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Abstract The signature of the northern annular mode/North Atlantic Oscillation (NAM/NAO) in the
vertical and horizontal distribution of tropospheric cloudiness is investigated in CloudSat and CALIPSO
data from June 2006 to April 2011. During the Northern Hemisphere winter, the positive polarity of the
NAM/NAO is marked by increases in zonally averaged cloud incidence north of ∼60◦ N, decreases between
∼25 and 50◦ N, and increases in the subtropics. The tripolar-like anomalies in cloud incidence associated
with the NAM/NAO are largest over the North Atlantic Ocean basin/Middle East and are physically
consistent with the NAM/NAO-related anomalies in vertical motion. Importantly, the NAM/NAO-related
anomalies in tropospheric cloud incidence lead to signiﬁcant top of atmosphere cloud radiative forcing
anomalies that are comparable in amplitude to those associated with the NAM/NAO-related
temperature anomalies. The results provide observational evidence that the most prominent pattern
of Northern Hemisphere climate variability is signiﬁcantly linked to variations in cloud radiative forcing.
Implications for two-way feedback between extratropical dynamics and cloud radiative forcing
are discussed.
1. Introduction
Clouds greatly impact the radiative budget of the Earth-atmosphere system. They cool the Earth by reﬂecting incoming shortwave radiation back to space but warm it by trapping outgoing longwave radiation
[e.g., Ramanathan et al., 1989; Rossow and Lacis, 1990; Wielicki et al., 1995; Stephens, 2005; Bony et al., 2006].
Since radiation fundamentally modiﬁes the thermodynamic structure of the atmosphere, changes in cloud
amount can also inﬂuence the large-scale atmospheric circulation [Slingo and Slingo, 1988; Randall et al.,
1989; Stephens, 2005]. Clouds at diﬀerent altitudes and with varying optical depths aﬀect the Earth’s radiation budget in diﬀerent ways, and detailed information of the global three-dimensional structure of clouds
is key for determining the vertical distribution of radiative heating rates [Wielicki and Parker, 1992; Chen et al.,
2000; Weare, 2000]. Therefore, it is important to understand the signature of large-scale patterns of climate
variability in cloud vertical structure and radiative forcing.
Previous observational and numerical studies have examined the eﬀects of cloud-radiative forcing on the
atmospheric circulation [Slingo and Slingo, 1988; Randall et al., 1989; Slingo and Slingo, 1991]. The eﬀects
of clouds on the atmospheric circulation have been investigated over the tropics in association with the
Madden-Julian Oscillation [e.g., Slingo and Madden, 1991; Lee et al., 2001; Bony and Emanuel, 2001, 2005;
Zurovac-Jevtić et al., 2006]. Relatively little research eﬀort has been placed on understanding the impact of
cloud radiative eﬀect on large-scale variability in the extratropical atmospheric circulation.
The northern annular mode/North Atlantic Oscillation (NAM/NAO) is the dominant pattern of climate variability in the Northern Hemisphere extratropical circulation [e.g., Hurrell, 1995; Thompson and Wallace, 2000;
Hurrell et al., 2003]. The NAM/NAO is associated not only with signiﬁcant changes in the zonal wind but also
in the mean meridional circulation and thus presumably the vertical structure of cloud incidence. The signature of the NAM/NAO in clouds has been studied in ship observations of low clouds [Park and Leovy, 2000]
and in CloudSat data of cloud vertical distribution over the Arctic [Devasthale et al., 2012]. The above studies demonstrate that the NAM/NAO has a robust regional signature in clouds, but they do not explore the
attendant changes in cloud radiative forcing. Previdi and Veron [2007] examined the signature of the NAO in
cloud cover and cloud radiative forcing over the high-latitude North Atlantic. However, their study focuses
only on the northern high latitudes, and their cloud radiative forcing is estimated as the simple diﬀerence
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between all-sky and clear-sky condition, which does not necessarily accurately quantify the cloud radiative
eﬀect [Soden et al., 2008].
The objective of this study is to examine and interpret the signature of the NAM/NAO in the horizontal and
vertical structures of cloud incidence and cloud radiative forcing using nearly 5 years of CloudSat/CALIPSO
data. The data and methodology are described in section 2; the results are presented in section 3; and the
implications of the results are discussed in section 4.

2. Data and Methodology
2.1. Data
We use the cloud fraction data obtained from the combined radar and lidar retrievals 2B-GEOPROF-LIDAR
product (version P2R04) [Mace et al., 2009]. The results are presented in terms of “cloud incidence”, which
provides a quantitative estimate of the likelihood of a cloud within a given volume sensed by the satellite
[Verlinden et al., 2011; Li and Thompson, 2013]. For example, a cloud incidence value of 50% indicates that
a cloud was observed 50% of the time. We construct cloud incidence data with spatial resolution 2.5◦
(latitude) × 2.5◦ (longitude) × 240 m (vertical). The analyses here are based on ∼5 years of CloudSat
observations from June 2006 to April 2011.
Various ﬁelds are also derived from monthly mean output from the European Centre for Medium Range
Weather Forecasts Re-Analysis-Interim (ERA-Interim) [Simmons et al., 2007]. The ERA-Interim is used to calculate the surface temperature, atmospheric temperature, speciﬁc humidity, surface albedo, top of the
atmosphere (TOA) radiation ﬂuxes anomalies associated with the NAM/NAO. It is also used to supplement
the satellite-derived cloud incidence. The reanalysis is available on a 1.5◦ × 1.5◦ horizontal mesh, at 37 pressure levels from 1979 to present. The forecast Interim products (e.g., radiative ﬂuxes) are calculated using
output at forecast steps of 6 and 12 h. We use ERA-Interim for the period of overlap with the CloudSat data
(June 2006 through April 2011). Anomalies are computed by subtracting the annual cycle calculated for the
period January 1979 to December 2011.
Monthly mean values of the NAM/NAO index are obtained from National Oceanic and Atmospheric Administration Climate Prediction Center (http://www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_ao_
index/ao.shtml) and are deﬁned as the leading principal component of monthly mean 1000 hPa height
during the period 1979–2000. The analysis is focused on the Northern Hemisphere cold season months
October–March.
2.2. Decomposition of Radiation Anomalies Associated With the NAM/NAO
We apply the radiative kernel method [Huang et al., 2007; Soden et al., 2008; Shell et al., 2008] to diagnose
variations in TOA radiative ﬂuxes associated with the NAM/NAO. The longwave radiative ﬂux anomalies are
decomposed into contributions from changes in surface and atmospheric temperature, atmospheric water
vapor, and cloud; the shortwave radiative ﬂux anomalies are decomposed into contributions from changes
in surface albedo, atmospheric water vapor, and cloud.
Taking the longwave radiation anomalies as an example, the clear-sky and all-sky anomalies are decomposed as follows:
ΔRclear = ΔRclear
+ ΔRclear
+ Z clear ,
T
q

(1)

ΔRall = ΔRall
+ ΔRall
+ ΔRcloud + Z all ,
T
q

(2)

where ΔR denotes the TOA longwave radiation anomalies associated with the NAM/NAO and ΔRT , ΔRq , and
ΔRcloud represent contributions from change in surface and atmospheric temperature, atmospheric water
vapor, and cloud, respectively. Z is the residual term, which provides a measure of the ﬁdelity of the linear
decomposition assumption.
The noncloud contributions are calculated as follows:
ΔRT =

𝜕R
𝜕R
ΔT; ΔRq =
Δq
𝜕T
𝜕q

(3)

𝜕R
𝜕R
where 𝜕T
and 𝜕q
are the precalculated global radiative kernels based on the Geophysical Fluid Dynamics
Laboratory general circulation model [Soden et al., 2008] and ΔT and Δq correspond to regression anomalies
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Figure 1. Regressions of zonal mean (a) pressure vertical motion (shading; 𝜔 has been multiplied by −1 so that positive values correspond to upward motion)
and zonal wind (contour), (b) temperature (shading) and zonal wind (contour), and (c) cloud incidence (shading) and zonal wind (contour) onto standardized
monthly mean values of the anomalous NAM/NAO index. Results are based on October–March data from June 2006 to April 2011. The seasonal cycle has been
removed from the data. Units are K (temperature), hPa day−1 (pressure vertical motion), and % (cloud incidence). Contour interval of zonal wind is 0.5 m s−1
(dashed contours indicate negative values). The red and blue lines in Figure 1c indicate the climatological-mean tropopause height plus and minus the regression
of tropopause height onto the standardized NAM/NAO index, respectively. Tropopause height is identiﬁed using the World Meteorological Organization lapse
rate deﬁnition.

in surface and atmospheric temperature and atmospheric water vapor, respectively, associated with the
NAM/NAO.
The cloud contribution is derived by combining equations (1) and (2)
ΔRcloud = (ΔRall − ΔRclear ) − (ΔRall
− ΔRclear
) − (ΔRall
− ΔRclear
)
T
T
q
q
)
(
)
( all
clear
all
𝜕R
𝜕R
𝜕R
𝜕Rclear
−
ΔT −
−
Δq.
= (ΔRall − ΔRclear ) −
𝜕T
𝜕T
𝜕q
𝜕q

(4)

Note that the cloud radiative forcing (CRF) is deﬁned as the diﬀerence between all-sky and clear- sky radiative anomalies (CRF ≡ ΔRall − ΔRclear ) so that ΔRcloud obtained by adjusting the CRF for the impacts of
changes in T and q is often referred to as adjusted CRF [Shell et al., 2008; Soden et al., 2008].

3. Results
3.1. Zonally Averaged Circulation
Figures 1a and 1b review key aspects of the signature of the NAM/NAO in the zonal mean circulation. The
contours in both panels correspond to the monthly mean zonal mean zonal wind anomalies regressed onto
the NAM/NAO index. The shading in Figures 1a and 1b shows the corresponding anomalies in pressure
vertical velocity (upward motion is positive) and atmospheric temperature, respectively.
As noted extensively in previous work [e.g., Thompson and Wallace, 2000; Hurrell et al., 2003, and references therein], the positive polarity of the NAM/NAO is characterized by (1) a meridional dipole in the
zonal mean zonal wind with centers of action located ∼30◦ N and 55◦ N (Figure 1a) and (2) banded vertical
motion (Figure 1a) and temperature (Figure 1b) anomalies in the troposphere that coincide roughly with
the nodal lines in the changes in the zonal ﬂow. The vertical motion anomalies are consistent with forcing
by the anomalous momentum ﬂuxes aloft and can be interpreted as driving (as opposed to responding
to) the attendant changes in atmospheric temperature. The most pronounced temperature and vertical
motion anomalies associated with the positive phase of the NAM/NAO include (1) warming at the tropical tropopause (consistent with a weakening of the stratospheric Brewer-Dobson circulation), (2) cooling
and rising motion in the subtropical troposphere, (3) warming and sinking motion in the midlatitude
troposphere, and (4) cooling and rising motion in the polar troposphere and stratosphere.
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Figure 2. (a) Zonal mean TOA downwelling longwave clear-sky radiation anomalies associated with the NAM/NAO calculated directly from the ERA-Interim reanalysis (solid line) and derived from the sum of the contributions from various
physical factors using the radiative kernel method (see equation (1); dashed line). (b) downwelling longwave radiation
anomalies contributed from changes in temperature (solid line) and water vapor (dashed line). (c and d) As in Figures 2a
and 2b, but for all-sky conditions. (e) Adjusted cloud radiative forcing (CRF) estimated using the radiative kernel method
(solid line; see equation (4)), and CRF anomalies estimated as the simple diﬀerence between the all-sky and clear-sky
radiative ﬂuxes (dashed line). (f ) Adjusted CRF based on AIRS (solid line) and CERES EBAF (dashed line) observations.

The shading in Figure 1c shows the corresponding changes in cloud incidence. The contours indicate
the zonal wind and are reproduced from Figure 1b. The red and blue lines indicate the height of the
tropopause during the positive (red) and negative (blue) polarities of the NAM/NAO. The positive polarity
of the NAM/NAO is marked by a meridional dipole in upper tropospheric clouds with centers of action centered ∼30–45◦ N and poleward of 60◦ N. The positive cloud anomalies poleward of 60◦ N extend throughout
the troposphere, whereas the negative cloud anomalies at lower latitudes are conﬁned to the upper troposphere. The lack of cloud anomalies in the subtropical lower troposphere may be due to the relatively
low cloud amounts there; i.e., there are few clouds in the long-term mean to be perturbed by anomalies in
the circulation.
For the most part, the largest anomalies in upper tropospheric cloud incidence coincide with the largest
changes in vertical motion: downward anomalies in vertical motion at middle latitudes overlie decreases in
cloud incidence; upward anomalies in vertical motion at high latitudes overlie increases in cloud incidence.
The positive polarity of the NAM/NAO is also marked by decreases in cloud incidence near the tropical
tropopause, consistent with the warming (shading in Figure 1a) and depression (red line in Figure 1c) of
the tropical tropopause. The signature of the NAM/NAO in upper tropospheric cloud incidence is consistent
with the linkages between cloud vertical structure and the large-scale meteorology demonstrated in Li et al.
[2014]. The signature of the NAM/NAO in clouds at the tropical tropopause is consistent with the linkages
between the Brewer-Dobson circulation and cloud incidence [Li and Thompson, 2013].
Figure 2 quantiﬁes the zonal mean TOA longwave radiation anomalies associated with the NAM/NAO.
Downward ﬂux anomalies are deﬁned as positive, such that positive anomalies correspond to a warming
eﬀect of clouds for the atmosphere-surface column. Figures 2a and 2c compare the longwave radiation
anomalies associated with the NAM/NAO for clear-sky (Figure 2a) and all-sky (Figure 2c) conditions. Results
indicated by the solid lines are calculated directly from the ERA-Interim reanalysis. Results indicated by
LI ET AL.
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Figure 3. Regressions of monthly mean (a) pressure vertical motion (upward motion is positive) at 300 hPa, (b) cloud incidence averaged between 6 and 12 km
based o CloudSat/CALIPSO data set, and (c) high-cloud fractional coverage based on ERA-Interim reanalysis onto standardized monthly mean values of the
anomalous NAM/NAO index. Stippling indicates results that exceed 95% conﬁdence level based on a two-tailed test of the t statistic, with the eﬀective degrees of
freedom computed given in Bretherton et al. [1999, equation (31)]. The results in Figures 3a and 3b have been smoothed with a National Center for Atmospheric
Research Command Language built-in 9-point smoothing function for the purpose of display only.

the dashed lines are calculated as the sum of the contributions from temperature and water vapor (and
clouds) using the radiative kernel method. The very close agreement between the solid and dashed lines in
Figures 2a and 2c indicates that the residual terms in equations (1) and (2) are very small and thus that the
linear decomposition of TOA radiation anomalies by the kernel method is robust. Figures 2b and 2d show
the associated decomposition of the anomalies in longwave radiation due to the changes in temperature
and water vapor under both clear sky (Figure 2b) and all sky (Figure 2d) conditions. The noncloud contributions to the net changes in longwave forcing are dominated by the changes in surface and atmospheric
temperature (solid lines in Figures 2b and 2d).
Figure 2e shows the changes in longwave CRF (dashed) and adjusted longwave CRF (solid) associated with
variability in the NAM/NAO. Both results indicate (1) longwave warming due to clouds north of ∼60◦ N,
where the NAM/NAO is associated with increases in cloud incidence and (2) longwave cooling due to clouds
between ∼25 and 50◦ N, where the NAM/NAO is associated with decreases in cloud incidence. The diﬀerence between the two longwave estimates within the latitude band ∼50–70◦ N is centered over northern
Eurasia (not shown), where the large surface warming associated with the NAM/NAO is accompanied by
strong cooling in the troposphere, and thus a large increase in the temperature lapse rate. As noted in
Huang and Ramaswamy [2009], such a large change in the lapse rate may be mistaken for a cloud radiative
eﬀect in simple diﬀerences between all-sky and clear-sky radiation.
We reproduced the analyses in Figure 2 based on TOA longwave radiative ﬂuxes from Clouds and the
Earth’s Radiant Energy System (CERES) Energy Balanced and Filled (EBAF) Ed2.6r data product [Loeb et al.,
2009] and Atmospheric Infrared Sounder (AIRS) observations [Chahine et al., 2006]. The meridional structure of the adjusted CRF anomalies based on both observational data sources (Figure 2f ) are very similar
to those derived from ERA-Interim (solid line in Figure 2e), albeit CERES has somewhat larger amplitude
north of 70◦ N. Due to the strong similarity between results derived from both remotely sensed products
and ERA-Interim, we will use the ERA-Interim reanalysis to estimate the radiative ﬂuxes in the following sets
of results.
3.2. North Atlantic Sector
Figure 3 shows three diﬀerent ﬁelds regressed onto the NAM/NAO index over the North Atlantic sector:
upper tropospheric (300 hPa) vertical motion from ERA-Interim (Figure 3a), upper tropospheric cloud incidence (averaged 6–12 km) from the CloudSat data set (Figure 3b); and high-level (above ∼450 hPa) cloud
cover from ERA-Interim (Figure 3c).
Variations in the NAM/NAO are marked by a range of cloud incidence anomalies over the North Atlantic sector. Poleward of ∼55◦ N, the positive polarity of the NAM/NAO is marked by increases in upper tropospheric
cloud incidence to the east of Greenland juxtaposed against much weaker decreases to the west (Figure 3b)
[see also Previdi and Veron, 2007; Devasthale et al., 2012]. At middle latitudes, the positive polarity of the
NAM/NAO is associated with decreases in upper tropospheric cloud incidence that extend from the west of
Gibraltar into eastern Europe. At subtropical latitudes, it is marked by weak increases in upper tropospheric
LI ET AL.
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Figure 4. TOA downwelling radiation anomalies associated with the NAM/NAO contributed from (a) temperature (longwave), (b) cloud (longwave), and (c) cloud
(longwave + shortwave). Green boxes indicate example regions where the radiation forcing anomalies due to the changes in temperature and clouds coincide
with each other (see text for detail).

cloud incidence over the northern tropical Atlantic. The anomalies in cloud incidence over the eastern North
Atlantic correspond to a poleward shift in the Northern Hemisphere midlatitude jet and are consistent with
the pattern of the NAM/NAO in precipitation [e.g., Hurrell, 1995].
The signiﬁcance of the cloud incidence results in Figure 3b is limited by the short CloudSat record. Nevertheless, it is worth noting that the changes in upper tropospheric cloud incidence indicated by CloudSat are
reproducible in the ERA-Interim reanalysis (compare Figures 3b and 3c), and they are qualitatively consistent
with the attendant changes in anomalous vertical velocity (compare Figures 3a and 3b).
Figure 4 shows the geographical distribution of the TOA radiation anomalies associated with the NAM/NAO.
Since the contribution of water vapor to the NAM/NAO-related longwave radiation anomalies is small
(see Figure 2d), we show only the contributions from temperature and clouds. The large contributions
of the TOA longwave radiation anomalies due to changes in surface and atmospheric temperature are
found over the continental areas (Figure 4a) and include (1) longwave cooling over southeastern U.S. and
northern Eurasia (where the NAM/NAO induces surface warming) and (2) longwave warming over eastern
Canada/Greenland and southwestern Asia/Northern Africa (where the NAM/NAO induces surface cooling).
Both sets of anomalies are consistent with the negative Planck and lapse rate feedback.
As is the case for the zonal mean (Figure 2), the contribution of clouds to the NAM/NAO-related TOA longwave radiation anomalies over the Atlantic sector is comparable in amplitude to those due to temperature.
The longwave cooling due to clouds peaks in a region extending eastward from the east coast of the U.S.
to eastern Europe (Figure 4b) and is coincident with the decreases in high cloud incidence found over
those locations (Figures 3b and 3c). The longwave warming due to clouds peaks over the subtropical North
Atlantic and the subpolar North Atlantic (Figure 4b) and is coincident with the increases in high cloud incidence found over those regions (Figures 3b and 3c). The spatial consistency between the longwave adjusted
CRF and the anomalous high cloud incidence from two independent data sets further corroborates the
robustness of our estimate of variations in cloud radiative forcing due to variability in the NAM/NAO.
We also assessed the attendant changes in TOA cloud shortwave radiative forcing as adjusted to account
for the impact of water vapor and surface albedo. The results of total adjusted CRF are shown in Figure 4c.
The shortwave adjusted CRF is negligible over high latitudes where the incident solar radiation is very weak
during winter. Over the North Atlantic middle/low latitudes, the shortwave adjusted CRF is still a factor of
2–3 smaller in magnitude than that due to the longwave forcing. Thus, the total adjusted CRF associated
with the NAM/NAO is dominated by the longwave component.

4. Concluding Remarks
We have explored the signature of the NAM/NAO in the vertical and horizontal distribution of clouds
and adjusted cloud radiative forcing (CRF) in both CloudSat/CALIPSO data and ERA-Interim reanalysis.
The positive polarity of the NAM/NAO is marked by coherent and robust changes in cloud incidence that
largely mirror its attendant changes in vertical motion. The changes in cloud incidence associated with the
NAM/NAO, in turn, lead to marked anomalies in adjusted CRF. Over the North Atlantic, the anomalies in
LI ET AL.
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adjusted CRF are due primarily to changes in the ﬂuxes of longwave radiation and are comparable in amplitude to the changes in radiative ﬂux due to the NAM/NAO-related temperature anomalies. The primary
cloud incidence and adjusted CRF anomalies associated with the NAM/NAO were found to be reproducible
in independent data sources and using diﬀerent analysis techniques.
In the absence of land-sea contrasts, the adjusted CRF anomalies associated with annular variability might
be expected to shorten the timescale of the attendant temperature anomalies. For example, regions of
large-scale ascent and cooling are marked by increases in cloud incidence, and the resulting positive anomalies in longwave adjusted CRF should act to shorten the timescale of the negative atmospheric temperature
anomalies (e.g., north of 60◦ N in Figures 1 and 2e).
In the presence of large land-sea contrasts, the temperature anomalies associated with the NAM/NAO are
dominated by horizontal temperature advection (as opposed to vertical motion). Over the high latitudes of
the North Atlantic, the cloud and temperature radiative forcing anomalies associated with the NAM/NAO do
not clearly coincide with each other (compare Figures 4a and 4c). Over the middle/low latitudes of the North
Atlantic, the TOA adjusted CRF anomalies generally reinforce those due to the changes in temperature (e.g.,
see green boxes of Figure 4). Hence, over the middle/low latitudes of the North Atlantic, the adjusted CRF
should act to shorten the timescale of the middle/low latitude temperature anomalies associated with the
NAM/NAO. The importance of cloud and temperature radiative feedback in determining the timescale of
large-scale atmospheric phenomena will be examined in a companion study.
Finally, we note that the net hemispheric-mean cloud-radiative eﬀect associated with the NAM/NAO is a
warming eﬀect of 0.26 (longwave) − 0.04 (shortwave) = +0.22 W m−2 . For comparison, Grise et al. [2013]
argue that the hemispheric-mean cloud radiative anomalies induced by (1) the Antarctic ozone hole is
∼0.25 W m−2 and (2) the Southern Annular Mode (SAM) is ∼0.18 W m−2 . That said, it should be born in mind
that their results are based on very diﬀerent seasonal averages (the cloud radiative anomaly associated with
SAM is based on austral summer when the shortwave forcing dominates the long wave forcing; the cloud
radiative anomaly associated with the ozone hole is based on the annual mean). The diﬀerences in seasonal
averages, cloud data, periods of analysis, and radiative kernel methodologies between our study and Grise
et al. [2013] likely have a notable eﬀect on the magnitude of the estimated hemisphere-mean radiation values. Future work is needed to further verify and understand the hemispheric-mean cloud radiative feedback
associated with NAM.
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