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Clouds shape weather and climate by regulating the latent and radiative heat-
ing in the atmosphere. Recent work has demonstrated the importance of
cloud-radiative effects (CRE) for the mean circulation of the extratropical atmo-
sphere and its response to global warming. In contrast, little research has been
done regarding the impact of CRE on internal variability. Here, we study how
clouds and the North Atlantic Oscillation (NAO) couple on synoptic time-scales
during Northern Hemisphere winter via CRE within the atmosphere (ACRE).
A regression analysis based on 5-day mean data from CloudSat/CALIPSO,
CERES and GERB satellite observations and ERA-Interim short-term forecast
data reveals a robust dipole of high-level and low-level cloud-incidence anoma-
lies during a positive NAO, with increased high-level cloud incidence along the
storm track (near 45°N) and the subpolar Atlantic, and decreased high-level
cloud incidence poleward and equatorward of this track. Opposite changes
occur for low-level cloud incidence. The cloud anomalies lead to an anomalous
column-mean heating from 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 for ERA-Interim short-term forecast data. The NAO-generated ACRE
anomalies amplify the NAO-related surface pressure anomalies over the Azores
high but have no area-averaged impact on the Iceland low. In contrast, diabatic
processes as a whole, 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 sug-
gests that, while atmospheric cloud-radiative effects lead to an increase in NAO
persistence on synoptic time-scales, their impact is relatively minor and much

smaller than other diabatic processes.
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1 | INTRODUCTION

The weather and climate of the North Atlantic region
and the neighbouring North American and European con-
tinental areas exhibit considerable variability on a wide
range of spatiotemporal scales. A large part of this variabil-
ity 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 centres 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 (Wanner et al., 2001;
Visbeck et al., 2001; Hurrell and Deser, 2010). It modu-
lates the latitudinal position of the eddy-driven jet and
the storm track (Woollings et al., 2010), and extreme and
persistent NAO states are associated with high-impact
weather events (Scaife et al., 2008). The observational work
of Li et al. (2014a) hypothesised that cloud-radiative effects
(CRE) might represent an important and so far overlooked
factor for the NAO and its variability. Here, we investigate
this hypothesis in more detail by combining a suite of satel-
lite observations, reanalysis data, and a dynamical analysis
based on the surface pressure tendency equation.

On synoptic time-scales the NAO arises as an inter-
nal mode of the tropospheric circulation from eddy-mean
flow interactions (Hurrell et al., 2003; Thompson et al.,
2003; Barnes and Hartmann, 2010). External forcings
such as the stratosphere (Baldwin and Dunkerton, 1999;
Ambaum and Hoskins, 2002; Kidston et al., 2015), the
ocean (Visbeck, 2002) and sea-ice (Krahmann and Vis-
beck, 2003; Semenov and Latif, 2015) can also play a role.
The persistence of the NAO, or more generally the annu-
lar modes and the extratropical jet streams, was exam-
ined from the perspective of the adiabatic circulation and
dynamical feedbacks involving eddies (Lorenz and Hart-
mann, 2001; 2003; Barnes and Hartmann, 2010). Diabatic
processes, such as latent heating, can modify the NAO per-
sistence (Greatbatch and Jung, 2007; Xia and Chang, 2014;
Woollings et al., 2016).

There is reason to believe that, besides latent heat-
ing, radiative heating from clouds can affect the NAO
persistence. This idea is motivated by observational and
modelling 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 circula-
tion, i.e. the position of the extratropical jet, static sta-
bility 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; Li et al., 2014b; Grise and Medeiros,
2016; Tselioudis et al., 2016; Zelinka et al., 2018). The
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modelling work of Li et al. (2015) and Watt-Meyer and
Frierson (2017) showed how CRE within the atmosphere
(ACRE) modulate the mean position of the extratropical
jetin the present-day climate. Other modelling work high-
lighted the importance of both atmospheric and surface
CRE for the extratropical circulation response in model
simulations of global warming (Voigt and Shaw, 2015;
2016; Ceppi and Hartmann, 2016; Albern et al., 2019; Li
et al., 2019; Voigt et al., 2019). As a whole, these studies
illustrate the need for understanding and constraining the
radiative impact of clouds on the circulation (Bony et al.,
2015). This need is exacerbated by the difficulties of cur-
rent global climate models to adequately represent clouds
and their radiative effects.

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 mod-
elling perspective, little research has been done regarding
a possible impact of CRE on the extratropical circulation
on synoptic time-scales. Schifer and Voigt (2018) pro-
posed that CRE weaken idealised extratropical cyclones,
which would seem to suggest a possible impact on storm
tracks, the jet stream, and hence the NAO. Grise et al.
(2019) found that CRE lead to a small but statistically
significant weakening of extratropical storm tracks and
cyclones. Li et al. (2014a) investigated the relation between
clouds and the Arctic Oscillation (to which they refer
as the Northern Annular Mode/North Atlantic Oscilla-
tion; NAM/NAO) on monthly time-scales using satellite
observations and reanalysis data. They found that the
NAM/NAO is associated with robust changes in high-level
clouds and top-of-atmosphere CRE, which in the zonal
mean works against the temperature anomalies accom-
panying the NAM/NAO. Li et al. (2014a) 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 midlatitude region near the
Azores. This, and the fact that the North Atlantic storm
track and jet stream are tilted meridionally, suggests that a
regional latitude-longitude perspective is warranted.

In this study, we build upon the work of Li et al
(2014a). We clarify the role of CRE within the atmosphere
(ACRE) for the NAO variability on synoptic time-scales.
We use 5-day means, in contrast to the monthly means
considered by Li et al. (2014a). This allows us to compare
more directly the cloud impact with the impact of syn-
optic eddies, and the larger sample size helps us identify
statistically significant signals (Li and Thompson, 2016).
We base our analysis on essentially the same observa-
tional and reanalysis data as in Li et al. (2014a), but make
use of the NAO instead of the AO index, so as to focus
on circulation variability in the North Atlantic region.
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Also, because radiative processes associated with changes
in surface air temperatures are not expected to impact
sea surface temperatures over the synoptic time-scales
that we consider here, we focus on ACRE instead of
top-of-atmosphere CRE. We consider the winter months
of December-January-February, whereas Li et al. (2014a)
analysed the extended winter from October to March.

In Section 2 we detail the observational and reanaly-
sis datasets that we use to identify the impact of the NAO
on clouds and CRE. In Section 3 we present results from
the analysis of the observational datasets. In Section 4
we repeat this analysis using reanalysis datasets, and fur-
ther quantify the impact of CRE on NAO variability using
the surface pressure tendency equation. This analysis also
allows us to compare the impact of CRE to the impact of
the dynamics and diabatic processes as a whole. In Section
5 we compare our results with Li et al. (2014a). The paper
finishes with conclusions in Section 6.

2 | SATELLITE OBSERVATIONS,
NAOINDEX AND REANALYSIS DATA
2.1 | CloudSat/CALIPSO cloud incidence
We use cloud observations for years 2006 to 2011 from the
2B-GEOPROF-LIDAR product (version P2R04; Mace et al.,
2009), which combines CloudSat Cloud Profiling Radar
(CPR) and Cloud-Aerosol Lidar and Infrared Pathfinder
Satellite Observation (CALIPSO) lidar retrievals. Cloud-
Sat's CPR is a non-scanning nadir-pointing space-borne
radar operating at 94 GHz frequency and provides reflec-
tivity profiles within 82° N/S with along- and cross-track
horizontal resolutions of about 1.7 and 1.4 km respectively
and a vertical resolution of 240m (Tanelli et al., 2008;
Verlinden et al., 2011).

We analyse cloud incidence. Cloud incidence is the
likelihood that within a given atmospheric volume the
satellite senses a cloud. We calculate cloud incidence fol-
lowing Verlinden et al. (2011) and Li et al. (2014a). 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.

2.2 |
effects

CloudSat/CALIPSO cloud-radiative

We use the CloudSat/CALIPSO 2B-FLXHR-LIDAR prod-
uct over the time period 2006-2011 (version P2R04;
LEcuyer et al, 2008; Henderson et al, 2013). The

2B-FLXHR-LIDAR product is based on radiative trans-
fer 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-day~!). We compute the all-sky and clear-sky
radiative heating rates from the long-wave and short-wave
radiative fluxes (in units of W-m~2) at every 240 m height
level provided by 2B-FLXHR-LIDAR.

ACRE measures the impact of cloud-radiative heat-
ing/cooling on atmospheric temperatures and is calculated
as (Haynes et al., 2013)

dr
dt

_dr
cre  df

dT

- = ¢Y)
allsky  di

b
clear-sky

where the all-sky and clear-sky heating rates are calculated

as
dT

. -

1 dF. all-sky/clear-sky

()

all-sky/clear-sky PCp dz

T is the air temperature and p is the air density from
the ECMWF-AUX product (CIRA, 2007), ¢, is the spe-
cific heat of dry air at constant pressure, z is altitude,
and ¢ is time. ACRE is binned in the same way as cloud
incidence and averaged over time periods of 5days. Ver-
tically 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-m.

2.3 | 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 Radi-
ation Budget/Spinning Enhanced Visible and InfraRed
Imager) observations of TOA and BOA cloud-radiative
effects.

We use CERES-SYNldeg edition4A (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 years 2000 to 2017.

We further use monthly mean fields from
CERES-EBAF (Energy Balanced and Filled) edition 4.0
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(Loeb et al., 2018) for years 2002 to 2017 and from GER-
B/SEVIRI (Harries et al., 2005) for years 2006-2011. For
CERES-EBAF we analyse long-wave and short-wave 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 long-wave radiative fluxes. TOA
fluxes are available at 0.1° spatial resolution, while BOA
fluxes are available at 0.05°. We remap the fluxes onto a
common 0.1° grid and derive TOA and BOA long-wave
CRE as well as vertically integrated long-wave ACRE.

2.4 | North Atlantic Oscillation index

We use daily values of the NAO index provided by
the National Oceanic and Atmospheric Administra-
tion Climate Prediction Centre (NOAA-CPC). The
index is based on the anomalous geopotential height
at 500 hPa. Normalised daily values are available from
year 1950 onwards and can be downloaded from
ftp://ftp.cpc.ncep.noaa.gov/cwlinks/ (accessed 24 Febru-
ary 2020). For the regression analyses presented below,
the NAO is standardised to a standard deviation of 1.

2.5 | ERA-Interim

We use short-term forecasts from the ERA-Interim reanal-
ysis dataset in full spatial resolution T255 (0.75° grid spac-
ing). ERA-Interim was generated by the European Centre
for Medium-Range Weather Forecasts (ECMWF) 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 analysis of the surface pressure tendency equation in
Section 4, e.g., the radiative heating rates, are only avail-
able in the forecast. The 4D-variational data assimilation
scheme of ERA-Interim makes use of a time window of
12 hr. This means that the short-term forecasts are strongly
tied to the analysis and hence observations, implying that
there is substantial knowledge of the synoptic-scale fea-
tures. Given that the diabatic processes are not directly
observed, we have no alternative to using model-generated
fields (also Maranan et al., 2019).

We study two periods, 2006-2011 and 1979-2017. Our
use of ERA-Interim serves two purposes. First, it supple-
ments the satellite observations by means of cloud fraction
and ACRE derived from accumulated TOA and BOA radia-
tive fluxes in all-sky and clear-sky conditions in the 6-
and 12-hr forecasts initialised from the analyses at 0000
and 1200 UTC. Six-hourly means of radiative fluxes are
derived from the accumulated fluxes by (a) dividing the
6-hr accumulated flux by the time period of 6 hr, and (b)
by differencing the 12- and 6-hr accumulated fluxes and
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then also dividing by 6 hr. Given the different treatment of
clouds in models and satellite data, we do not aim to val-
idate ERA-Interim, but rather look for broad consistency
between the complementary sources of information. We
remind the reader that cloud cover from ERA-Interim and
cloud incidence from CloudSat/CALIPSO should not be
compared quantitatively because of different treatments of
cloud overlap. Second, we use ERA-Interim for the surface
pressure tendency analysis. Six-hourly snapshot values of
wind, temperature, geopotential height, humidity and sur-
face pressure are taken from the 6- and 12-hr forecasts
initialised from the analyses at 0000 and 1200 UTC. For
evaporation, precipitation and the temperature tenden-
cies from ACRE, clear-sky radiative heating, and the sum
of all diabatic processes, we use accumulated fields from
the 6- and 12-hr forecasts and convert these to 6-hourly
means in the same manner as described above for radiative
fluxes.

3 | NAOIMPACT 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). 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 centres of action of the NAO
sea-level pressure seesaw.

3.1 | 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 signifi-
cant decrease in high-level cloud incidence around 10 km
and an increase in mid-level cloud incidence around
5km. Further equatorward, low-level cloud 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 figure 2d).
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FIGURE 1 NAO regression of (a)

Cloud incidence

DJF 5-day mean zonal-mean (a) cloud 18
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-SYN1ldeg 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
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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 lim-
ited use to understand the NAO impact on the cloud
pattern.

The NAO impact on zonal-mean vertically inte-
grated ACRE from CloudSat/CALIPSO (2006-2011) and

cloud incidence (%)

Atmospheric cloud-radiative effects

= NET ACRE CERES-SYN1deg (2000-2017)
= | W ACRE CERES-SYN1deg (2000-2017)
= SW ACRE CERES-SYN1ldeg (2000-2017)
= NET ACRE CERES-SYN1ldeg (2006-2011)
=—4— NET ACRE CloudSat/Calipso (2006-2011)
=—&— LW ACRE CloudSat/Calipso (2006-2011)
=—&— SW ACRE CloudSat/Calipso (2006-2011)

50°N 60°N 70°N 80°N

Latitude (°)

40°N

CERES-SYN1deg (2006-2011 and 2000-2017) exhibits a
much clearer and statistically significant meridional pat-
tern (Figure 1b). During a positive phase of the NAO,
ACRE decreases in the subtropics and lower midlati-
tudes (equatorward of 45°N), and increases in the higher
midlatitudes between 50 and 65°N. The anomalies in
ACRE are dominated by the long-wave component. The
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heating dipole of subtropical and lower-midlatitude cool-
ing and higher-midlatitude warming is robust in both
CloudSat/CALIPSO and CERES-SYNldeg, which agree
well for the time period between 2006 and 2011. Despite
some decadal-scale variability in the magnitude of the
NAO impact on higher midlatitude ACRE (compare the
2006-2011 and 2000-2017 periods in CERES-SYN1deg),
the heating dipole is robust with respect to the observa-
tional time period and consistent with previous findings of
Li et al. (2014a) (compare our Figure 1b with figure 2e of
Lietal., 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.

3.2 | 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 Hemi-
sphere. The tilt of the North Atlantic jet stream sug-
gests 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 lev-
els over the North Atlantic (Figure 2). At higher levels
(7-12km; Figure 2a), a positive phase of the NAO leads
to increased cloud incidence along the storm track
region (around 45°N; also Athanasiadis et al., 2010) from
eastern Canada/USA to Scandinavia and over the sub-
polar Atlantic. Decreased cloud incidence is evident in
near-zonal bands from southwest of the Azores to the east-
ern Mediterranean and from the Labrador Sea to Iceland.

At mid-levels (1.5-7 km; Figure 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 time, the lower midlatitudes experience reduced
mid-level cloud incidence during a positive NAO.

At lower levels (0-1.5km; Figure 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.
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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; Grise and
Medeiros, 2016; Li and Thompson, 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 extratropi-
cal cyclones. The decrease in high-level and increase in
low-level cloud incidence around the Azores is consis-
tent with a strengthening of the high-pressure system and
large-scale descent.

The NAO also impacts vertically integrated ACRE.
For a positive NAO, changes in ACRE as derived from
CloudSat/CALIPSO (Figure 2d) show a tilted merid-
ional heating dipole along the southwest-northeast axis,
with warming in a broad area around the British Isles
and cooling in a broad area around the Azores. ACRE
from CERES-SYNldeg shows a consistent impact of
the NAO with higher statistical significance, thanks to
the better spatio-temporal coverage of CERES-SYN1deg
(Figure 2e for years 2006-2011; Figure 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 inci-
dence (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.

3.3 | Vertical structure over Iceland
and the Azores

We now analyse the vertical structure of cloud incidence
and ACRE from CloudSat/CALIPSO over the two centres
of actions of the NAO sea-level pressure seesaw, namely
Iceland and the Azores. The Iceland and Azores domains
are shown in Supporting Figure S1 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.
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(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 2006-2011, 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

3.3.1 | Iceland

Figure 3a,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 1.5km (Figure 3a, 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 (Figure 3b, black).

The impact of the NAO is on the order of 20% of
the climatological value for cloud incidence (Figure 3a,
blue), and up to 80% for ACRE (Figure 3b, 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 inci-
dence, probably a consequence of a lowered tropopause,
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Vertical profiles of NAO regressions of DJF 5-day mean (a, ¢) 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

and an upward shift of the climatological low-level max-
imum 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 lower troposphere, the decrease
in low-level cloud incidence leads to anomalous ACRE
heating.

3.3.2 | Azores

Over the Azores domain, the vertical profile of climatolog-
ical cloud incidence exhibits two maxima: an upper-level
maximum at 10km and a low-level maximum at 1.5km
(Figure 3c; black). This leads to climatological ACRE cool-
ing near the high-level and low-level cloud tops, and
ACRE heating between in the mid-troposphere and near

the surface underneath the low-level clouds (Figure 3d;
black).

As for the Iceland domain, the impact of the NAO
is on the order of 20% of the climatological value for
cloud incidence (Figure 3c, blue) and up to 50% for
ACRE (Figure 3d, red). The NAO impact is opposite to
that over the Iceland domain. During a positive phase of
the NAO, cloud incidence increases around 12km and
around 1.5km, and decreases between. This indicates an
upward shift of high-level clouds, consistent with a ris-
ing tropopause, and an increase in low-level clouds, con-
sistent 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.



1830 Quarterly Journal of the

A . ERMetS
Royal Meteorological Society

PAPAVASILEIOU ET AL.

3.4 | Robustness in other observational
datasets

We now verify that the NAO impact on vertically inte-
grated 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-SYNldeg,
CERES-EBAF and GERB/SEVIRI (Table 1).

Because GERB/SEVIRI is only available for the
long-wave component, the comparison is restricted to
that for all datasets. This is unproblematic, since ACRE
is dominated by this component anyway (Figure 1b).
CERES-EBAF and GERB/SEVIRI are available only on the
monthly time-scale. The comparison between the 5-day
means from CloudSat/CALIPSO and CERES-SYNldeg
and the monthly means from CERES-EBAF and GER-
B/SEVIRI indicates to what extent the NAO impact is
sensitive to the averaging period.

The CRE anomalies at the TOA and BOA differ
between the datasets by several W-m™ and are not always
statistically significant. Nevertheless, the vertically inte-
grated 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 inte-
grated ACRE cooling over the Azores 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 compari-
son also illustrates the uncertainty in the magnitude of the
NAO impact on ACRE. The comparison between ACRE
changes derived from the 5-day means from CloudSat/
CALIPSO and CERES-SYN1deg and the monthly means

TABLE 1

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.

4 | ROLE OF 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 posi-
tive 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 4 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 regres-
sions. In ERA-Interim, sigma levels are used to distinguish
high-level, mid-level and low-level cloud cover (ECMWF,

NAO impact on long-wave vertically integrated ACRE as well as TOA and BOA cloud-radiative effects during

December-February over the Iceland and Azores domains in satellite datasets and ERA-Interim

CERES-SYN1deg CloudSat/CALIPSO

(2000-2017) (2006-2011)

Iceland

TOA +2.7(%£0.7) +3.2(+1.0)
ACRE +1.9(+0.9) +1.0(+0.7)
BOA +0.8(%0.5) +2.2(+0.9)
Azores

TOA —2.2(x0.7) —0.1(%1.5)
ACRE —2.5(x0.8) —1.5(%0.8)
BOA +0.3(=0.4) +1.4(x1.5)

CERES-EBAF GERB/SEVIRI ERA-Interim

(2002-2017) (2006-2011) (1979-2017)

+2.1(+0.9) +1.9(+1.0) +2.1(+0.9)
+21(+1.2) +L.7(+1.1) +4.0(0.5)
0.0(0.8) +0.2(+0.7) ~1.9(+0.8)
—23(+1.2) —1.5(+0.9) —2.1(0.7)
—2.4(+1.1) —0.7(+0.5) —2.5(£0.5)
+0.1(0.6) —0.8(+0.5) +0.4(0.8)

Note: 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.
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FIGURE 4
(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

NAO regressions of DJF 5-day mean ERA-Interim

at 800 hPa. Stippling indicates statistical significance at the 5% level
according to a two-sided Wald test. For (c), Greenland is masked out

2010), with boundaries at roughly 800 and 450hPa.
Figure 4a 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 (Figure 4b) exhibit a meridional
dipole structure with positive anomalies poleward of the
storm track and east of Greenland, and negative anomalies

Royal Meteorological Society

equatorward of the storm track. The anomalies in low-level
cloud cover are largely opposite to those of high-level cloud
cover (Figure 4c). These results are qualitatively consis-
tent with CloudSat/CALIPSO (Figure 2), apart from near
Iceland and over the Norwegian Sea. These discrepan-
cies might partly result from the fact that ERA-Interim
measures cloud cover and CloudSat/CALIPSO cloud inci-
dence, which leads to different treatments of cloud overlap
in the two datasets (Section 2).

More importantly, and more relevant to the NAO
dynamics, the regression analysis of 5-day mean ver-
tically integrated ACRE during DJF from 1979-2017
and 2006-2011 in Figure 5a,b shows an ACRE dipole
that is broadly consistent with the satellite observations
(Figure 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 (Figure 5c,d) show a similar structure as
in CloudSat/CALIPSO (Figure 3b,d). In ERA-Interim the
heating anomalies are statistically significant at almost
all levels and smoother, while the maxima of the regres-
sions are slightly weaker over the Azores and slightly
stronger over Iceland than CloudSat/CALIPSO. For verti-
cally averaged ACRE, ERA-Interim is qualitatively consis-
tent with the observations (Table 1). Thus, we conclude
that ERA-Interim overall captures the observed impact of
the NAO on clouds and ACRE.

41 |
(PTE)

Surface pressure tendency equation

The PTE allows us to quantify the impact of heating
and moisture anomalies on the surface pressure evolu-
tion. 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

) a 100 hPa oT
Pste = Psfc _¢100 hPa + pstcRa / a—tvd(lnp)
s

at ot .
S Nm—— ~ ~
Dp D¢ ITT
+ g(E — P) + RESptE, 3)
—_——
E-P

where pg. is the surface pressure, p is air pressure, pss
is the surface air density, Ry is the gas constant of dry
air, ¢0onpa 1S the geopotential at 100 hPa, Ty is the vir-
tual temperature, g is the gravitational acceleration, E is
evaporation, P is precipitation, and RESprg represents the
analysis residual due to, for example, spatiotemporal dis-
cretisation. Equation (3) measures the surface pressure
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NAO regression of DJF 5-day mean ACRE in ERA-Interim; vertically integrated ACRE during (a) 2006-2011 and (b)

1979-2017. Vertical profiles of ACRE regression during 2006-2011 averaged over the (c) Azores and (d) Iceland domains. The black lines
indicate the DJF climatology during 2006-2011. Stippling in (a, b) and thick lines in (c, d) indicate statistical significance at the 5% level

according to a two-sided Wald test

tendency (Dp) from changes in the upper boundary of the
vertical integral, here chosen as the geopotential at 100 hPa
level (D¢), 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

100 hPa

ITT = pyeRy / —v-V,T, d(Inp) TADV (4a)

sfc

100 hPa
+ psreRa / (RdTV - £>w d(np) VMT (4b)
sfc Cpp aP

100 hPa
+ pstcRa /
sfc

T,Q
T

PHY

d(Inp) (4c)

100 hPa dq
+ psteRa / 0.608 Td_t d(In p) HUM  (4d)
st

C

+ RESiTT, (4e)
where v is the horizontal wind, w is the pressure velocity,
cp 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 humid-
ity, and RES;rr 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
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heating, sensible heat fluxes and boundary-layer turbu-
lence, whereas HUM measures the impact of diabatic pro-
cesses on the amount of specific humidity (e.g., a specific
humidity decrease due to condensation of water vapour).
In the following, the sum of PHY and HUM is referred to as
the total diabatics term DIAB. The DIAB term contains the
all-sky radiative heating, which we further separate below
into contributions from ACRE and clear-sky radiative
heating.

The PTE is a budget equation of the surface pres-
sure tendency. Given a constant upper boundary in
geopotential height (D¢ = 0), a process that warms the
atmosphere between the surface and the upper bound-
ary leads to decreased air density, mass loss and surface
pressure fall. Analogously, a process that cools the atmo-
sphere works in favour of a surface pressure rise. A detailed
description of the PTE analysis is given in Fink et al. (2012).
We chose the upper boundary at 100 hPa, following Fink
et al. (2012). The choice of the upper boundary can affect
the relative contributions of ITT and D¢ (Knippertz et al.,
2009). Because clouds are limited to the troposphere, the
100 hPa boundary ensures that the cloud-radiative impact
is captured as part of the ITT term. We note that the ver-
tical integrals are performed over d(In p) (and not dp), so
that a heating in the upper troposphere has a stronger
impact on the surface pressure tendency than a heating in
the lower troposphere. As we will see below for the ACRE
impact over Iceland, this can lead to a zero surface pressure
tendency impact despite a vertically integrated anomalous
ACRE heating.

We calculate the PTE and its decomposition every 6 hr
over the entire North Atlantic region, and then construct
5-day means. Figure 6a illustrates the 5-day mean PTE
terms for the Iceland domain during DJF 2006/2007. Gen-
erally speaking, both the ITT and D¢ terms are substantial
and often compensate each other. Note that the instanta-
neous 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 statisti-
cally significant negative correlation. The decomposition
of the ITT term (Figure 6b) shows large and opposite con-
tributions from horizontal temperature advection (TADV)
and vertical motions (VMT). TADV and VMT tend to
be negatively correlated because a column-mean warm-
ing from horizontal temperature advection (TADV>0) is
associated with upward motions and adiabatic cooling
(VMT<0), and viceversa. In the following, we will therefore
consider the sum DYN=TADV+VMT to measure the sur-
face pressure impact of the circulation. The contributions
from the sum of all diabatic processes (DIAB) and ACRE
are smaller than TADV and VMT, but they can still con-
siderably affect the ITT term because of the compensation
between TADV and VMT.

Royal Meteorological Society

As for the analysis of the NAO impact on clouds in
Section 3, 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 observa-
tions 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 qual-
itatively consistent with the observations (Table 1). More-
over, Ling and Zhang (2013) showed that ERA-Interim's
diabatic heating profiles in the extratropics compare well
with other reanalysis datasets and observations. This indi-
cates that our PTE results should not be overly sensitive to
the choice of the reanalysis dataset.

4.2 | Latitude-longitude perspective
of the PTE regression analysis

We start with the latitude-longitude perspective of the
NAO regression of the PTE terms (Figure 7). A positive
NAO is associated with a positive surface pressure ten-
dency 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 sur-
face pressure tendency is found over the Labrador Sea
and the Irminger Sea. The surface pressure tendency pat-
tern results from large and opposite tendencies of the
D¢ and ITT terms. The D¢ term dominates over western
Europe and over the Labrador Sea and the Irminger Sea
(Figure 7b). The ITT term dominates over the northeast-
ern and the western parts of the North Atlantic (Figure 7c).
A positive NAO is associated with a weakening of the Ice-
land low due to changes in virtual temperature changes
between 100 hPa and the surface (i.e., the ITT term), and
a 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.

We now decompose the ITT anomalies into the con-
tributions of Equation (4) 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 (Figure 8; note
the different magnitudes of each term). The ITT anoma-
lies result from meridional dipoles in DYN and DIAB,
which largely oppose each other. The large-scale dynam-
ics (DYN) work in favour of dampening the NAO surface
pressure anomalies (shown in black, Figure 8b), while
diabatic processes as a whole (DIAB) work in favour of
reinforcing them (Figure 8c). The magnitude of the DIAB
anomalies is almost as large as the DYN anomalies, and
in fact larger west of the Azores. The meridional dipole
of the DIAB anomalies suggests that diabatic processes as
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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 9
illustrates that a positive phase of the NAO is associated
with strong positive anomalies of 5-day mean precip-
itation in the higher midlatitudes and strong negative
anomalies in lower midlatitudes. The spatial correspon-
dence 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 dia-
batic processes. To assess the role of ACRE and clear-sky

radiative heating, we also regress surface pressure ten-
dencies due to ACRE (Figure 8d) and clear-sky radiative
heating (Figure 8e) onto the NAO. A positive NAO is
associated with positive surface pressure tendency anoma-
lies due to ACRE around the Azores, consistent with
anomalous vertically integrated ACRE cooling (Figure 5).
Around Iceland, the pattern is less consistent, with neg-
ative surface pressure tendency anomalies south of Ice-
land 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 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



PAPAVASILEIOU ET AL. Quarterly Journal of the

I _ S RMetS 1835
Royal Meteorological Society

(hPa-5 days-1) (hPa-5 days-1) (hPa-5 days-1)

FIGURE 7 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;
dashed lines indicate negative anomalies). The green lines indicate the Azores and Iceland regions according to Figure 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 colour scales
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FIGURE 8 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;
dashed lines indicate negative anomalies). Stippling indicates statistical significance at the 5% level according to a two-sided Wald test. Note
the different colour scales. The green lines indicate the Azores and Iceland regions according to Figure S1. For the Iceland domain, land is
excluded, as indicated by the inner green dashed line
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FIGURE 9

ERA-Interim DJF precipitation from 2006-2011; (a) climatology, (b) NAO regressions of 5-day means with stippling

indicating statistical significance at the 5% level according to a two-sided Wald test and black lines showing the NAO-related surface pressure
anomaly (contour interval 2 hPa; dashed lines indicate negative anomalies)

radiative heating act as a positive feedback by reinforcing
both the Iceland low and Azores high. The clear-sky radia-
tive heating impact over the Azores is associated with
anomalous column-mean heating (Figure S2) which leads
to anomalous column-mean clear-sky radiative cooling,
while the opposite occurs over Iceland. Yet, the contribu-
tion of ACRE and clear-sky radiative heating to the dia-
batic processes as a whole is relatively minor, suggesting
that radiative feedbacks on the NAO are small (Table 2).

4.3 | 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 Figure 10.

TABLE 2 NAO regressions of 5-day mean surface
pressure tendencies from different contributions to the ITT
term

Azores Iceland
DYN -9.6(%+2.9) +11.5(+5.8)
DIAB +8.5(+2.2) —7.0(+2.2)
ACRE +0.2(+ 0.2) 0.0(+ 0.3)
Clear-sky radiation +0.4(£0.2) —0.8(£0.5)

Note: Values are vertically integrated and averaged over the Azores
and Iceland domains. The analysis is based on ERA-Interim during
DIJF 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.

Over the Azores domain (Figure 10a), 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
950 to 800 hPa, 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 (Figure 10b).

5 | COMPARISON TO LI ETAL.
(2014A)

Our work is motivated by Li et al. (2014a). In contrast to
our conclusion of a weak positive cloud-radiative feedback
on the NAQ, Li et al. (2014a) argued for a negative feedback
(although they did not quantify the magnitude of the
feedback). To understand this difference, this section con-
trasts 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 TOA 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 win-
ter 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
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FIGURE 10
5-day mean vertical profiles of the ITT
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incidence (Figure 11), consistent with Li and Thompson
(2016). However, apart from the zonal-mean cloud inci-
dence, our regression results are very similar to those of Li
et al. (2014a). This includes the zonal-mean CRE regres-
sion (compare our Figure 1b with figure 2e of Li et al,
2014a) as well as the North Atlantic regressions for clouds
and CRE (compare our Figures 2a, 4a and 5a to figures 3b,
3c and 4c from Li et al., 2014a). Moreover, Table 2 indicates
that the ACRE and TOA CRE anomalies closely resemble
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.

Li et al. (2014a) applied a temperature anomaly
framework. Looking down from the TOA, they found
negative CRE anomalies (i.e., cooling) around the
Azores during a positive NAO, while tropospheric tem-
peratures are anomalously warm (as inferred from
TOA clear-sky long-wave 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 Figure5c,d with
Figure S2 shows that the CRE anomalies do not follow
the vertical profile of the temperature anomalies and are
strongest in the lower troposphere where the tempera-
ture 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 frame-
work, where the vertically integrated effect of CRE

indicate statistical significance at the 5%
level according to a two-sided Wald test

-5 0 5
(hPa-5 days-1)

10 15

matters but not the vertical location of CRE with respect
to temperature anomalies. In this perspective, the verti-
cally 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.

6 | CONCLUSIONS

The North Atlantic Oscillation is a dominant mode of
synoptic-scale variability over the North Atlantic region. In
this paper, we have studied (a) how NAO variability on syn-
optic time-scales affects clouds and cloud-radiative effects
(CRE), and (b) 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
TOA CRE act as a negative feedback on the NAO and
dampens 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 asso-
ciated with more high-level clouds along the storm track
(45°N) and the subpolar Atlantic, and less high-level
clouds poleward and equatorward of it. The high-level
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FIGURE 11

Regression of zonal-mean cloud incidence from CloudSat/CALIPSO onto the (a, ¢, e, g) AO and (b, d, f, h) NAO for(a-d)
monthly means and (e-h) 5-day means, and for (c,d, g, h) DJF and (a,

b, e,f) ONDJFM. (a) corresponds to Li et al. (2014a), (h) corresponds 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

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 NAO-associated 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 apply the sur-
face pressure tendency equation (PTE) to ERA-Interim
short-term forecast data. This allows us to quantify the
relative role of ACRE compared to the large-scale circula-
tion and the sum of all diabatic processes. The regression
analysis indicates that the NAO-generated ACRE anoma-
lies 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 TOA 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 consider the

surface pressure tendency, Li et al. (2014a) reason based on
a CRE dampening of NAO-generated temperature anoma-
lies. Irrespective of this difference in the concluded direc-
tion of the cloud-radiative impact, our analysis also shows
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 time-scales.

Diabatic processes as a whole, which besides CRE
include latent heating, exhibit NAO-generated 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
show 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 argue that latent heating acts as
a negative feedback and dampens the persistence of the
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NAO and the annular modes, respectively. As for CRE, we
believe the difference results from the chosen interpreta-
tive framework. Greatbatch and Jung (2007) and Xia and
Chang (2014) argue with a dampening of NAO-generated
temperature anomalies, whereas we reason 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 analy-
sis suggests that cloud-radiative effects represent a positive
but small feedback on the NAO persistence on synoptic
time-scales. In the future we plan to 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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