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Abstract. The main purpose of this study is to investigate also provides a compelling case to carry out process-based
the influence of the Arctic Oscillation (AO), the dominant evaluation of global and regional climate models.
mode of natural variability over the northerly high latitudes,
on the spatial (horizontal and vertical) distribution of clouds
in the Arctic. To that end, we use a suite of sensors on-
board NASAs A-Train satellites that provide accurate obser-1  Introduction
vations of the distribution of clouds along with information
on atmospheric thermodynamics_ Data from three indepen:rhe Arctic Oscillation (AO), also sometimes referred to as
dent sensors are used (AQUA-AIRS, CALIOP-CALIPSO the Northern Annular Mode, or NAM (Thompson and Wal-
and CPR-C|OudSat) Covering two time periods (Winter half |ace, 1998), is the Ieading natural mode of Varlablllty in the
years, November through March, of 2002—2011 and 2006-Northern Hemisphere atmospheric circulation (e.g., Perlwitz
2011, respectively) along with data from the ERA-Interim and Graf, 1995; Thompson and Wallace, 1998; Baldwin and
reanalysis. Dunkerton, 1999; Christiansen, 2000). The spatial structure
We show that the zonal vertical distribution of cloud frac- Of this mode corresponds to the first empirical orthogonal
tion anomalies averaged over 67282to a first approxi- function (EOFl) of the monthly averaged sea level pressure
mation follows a dipole structure (referred to as “Greenlandfield and captures some of the large-scale dynamical prop-
cloud dipole anomaly”, GCDA), such that during the posi- erties of the atmosphere in the NH midlatitudes (Thomp-
tive phase of the AO, positive and negative cloud anomaliesson and Wallace, 2000, 2001). The AO displays a dipole
are observed eastwards and westward of Greenland respegtructure between the polar region and the midlatitudes and
tively, while the opposite is true for the negative phase ofiS the most important mode in winter. The largest merid-
AO. By investigating the concurrent meteoro|ogica| condi- ional difference is found in the Atlantic sector and the well
tions (temperature, humidity and winds), we show that differ- known North Atlantic Oscillation (NAO; e.g., Hurrell, 1995)
ences in the meridional energy and moisture transport durindgs sometimes considered a regional manifestation of the AO.
the positive and negative phases of the AO and the associlhe temporal evolution of the AO is described by the AO in-
ated thermodynamics are responsible for the conditions thai€x, where large values are associated with a stronger-than-
are conducive for the formation of this dipole structure. All Usual zonal flow in the midlatitudes, advecting warm air from
three satellite sensors broadly observe this large-scale GCDA€e oceans to over the continents, thereby implying warmer
despite differences in their sensitivities, spatio-temporal andhan usual winter conditions over land, and large negative
vertical resolutions, and the available lengths of data recordsvalues imply a weaker zonal and a stronger meridional flow

indicating the robustness of the results. The present studgtructure. For example, an increase in storm frequency over
the northeast Northern Atlantic Ocean (e.g., Greenland and
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Norwegian Seas) is often associated with positive phases of Surface-based measurements of cloud vertical distribu-
the AO, while during negative phases, the low pressure systion are only available over a few locations in the Arctic
tems over the North Atlantic Ocean often advance towardqShupe et al., 2011 and references therein). Some of the pre-
the southern Europe mid-latitudes and northern Europe hasious studies investigate co-variability among different at-
colder than average winters. Examples of strongly negativenospheric and surface parameters with the AO or the North
AO-conditions are the 2009-2010 and 2010-2011 wintersAtlantic Oscillation (NAO) over the high latitude regions
that were rich in snow and cold conditions in Europe andand the role of synoptic scale processes therein (Park and
Russia as well as along the Eastern US seaboard. Leovy, 2000; Trigo et al., 2002; Hurrell et al., 2003; Wang
It has been well established that the Arctic Oscillation and Key, 2003; Previdi and Veron, 2007; and references in
(AO) exerts a considerable influence on many climate vari-these studies). However, very few studies examine how cloud
ables in the mid-to-high latitudes in the NH. In fact, almost distribution is influenced by the AO. Park and Leovy (2000)
50 % of the observed trend in the several climate variablesvere first to use ship observations of cloudiness to show
can be explained by the trend in the AO (Thompson et al.that an increase in bad weather stratiform and convective
2000). However, since then, Cohen and Barlow (2005) ex-clouds over the northeast Atlantic during the positive North-
amined NAO and AO trends over the period 1958-2004 ancern Hemisphere annular mode (NAM). Their observations,
showed that there is weak to non-existent trend over that pehowever, were restricted to below roughly°®0. Trigo et
riod in spite of winter warming trend, the latter being un- al. (2002) used NCEP reanalysis data to show increase in
related to the NAO/AO. A similar result was found by Se- precipitable water over northern Europe and decrease over
menov et al. (2008) who also showed that trends, e.g., simGreenland and northern Canada during high NAO index peri-
ilar to those observed in 1965-1995, can be reproduced byds; and vice versa during the low NAO periods. Previdi and
the model and can be generated by internal variability. Veron (2007) used regional climate model to show similar
Many studies have related changes in Arctic to the AO, forspatial co-variability in cloud liquid and ice water path and
example in sea ice cover or motion (Rigor et al., 2002; Desethe NAO. They also use satellite based observations of total
et al., 2000; and Kwok, 2000), in ocean circulation (Dick- cloud fraction (2-D) to check the consistency of their mod-
son et al., 2000), surface temperatures and clouds (Wang aralling results. However, the detailed investigations of how the
Key, 2005). Few studies during the last decade attempte@®-D distribution of clouds manifests itself during high and
to provide plausible mechanisms for the AO. Life-cycles of low phases of the AO over the Arctic based purely on obser-
about two weeks of these oscillations were explained as antivations are still lacking. Therefore, in the present study, we
cyclonic (cyclonic) breaking of low frequency synoptic-scale build upon the advantages of NASA's Afternoon Train (A-
waves, their remnants forming the positive (negative) NAO Train) constellation of satellites (L'Ecuyer and Jiang, 2010)
phases by Benedict et al. (2004). Further studies by Strongnd, for the first time, quantify the relationships between the
and Magnusdottir (2008) showed a similar result, adding thatAO on the cloud 3-D distribution over northern high latitude
at lower latitudes the cyclonicity of waves breaking changesregions. One of the unique aspects of the A-Train constel-
for the two NAO phases, while Woolings et al. (2008) ex- lation is the sensing of vertical distribution of clouds along
plain the same life cycle’'s two phases as a basic (positivewith a suite of other atmospheric variables. This gives an op-
phase) and perturbed (negative) by variations in upper leveportunity to explore the meteorological context of the clouds
Rossby waves breaking. without introducing biases related to inconsistent time and
Although our understanding of the AO at shorter time space sampling while providing nearly complete coverage of
scales and the estimations of its large-scale impact orthe Arctic. The paper is organized as follows. Section 2 pro-
weather are improving, insufficient description of clouds andvides descriptions of the data sets used in this study followed
their dynamical coupling with the large-scale meteorology in by a discussion of the results in Sect. 3. The conclusions are
climate and short-term forecast models, especially over thg@resented in the final Sect. 4.
Arctic, still remains a major stumbling block in achieving
the desired accuracy and confidence (Tjeimtet al., 2008;
Vavrus et al., 2008; Karlsson and Svensson, 2011; Svenssom The data
and Karlsson, 2011; Kay et al., 2012). In this context, knowl-
edge of the vertical distribution of clouds during the differ- In the present study we used data from three different instru-
ent phases of the AO is crucial considering the tight connecments flying onboard the A-Train constellation of satellites:
tion of clouds with atmospheric circulation, thermodynamics Aqua, CALIPSO and CloudSat. We also employ data from
and radiation. For example, the poor representation of vertithe ERA-Interim reanalysis.
cal distribution of clouds in models may result in inaccurate
simulations of storm track and intensity. Hence, it is of pri- 2.1 AIRS
mary importance that we understand how cloud distribution
is influenced by the AO. The Atmospheric Infrared Sounder (AIRS)/Advanced Mi-
crowave Sounding Unit (AMSU) instrument suite has
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produced geophysical retrievals of temperature, water vapo2.3 CloudSat

atmospheric and surface properties, and minor gases since

September 2002 using a cloud clearing approach (Chahing&he radar reflectivities obtained from the active CPR in-
et al., 2006). The AIRS grating spectrometer has a total ofstrument operating at 94 GHz frequency onboard Cloud-
2378 infrared channels, with a spectral coverage between 3.3AT form the basis for a number of products providing in-
and 15.4pum (there are two gaps between 4.6-6.2 um anfbrmation on cloud physical and microphysical properties
8.2-8.8um). The AIRS temperature and water vapor pro{Stephens et al., 2002; Marchand et al., 2008). We used the
files are calculated at approximately40 km spatial reso- standard 2B-GEOPROF-LIDAR product that is the most rep-
lution at nadir view and this is termed the AIRS “field of resentative view of the vertical profiles of clouds by combin-
regard” (FOR). In the AIRS Version 5 algorithm, the cloud ing the strengths of 2B-GEOPROF product and CALIPSO
top pressure is retrieved in up to two layers at the AIRSV2 vertical feature mask (Mace et al., 2007). The CloudSat
FOR resolution, while the effective cloud fraction is re- radar and CALIPSO lidar are complementary (Mace et al.,
trieved in up to two layers on the individual AIRS FOVs 2007). The radar penetrates through most thick clouds except
(~13.5km at nadir view). As AIRS scans in both directions for heavy precipitation, and observes the layers of precipita-
to 49.5 off nadir, this facilitates near-global coverage on a tion that may not be observed by the lidar, while the lidar
daily basis. The Level-2 geophysical products are re-griddedcaptures thin cloud layers that are below the detection limits
(in space and time) to a Level-3 (L3) product. Herein, the of the radar, and adds cloud information in the lowermost 1-
AIRS Daily L3 Version 5 (V5) Standard Product is used. km in the troposphere where the radar signal as adversely
This AIRS L3 product reports effective cloud fraction (emis- affected by ground clutter. Data from the 2B-GEOPROF-
sivity convolved with cloud fraction) at 12 pressure levels LIDAR product from June 2006 through May 2011 is used
from 1000 hPa up to 100 hPa. Nearly a decade of data, fronin this analysis.

December 2002 through March 2011, is used in this study.

In addition to clouds, the retrievals of temperature, water2.4 The ERA-Interim reanalysis

vapour, and geopotential height are also analysed to under-

stand the observed variability in the cloud vertical structure.A reanalysis is the optimal blend of observations and numer-
Over the years, AIRS data sets have matured considerablical model data; the model provides consistency and time-
and a wealth of literature on the validation of AIRS retrievals, and-space continuity while the data corrects for model er-
including cloud products, is now available (e.g., Divakarla etrors in a cycle of data assimilations. The quality of reanal-
al., 2006; Fetzer, 2006; Kahn et al., 2008; Nasiri et al., 2010).ysis products varies depending on the variables considered
This daily L3 standard product has previously been used forand the density of observations in a particular area. More ob-
studying large-scale climatic features over the high latitudesservations and considering variables closer to those directly

(Devasthale et al., 2010, 2011a). constrained by observations provide higher quality. While
several reanalysis datasets exist, we use the ERA-Interim re-
2.2 CALIPSO analysis data in this investigation (Dee et al., 2011). Zonal

] ) .. and meridional wind components are extracted directly from
The Cloud and Aerosol Lidar with Orthogonal Polarization ¢ reanalysis in order to investigate circulation patterns and

(CALIOP) instrument onboard the Cloud-Aerosol Lidar and ey effect on the transport of energy over the pan-Arctic re-
Infrared Pathfinder Satellite Observations (CALIPSO) satel-;ion.

lite and the Cloud Profiling Radar (CPR; see below) instru-

ments onboard the CloudSat satellite provide the most comy £ The definitions of the selected AO phases

plete set of global observations of vertical cloud structure to

date (Winker et al., 2009). These data sets are mature enougfy,q strength of the AO is often expressed in terms of

to facilitate the investigation of the large-scale statistics andg,_c511ed AO Index (AOI) at daily, monthly or seasonal

processes at high latitudes (e.g., Devasthale et al., 2011b). Ifie scales. We used the daily AOI values from De-

the present study we use the standard CALIPSO 5km Cloud.e mper 2002 for AIRS data analysis and from Novem-

Layer Version 3.01 product. Among all data quality flags pro- por 2006 for the CloudSat and CALIPSO data anal-

vided in the data set, a stringent quality control configura—ysisy in both cases extending through March 2011.

tion is used by selecting only high confidence estimates. FOfrpase data were obtained from NOAAs Climate Predic-

example, based on the information in the feature classificason, center's (CPC) websitéttp:/Mww.cpc.ncep.noaa.gov/

tion flags, the retrievals are used only if the quality of featureproducts/precip/CWIink/dail;aaindex/ao.shtnjl

cIas;ification is setto “high” and cloud p.hase discrimination Figure 1 shows the time series of daily AOI. The time

quality (Hu et al., 2009) is also set to *high”. The data usedgeries shows the seemingly random fluctuations in AOI

here cover a period from June 2006 through March 2011.  ith infrequent excursions to very high values (winters of
2004/2005 and 2006/2007) and extremely low values (win-
ters of 2009/2010 and 2010/2011). The long-term value is
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Fig. 1. The daily AO index for the months of NDJFM each year

from December 2002 till March 2011. The blue line in the center
is mean AO index for the chosen time period, while other two blue
lines above and below indicate one standard deviation.

) ) Fig. 2. The AIRS-derived geopotential height anomalies (in me-
close to zero. From these data we define the following fouriers) at 200 hPa showing typical signatures of the strong and weak

AO-phases for our analysis. strengths of polar vortex during the chosen four phases of the AO.
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Figure 2 shows the geopotential height anomalies at 200 hPgig. 3. Climatological effective cloud fraction derived from AIRS
derived from AIRS data during the four phases of the AO. (2002-2011) averaged over 67°82 Note that the colourbar is
Below average anomalies during CP show the typical sig-adapted to highlight differences in cloud fraction.
nature of an increased meridional gradient that results in
strengthening of the polar vortex around the Arctic; the EP
pattern amplifies this further. The positive anomalies duringzonal vertical effective cloud fraction from AIRS for the pre-
the CN and EN phases instead feature a reduced gradientjously defined four phases of the AO. These cross-sections
weakening of the polar vortex and allowing cold Arctic air show that the greatest values of effective cloud fraction occur
to more easily reach the mid-latitudes (e.g., Overland et al.pn the eastern side of Greenland over the ocean, with most
2011). clouds between the surface and 500 hPa. Figures 4—8 show
This see-saw pattern in the atmospheric circulation duringthe zonal and vertical distribution of cloud fraction anomalies
positive and negative phases of AO also has influences on thaveraged over 67—8A using AIRS, CALIPSO and Cloud-
cloud distribution through its large-scale control of the atmo- Sat data sub-sampled according to the various phases of the
spheric thermodynamics. Figure 3 provides an overview ofAO, as defined in Sect. 2.5. For each height-longitude bin,
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Fig. 4. The vertical distribution of cloud fraction anomalies derived

using AIRS data across 18W-18C E (|n ge bins) averaged over F|g 5.Same as F|g 4, but for ClOUdS derived Using CALIPSO data.
67—82 N during various phases of the AO. Anomalies enclosed by

contours exceed at least one standard deviation.

“true” top of a cirrus cloud, the AIRS height will be within
the cloud at some variable depth depending on the vertical

these anomalies are calculated by taking the difference o$tructure of cloud hydrometeors (Holz et al., 2006). The lim-
cloud fraction during a particular AO phase and the clima-ited spatial sampling of CALIPSO and shorter length of data
tological cloud fraction covering November through March record compared to AIRS may also have contributed to the
of all years for which respective data sets are available, apatchy nature of the observed anomalies, but nevertheless,
mentioned in Sect. 2. Note that the data from AIRS are anathe large-scale footprint of GCDA is evident in the CALIPSO
lyzed only up to 82N although this sensor has polar cover- data, especially for CP and CN. However, while the pattern
age. We maintain the geophysical consistency with CloudSabf EN cloud anomalies is an amplified version of the CN
and CALIPSO, which cannot sample poleward of this lati- pattern, the EP cloud anomalies shows an enhanced but also
tude. Figure 4 shows cloud fraction anomalies from AIRS for more complex pattern than CP. Thus, while the CP pattern
the different AO-phases. When the AO is positive, positive is close to a mirror image of the CN pattern, that is not the
anomalies are observed eastward of Greenland (located agse for the EP and the EN patterns. The CALIOP EP pattern
longitude 40 W) in the middle and upper troposphere (300— appears to be the most “different” of the four AO groupings.
500 hPa), while lower tropospheric clouds (700-800hPa) From the perspective of thermodynamics and the radiation
have a positive anomaly eastward of Northern Scandinavidudget, it is important to determine whether liquid and/or ice
and around to the Canadian archipelago; negative anomghase clouds are similarly influenced by the AO. However,
lies are evident directly westward of Greenland throughoutthe explicit information on cloud phase is not available in
the whole troposphere and also for the very lowest cloudshe V5 AIRS data. The depolarization measurements from
(~ 1000 hPa) over the Nordic Sea. The EP phase of the AQhe CALIOP lidar provide quantitatively useful information
displays a more enhanced pattern than for the CP phase. Than cloud phase. Spherical liquid droplets are in general more
negative CN and EN phases, however, feature precisely theveakly depolarizing than the randomly oriented ice crystals.
opposite pattern of anomalies; their patterns are virtually arhis property of the backscattered light can be exploited to
mirror image of the patterns for the positive AO. Hereafter derive cloud phase. However, horizontally oriented ice crys-
this see-saw pattern in anomalies during positive and negatals in ice clouds can also depolarize weakly, while the mul-
tive phases of the AO is referred to as the “Greenland cloudiple scattering by water droplets could lead to high depolar-
dipole anomaly (GCDA)" pattern. ization in liquid water clouds. In order to address this, the

Figure 5 shows the cloud anomalies based on theCALIOP cloud phase detection algorithm is improved by Hu
CALIPSO data. Although there are some differences in theet al. (2009) resulting in the best identification of cloud phase
details compared to Fig. 4, the anomaly patterns for iceamong the sensors used here.
clouds are broadly similar to the GCDA observed for total Since the GCDA is most pronounced in the higher tro-
cloud fraction. Note that the heights of the GCDA as ob- posphere, we first investigated the vertical structure of ice
served by AIRS are lower by roughly 1-3km compared to phase clouds from CALIPSO (see Fig. 6). The dipole pattern
CALIOP-CALIPSO. This is primarily due to different sen- in ice clouds for CP appears somewhat shifted in strength
sitivities of these two instruments to different cloud types so that there is a larger positive anomaly east of Greenland
(Kahn et al., 2008). For example, while CALIOP locates the and a weaker anomaly west thereof. For the stronger positive
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Fig. 6. Same as Fig. 5, but for only for ice phase clouds derived
using CALIPSO data.

CALIPSO data.

AOI there is also less of an anomaly dipole; while the pos-
itive anomaly is still clearly visible there is also a more
widespread positive anomaly around 6—8 km and the nega-
tive anomaly west of Greenland weakly visible for CP has
vanished in EP. For the negative phase of the AOI, the ice
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Fig. 7.Same as Fig. 5, but only for liquid phase clouds derived using
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cloud anomaly is reversed, as for total clouds, and dipole is
more symmetric than for the positive AOI. As the AOI be-
comes more strongly negative the positive anomaly west of
Greenland dominates; there is still a negative anomaly east of
Greenland but also other more widespread areas of negative
anomalies.

Figure 7 shows the anomalies for only water phase clouds.
The dipole structure in the free troposphere similar to that of
Figs. 4 and 6 is also evident in Fig. 7. Due to the high ver-
tical resolution of CALIPSO compared to AIRS, the cloud
fr.agtior? a”f’ma“es in, thg lowermost 1-2 km.a.re more Cle"?lrIyFig. 8.Same as in Fig. 4, but using combined CloudSAT-CALIPSO
visible in Fig. 7 than in Fig. 4. Nonetheless, it is encouraging yata.
to note that, despite fundamental differences, both data sets
show similar pattern of cloud fraction anomalies eastward of
Greenland in the lowermost troposphere (between 500 m tdhe lowest heights. Figure 8 shows that the anomaly pat-
2km). The cloud fraction anomalies below 200 m in Fig. 7 terns as observed by AIRS and CALIPSO are also evident
are most likely artefacts due to limited sampling. in the combined CloudSat-CALIPSO data. In this combined

Neither AIRS nor CALIOP can penetrate through opti- dataset, the GCDA pattern is clearly visible for the CP/CN
cally thick clouds. Therefore, the most faithful description cases, while for the larger AOI (regardless of sign) the pattern
of the cloud vertical structure through most of the tropo- is dominated by the positive (negative) anomaly for the EP
sphere can be obtained from CloudSat due to its ability to(EN) cases although the dipole is still present. Furthermore,
fully penetrate through thick clouds. Most of the low level the differences previously noted in EP compared to the other
clouds over the Arctic are observed below the lowest oneAO categories in the CALIOP data (Fig. 5) are much more
kilometer of the troposphere (Devasthale et al., 2011b; Shuppronounced in Fig. 8. This suggests that the AO strongly
et al., 2011). However, as mentioned in Sect. 2.3, the Cloudmodulates the behaviour of deep precipitating systems in the
Sat reflectivities are affected by ground clutter in the lower- GCDA, not just ice clouds in the upper troposphere.
most kilometre, thus masking the majority of these clouds. In summary, the three satellite sensors with very differ-
Because CALIPSO has limited ground clutter, it comple- ent sensitivities, horizontal and vertical resolutions, and also
ments the CloudSat data in the combined profile product 2B-covering two different time periods, provide a broadly sim-
GEOPROF-LIDAR used here, at least for the single-layerilar and consistent description of the changes in the cloud
low clouds where the lidar is no attenuated before it reachespatial structure during different phases of the AO. This

Height (km)
Height (km)

0.06
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EP, u component EN, u component

Fig. 9.Cloud fraction anomalies derived using AIRS data at 400 hPa
for the EP and EN cases show a 2-D manifestation of the Greenland
Cloud Dipole Anomaly (GCDA) in the middle troposphere.

consistency suggests that the observed cloud anomaly pat-
tern as a function of AO is a robust feature.

We propose that the main mechanism leading to the ob-
served vertical cloud fraction anomalies entails different
large-scale advection patterns on either side of Greenland
during positive and negative phases of the AO. The North
Atlantic Ocean is a common pathway for winter storms trav- Fig. 10. The mean zonal and meridional components of winds com-
elling east and northeast (Serreze and Barry, 1988; HoskinBguted using ERA-Interim reanalysis data during the EN and EP
and Hodges, 2002). During positive phases of the AO the frePhases.
quency of storms in the North Atlantic Ocean increases and

storminess extends far northeast over the Greenland, Nor- ep EN

wegian and into the Kara Seas. These large-scale change_ 100 _ oo

in atmospheric circulation and thermodynamics will directly £ £

influence the cloud cover over these regions. For example 5 50 500

Fig. 9 shows effective cloud fraction anomalies derived us- % n z ' ]
ing AIRS data for the EP and EN cases at 400 hPa, the heigh 10 0w 1o Sow 0 180E
at which GCDA is strongest and the advection of energy and 0_05-:_ 0'05‘0:-0'05
moisture is most likely to be enhanced during the positive ep EN

AO phases. This figure clearly shows a 2-D manifestation 100 100

of the dipole structure, wherein positive (negative) anoma- £
lies are visible eastward (westward) of Greenland. The Cen-£ soo H
tral Siberian and Northeast Asian regions also show anoma-2 ‘

lies of opposite nature during the EP and EN phases; how- "ow - 0E 180W 0 1808
ever, their spatial extent is not as large as over the dipole
feature region in the North Atlantic. Figure 10 shows the
zonal and meridional wind components at 500 hPa duringFig. 11.The vertical distribution of water vapour mass mixing ratio
the EP and EN phases. During EP both wind component@nomalies (gkg?) (top row) and temperature anomalies (in K) de-
are strongly positive over the northern North Atlantic com- fived using AIRS data averaged over 67=82during the EP and
pared to the EN phase, bringing more heat and moisture int&N Phases of the AO.

the Arctic. The positive meridional component of wind dur-

ing EP is especially strong over the Greenland and Norwe-

gian Seas suggesting increased northward transport of water decrease westward during days with high AOI, and vice
vapour and heat over these regions. That this is indeed theersa during days with low AOI.

case is displayed in Fig. 11, which shows AIRS water vapour All of these results suggest that the conditions are con-
mixing ratios and temperature anomalies. These anomalieducive for the formation and sustenance of clouds (espe-
also show a clear dipole structure. This is consistent with thecially mid- and high level clouds) over the northeast At-
study by Groves and Francis (2002) where they show a clealantic during the positive phases and vice versa, thus ex-
increase in the precipitable water eastward of Greenland anglaining the observed GCDA in all three cloud data sets.

500

Height (hPa)
u I

N

0 1

[N

0 1

www.atmos-chem-phys.net/12/10535/2012/ Atmos. Chem. Phys., 12, 1038544 2012



10542 A. Devasthale et al.: Influence of the Arctic Oscillation on the vertical distribution of clouds

200

100

150 b

100 - b
500

Height (hPa)
Number of cases

14.7 %
50+ R

1000 1 ok : ‘ . . ‘
180W o 180E 2 4 [ 8 0 12 14 16 18 20
Percentage of area

Fig. 12.Correlation of AIRS derived daily effective cloud fraction Fig. 13. Histogram of percentage of area where correlations of

anomalies (for the NDJFM period; with respect to 20022011 cli- cloud anomalies with Gaussian noise is locally statistically signif-

matology) with the daily AQ index. The contours show regions with icant at 95% level in 1000 Monte Carlo simulations. The shaded
correlations observed at 95 % confidence level.

area shows 5 % tail. Refer text for further description.

In order to assess statistical significance of the dipole fea-4 Conclusi
ture, we further analyzed nine winter half-years (NDJFM) onclusions

of AIRS effective cloqd fraction daFa. Since the empha§|s| order to accurately improve our understanding of the Arc-
of the present study lies on a spatial feature space, a fiel

L : ; . .~ Iic Oscillation (AO) and its large-scale impact on weather
S|gn|_f|ca_1r_1<:e test IS an appropriate metric to assess statisty, climate, it is crucial to understand how the vertical dis-
gglls,llgnllzflcanceh(llJve_zte)éanhd C?}?B 1983; dDe_ISodIe ?n%\;angtribution of clouds is influenced by the AO and whether
i ). For (Ia_ac qtr;]gl ude- tetlg 200'2’ \évgllerllye tclou rac('jthis behaviour is faithfully simulated by models. A few of
ton atr.]OTad'?;‘ (.W' reTpt@ 0 ith th_ A0 .c(;ma %c])gy) anltthe sensors onboard the NASAs A-Train convoy of satel-
investigated their correlations wi € INdex. 1he result g provided a detailed description of the cloud vertical
of this analysis is shown in Fig. 12. The area enclosed by con

. . structure that enabled us to investigate the influence of the
tours show regions where correlations are locally observed

. . O on spatial distributions of Arctic cloud based solely
95% confidence level. We then applied a Monte Carlo tech- n observations. For the first time, it was found that the

nique as suggested in the classical article by Livezey anéz : L . .
. . onal vertical distribution of cloud fraction anomalies over
Chen (1983). The test is carried out as follows. We calcu-

o . he western hemisphere and averaged over 67N8I-
lated the areal percentage in Fig. 12 where correlations of P 9

. . . .~ “lows a dipole structure (referred to as the “Greenland cloud
cloud anomalies (derived from AIRS data) with the AO in- Ws a dipole structure (r S r u

dipole anomaly”, GCDA). During the positive phase of the

dex are significant at 95 % confidence level. This areal per- . ; :
) o : . AO, increased cloudiness is observed eastwards of Green-
centage is 14.7 %. Then the daily time series of the AO inde ! ud I v W

2o Nand with clearer conditions westward, while the opposite is
for the. ND‘]FM 2002-2011 period is repla(_:eq by.1000 an-ohserved during the negative phase of the AO. The differ-
dom simulations selected from a normal distribution. These

. . - ) ences in energy and moisture transport towards the Arctic
1000 time-series’ were correlated with cloud fraction anoma- 9y P

lies in the heiaht-lonaitud t a i dth aguring the positive and negative phases of the AO, and asso-
'es In the height-longitude space one at a ime and e areg o 4 thermodynamics, lead to conditions that are conducive
percentage where correlations are significant at 95 % confi:

. . to the formation of such a dipole cloud structure. It is worth
dence level is calculated. The histogram of these percentag%'sOinting out that the three sensors (Aqua-AIRS, CALIOP-

is shown in Fig. 13 and the shaded area corresponds to th8ALIPSO and CPR-CloudSat) with different sensitivities

o tail Qi 0 : ;
t5h@ tail. Sllnce Iests than 5 /ﬁ’[ oft:‘he 1130;) stlgéjl(;tlonsf_Zaveand spatial and vertical resolutions and covering two differ-
eir areal percentages greater than 4.7 at = 7o Conflients, e periods (2006-2011, 2002-2011) show features that

level, itis possible to reject the hypothesis that the observe re broadly consistent. While highlighting the usefulness of

Greenland Cloud Dipole Anomaly structure is just a Chancesynergy among various A-Train sensors, the present study

occurrence. Based on this result along with the thermody- lso provides a compelling metric to carry out a process-

namical co_ntext for GCDA as discussed before, we arguethagased evaluation of global and regional climate models in
the GCDA is a robust physical feature. the high Arctic latitudes
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