranean Sea (Fig. 6.11c). In most areas
these changes result to some extend from ACRE, which have a magnitude of roughly 10–15%
of the total diabatic heating (Fig. 6.11d). The ACRE regressions show cooling over the eastern
parts of Greenland along a band that extends from the southern parts of the Labrador Sea to the
subpolar Atlantic and in a zonal stretch from southwest of the Azores to the Mediterranean Sea,
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Figure 6.10.: (a, b) DJFM zonal-mean climatology (contours) and regressions (shading) of (a) zonal
wind and (b) pressure velocity over the North Atlantic sector (90°W–40°E) for ICON. (c, d) DJFM
zonal-mean climatology (grey lines) and regressions (color lines) of (c) precipitation and (d) sensibleand latent-heat surface fluxes over the North Atlantic sector (90°W–40°E) for ICON. The results are
based on 25 extended winter seasons from December to March. Note that in (b) negative values of
pressure velocity denote upward motions. In (d) the dashed grey line denotes latent-heat surface fluxes
climatology and the solid grey line denotes sensible-heat surface fluxes climatology. Stippling in (a)
and (b) and thick lines in (c) and (d) indicate statistical significance at the 5% level according to a
two-sided Wald test.

while heating occurs off the east coast of the US and in a stretch from north of the Azores to
the Norwegian Sea and Scandinavia. These ACRE changes are in line with high- and mid-level
cloud changes (Fig. 6.4). ACRE heating occurs below the high-level positive cloud anomalies
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Figure 6.11.: NAO regression of DJFM 5-day-mean (a,c,e,g) total diabatic temperature tendency and
(b,d,f,h) ACRE temperature tendency at (a,b) 300 hPa, (c,d) 500 hPa, (e,f) 700 hPa and (g,h) 850 hPa
over the North Atlantic region. The black contours denote NAO regressions of 5-day mean surface
pressure (contour interval 1 hPa; dash lines indicate negative anomalies; the zero contour is neglected).
The results are based on 25 extended winter seasons from December to March in ICON. Stippling
indicates statistical significance at the 5% level according to a two-sided Wald test.

and ACRE cooling in either areas of negative high-level cloud anomalies or in areas where
positive mid-level clouds dominate.
At 700 and 850 hPa (Fig. 6.11e-h), the regression analysis shows a broad meridional dipole
of ACRE and total diabatic heating anomalies. The total diabatic heating temperature tendency regressions for both pressure levels reveal anomalous heating in a zonal stretch from the
Irminger Sea to the Norwegian Sea and the subpolar Atlantic, and cooling from the east coast
of the US to the Mediterranean Sea. These changes in total diabatic heating are in line with
anomalous latent heating associated with precipitation anomalies during a positive phase of
the NAO (Fig. 6.14b). The ACRE regressions at 700 hPa show anomalous heating from south
of Iceland to the subpolar Atlantic and off the east coast of the US, and cooling west of the
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Azores, over the Labrador, the Irminger and the Mediterranean Sea. At 850 hPa, the ACRE
regressions show anomalous heating in a stretch from the Labrador Sea to the Norwegian Sea
and cooling over the subpolar Atlantic and along a zonal stretch from the east coast of the US
to the Mediterranean Sea. The ACRE changes are in line with cloud changes at both pressure
levels, where anomalous ACRE heating occurs in areas with decreased low-level clouds, while
anomalous ACRE cooling occurs in areas of increased low-level clouds (Fig. 6.4).
Overall, a spatial analysis of the linkages between the NAO and ACRE as well as the total diabatic heating at various atmospheric levels reveals a coherent anomalous heating dipole
between the higher and lower latitudes within the middle and lower troposphere. Our analysis shows that the meridional dipole in ACRE heating is linked to increased cloud cover in
the higher latitudes and decreased cloud cover in the lower latitudes (Fig. 6.4, 6.9d), which
is in line with a poleward shift of the North Atlantic jet stream and anomalous vertical motions (Fig. 6.10a,b). Moreover, regressions of the total diabatic heating temperature tendency
and precipitation reveal a meridional anomalous heating dipole mainly in the mid- and lowtroposphere that is primarily linked to anomalous precipitation and latent heating during a
positive phase of the NAO. The findings in Figure 6.11 also illustrate that ACRE and total diabatic heating changes during a positive NAO vary substantially between the upper and lower
troposphere.
These findings motivate us to further study the relative role of ACRE compared to the
large-scale dynamics as well as the total diabatic heating for the NAO dynamics using the PTE
analysis.
6.3. Role of ACRE and total diabatic heating for the dynamics of the NAO in
ICON
In this section we investigate the role of the NAO-related ACRE heating anomalies for the
NAO short-term dynamics by means of the PTE analysis. Based on our previous findings
in chapter 5 we also aim to test the reproducibility of the observed feedback mechanisms in
ICON. As we have previously discussed the PTE allows us to quantify the impact of heating
and moisture anomalies on the surface pressure evolution. We use the PTE to assess the relative
importance of the NAO-related ACRE, latent heating and total diabatic heating changes with
respect to changes in temperature advection by the circulation. A detailed description of the
PTE analysis was given in chapter 4.
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6.3.1. PTE analysis
We calculate the PTE and its decomposition at hourly intervals in ICON over the North Atlantic
domain, and then construct 5-day-means. As previously, we assess the NAO impact on the PTE
terms by regressing 5-day-means of the PTE terms onto the NAO index.

Figure 6.12.: NAO regressions of 5-day-mean (a) surface pressure tendency and contributions from
tendencies of (b) the 90 hPa geopotential height and (c) the virtual temperature. The contribution of
E-P is near zero and thus neglected here. Grey lines show the NAO-related surface pressure anomaly
(contour interval 2 hPa; dash lines indicate negative anomalies). The results are based on 25 extended
winter seasons from December to March in ICON model. Stippling indicates statistical significance at
the 5% level according to a two-sided Wald test.

We first analyse maps of the NAO regressions of the PTE terms in ICON (Fig. 6.12). A
positive NAO is associated with a positive surface pressure tendency over the western parts of
the North Atlantic in a region that extends from the Labrador Sea to the north of the Azores,
over the Irminger Sea and across the lower latitudes from the west of the Azores to the Mediterranean Sea. A negative surface pressure tendency is found over the Norwegian Sea, Scandinavia and the subpolar Atlantic (Fig. 6.12a). Assuming that during a positive NAO there is
an anomalous low-pressure system over Iceland, the surface pressure tendency anomalies are
spatially coherent but weaker in magnitude with the warm and cold sector of the low pressure system, where negative surface pressure tendency occurs in the warm sector and positive
surface pressure tendency occurs in the cold sector. This surface pressure tendency pattern
in most areas results from the compensation between opposite tendencies of the Dφ and ITT
terms. The Dφ term dominates over the southern Labrador Sea, the western parts of the North
Atlantic and lower latitudes (Fig. 6.12b). On the other hand, the ITT term dominates over the
subpolar Atlantic, the Norwegian Sea and Scandinavia (Fig. 6.12c). The Dφ changes have a
similar magnitude as the ITT term, and in some cases they are substantially larger, such as
in the southern parts of the Labrador Sea and the Irminger Sea. A positive NAO is associated with a slightly weakening or near neutral Iceland low due to a combination of changes
in virtual temperature between 90 hPa and the surface (i.e., the ITT term) and the geopotential
height at 90 hPa. This is consistent with a beginning decay of the positive phase of the NAO. A
comparison with the PTE analysis in ERA-Interim (Fig. 5.8) reveals discrepancies in the sur-
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face pressure tendency particularly in higher latitudes, which mainly result from the differences
between ICON and ERA-Interim in the compensation between the Dφ and ITT terms. For example over Iceland, the Dφ term in ICON exhibits much weaker and opposite sign of surface
pressure tendency anomalies compared to ERA-Interim. This suggests a stronger contribution
of the stratosphere on the NAO in ERA-Interim compared to ICON, which in turn is linked
with a stronger contribution of the ITT term over Iceland.

Figure 6.13.: NAO regressions of 5-day-mean surface pressure tendency from (a) changes in virtual
temperature (ITT), (b) large-scale dynamics (DYN), (c) diabatic processes (DIAB), (d) latent heating
(moist processes) and (e) atmospheric cloud-radiative effects (ACRE). The results are based on 25
extended winter seasons from December to March in ICON. Note the different color scales. The grey
contours denote NAO regressions of 5-day mean surface pressure (contour interval 1 hPa; dash lines
indicate negative anomalies; the zero contour is excluded). Note the different color scales. Stippling
indicates statistical significance at the 5% level according to a two-sided Wald test.

In order to assess the relative importance of different diabatic processes for the NAO dynamics, we further decompose the ITT anomalies associated with a positive NAO into the
contributions of Eq. (4.5). As previously, the horizontal advection term TADV and the vertical
motions term VMT are shown as the sum and referred to as dynamics (DYN=TADV+VMT;
Fig. 6.13). Figure 6.13 shows that the ITT anomalies result from spatially coherent and opposite
anomalies of surface pressure tendency due to DYN and the total diabatic heating (DIAB). The
anomalous surface pressure tendency due to DYN acts to damp the surface pressure anomalies
associated with a positive phase of the NAO (Fig. 6.13b), while the surface pressure tendency
anomalies due to DIAB work in favour of reinforcing them (Fig. 6.13c). The DIAB anomalies
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exhibit a magnitude similar to those of DYN, and in some cases are even larger, such as the west
coast of Norway, north of Iceland and in an area between Iceland and the British Isles. Latent
heating is the dominant diabatic process and acts in favour of positive NAO surface pressure
anomalies (Fig. 6.13d). This view is supported by the spatial correspondence with the precipitation regressions (Fig. 6.14b) and is in line with previous work of Greatbatch and Jung (2007)
and Woollings et al. (2016). Surface pressure tendency anomalies due to ACRE exhibit a magnitude of up to 10% of DIAB and act in favour of positive NAO surface pressure anomalies
mainly in the lower latitudes of the Atlantic. Around Iceland the ACRE pattern is less spatially
coherent, with negative surface pressure tendency anomalies due to ACRE south of Iceland and
positive anomalies north of Iceland. The surface pressure tendency anomalies due to ACRE are
in line with the anomalous vertically integrated ACRE (Fig. 6.5), where areas of column-mean
heating due to ACRE are linked to negative surface pressure tendency anomalies and areas of
column-mean cooling due to ACRE are linked to positive surface pressure tendency anomalies. Around Iceland, the north-south dipole of surface pressure tendency anomalies due to
ACRE is linked to a dipole of low-level cloud cover anomalies associated with a positive NAO.
Although positive mid-level cloud cover anomalies occur within the entire Iceland domain, increased low-level water and mixed-phase clouds north of Iceland (Fig. 6.4f,6.9f) induce strong
low-level ACRE cooling (Fig. 6.8b) that dominates the vertically integrated ACRE.

Figure 6.14.: (a) Climatology and (b) 5-day mean NAO regressions of precipitation in ICON during
DJFM. The results are based on 25 extended winter seasons from December to March in ICON. The
grey contours denote NAO regressions of 5-day mean surface pressure (contour interval 1 hPa; dash
lines indicate negative anomalies; the zero contour is excluded). Stippling indicates statistical significance at the 5% level according to a two-sided Wald test.

Overall, the PTE analysis in ICON shows that the NAO-related surface pressure tendency
anomalies due to ACRE act to reinforce the NAO-related surface anomalies mainly around
the Azores, and therefore constitute a positive feedback to the NAO. However, ACRE have a
minor impact compared to the total diabatic heating, which itself has a similar magnitude as
the large-scale dynamics and is a substantial positive feedback to the NAO. These findings are

76

6.4. Short-term NAO response to imposed diabatic heating
qualitatively in line with our previous observational findings in chapter 5 and suggest that the
ACRE and total diabatic heating feedback mechanisms are robust. A comparison of the PTE
analysis in ICON (Fig. 6.13) with ERA-Interim (Fig. 5.8) yields spatially coherent and qualitatively consistent surface pressure changes due to ACRE of similar magnitude, despite notable
differences in magnitude north of Iceland along the east coast of Greenland. In this area, both
ICON and ERA-Interim yield the strongest positive surface pressure tendency anomalies due
to ACRE. This results from anomalous ACRE column-mean cooling over this area (Fig. 5.6a,b,
6.5) and is associated with increased cloud cover throughout the entire depth of the troposphere,
which in ICON maximises in the mid- and low-levels (Fig. 6.4). On the hand, in ERA-Interim
the increased cloud cover maximises in the mid-levels (Fig. 5.5). This suggests that the differences in mid- and low-level clouds and their properties (e.g. ice and water cloud content) might
explain the magnitude differences of the ACRE and ACRE-induced surface pressure tendency
anomalies between ICON and ERA-Interim.
6.4. Short-term NAO response to imposed diabatic heating
To better understand the impact of the anomalous NAO-related ACRE and total diabatic heating
we perform sensitivity simulations with ICON. The simulations use ICON in a hindcast sense
and are perturbed by the time-constant NAO-related heating patterns from ACRE and the total
diabatic heating processes described in the previous sections. The imposed heating patterns
are shown in Fig. 6.11 for four specific atmospheric pressure levels. For a detailed description
of these simulations, the reader is referred to chapter 4. Our main aim here is to test to what
extent the NAO evolution is indeed affected by the NAO-related diabatic heating, and to what
extent this impact depends on the NAO state. To this end we first present maps of the mean
short-term response to the imposed heating and then illustrate the time evolution of the NAO
response for different initial NAO states.
6.4.1. Latitude-longitude perspective of the response to the NAO-related ACRE
heating pattern
We study the model response to the imposed additional heating by means of changes in the
mean sea-level pressure (MSLP) between all pairs of control simulations (CTRL) and hindcast
simulations forced with the additional NAO-related ACRE and total diabating heating (FORC).
The comparison consists of 600 pairs of 15-day long simulations.
The ACRE-induced MSLP response for three selected lead-times (day 2, 5 and 10) shows
a consistent and increasing impact of anomalous ACRE on MSLP with time: MSLP decreases
along a zonal band from the Labrador Sea to the Norwegian Sea and the northeastern subpolar Atlantic, and increases across the rest of the domain (Fig. 6.15b,d,f). The ACRE-induced
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MSLP anomalies illustrate that ACRE anomalies associated with a positive NAO tend to lower
the MSLP to the south and to the east of Iceland and increase it anywhere else. This impact is
independent of the initial NAO state. The MSLP changes show some spatial coherence with
the NAO-related MSLP anomalies and suggest that the imposed ACRE heating associated with
a positive NAO acts in favour of a positive NAO. For most ocean areas except north of Iceland, the MSLP changes on day-5 are qualitatively in line with the diagnosed surface pressure
tendency from the PTE analysis (Fig. 6.13e). However, over the continental areas and north
of Iceland the MSLP changes are not in line with the PTE analysis. This is potentially due to
either a cancelling effect from another process, such as ACRE-induced static stability changes,
or non-linear responses to the imposed ACRE heating. For example north of Iceland, the induced ACRE heating pattern may lead to decreased low-level static stability, which may in turn
lead to enhanced upward motions and changes in cloud formation in the low- and mid-levels
which acts against the ACRE imposed cooling. Furthermore, the spatial distribution of MSLP
changes suggests that the mid- and lower-tropospheric anomalous ACRE heating dominate the
MSLP response. Another interesting feature is the independence of these experiments to the
initial NAO state, which highlights the robustness of ACRE feedback on the NAO. Moreover,
the increasing impact of ACRE with time suggests that even though the ACRE impact might
be negligible for short lead-times (Fig. 6.15b), its contribution becomes more substantial beyond day 5 (Fig. 6.15f). Overall, the sensitivity simulations illustrate that the ACRE constitute
a weak positive feedback to the NAO. This confirms our hypothesis based on the PTE analysis.
6.4.2. Latitude-longitude perspective of the response to the NAO-related total
diabatic heating pattern
We now analyse the mean difference in MSLP between the CTRL and the FORC simulations
that we use the diabatic heating due to all diabatic processes. As for ACRE, this comparison
consists of 600 pairs of 15-day long simulations. The MSLP response to the induced total
diabatic heating for three selected lead-times (day 2, day 5 and day 10) illustrates a decrease in
MSLP in the higher latitudes and an increase in MSLP over the lower latitudes (Fig. 6.15a,c,e).
The MSLP changes due to the imposed total diabatic heating are overall spatially coherent with
the NAO-related MSLP anomalies. This suggests that the imposed positive NAO-related total
diabatic heating acts to make the Iceland low deeper and the Azores high stronger, and therefore
acts in favour of a positive NAO phase. The spatial distribution of the MSLP changes suggest
that most of the response is caused by the imposed total diabatic heating between the surface
and 500 hPa (Fig. 6.11). For most of the areas, the MSLP changes on day 5 are qualitatively in
line with the diagnosed surface pressure tendency from the PTE analysis (Fig. 6.13c). Overall,
these sensitivity tests in ICON illustrate that the NAO-related total diabatic heating constitutes
a positive feedback to the NAO. Again, this is in line with our PTE-based hypothesis.
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Figure 6.15.: Mean sea-level pressure (MSLP) difference between the forced (pNAOp) and the control
(CTRL) simulations, where we impose a positive NAO-related (a,c,e) total diabatic heating and (b,d,f)
ACRE heating pattern on (a, b) day 2, (c, d) day 5 and (e, f) day 10 of the simulations. The contours
denote NAO regressions of 5-day mean MSLP (contour interval 1 hPa; dash lines indicate negative
anomalies; the zero contour is excluded). The results are based on 600 pairs of 15-day CTRL and
pNAOp simulations in ICON.

Despite the fact that both ACRE and total diabatic heating constitute positive feedbacks
to the NAO short-term dynamics, a comparison of the MSLP responses (Fig. 6.15) between
the two heating patterns shows that for short lead-times (up to day 5) the ACRE have a minor impact on MSLP and therefore the NAO, with a magnitude of at most 10% of the total
diabatic heating. However, beyond day 5 our analysis suggests that ACRE may have a larger
impact on MSLP and the NAO, because on these time scales the ACRE-induced changes have
a magnitude of up to 40–50% of the changes induced by the total diabatic heating on day 10
(Fig. 6.15f). A potential reason for that could be the differences in the vertical structure of the
imposed heating patterns particularly in the upper troposphere (Fig. 6.8). Moreover, the strong
physical relationship between the total diabatic heating and large-scaled dynamics, as it is also
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suggested from the PTE analysis, suggests that the total diabatic heating to a larger extend is
compensated by the large-scaled dynamics, which is not the case everywhere for ACRE. Thus,
a lack of a compensating process in the upper troposphere is potentially linked to a stronger
influence of ACRE with longer lead times.
6.4.3. Time dependence of the response to the NAO-related ACRE heating
pattern
We now assess the relative role of ACRE heating for the NAO time evolution in the ICON
simulations. An analysis of the time evolution of the NAO changes (∆NAO) for the first 7 days
of all the 600 pairs of simulations independent of the NAO initial state illustrates that the additional ACRE heating forces the NAO towards a more positive NAO in the FORC simulations
compared to the CTRL simulations. The NAO change mainly occurs after day 2 (Fig. 6.16a).
For lead-times of up to 3 days, more than 95% of the FORC simulations show a more positive
NAO, while for lead times of up to 5 days more than 50% of the FORC simulations show a
more positive NAO. This shows that the ACRE impact is rather weak with a magnitude of up
to 1–2% of 1 σ NAO. However, as previously discussed our analysis illustrates that the ACRE
impact grows in time.
In addition we study the sensitivity of these results to the NAO initial state. To test the
impact of the initial state in the time evolution of ∆NAO, we study the FORC simulations
that are initialised from a NAO with a standardized deviation larger than ±0.5 σ or ±1 σ
(Fig. 6.16b,c). The stratification with respect to the NAO initial states shows that up to day 3
more than 95% of the FORC experiments tend to have a more positive NAO compared to the
CTRL ones. Thus, the time evolution of ∆NAO is the same as for all NAO cases (Fig. 6.16a)
and ∆NAO exhibits no sensitivity to the initial state.
6.4.4. Time dependence of the response to the NAO-related total diabatic
heating pattern
We here assess the role of the total diabatic heating for the NAO time evolution in ICON. An
analysis of the difference in the NAO (∆NAO) time evolution for the first 7 days of all the 600
pairs of simulations independent of the NAO initial state illustrates that the additional NAOrelated total diabatic heating forces the NAO in the FORC simulations towards a more positive
NAO compared to the CTRL simulations (Fig. 6.17a). In lead-times of up to day 4 more than
95% of the FORC experiments exhibit a more positive NAO, while up to day 6 more than 50%
of the FORC simulations show a more positive NAO. Moreover, our analysis illustrates that
the total diabatic heating impact in the FORC simulations in ICON has a magnitude of up to
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Figure 6.16.: Boxplot of the NAO difference time evolution between the forced and the control simulations initialised from (a) any NAO state, and a state of larger than (b) +0.5 or (c) +1 σ NAO (top
panels) or smaller than (b) −0.5 or (c) −1 σ NAO (bottom panels). In the forced simulation a positive
NAO-related ACRE heating pattern is imposed. The whiskers represent the 2.5th and 97.5th percentiles.
The results are based on 600 pairs of FORC and CTRL simulations in ICON during 25 extended winter
DJFM seasons. In the right top corner of each panel the number of pairs that we compare for each NAO
initialisation category is provided.

5–10% of 1 σ NAO. This conforms that the total diabatic heating has a much more substantial
impact on the NAO evolution than ACRE.
We further test the sensitivity of these results to the NAO initial state. A sensitivity test
of the time evolution of ∆NAO to the initial NAO state shows that the impact is robust and
independent of the initial NAO state (Fig. 6.17b,c). Up to day 4 more than 95% of the FORC
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simulations tend to have a more positive NAO compared to the CTRL simulations. This shows
that the impact of the total diabatic heating on the NAO evolution is independent of the NAO
state (Fig. 6.17a).

Figure 6.17.: Boxplot of the NAO difference time evolution between the forced and the control simulations initialised from (a) any NAO state, and a state of larger than (b) +0.5 or (c) +1 σ NAO (top
panels) or smaller than (b) −0.5 or (c) −1 σ NAO (bottom panels). In the forced simulation a positive
NAO-related total diabatic heating pattern is imposed. The whiskers represent the 2.5th and 97.5th
percentiles. The results are based on 600 pairs of FORC and CTRL simulations in ICON during 25 extended winter DJFM seasons. In the right top corner of each panel the number of pairs that we compare
for each NAO initialisation category is provided.

Overall, the sensitivity simulations confirm our PTE-based hypothesis of a weak positive
feedback of ACRE and a substantial positive feedback of the total diabatic heating.
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6.5. Conclusions
Motivated by previous work of Li et al. (2014a), Greatbatch and Jung (2007) and Papavasileiou
et al. (2020) in this chapter we studied the coupling between the NAO and ACRE as well as
the total diabatic heating on synoptic-scales in ICON simulations. We documented the NAO in
ICON and studied i) the NAO impact on clouds, ACRE and the total diabatic heating, and ii)
the impact of ACRE and total diabatic heating on synoptical-scale dynamics of the NAO. Our
modeling work was in particular motivated by the hypothesis of Papavasileiou et al. (2020) that
ACRE and the total diabatic heating are a positive feedback to the NAO and enhance the NAO
persistence.
Analysing 5-day means of clouds and ACRE we found that a positive phase of the NAO
is associated with robust changes in clouds that lead to anomalous column-mean heating and
cooling around Iceland and the Azores, respectively. Using the PTE analysis we assessed
the relative role of ACRE and total diabatic heating compared to the large-scale dynamics.
Our analysis shows that ACRE constitute a weak but positive feedback to the NAO, and that
the total diabatic heating is a substantial positive feedback with a magnitude comparable to
the impact of large-scale dynamics. A decomposition of the total diabatic heating in ICON
showed that latent heating dominates the total diabatic heating, with a magnitude of more than
90% of the total diabatic heating. The surface pressure tendency anomalies induced by ACRE
do not strongly project onto the NAO-related surface pressure anomalies, while the surface
pressure tendency anomalies due to the total diabatic heating are more spatially coherent with
the NAO pattern. These results are in line with our previous observational findings (chapter 5),
suggesting that the ACRE and total diabatic heating constitute a positive feedback to the NAO,
with latent heating dominating and ACRE having a minor impact.
We further assessed these impacts in a set of sensitivity tests for which we perturbed the
temperature equation with an additional NAO-related diabatic heating due to either ACRE or
the total diabatic heating. Our simulations showed that independent of the initial state ACRE
feed back positively and their impact is rather negligible with a magnitude of less than 2% of
1σ NAO. This result is in line with previous findings of Grise et al. (2019). On the other hand,
the total diabatic heating, which is dominated by latent heating, constitutes a stronger positive
feedback with a magnitude of up to 10% of 1 σ NAO. This result is in contrast to the modeling
work of Greatbatch and Jung (2007) and Xia and Chang (2014), who argued that latent heating
acts as a negative feedback and damps the persistence of the NAO and the annular modes,
respectively. However, we believe that the differences between our study and theirs are due to
the selected time-scale. Greatbatch and Jung (2007) and Xia and Chang (2014) investigated
the impact of the total diabatic heating on a climatological perspective while we study this
coupling on synoptic time-scales.
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7.1. Summary
The weather and climate of the northern hemisphere midlatitudes exhibits substantial variability on a wide range of spatiotemporal scales ranging from days to decades. During winter, a
large portion of this variability is explained by a phenomenon that takes place over the North
Atlantic ocean and that is called the North Atlantic Oscillation (NAO). Being a large-scale surface pressure seesaw with centers of action around Iceland and the Azores, the NAO modulates
the weather and climate over the North Atlantic sector and the surrounding continental areas of
North America and Europe. For instance, it modulates the latitudinal position of the jet stream
and shapes the large-scale environment for the formation and movement of extratropical cyclones. Extreme and persistent phases of the NAO are associated with high-impact weather
events that can have large socio-economic impacts due to floods and temperature extremes,
particularly over Europe. Our understanding of the persistence of the NAO and its interaction
with diabatic processes of clouds and convection remains limited, which hampers our ability
to predict the NAO. Previous studies highlighted the importance of cloud-radiative effects for
the mean extratropical circulation response under climate change. However, limited work has
been done for the role of clouds and their radiative feedback for the extratropical circulation
variability on synoptic time scales. This has motivated this thesis.
The persistence of the NAO depends on many internal and external forcing factors. Previous observational work of Li et al. (2014a) hypothesized that top-of-atmosphere (TOA) cloudradiative effects (CRE) may act to reduce the NAO persistence and that CRE might be an
important but so far overlooked feedback process for NAO dynamics. The main goals of this
thesis were to test the hypothesis of Li et al. (2014a) by investigating the coupling between the
NAO and atmospheric CRE (ACRE), and to quantify the ACRE impact on the NAO dynamics
on synoptic time scales. For this purpose, a systematic analysis in both observations and model
simulations was carried out. In chapter 5 by using observations and reanalysis data we have
studied i) how NAO variability on synoptic time-scales affects clouds and ACRE, and ii) the
potential of these NAO-generated changes in ACRE to in turn affect the NAO. Then motivated
by the work of Li et al. (2014a), Greatbatch and Jung (2007) and Papavasileiou et al. (2020) in
chapter 6 we have further studied the coupling between the NAO and ACRE as well as the total
diabatic heating on synoptic-scales in ICON simulations. In this part of this thesis using ICON
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simulations we have investigated i) the NAO impact on clouds, ACRE and the total diabatic
heating, and ii) the impact of ACRE and total diabatic heating on synoptic-scale dynamics of
the NAO. The work within this thesis was the first to explore the NAO-ACRE coupling and
to quantify the role of ACRE as well as total diabatic heating for the short-term dynamics of
the NAO. Here we summarize the main research findings presented in chapters 5 and 6 by
answering the three research questions posed in chapter 3.
The first research question (RQ 1) has dealt with the investigation of the linkages between
the NAO and ACRE in satellite observations, ERA-Interim reanalysis data and numerical simulations in the ICON global atmosphere model. By means of linear regressions we have studied
how clouds and ACRE change as a result of synoptic 5-day-mean NAO variability. The main
findings of this part of the study are summarized in the following.
RQ 1) How does the NAO impact clouds and their radiative effects?
The analysis of 5-day mean data of cloud satellite retrievals from
CloudSat/CALIPSO revealed robust changes of high- and low-level clouds
linked to the NAO. A positive phase of the NAO is associated with increased high-level cloud incidence along the storm track and the subpolar
Atlantic, and decreased high-level cloud incidence equatorward and poleward of it. Anomalies of opposite sign occur in the lower troposphere.
These changes of high-level clouds are consistent with changes in vertical
motions, where areas of positive high-level cloud anomalies are linked to
enhanced upward motions and areas of negative high-level cloud anomalies
are linked to enhanced downward motions. On the other hand the changes
of low-level clouds are in line with enhanced downward motions and increased low-level static stability. Moreover, using ERA-Interim short-term
forecasts and numerical simulations in ICON we have shown that the cloud
changes linked to the NAO are qualitatively consistent with the satellite
observations. Our analysis revealed that these robust cloud changes associated with the NAO lead to a dipole of anomalous vertically-integrated
ACRE with column-mean heating over the Iceland low and column-mean
cooling over the Azores high. Analysing the vertical distribution of these
ACRE changes in ICON simulations we have shown that ACRE dominate
the total diabatic heating anomalies in the upper troposphere with a magnitude of up to 80%, while in the lower troposphere ACRE constitute only
up to 10–15% of the total diabatic heating.
The second research question (RQ 2) dealt with the study of the robustness of the NAO
impact on ACRE. Here, a comparison between the observational and model data was conducted

86

7.1. Summary
with a particular focus on the two centers of action for the NAO dynamics, one around the
Iceland low and one around the Azores high. The main findings of this part of the study are
summarized in the following.
RQ 2) To what extent are the NAO-related changes in ACRE robust in
observations, reanalysis and model simulations?
The analysis of vertically-integrated ACRE changes over the two
centers of action based on satellite retrievals from CloudSat/CALIPSO,
CERES-SYN1deg, CERES-EBAF and GERB/SEVIRI, ERA-Interim
short-term forecasts and numerical simulations in ICON revealed that the
NAO-induced dipole of ACRE anomalies is robust in sign but not in magnitude across datasets. This confirms a qualitatively consistent link between
the NAO centers of action and ACRE. However, the comparison among
the datasets illustrated the uncertainty in the magnitude of the NAO impact on ACRE. Our analysis showed that these discrepancies in magnitude
of the ACRE changes may arise due to differences in the vertical distribution of cloud changes within the troposphere. A study of vertical profiles
of cloud and ACRE in observations and ICON simulations illustrated that
over the Iceland low NAO-related cloud changes lead to mid- and lowlevel anomalous ACRE heating and upper-level anomalous ACRE cooling, which varies in magnitude among the datasets due to differences in
the vertical distribution of cloud changes. This was particularly evident in
the lower troposphere, highlighting the need to better represent low-level
clouds in models, which is a well known issue.
Finally, in the third research question (RQ 3) our focus was shifted to investigate the role
of these ACRE changes for the short-term dynamics of the NAO. Here, by means of a diagnostic approach and sensitivity simulations we have quantified the relevance of ACRE for the
short-term dynamics of the NAO compared to large-scale dynamics as well as other diabatic
processes. The main findings of this part of the study are summarized in the following.
RQ 3) What is the role of the NAO-related ACRE anomalies for the
dynamics of the NAO on synoptic time-scales, and how does the ACRE
impact compare to the impact of total diabatic heating?
The PTE analysis in ERA-Interim data showed that the surface pressure tendency anomalies due to ACRE act to maintain the surface pressure
anomalies over the Azores and have no area-averaged impact over Iceland.
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Additionally, the PTE analysis in ICON revealed qualitatively consistent
with ERA-Interim surface pressure tendency anomalies due to ACRE over
the Azores, while over Iceland a mixture of positive and negative surface
pressure tendency anomalies was found. The main differences in magnitude over the lower latitudes of the North Atlantic can be attributed to
the differences in the NAO impact on surface pressure, clouds and ACRE.
In ICON, the southern center of action is shifted eastward over southern
Europe and Mediterranean, while in ERA-Interim it is located around the
Azores. Because we have focused our analysis over the North Atlantic
ocean, the spatial displacement leads to discrepancies in the NAO-related
changes magnitude between ICON and ERA-Interim. The PTE analysis
showed that ACRE constitute a positive feedback on the NAO and should
act to increase the NAO persistence. This result is in contrast to the hypothesis of Li et al. (2014a), who argued that TOA CRE damp the NAOrelated temperature anomalies and should decrease the NAO persistence.
However, their framework ignored the mismatch between the vertical profiles of CRE and temperature anomalies, and we have argued that the PTE
framework is better suited as it regards the entire vertical column. Our
analysis further showed that the ACRE impact is minor compared to the
total diabatic heating, which is dominated by latent heating and strongly
amplifies the NAO-related surface pressure anomalies. The surface pressure tendency anomalies due to the total diabatic heating have a magnitude
similar to the large-scale dynamics, which suggests that total diabatic heating is a substantial positive feedback to the NAO and should act to make
the NAO more persistent. This indicates that ACRE are not crucial to the
NAO dynamics on synoptic time-scales. Overall, the comparison of ICON
with ERA-Interim revealed qualitatively consistent ACRE and total diabatic heating feedback mechanisms.
Sensitivity simulations with ICON, for which an additional NAOrelated anomalous ACRE or total diabatic heating pattern was imposed,
showed that both ACRE and total diabatic heating are a positive feedback
to the NAO and increase the persistence of the NAO. The NAO response to
the added NAO-related diabatic heating showed that this positive feedback
is mostly evident during the first 4–6 days. Our modeling work showed
that ACRE feed back positively by up to 1–2% of 1σ NAO, while the total
diabatic heating feed back positively by up to 10% of 1σ NAO.
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These findings are in qualitative agreement with our PTE-based diagnosed
positive feedback and suggested that ACRE play a minor role to the NAO
short-term dynamics compared to the total diabatic heating.

7.2. Outlook
The results within this thesis have demonstrated the minor role of ACRE for the NAO variability on synoptic time-scales. However, our modeling work in chapter 6 has illustrated that
the atmospheric cloud-radiative effects may have an increasing impact on the surface pressure
fields beyond lead times of 10 days. In fact, previous work demonstrated the importance of
ACRE for the present-day mean circulation (Li et al., 2015; Watt-Meyer and Frierson, 2017) as
well as for the mean circulation response to global warming (Voigt and Shaw, 2015, 2016). The
contrast of a small ACRE impact on short time-scales raises the question at which time-scale
ACRE starts to become a major factor for the extratropical circulation and its variability. Addressing this question includes numerical simulations in a subseasonal-to-seasonal framework
where clouds are scrambled and decorrelated from the circulation by means of cloud-locking
(Voigt and Shaw, 2015). Similarly, one could also imagine to gain further process-based insight by investigating the role of different cloud types, such as high-level clouds, over specific
regions. This study could also include an investigation of the relative role of different cloud
types and their associated radiative effects for extratropical cyclones in present-day climate
(Grise et al., 2019) as well as under a warmer climate (Catto et al., 2019).
Our modeling work has demonstrated one particular way to assess the impact of the NAOrelated diabatic processes on the NAO evolution. Nonetheless, the imposed diabatic heating
in these sensitivity tests represents the average impact of many different NAO events and in
fact is much weaker compared to a single NAO event because of the large variability between
NAO events. This suggests the need for refined methods to study the NAO impact of different
diabatic heating processes. For example, by forcing the model with additional ACRE or total
diabatic heating from a snapshot of a particular day when an exceptional cyclonic or anticyclonic event is taking place could allow us to asses to what extent particular clouds, cloud types
and their associated ACRE may impact the NAO evolution. In a similar way, by imposing an
anomalous heating due to ACRE in different parts of the troposphere we may also be able to
assess the relative role of upper-, mid- or lower-tropospheric ACRE or total diabatic heating
anomalies for the NAO short-term dynamics. Moreover, in a similar framework as in our modeling work here, one could also test the NAO response to different magnitudes of an additional
NAO-related diabatic heating, such as two times larger than 1 σ NAO latent heating pattern.
Furthermore, our work focused on the North Atlantic region and the NAO. Motivated by
our observational and modeling work it would be of great interest to apply the combination
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of observational and reanalysis diagnostics with sensitivity simulations to other oceans and
modes of internal variability. One example would be to investigate the synoptic-scale linkages
between the Southern Annular Mode (SAM) and ACRE. Additionally, motivated by previous studies that illustrated various pathways of connections between tropical convection (e.g.,
MJO) and the Pacific-North America (PNA) pattern or the NAO (Barnes et al., 2019), it would
be interesting to investigate the relative role of individual diabatic processes such as ACRE over
the tropics for the extratropical circulation on synoptic to subseasonal timescales. This could
be addressed by means of numerical simulations where additional anomalous ACRE related to
MJO will be imposed to test their impact on modes of extratropical circulation variability.
Overall, this thesis demonstrated the advantage of combining state-of-the-art satellite observations, reanalysis data and sensitivity simulations to investigate the interplay between the
large-scale circulation and diabatic processes. However, diabatic processes are not directly observed and thus their assessment is always constrained by retrieval uncertainties. This work
illustrated the role of ACRE and total diabatic heating for the NAO dynamics and stressed out
the need for future modeling work to expand our understanding of such interactions, to test the
robustness of our modeling results across different models as well as to constrain the model
uncertainties based on observations.
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B. List of abbreviations

ACRE
AO

Atmospheric cloud-radiative effects

Arctic Oscillation

AMIP
BOA

Atmospheric Model Intercomparison Project
Bottom-of-atmosphere

CRE Cloud-radiative effects
CALIPSO Cloud–Aerosol Lidar and Infrared Pathfinder Satellite Observations
CERES Clouds and Earth’s Radiant Energy System
CTRL Control
CPR CloudSat Cloud Profiling Radar
CVS Cloud vertical structure
DJF December to February
DJFM
EA

December to March

East Atlantic pattern

ECMWF European Centre for Medium-Range Weather Forecasts
ENSO El Niño–Southern Oscillation
EOF Empirical Orthogonal Function
FORC Forced
GERB/SEVIRI

Geostationary Earth Radiation Budget/Spinning Enhanced Visible and

InfraRed Imager
ICON ICOsahedral Non-hydrostatic model
IFS Integrated Forecast System
MJO Madden–Julian Oscillation
MSLP mean sea-level pressure
NASA National Aeronautics and Space Administration
NAM

Northern Annular Mode

NAO

North Atlantic Oscillation

NOAA-CPC National Oceanic and Atmospheric Administration Climate Prediction Centre
NWP Numerical weather prediction
PCA Principal component analysis
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PTE Surface pressure tendency equation
SST Sea surface temperature
TOA Top-of-atmosphere
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