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Abstract. Understanding the rapidly changing climate in the the previous expeditions together, a common picture emerges
Arctic is limited by a lack of understanding of underlying with a large amount of low-level cloud in a well-mixed shal-
strong feedback mechanisms that are specific to the Arcticlow boundary layer, capped by a weak to moderately strong
Progress in this field can only be obtained by process-levelnversion where moisture, and sometimes also cloud top,
observations; this is the motivation for intensive ice-breaker-penetrate into the lower parts of the inversion. Much of the
based campaigns such as the Arctic Summer Cloud-Oceaboundary-layer mixing is due to cloud-top cooling and sub-
Study (ASCOS), described here. However, detailed field ob-sequent buoyant overturning of the cloud. The cloud layer
servations also have to be put in the context of the largermay, or may not, be connected with surface processes de-
scale meteorology, and short field campaigns have to be anapending on the depths of the cloud and surface-based bound-
ysed within the context of the underlying climate state andary layers and on the relative strengths of surface-shear and
temporal anomalies from this. cloud-generated turbulence. The latter also implies a connec-
To aid in the analysis of other parameters or processes oltion between the cloud layer and the free troposphere through
served during this campaign, this paper provides an overvieventrainment at cloud top.
of the synoptic-scale meteorology and its climatic anomaly
during the ASCOS field deployment. It also provides a sta-
tistical analysis of key features during the campaign, such
as key meteorological variables, the vertical structure of thel ~ Introduction
lower troposphere and clouds, and energy fluxes at the sur-
face. In order to assess the representativity of the ASCOS relhe rapidly changing Arctic climate (ACIA, 2005; IPCC,
sults, we also compare these features to similar observationr?007; Richter-Menge and Jeffries, 2011) has focused sci-
obtained during three earlier summer experiments in the Arcentific attention on this region. Arctic near-surface tempera-
tic Ocean: the AOE-96, SHEBA and AOE-2001 expeditions. tures are rising at a rate more than twice that of the global av-
We find that these expeditions share many key feature§rage (e.g. Richter-Menge and Jeffries, 2011) and the peren-

of the summertime lower troposphere. Taking ASCOS andnial Arctic sea-ice is declining in all seasons, but most dra-
matically in summer (e.g. Lindsay and Zhang, 2005; Serreze

Published by Copernicus Publications on behalf of the European Geosciences Union.



6864 M. Tjernstrom et al.: Meteorological conditions in the central Arctic summer

etal., 2007; Overland, 2009). Many aspects of the Arctic cli- To contribute to the much-needed process-level in-situ
mate show an “Arctic amplification” (Serreze and Francis, data, several observational field programs have been con-
2006) and although no consensus exists about primary readucted in the central Arctic Ocean but only one extensive
sons for this, it is likely related to feedbacks in the Arctic experiment covers a full annual cycle: the Surface Heat Bud-
climate system, some of which are related to clouds and surget of the Arctic Ocean (SHEBA: Uttal et al., 2002), from
face albedo. fall 1997 to fall 1998. The Russian drifting “North Pole” sta-
Climate modeling is an indispensable tool for understand-tions (NP-stations, e.g. Kahl et al., 1996, 1999; Serreze et al.,
ing the complex climate system. However, state-of-the-art1992) have made many basic meteorological observations in
global climate models have significant problems with theall parts of the year but obtained few process-level observa-
Arctic (Walsh et al., 2002; Chapman and Walsh, 2007). Fortions, especially related to cloud properties. The same limi-
example, the inter-model spread in climate projections for thetation applies to the Tara expedition (Gascard et al., 2008),
end of this century in the Intergovernmental Panel on Climatealso covering a full annual cycle. Most other experiments
Change Fourth Assessment Report (IPCC-ARA4) is largest ithave focused on the summer season, at least partly because
the Arctic (Holland and Bitz, 2003). Contributing to this is the Arctic Ocean is reasonably accessible with icebreakers in
a combination of a large inherent variability and modeling summer.
uncertainties resulting from a poor understanding of impor- The Arctic Summer Cloud Ocean Study (ASCOS) is the
tant feedback mechanisms (e.g. Sorteberg et al., 2005). Thiatest and most extensive in a series of summer expeditions
effects of Arctic clouds lie at the heart of the Arctic amplifi- with an atmospheric focus deployed on the Swedish ice-
cation discussion (Liu et al., 2008; Kay et al., 2008; Kay andbreakerOden The previous experiments include the Inter-
Gettelman, 2009). national Arctic Ocean Expedition 1991 (IAOE-91, Leck et
Low-level clouds are ubiquitous in the Arctic, especially al., 1996), the Arctic Ocean Expedition 1996 (AOE-96, Leck
during the summer half of the year with monthly averagedet al., 2001) and the Arctic Ocean Experiment 2001 (AOE-
cloud fraction as large as 80-90 % (Curry and Ebert, 19922001, Leck et al., 2004; Tjerngétm et al., 2004a, b). AS-
Wang and Key, 2005; Tjerngtm, 2005; Shupe et al., 2005, COS was deployed in the summer of 2008, as a part of
2011). These clouds have a substantial effect on the surfacine 2007-2009 International Polar Year (IPY). ASCOS was
energy budget (e.g. Intrieri et al., 2002a; Shupe and Intri-the most extensive in-situ atmospheric Arctic Ocean experi-
eri, 2004; Sedlar et al., 2011) and thus on the melting andnent during the IPY, lasting over a month in the North At-
freezing of perennial sea ice (Kay and Gettelman, 2009). Inantic sector of the central Arctic Ocean. Activities were cen-
contrast to similar clouds at lower latitudes, low-level clouds tered on a three-week ice-drift operation neaf 87 with
in the central Arctic tend to warm the surface relative to clearthe icebreaker moored to a drifting ice floe from mid-August
conditions most of the year (Intrieri et al., 2002b; Tjerastr  through the beginning of September. Figure 1 shows the track
et al., 2004a). This is due to an intricate balance between thef the expedition.
optical properties of the clouds and a highly reflecting sur- While short observation campaigns cannot be used to de-
face (e.g. Sedlar et al., 2011). tect climate trends, the utility of shorter expeditions lies in
Arctic clouds present a particular problem to modeling the detailed studies of important processes that are possi-
(Walsh et al., 2002; Tjerngim et al., 2005, 2008; Karlsson ble with extensive short-term observations. Such data can be
and Svensson, 2010). Our lack of understanding of Arcticused to inform the development of better models and while
clouds and their effects limits the ability of climate mod- simultaneously studying several detailed processes, it can
els to simulate the current climate and therefore to providealso increase the understanding of the Arctic climate sys-
future projections, and greatly hinders our understanding otem. However, such short-term process studies must also be
the Arctic climate system. Simulating clouds directly in cli- put into a larger context, precisely because they are short.
mate models is impossible; they must be parameterized ashe atmosphere is highly variable on many time scales and
functions of variables resolved on a coarse model grid. Defindings from process-level observations must be interpreted
veloping parameterizations requires an adequate understandsthin the context of the prevailing larger-scale atmospheric
ing of the processes involved and ultimately relies on closurecirculation. It is also necessary to understand how represen-
assumptions derived from process-level observations. Newative observations from a short period are. Therefore, new
schemes also require testing against Arctic data. Such workbservations must be cautiously placed within the context of
is limited by the paucity in the central Arctic of process-level already existing observations.
observations and hence obtaining in-situ observations in the This paper presents a summary of the meteorological con-
Arctic and cloud-related processes over the central Arcticditions encountered during ASCOS, from the synoptic scale
Ocean is crucial. While monitoring of climate in the remote down to boundary-layer scales, to aid in interpretation of
central Arctic rests on remote sensing from satellites, agairmore detailed process studies. We also compare ASCOS con-
there is a lack of in-situ observations for developing and test-ditions with climatological means and anomalies and also
ing remote sensing techniques. contrast ASCOS observations to results from three of the ear-
lier summer experiments discussed above. Detailed analyses
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Svalbard on 2 August (DoY214), returning on 9 Septem-

i Pes W, ber (DoY 253), 2008. By 12 August (DoY 225), after a few

AOE-2001 i . o brief research stations in open water and the marginal ice

ASCOS |- ’ zone and a transit north into the pack iGgJenwas moored
Beaufort Sea, T to a 3x 6 km large ice floe with which it drifted for 21 days.

The ASCOS track is shown in Fig. 1; the drift track was from
approximately 8721’ N 01°29 W to 87709 N 11°01' W.
Laptev:Sea. .- Operational meteorological analysis and forecasts for
the expedition were supplied by the European Centre for
Medium Range Weather Forecasts (ECMWEF) for large-scale
forecasts and the UK Met Office for detailed column fore-
§ : "{ : : casts. In this paper we use the ECMWF analyses while the
AN ' DR UK Met Office Unified Model forecasts are presented and
; . ; analyzed in Birch et al. (2012). To compare ASCOS con-
ditions to climatology we use the NCAR/NCEP reanaly-
sis products available from the National Oceanographic and
Atmospheric Administration/Earth System Research Labo-
: ratory (NOAA/ESRL;http://www.esrl.noaa.gov/pidBack-
Barents Sea trajectories at six-hourly temporal resolution were calculated
Greenland Sea o it : after the expedition using HYSPLITh{tp://ready.arl.noaa.
gov/HYSPLIT.php, and are based on analyzed meteorolog-
Fig. 1. Map with expedition tracks for ASCOS (red), the Arctic ical fields from the National Center for Environmental Pre-
Ocean Experiment 2001 (AOE-2001; blue), the Arctic Ocean Ex-diction’s Global Data Assimilation System (NCEP/GDAS).
periment 1996 (AOE-96; green) and the Surface Heat Balance of Table 1 summarizes the different sources of data from all
the Arctic (SHEBA; magenta, July and August only). Ice-drift por- foyr expeditions used in this study. For ASCOS, basic me-
tjon§ of the trackjs are marked by darkgr color while the thin blue teorology parameters were extracted fr@den'sweather
line is the approximate 12 August 2008 ice boundary. station (Tjernsim, 2004b) complemented by a WeatherPak
station installed onboard and from the micro-meteorology
deployment on the ice during the ice drift; see Sedlar et

of the larger-scale meteorology for these other experlmentsaL (2011) for a description of the micrometeorology observa-

are published in overview papers from these expeditions (Seﬁons. Analyses of tropospheric vertical structure, clouds and

Leck etal., 2001; Utal etal., 2002; Tjernin et al., 2004a). frontal zones rest on the 6-hourly radiosoundings and on the

A detailed analysis of reasons for d|ﬁereng¢s Or.S'm”am'esMnllMeterwave-length Cloud Radar (MMCR, Moran et al.,
between ASCOS and these earlier expeditions is, however, . » : .

. 1998) installed on th€&©den Additional information on the
beyond the scope of this paper.

. X . . . - clouds came from several laser ceilometers, while additional
This paper is organized with a brief description of ASCOS o .

. . X . . temperature profile information came from a 60GHz scan-

and the data used in this study in Sect. 2 and a discussion. : . .

. ] ning microwave radiometer (Westwater et al., 1999). Visibil-

of the large-scale atmospheric setting and transport charac: . o

teristics during ASCOS in Sect. 3. Section 4 presents s;omt'aty was provided by a backscatter visibility sensor that was

9 - P part of theOdenweather station (Tjerngim et al., 2004b).

basic meteorological characteristics from ASCOS, compatr- ) L
bservations of surface radiation fluxes came from broad-

ing these to results from the other experiments, while Sect. and pvranometers and pvracometers deploved on the ice
describes some of the main characteristics of the ASCOS ice Py yrg pioy ’

i . ) ) complemented by similar instruments on tBden net sur-
drift. A summary and conclusions is found in Sect. 6. - .
face radiation was only measured on the ice. Turbulent heat

fluxes were derived from eddy-correlation measurements

Canada Basin

YA

' Kara Sea

2 Data made on two micrometeorology masts on the ice. Many other
instrument systems were deployed during ASCOS but are not
2.1 The ASCOS experiment used here.

The over-arching objective of ASCOS is to understand the

formation and life cycle of low-level clouds and the role

these play in the surface energy budget of the central Arc-

tic Ocean, especially during the transition from late summer

to early fall. Like its predecessors (IAOE-91, AOE-96 and  1Throughout ASCOS, time is usually given as decimal day-of-
AOE-2001), ASCOS was conducted onboard the Swedishhe-year (DoY), defined so that DoY = 1.0 occurs at 00:00 UTC on
icebreakelOden The expedition departed Longyearbyen on 1 January.
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Table 1.Brief overview of measurements used for the comparison between the different expeditions.

Expedition

Variables

ASCOS

AOE-2001

SHEBA

AOE-96

Near-surface tem-
perature, humidity
and wind speed

Vertical thermo-
dynamic structure

Inversion statistics

Clouds

Precipitable water
& cloud liquid and
ice water paths

Visibility

Long- and short-
wave radiation

Turbulent fluxes
and surface layer
stability

Weather station

onboard and mast onboard and mast

ontheice

Radiosoundings
(1457

Scanning
microwave
radiometer

Laser ceilometer
and MMCR

Microwave
radiometer
and MMCR

Backscatter
visibility sensor

Broadband
pyranometers &
pyrgeometers on
board and on ice

Turbulence and
profile instru-
ments on the ice

Weather station
on the ice

Radiosoundings
(1187

Scanning
microwave
radiometer

Laser ceilometer
and Sband radar

N/A

Backscatter
visibility sensor

Broadband
pyranometers &
pyrgeometers on
board and on ice

Turbulence and
profile instru-
ments on the ice

Mast on the ice

Radiosoundings
(1259

Radiosoundings

MMCR and
DABUL lidar

Microwave
radiometer
and MMCR

N/A

Broadband
pyranometers &
pyrgeometers on
the ice

Turbulence and
profile instru-
ments on the ice

Weather station
onboard

Radiosoundings

(441
N/A

Laser ceilometer

N/A

Backscatter
visibility sensor

Broadband
pyranometer &
pyrgeometer on
board

N/AP

@ Number of soundings included.

b Insufficient sample length.

2.2 Previous expeditions focuses on ASCOS, we extend the period 1 full day into
September to include the end of the ASCOS ice drift. We

Data from three other expeditions are used to place agthus use all available observations made within the peren-

COS results into a broader context: the AOE-96, SHEBAnIaI pack ice between 00:00 UTC on 1 July and 00:00 UTC

and AOE-2001 experiments. ASCOS and the previdden on 2 September. A consequence of this strategy is that some
based expeditions were of .Iimited length and for different of the observations are biased towards the mid-summer melt

overlapping periods, while SHEBA was deployed for a full period (e.g. SHEBA), while other are more dominated by the

year. The overlapping time period for all four expeditions is fall ransition (e.g. ASCOS and AGE-96). Figure 2, shoyv_mg
only 4-23 August, about three weeks; considering only ice_the near-surface temperature records for all four expeditions,
. X : ' . illustrates their time overlap. There were also geographical
drift components the overlap is even shorter. Directly com- .
paring obpservations from fOlE)r different years for suchya briefdlfferences. ASCOS’. AOE-96 and AOE72001 were deployed
near the North Pole in the North Atlantic sector of the Arc-

time periods over 12 yr is difficult and likely not even mean- . . .
. . . . - ic Ocean, while SHEBA was deployed in the Barents and
ingful. For this reason we instead consider the statistics O{Chukchi Seas, substantially further south (Fig. 1).

the different observations, rather than comparing individual )
parng As far as possible we have used the same types of observa-

time series. . .
tions to compare different parameters; see Table 1. In some

With a primary interest in conditions during late summer . ”
- . cases data are not available from all expeditions and then the
and the early transition to autumn, we use all available ob-

servations from within the perennial pack ice for the monthsgﬁes;ncgasegspegi'#gpe:]St flmé);yo??g;i?\,gg;]sth; 222’052'\,:2@
of July and August from each experiment; while this paper ' yp

Atmos. Chem. Phys., 12, 6863889 2012 www.atmos-chem-phys.net/12/6863/2012/



M. Tjernstr 6m et al.: Meteorological conditions in the central Arctic summer 6867

4T T s prevailing conditions to climatology using reanalysis prod-
o ; L ucts. Figure 4 shows the main features of the large-scale at-
-4 ‘ WW“ mospheric circulation during ASCOS, as manifested by the
g 'i AISC?S I ’ ] mean-sea-level pressure (MSLP) and the 850 and 500 hPa
o Tf geopotential height fields (Fig. 4a—c) and their anomaly,
2 _Z’ o WMA‘WV‘MWWA 1 compared to the 19812010 climatology for the same time
2 g , of the year (Fig. 4d—f). The MSLP (Fig. 4a) features high
E, L e B e pressure centered over the Canada Basin; there is a sepa-
@ ol , , - rate high-pressure center over Greenland. Low pressure is
g -4t MW‘\ . found over the Barents and Nordic Seas and over the Cana-
» -8 ‘ D D A A dian Archipelago and ASCOS is located roughly on a saddle
§ AF T T e T e e e e ! point. The pressure pattern over the Arctic Ocean is anoma-
OWWMMMW lous (Fig. 4d), with a positive anomaly of up to 5—6 hPa over
:g SHEBA 4 - | the Canada Basin and a similar negative anomaly over the
Barents Sea. This pattern implies an easterly mean surface-

185 190 195 200 205 210 215 220 225 230 235 240 245

Time (Day of year) flow anomaly over the ASCOS region. The low-pressure

anomaly remains at approximately the same horizontal lo-
Fig. 2. Near surface temperatureQ) time series from the four ex-  cation in the vertical while the high-pressure region moves
peditions, also illustrating the time periods used and the overlap insomewhat westward with altitude (Fig. 4e—f). The anomaly
available data. thus exhibits a nearly barotropic character while the pressure-

field itself is baroclinic; the low-pressure system tilts north-

used for the same basic purpose. For example, cloud observweStward with height.

tions in SHEBA and ASCOS were obtained from the MMCR The region with the lowest temperature tilts with height

. cross the Arctic from the Beaufort Sea region near the sur-
cloud radar while AOE-2001 deployed an S-band cloud an
precipitation radar (White et al., 2000) and AOE-96 had nc??ace, centered on the North Pole at 850 hPa and located north

. of Svalbard at 500 hPa (Fig. 5a—c). The temperature anomal
cloud radar. Also, while ASCOS, SHEBA and AOE-2001 , _. . ( 9. oa- ) : p. . y
L . . (Fig. 5d—f) is somewhat similar in the vertical: a dipole pat-
had substantial ice drift periods, AOE-96 has only @ day e
. e X . . tern with high near-surface temperatures over Greenland and
ice drift; data from the latter is omitted. Thus in summary,

Siberia, with marginally low temperatures on the Canadian
differences in time, frequency and quality of the observations

side of the Arctic Ocean. A bridge of positive anomalies
must be born in mind; it is not the intention of this paper to

X u . . ; from Greenland to Siberia strengthens with altitude. Precip-
establish a “summer central Arctic Ocean climatology”. : ; ; i
itable water (Fig. 6a and c, note the inverted color scale in
these plots) is high over Siberia and low over Greenland. The
3 Large-scale atmospheric setting during ASCOS high values over Siberia are anomalous while conditions over
Greenland are only marginally moister than climatology. The
Figure 3 shows the mean sea-ice area cover for August ofelative humidity (Fig. 6b and d) is the highest at the surface
each experimental year, from the National Snow and Ice Dataver the Canada basin, corresponding to climatology, while
Center (NSIDC). The general trend of decreasing summethe anomaly field shows drier than average conditions in a
sea ice extent with time is evident: 1996 had the largest totaband from north of the Bering Strait along the Siberian coast
area cover and 2008 the smallest. There are also interannuahd to the Kara Sea.
differences in the regional location of the pack ice. For exam- Even though we compare results from ASCOS to three
ple, the ice edge was far north in the Alaskan/East-Siberiarother experiments below, a complete analysis of similarities
sector during 1998 and again in 2008, while being fartherand differences in the synoptic settings for the four expedi-
south in 1996 and 2001. The ice fraction around the pole wasions goes beyond the scope of this paper. However, to pro-
lowest in 1996, consistent with reports of many large openvide at least some cursory information on the synoptic scale
leads during AOE-96 (e.g. Leck et al., 2001), and the localconditions for the three other experiments Fig. 7 displays the
ice fraction was also comparatively low at the SHEBA ice mean and the anomaly MSLP fields for the time period of
camp. In 2001 total ice cover was a slightly larger and, im-each experiment, respectively (cf. e.g. Fig. 2). It is clear that
portantly, the ice fraction was high near the pole, at the 10-ASCOS conditions (Fig. 4a and d) were significantly differ-
cation of AOE-2001. Although the ice cover was generally ent; while ASCOS has a surface high-pressure center over
lower again in 2008, especially in the Canada basin, the icghe Arctic Ocean with a corresponding low-pressure center
fraction was relatively high at the location of ASCOS. over the Barents Sea, all three other experiments have low-
The synoptic-scale atmospheric circulation exhibits largepressure centers over the Arctic Ocean, although at differ-
interannual variability, therefore before examining detailedent locations. Thus while ASCOS atmospheric circulation
observations from a limited period it is useful to compare was dominated by anticyclonic circulation over much of the
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August 1996: 5.7 x106 km? August 1998: 4.6 x10¢ km?
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Fig. 3. Mean August sea-ice cover fraction f@) 1996,(b) 1998,(c) 2001 andd) 2008, from SSM/I satellite observations. The numbers in
the top right of each panel indicate the total sea-ice area, excluding the area around the pole which is not covered by the satellite sensor. The
data was obtained from the National Snow and Ice Data Center (NSIDC), Boulder, Colorado.

Arctic Ocean, the other expeditions had cyclonic circulations To illustrate how the synoptic scale weather developed
but with differences in details. over time during ASCOS in response to the mean flow-
The AOE-96 period had a low-pressure center north offield displayed in Fig. 4, a select set of ECMWF surface-
Greenland and eastern Canada, with higher pressure in pressure and 10-m wind analyses are shown in Fig. 8; also
band from Alaska around the pole across the Russian Arctiéncluded are 12-hourly storm tracks for the most signifi-
Ocean to Svalbard; much of this pattern is an anomaly. Comeant weather systems derived from ECMWF analyses. Dur-
bining with the AOE-96 cruise track, this locates a large ex-ing the first part of the expedition several significant storms
tent of AOE-96 close to a high-pressure anomaly. During thepassed the ASCOS track moving from east to west; the op-
SHEBA summer the low-pressure center was further westposite of the usual direction of travel but consistent with the
centered on the Chukchi Sea, also with an elongated highMSLP anomalies (Fig. 4d). Figure 8a shows the first, start-
pressure anomaly over the Russian Arctic with a local centeing on 4 August (DoY 217) in the Canada basin and moving
over the Barents Sea; the SHEBA ice camp was located orlockwise around the pole, reaching the Kara Sea by 7 and
the Bering Sea side of the low-pressure center but on average August (DoY 220 and 221) then crossing over Svalbard
in a local ridge-like perturbation. Finally, during the AOE- on 10 August and passing south of ASCOS on 12 August
2001 the low-pressure center was even further west, over théDoY 225), the first day of the ASCOS ice drift. This weather
Siberian side of the Arctic Ocean with a high-pressure cen-system brought strong winds, precipitation and generally ad-
tered over northern Greenland extending out over the Greenverse conditions for working on the ice and thus slowed down
land Sea; AOE-2001 was deployed between the low- and thé¢he initial deployment of instrumentation on the ice.
high-pressure centers. Thus while the AOE-96, SHEBA and The next weather system (Fig. 8b) appear on 12 August
AOE-2001 summers had distinctly different large-scale cir- (DoY 225) over the Kara Sea and moved rapidly westwards,
culation over the Arctic Ocean compared to ASCOS, all thepassing south of the ASCOS ice drift on 14 and 15 August
expedition tracks were located in regions between the meafDoY 227 and 228) and dissipated north of the Canadian
low- and high-pressure centers, but with more high-pressurérchipelago. The flow then changed character; two storms
influence during AOE-96 and more low-pressure conditionspassed rapidly north-eastward across the Nordic, Greenland
during SHEBA. and Kara Seas without affecting ASCOS (Fig. 8b). After this,
synoptic-scale activity eased considerably with the formation
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Fig. 4. Contour plots of thda—c) mean andd—f) anomaly to cli- Fig. 5.Same as Fig. 4, but for temperature () d) near the surface
mate of mean sea-level pressure and 850 and 500 hPa geopent@d at the(b, €)850 and(c, f) 500 hPa pressure surfaces.

height fields for the ASCOS period. The panels sifawd) mean

seal level pressure (hPa) and iie ) 850 hPa andc, f) 500 hPa
geopotential heights (m). Images are provided by the NOAA/ESRL ()
Physical Sciences Division, Boulder Colorado from their Web site
at http://www.esrl.noaa.gov/psdand from the NCAR/NCEP re- /
analysis. Anomalies are calculated with respect to the 1981-2010
mean for the time periods corresponding to ASCOS. The approxi- [
mate location of the ASCOS ice drift is marked by the red dot.

slowly towards and across the North Pole (Fig. 8d). A sec-
ondary high pressure over Greenland created a commor (b)
omega-shaped blocking pattern over the North Atlantic. To-
wards the end of ASCOS a large intense low-pressure systen /4

wards Svalbard (Fig. 8d) but did not affect ASCOS until after

the ice drift was terminated arfddenwas moving south in

the open Greenland Sea towards Longyearbyen. ;
Figure 9 shows back-trajectories with receptor poinNtS at w..emrsotimepie O .

Oden’s location at 100, 500 and 2000 m above the sur-

face, respectively. These heights were selected with cloudig. 6. Same as Fig. 4, but fofa, c) precipitable water (kg m?)

processes in mind. The lowest and highest receptor pointand(b, d) near-surface relative humidity (%).

were designed to be within the boundary layer and in the

free troposphere, respectively, while the 500-m level was

expected to be roughly in the cloudy layer. Although the
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ity (Fig. 10a) and the equivalent potential temperature
e, from the soundings (Fig. 10b) overlaid by subjectively
analyzed frontal zones. The latter are identified from the
time-rate-of-change aPe, aided by frontal clouds from the
MMCR cloud reflectivity; the higher temporal resolution of
the radar was used to modify details of the fronts. The type
of front is determined from the slope of th@c-gradients
with height; warm fronts slope backward with time as the
warm air aloft is observed aloft earlier than at the surface,
and the opposite for the cold fronts. The most intensive pe-
riod of weather systems is roughly from 6 through 21 Au-
gust (DoY 219-234, cf. e.g. Fig. 9). The most significant
set of fronts were associated with the synoptic scale distur-
bance that arrived at ASCOS on the night between 12 and
13 August (DoY 225-226). This active period ended on 20
August (DoY 233), and was followed by a two day period
with only low-level cloud or fog that ended on 23 August
(DoY 236) with another weather system. Thereafter follows
a more quiescent period through 3 September (DoY 236—
247), under the influence of the high-pressure system, see
Fig. 8c and d), but with several embedded weak frontal pas-
sages. These were favorable conditions for a persistent stra-

tocumulus layer residing in the subsidence inversion; note
how changes in cloud-top height are associated with the very
weak disturbances. Following this, synoptically more active
weather reappears as ASCOS nears its end. The conditions
observed during the ice drift, outlined by the thick dashed
lines, will be discussed in detail in Sect. 5.

Fig. 7. Same as Fig. 4, but for t{e—c)mean sea-level pressure and

(d—f) its anomaly (hPa) for thea, d) AOE-96,(b, ) SHEBA and(c,

f) AOE-2001 field experiments. Red dots/line mark the approximate4 Meteorological conditions encountered during

main locations of the experiments. ASCOS

HOA4/ESEL Physical

NOAA/ESRL Physicsl Seiences Division

4.1 Basic meteorological variables

Near-surface temperature during July (DoY 183-213, Fig. 2)
o . ) . . remains close to ¥C, as expected for the melt season

variability is large, five broad flow regimes are outlined in \yhan all excess heating contributes to melting of ice and
the figure. Early, whildddenwas moving north towards and - gy rather than to a surface warming. Through August
into the ice (4-9 August; DoY 217-222), the air predomi- 4y 212_243) all four time series show a very gradual de-
nantly arrived from the ice-covered regions north of Canaday ease in temperature with time but also feature occurrences
and Alaska. During 9-20 August (DoY 222-233) the flow- ot pyief colder periods, each lasting for up to a few days.
pattern _shlfted and_ a_lthough highly variable on a daily time 1ig appears to be a common feature, perhaps signaling the
scale, air mostly originated from the Greenland, Barents and,,coming transition to fall freeze-up conditions, and during
Kara Seas; this was the synoptically very active period dis-aog-2001 this was associated with breaks or reductions in

cussed above (see Fig. 8a and b). A new shift occurreqy,d cover (Tjernstm, 2005; Sedlar et al., 2011).
around 20 August (DoY 233); trajectories reaching ASCOS

then mostly originated in the vicinity of Greenland. Through
the end of the ice drift and the beginning of the traverse back
to the Greenland Sea (28 August—4 September; DoY 241= )
248) the origin of the air swings clockwise to come from CpTR
across the c_:eptral Arctic. At the er_1d of ASCOS (DoY 248- oo _ (p/looqu, T is the temperaturey is the pressureRy
251), the origin of the air was again from the Kara Sea andande are the gas constant and heat capacity of dry air, respectively,
adjacent land. L is the latent heat of vaporization agds the specific humidity.

To complement these static pictures, Fig. 10 shows timeNote that in the definition 0B for unsaturated conditions, the tem-
height cross-sections of the MMCR cloud radar reflectiv- perature T) is evaluated at the lifting condensation level.

2 @e=0+

¢, where® is the potential temperature defined
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Fig. 8. Sea-level pressure and near-surface wind analyzes for four days during A& Q@8 (b) 14, (c) 25 August andd) 1 September,
2008. Panel¢a) and(b) also shows the storm tracks for the major low-pressure centers encountered early during ASCOS with location for
the 00:00 UTC on days before and after the analyzes. The approximate location of the ASCOS ice drift is marked by the red x. See the text

for a discussion.

Figure 11 shows the relative probability of near-surfacegenerally in the 5-15m interval. Temperatures during AS-
temperature, relative humidity and wind speed. In generat-COS were mostly in the-2 to 0°C range, roughly the inter-
ing these statistics from the thrégdenbased expeditions val between the freezing points of saline (ocean) water and
we used both the ship’s weather station and observationfresh water (snow), typical for the melt season. The ice-drift
made on the ice during the ice-drifts (absent for AOE-96). measurements also clearly reflect the two periods of lower
For SHEBA we used only observations from the mast on thetemperatures around DoY 235 and 245.
ice (e.g. Persson et al., 2002). TBdenweather station was The results from the other three expeditions are very
located at~ 20 m above the ice, while the height of the ob- similar. SHEBA, with the highest temperatures, peaks at
servations made on the ice varies between the expeditions slightly positive values, while AOE-96 was the coolest
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jectively analyzed (red) warm and (blue) cold frontal zones.

Fig. 9. Five-day back-trajectories calculated from the position of

Oden at(a) 2km, (b) 500 m and(c) 100 m receptor heights. The

line colors indicate a rough sub-division into periods with different ative humidity with respect to liquid (R} was close to

advection characteristics; see the text for a discussion. 100 % with almost no cases below 90 %. ASCOS conditions
falls mid-way between of these expeditions with SHEBA,
followed by AOE-2001, being the most humid. AOE-96 was

with a broad peak around1.5°C. All distributions have again slightly more different with Rfgpeaking at 96 %, con-

a pronounced negative tail, SHEBA the least and ASCOSsistent with the lower clouds amounts. In terms of relative

and AOE-96 the most; these are reflections of the tempohumidity with respect to ice (R} ASCOS had long peri-

rary drops in temperature that appeared in August. SHEBA'sods with high moisture and freezing temperatures that caused

somewhat higher temperatures were likely a consequence diH; to often be> 100 % (not shown), which during some

including the whole month of July, which was somewhat periods caused substantial deposition of ice crystals on the

warmer on average (see Fig. 2); SHEBA was also at a morsurface — and on instruments.

southerly location and more solar forcing can be expected The wind speed does not have constraints similar to that

(see below). For AOE-96, Leck et al. (2001) report relatively for temperature and moisture and is consequently more vari-

cloud free and cool conditions, and attribute this to a relativeable. For ASCOS, the winds during the ice drift were signif-

lack of positive cloud radiative forcing. icantly weaker than for the whole expedition (Fig. 11c). The

The ASCOS near-surface conditions were very moistice drift was relatively more affected by the high-pressure
(Fig. 11b). The most commonly occurring near-surface rel-conditions towards the end than the more synoptically active
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ASCOS, only using data from periods when they coexist,
suggests that the height of the measurement makes only a
small difference for this statistics (not shown). Comparing
the expeditions, SHEBA had the lowest winds, while AOE-
2001 had the highest, with ASCOS in between. The peak in
the AOE-96 statistics is similar to that from SHEBA, but with

a secondary peak at higher wind speeds. In general, across all
the expeditions, wind speeds were commonly 2—8 h sel-

dom above 10 m3g and hardly ever exceeding 14 mis

4.2 \lertical structure

The vertical thermodynamic structure of the lower atmo-
sphere &£ 4km) is evaluated from the radiosoundings. Fig-
ure 12 shows the probability of equivalent potential temper-
ature,®e, as a function of altitude. A constant value with
height signifies near-neutral moist-static stability conditions,
while increasing values are statically stable. Figure 13 shows
similar statistics for relative humidity, RH

A dominating feature from ASCOS was a pronounced
near-neutrally stratified and very moist layer in the lowest
atmosphere. The near-neutral layer extended from the sur-
face up to~500m (Fig. 12a) while R > 95 % persisted
in a layer from the surface up to about 1km (Fig. 13a).
With a constantly high Ri in a deep layer as tempera-
ture increases into the capping inversion, it follows that spe-
cific moisture must increase with height. This is consistent
with results from other studies that specific humidity often
increases across the boundary-layer inversion in the Arctic
(Tjernstbm et al., 2004a; Tjernsim, 2005; Devasthale et
al., 2011; Sedlar et al., 2012). The vertical structure from the
three other experiments is strikingly similar to ASCOS, al-
though details differ. The depth of the near-neutrally strati-
fied layer ranged from 300-400m in AOE-2001 and AOE-
96, to ~400m during SHEBA (Fig. 12b—d); ASCOS thus
featured the deepest neutrally stratified layer. The ASCOS
(Fig. 12a) well-mixed near-surface layers appeared preferen-
tially at two temperatures, &e ~9°C and~ 3°C. A sim-
ilar feature, although weaker, was present also in AOE-96
(Fig. 12c¢). In both cases the colder structures were shallower
but were still well-mixed. During AOE-96 and SHEBA the
boundary-laye®. was slightly lower, at® ~ 7-8°C. All
expeditions had very high RHin the lowest troposphere
(> 95 %), the highest during SHEBA (Fig. 13d) and the low-
est during AOE-2001 (Fig. 13b). The moist layer was also
deeper than the well-mixed layer for all expeditions, often

period at the beginning of the expedition that ended a weekeaching to> 1 km. SHEBA had the deepest moist layer,
into the ice drift. The most common wind speeds for the slightly deeper than ASCOS, while AOE-96 had the shal-
whole expedition were 3-5m$ with a weak secondary lowest layer~ 500 m.

peak at 10mst, and no cases of winds 16 ms. The ice This structure, a well-mixed moist boundary-layer with
drift was calmer with winds mostly 1-4 mt$ and very few  high moisture penetrating the lower inversion, suggests that
cases of winds- 6ms-1. The tower observations from AS- boundary-layer clouds may more easily detrain into or form
COS, AOE-2001 and SHEBA were made using sensors ain the lower inversion, rather than being capped by it as
a lower height than those made on the icebreaker. A comfor example in sub-tropical stratocumulus. Entrainment also
parison of ship-borne and mast-borne measurements frorbecomes a source of boundary-layer moisture. Cloud tops
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penetrating into the lower inversion have been found to be a Over 95% of all analyzed profiles featured at least one
dominating feature in many Arctic observations, for examplemain inversion (cf. e.g. Tjerngim, 2005, 2007; Tjernsim
from cloud radar and temperature profiles from AOE-2001,and Graversen, 2009) and multiple inversions in the lowest
ASCOS, SHEBA and at Barrow, Alaska, (Sedlar and Tjern-kilometer were common. The absolute peak in the probabil-
strom, 2009; Sedlar et al., 2012) and have been suggested &y for the height to base of the main inversion (Fig. 14a)
important for the persistence of Arctic mixed-phase stratocudis at~ 100 m in ASCOS, however, the probability function
mulus clouds (Solomon et al., 2011). is fairly flat over the rest of the altitude interval, indicat-
The characteristics of the main capping inversion are il-ing that high as well as low inversions occurred at similar
lustrated in Fig. 14, showing statistics for the height to thefrequency. The thickness of ASCOS inversions were often
base of the capping inversion, and its thickness, total temaround 100-300 m, and the distribution of inversion strengths
perature jump and static stability. This analysis is baseds broad,AT ~ 1-6°C. Comparing to the other expeditions,
on scanning radiometer temperature profiles from ASCOSoth SHEBA and AOE-2001 have more distinct low-level
and AOE-2001 and on radiosoundings for SHEBA. AOE- peaks in the inversion base height statistics, with AOE-2001
96 is omitted due to a relatively low number of soundings. somewhat higher, at 200 m, and SHEBA slightly lower,
The objective algorithm applied to the temperature profilesmore comparable to ASCOS. In neither were there signif-
to determine the inversions is that of Tjeridstr and Gra- icant occurrences of main inversion bases abey&00 m.
versen (2009); the main inversion is defined as that with theSHEBA and AOE-2001 had a higher occurrence of thicker
strongest local stability; there is a high correlation betweeninversions, with a broader peak, 100-600 m (Fig. 14b). While
strength, stability and depth (not shown). Note that with theAOE-2001 had significantly more weak inversions, with a
data from the scanning radiometer, inversions with a base bepronounced peak &7 ~ 1°C (Fig. 14c), SHEBA had sim-
low but a top above 1.2 km (the maximum height of the scan-ilar inversion strengths as ASCOS and inversions never ex-
ning radiometer) will be represented in the inversion baseceedAT ~ 12°C in any of the expeditions. In terms of sta-
statistics, but not in the statistics for thickness, strength andility, combining the strength and depth for the individual in-
stability. versions (Fig. 14d), ASCOS and SHEBA were very similar,
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Fig. 13.Same as Fig. 12, but for relative humidity (%).

while AOE-2001 inversions had systematically weaker sta-icant layer of higher values betweerd00 m and~ 1.2 km.
bility. Wind speeds in the lower troposphere, below 1-2 km, were
Vihma et al. (2008) report on tethered soundings duringhighest during AOE-96+ 8 ms™1) and the lowest in AOE-
Tara with similar inversion base heights,70 m; they re- 2001 (5ms1) while ASCOS and SHEBA were simi-
port only the mean profile and for a different time, mid-April lar at~6ms! (Fig. 15c). AOE-96, and possibly ASCOS,
to late August, 2007. Inversion bases from the Siberian re-had weak low-level wind speed maxima between 100 m and
gion in Serreze et al. (1992) were substantially higher, atl km indicating the presence of low-level jets; SHEBA and
about 300 m, and similar values were also reported in KahlAOE-2001 show no such feature although varying heights,
et al. (1996) using observations from a larger area, includingstrengths and occurrences of low-level jets may have ob-
the central Arctic Ocean. Inversion thickness from both Tarascured those in the median profile.
and the NP-stations were on average around 500 m, which is The most striking difference in wind speeds is found in
deeper than from any of the expeditions we consider herethe upper troposphere, where all th®denrbased expedi-
while inversion strengths range fronil’ < 1°C (Kahl etal.,  tions encountered significantly higher median wind speeds
1996) toAT ~ 2°C (Serreze et al., 1992), broadly consistent than did SHEBA, at 15-20n1$ and ~10ms!, respec-
with AOE-2001 but lower than from the other expeditions tively, ASCOS having the highest values and AOE-96 the
considered here. lowest winds. Although this sample is small, the difference
Median temperature profiles from all four expeditions may reflect geographical differences in synoptic dynamics.
(Fig. 15a) exhibit well-mixed near-surface layers, the deep-Assuming that wind-speed increase with height across the
est from ASCOS and shallowest from AOE-2001, capped bytroposphere can be viewed as a manifestation of baroclinic-
an inversion — strongest and deepest in AOE-2001 and weality instability, these differences might reflect differences in
est and highest during ASCOS while AOE-96 and SHEBA synoptic-scale activity between the two regions, the Beau-
are very similar. AOE-96 also had slightly higher stability fort Sea for the SHEBA deployment and the Atlantic sec-
near the surface. Specific humidity (Fig. 15b) varied con-tor of the central Arctic Ocean for th@denbased expe-
siderably between the expeditions, the lowest in AOE-96,ditions, and also differences between the years in the lat-
consistent with subjective reports of less clouds and cooleter. The maximum-growth coefficient for baroclinically un-
conditions in AOE-96. SHEBA was moistest, with a signif- stable disturbances,:0.3l%, was calculated from Eady
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theory (e.g. Holton, 1992), showing the weakest instabil-studies have indicated large amounts of low-level cloud in
ity for SHEBA, ato =0.12 day !, with values for AOE-96, the Arctic during summer (e.g. Intrieri et al., 2002a; Wang
AOE-2001 and ASCOS of =0.57, 0.67 and 0.76 day, and Key, 2005; Karlsson and Svensson, 2010). For ASCOS
respectively. Herefy is the Coriolis force at the approxi- the average total cloud fraction was about 90 %, while the
mate latitudes of the expeditions ang the Brunt-Vaisalla  boundary-layer cloud fraction was about 80 % (e.g. Sedlar et
frequency, andA, wind shear across the troposphere, areal., 2011). During AOE-2001 the average total cloud cover
calculated from linear fits to the median potential tempera-was 85 %, with 80 % for boundary-layer clouds. Shupe et
ture and wind-speed profiles. Obviously, the small sampleal. (2011) report a mean cloud fraction from 90 % to close
differences in location and the large time intervals betweento 100% from SHEBA, for July and August, respectively.
projects makes any conclusions from this highly speculative Cloud fraction was not estimated objectively for AOE-96.
The cloud base is defined by the lowest indication of a
4.3 Clouds cloud from the ceilometer (or in SHEBA lidar) or the cloud
radar, whichever is the highest, while the lowest cloud top
For the purpose of this comparison, “a cloud” is defined byis obtained from cloud radar. For SHEBA, only occurrences
the instruments used for detecting it (see discussion in Shupgith single-layer clouds are used. These dominated in Au-
et al., 2011). For ASCOS and AOE-2001 cloud fractional gust; in Ju|y Sing|e_|ayer clouds were still the most com-
occurrence was estimated using ceilometer data, while fomon, while more cases with multiple cloud layers occurred
SHEBA a multi-sensor approach was used, including lidar(intrieri et al., 2002a). The height of the lowest cloud base
and cloud radar. With this in mind, ASCOS and AOE-2001 (Fig. 16a) has a pronounced low-level maximum in all four
cloud occurrence fractions might be underestimated, espeexperiments, peaking below 100 m, while the lowest cloud
cially for higher clouds, since they use only a single sensorops (Fig. 16b) usually occur below 1km, with a maxi-
with lower sensitivity at higher altitudes. Note also that cloud mum between 200 and 800 m for the thi@den expedi-
fraction is defined using zenith-viewing instruments, sensingtions. SHEBA additionally has a secondary peak of lowest

clouds as a function of time as they pass above, rather thagioud-top around- 1 km and also a higher frequency of even
estimating the spatial cloud cover at any given time. Several
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Fig. 15.Median profiles ofa) temperature®C), (b) specific humid-  Fig. 16. Probability of(a) lowest cloud basgp) lowest cloud top

ity (gkg~1) and(c) wind speed (m3sl) from the ASCOS, AOE-  and(c) cloud thickness in meters from the ASCOS, AOE-2001,

2001, AOE-96 and SHEBA radiosoundings. Note the logarithmic AOE-96 and SHEBA expeditions. Cloud base is estimated from

height scale ir{c). laser celiometers, while cloud top and thickness is additionally es-
timated using cloud-radar reflectivity (not available from AOE-96).

higher cloud tops# 2-3 km). ASCOS and AOE-2001 cloud ASCOS and SHEBA carried passive dual-wavelength mi-
thickness (Fig. 16c) has a maximum around 300 m, with fewcrowave radiometers that continuously monitor vertically-
clouds thicker than 1 km, while SHEBA has a more uniform integrated column water vapor (precipitable water) and lig-
distribution between 200 m ang 1 km. ASCOS thus had uid water path (LWP), the vertically integrated cloud water
the lowest cloud-bases, AOE-2001 had somewhat shallowecontent (Westwater et al., 2001). Both expeditions also de-
clouds and SHEBA, consistent with being more low-pressureployed the MMCR cloud radar, facilitating an estimate of
influenced (see Fig. 7b), had more deep clouds. cloud ice (Shupe et al., 2005). The total column water vapor
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z 4.4 Surface energy fluxes
20
31 Incoming (downward) long- and shortwave radiation is
215
5 strongly affected by clouds and was observed onboard the
T10 ship during the thre®©den expeditions, on the ice during
5 _ the AOE-2001 and ASCOS ice-drifts, and continuously on
(c) the ice during SHEBA. Upward radiative fluxes, and thus net
%o 0.05 0.1 0.15 0.2 0.25 fluxes, are only available from the observations on the ice.

lce water path (kg m'2)

ASCOS incoming solar radiation (Fig. 19a) peaks at approx-
Fig. 17. Probability of total column integrateth), water vapor, imately 50-100Wm*, both from the longer ship record

(b) liquid water and(c) ice water paths (kg ) from the ASCOS and the observations fro_rg the |c_e, Wh|_le net radiation has
and SHEBA expeditions a sharp peak at 10 Wm™ <. Both incoming and net solar

radiation have long positive tails, but with very few values

above 200 and 50 Wn? respectively. Incoming longwave

radiation (Fig. 19c) peaks around 300-310 W2mwith a
distributions (Fig. 17a) are very similar, with the SHEBA re- sharper somewhat lower peak when considering only the ice
sults shifted to somewhat moister conditions, possibly a condrift, while the net longwave radiation has a sharp peak at
sequence of SHEBAs more southerly location. In terms of —10 Wm 2. Again, both incoming and net radiation dis-
cloud water (Fig. 17b and c), ASCOS had significantly moretributions have long tails, negative for longwave radiation,
cloud liquid than SHEBA but less cloud ice. down to 200220 and-60 W m2 respectively. This behav-

The threeDdenbased deployments included visibility ob- ior, with distinct peaks and long tails, results from the impact

servations from a backscatter visibility sensor; for SHEBA of the clouds. The peaks represent the usually cloudy condi-
this information is not available. All three exhibit similar be- tions while the tails, negative for longwave and positive for
havior, with peaks below 1km (the threshold for fog con- shortwave, reflect the relatively few clear periods; see Sedlar
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Fig. 19. Probability of (a, c) incoming and(b, d) net, (a, b) shortwave andc, d) longwave radiation in W m2, and (e) atmospheric
transmissivity andf) surface albedo, from the ASCOS, AOE-2001, AOE-96 and SHEBA expeditions. For ASCOS and AOE-2001 outgoing
radiation is only available from the ice-drifts, when instruments were located on the ice, while from AOE-96 net radiation and albedo statistics
could not be estimated due to the very short ice drift.

et al. (2011) for a temporal description of radiative fluxes in and the longest positive tail. For net shortwave radiation
relation to cloud properties from ASCOS. at the surface (Fig. 19b) the distributions from ASCOS
Comparing with the other expeditions, there are mainlyand AOE-2001 are similar but with higher peak values for
similarities but also some differences. Incoming solar ra-AOE-2001 by about 10 W iT¥; both have similar tails with
diation for the longer ship record at AOE-2001 peaks atfew values> 50 W m2. SHEBA is again different, peaking
140 W nm2, while its ice drift probability peaks at slightly at ~10Wm 2 and exhibiting a broad distribution that ta-
lower values, 100 W n2, and the distribution is narrower. pered off at- 100 W nm 2,
AOE-96 has peak values similar to ASCOS, but with a The incoming longwave radiation (Fig. 19c) was more
wider distribution, while SHEBA conditions have a much similar across the four expeditions, with peaks in the
wider distribution with a flat peak around 10-80Wfn  300-320 W m? range, SHEBA being marginally higher,
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while the larger occurrence of lower values in AOE-96 re-
flects more clear conditions. The same is true also for net
longwave (Fig. 19d), with peaks arourdl0 to OW n2.
SHEBA has a somewhat broader distribution and an absolute
peak at a few Wm? (positive), and more frequent occur-
rences of values in the 10—(—20) W m2 range.

The SHEBA shortwave radiation observations stand out.
SHEBA was located substantially farther south and from that
alone more incoming shortwave radiation may be expected,
but also a wider distribution from the fact that zenith angles
vary more over the day. But there could also be other system-
atic differences, for example in the clouds, which could have
affected the transmissivity of the atmosphere; for the net ra-
diation also differences in albedo are important. To elaborate
on this, we calculated the atmospheric transmissivity and the
surface albedo (Fig. 19e and f) for all expeditions. Note here
that the albedo was calculated directly from the radiation ob-
servations on the masts and is therefore likely higher than
a representative surface-area average, which would include
open water and melt ponds. Such observations are available
only from SHEBA.

All four expeditions have atmospheric transmissivity
peaking between 0.2 and 0.4. While ASCOS has a much
narrower distribution, to a first order this indicates no major
differences in atmospheric transmissivity between the expe-
ditions. Therefore differences in transmission cannot explain
for the contrast between SHEBA and the th@aenexpedi-
tions. Interestingly, the AOE-96 distribution has a secondary
peak at 0.65, indicative of occasions with no clouds and a
very dry atmosphere. Vihma et al. (2008) calculated mean
atmospheric transmissivity to 0.49, 0.46 and 0.56 using data
from Tara, SHEBA and NP-stations, respectively; these val-
ues are substantially higher than in Fig. 19e. However, the
values from Vihma are annual averages; while the NP-station
results are in fact consistently higher than the values found
here, there is a distinct annual cycle from Tara and SHEBA,
with lower transmissivity in late summer when both Tara and
SHEBA had values close to our results. SHEBA also had a
lower LWP than ASCOS (Fig. 17b) and along with the more
southerly location, this contributes to higher incoming short-
wave radiation. In addition to a lower LWP, SHEBA also had
significantly lower albedo than both AOE-2001 and ASCOS
(Fig. 19f), causing additional differences in net shortwave ra-
diation.

M. Tjernstrom et al.: Meteorological conditions in the central Arctic summer

—ASCOS
16 —— AOE-2001
—SHEBA

-
s

Relative probability (%)

D L I
-15 -10 -5 0 5 10 15
Sensible heat flux (W m'2)
a0.(b) — ASCOS

— AQE-2001
—SHEBA

n
(9]

na
o

Relative probability (%)
5 o
e ——

-0 5 0 5 10 15
Latent heat flux (W m'2)

- ASCOS
— ADE-2001
— SHEBA
25/

Relative probability (%)

004 002 0 002
Bulk temperature gradient (°C m")

-0.06 0.04
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and(c) bulk near-surface temperature gradiei® (nfl) from the

ice ar.e generally small (e.g. Persson etal, 2002;.1—]. r ASCOS, AOE-2001 and SHEBA expeditions. Turbulent fluxes are
2005; Sedlar et al., 2011). In Fig. 20a and b statistics of the . s
calculated from all eddy-correlation measurements within the sur-

turbulent surface energy fluxes for ASCOS arg Compar_e.d tq'ace layer &£ 15m) at each site and defined positive upward. The
AOE-2001 and SHEBA; upward fluxes are defined positive. i temperature gradient is calculated as the temperature differ-
The sensible heat flux (Fig. 20a) during the ASCOS ice driftence across the mast divided by the vertical distance between the
has a sharp peak in probability around zero, with both possensors; temperature sensors where located at different heights in
itive and negative tails. The positive tail is more substantial,the different experiments but in all cases the difference is take over
to 10 W n72, while the negative tail down te5Wm=2 is roughly 8—10 m below a height of 15m.

less pronounced. The distributions for the AOE-2001 and

SHEBA sensible heat fluxes are quite similar, peaking around
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zero, and the tails are more pronounced and evenly dis
tributed,=7-8 W nm 2, compared to ASCOS.

The latent heat flux time series have less valid data, be
cause of difficulties in measuring the flux in the Arctic,
among other things owing to accumulation of ice frost and 5 -4|
riming on the optical surfaces of the open path sensors use ‘é’ -l
in all these experiments. As this would occur mostly in cases 2
with a downward flux of water vapor, exclusion of such g -8

episodes may have biased the result. ASCOS and SHEB;£ 1ol —MeanT

[T

s

fluxes were mostly positive (Fig. 20b) indicating that evapo- —Mean T, + 2std i
ration is most common, although maximum values are very -2 Mean T_- 2 sid i
small,~5Wm2. AOE-2001 had more cases with a down- — Tar
ward latent heat flux, although upward fluxes still dominated. "4 ——MenTy | R
Near zero fluxes dominated during all three expeditions. Fig- I T T T Ty 10
ure 20c shows the bulk temperature gradient across metec 19
rological masts, as a simple measure of stability. These ar 0
computed over slightly different height intervals, depending =
on the deployment of the instruments (within 8 to 15 m above 8 1-10
the surface). These are relatively similar for all expeditions, £ |
with near-neutral conditions being the most common. AS-< g --20
COS was more frequently unstably stratified than AOE-2001§ . '
or SHEBA, consistent with the sensible heat flux (Fig. 20a). £ . (RN . I 1-30
| | v | T
N -
5 Detailed characteristics from the ASCOS ice drift 2 _= ‘ H B!
1 iNENITE -50
. . | L 1 || | o W .-'J'.\-'-.-".;
The ice drift of ASCOS took place roughly between t [.f‘ A | | | ;J L.,l_':* !é;".suli.'_.";&

00:00 UTC 13 August (DoY 225) a_nd 00:00 UTC 2 Septem- 0"226 298 230 232 234 036 238 240 242 244 246
ber (DoY 246), although different instrument systems came Time (DoY)
on line gradually over the first few days, and the tear-down
progressively reduced instrumentation during the last dayFig. 21.In (a), time series of 12 individual surface temperature ob-
The effective length of the ice drift is illustrated in Fig. 21a servations(black dots), their mean (solid black), the mean plus and
showing time series of several temperatures near the surfadginus two standard deviations, respectively (solid blue and cyan),
(air temperature at 3.2m and a set of surface temperatures%easuretd (redl)l %“g 'IO"‘(’E)F)’a:S ﬁ'tﬁr.edht(red daSheto.l) ne?r Sd”rface air
mperature, all 1 .1n , ime-neil Cross-section or raqar re-
ge(_ilar etal. (2(.)11) gnalyzed th? surfz.;lce _ene'rgy budget an ectFi)vity (dBZ) for the ice drift takenngrom the MMCR cloud radar.
efined four main periods for the ice drift with different char- Vertical dashed lines show demarcation between the regimes dis-
acteristics; here we refine these definitions and additionallycﬁgsed in the text g
divide the first period into two for a total of five periods,
which are discussed below and in Figs. 21-25.
Figure 21a shows that the first two periods were some-
what typical for the melt season. Both had a significant ex-conditions and is followed by a 3rd period, which saw mostly
cess of surface energy, as analyzed by Sedlar et al. (2011)pw-level clouds and fog and the temperature felte-6°C
that could melt ice and snow at the surface, however, the 1stor approximately 2.5 days (Fig. 21a). Relatively large cloud
period was significantly more variable in temperature thanfractions were associated with this period, although clouds
the second. Figure 21b shows the cloud radar reflectivity andvere mostly limited to below 400-500 m. The cloud frac-
reveals a more synoptically active 1st period compared to théion aloft mostly remained below 30 % with a slight increase
2nd, although both were affected by several weather systemaround 6—8 km due to the optically thin cirrus cloud seen in
as manifested by the deep frontal cloud structures, especiallifig. 21b during this period. The surface albedo first increased
12-13 and~ 16 August (DoY 225-226 and 229), with three due to fresh snow from the weather system on the 20th. Dur-
more minor systems in between. Both periods have a highing the 3rd period, freezing of melt ponds and some of the
cloud fraction within the lowest kilometer and also a signifi- open ocean, along with heavy riming and frost deposits, in-
cant amount of higher cloud, the 1st period more so than thereased the surface albedo further (Sedlar et al., 2011). A
2nd. weather system on 23 August (DoY 236) additionally cov-
A weather system at the end of the 2nd period (20 Au-ered the surface with a layer of new snow. The transmission
gust; DoY 233) marks the end of the typical melt-seasonof solar radiation through the ice also went through an abrupt

-60
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change on 24 August (Sedlar et al., 2011; Sirevaag et alface to cool rapidly in the longwave (Sedlar et al., 2011). In
2011); this also ended the 3rd period. The surface albedo inessence this means that the end of the melt and the begin-
creased from~ 70 % to~ 85 % from before to after the 3rd ning of the freeze did not necessarily coincide. Regardless of
period (not shown) and the surface energy balance did nothe definition used and exact date of end-of-melt/freeze-up,

recover to sustained positive values again. it is clear that ASCOS succeeded in capturing this important
Surface temperature remained around the freezing point ofransition for 2008 during the ice drift.
salt water during the whole 4th period (approximateB°C, The thermodynamic vertical structure of the five periods

Fig. 21a). This period was characterized by relatively steadyis illustrated by statistics of the profiles of equivalent po-
conditions, with a significant diurnal cycle in near-surface tential temperature®e, and relative humidity with respect
temperature that now became possible since variations in sute ice, RH, in Figs. 22 and 23; Figs. 24 and 25 show me-
face temperature in response to changing heat fluxes werdian profiles of wind speed, and the vertical gradient®gf
not limited by the melting point of fresh water. Conditions and scalar wind speed for the five periods, respectively. The
were governed by a quasi-steady high-pressure system (sdiest two periods were similar in thermodynamical structure,
Fig. 8d), and the dominating feature was a persistent strawhile slightly different in detail. There was a well-mixed
tocumulus layer. The 4th period thus had a high cloud frac-layer at almost 100 % relative humidity during the 1st pe-
tion below 1km, and approximately 10% cloud cover on riod, reaching to~ 500 m, while in the 2nd period the well-
average in the free troposphere (Fig. 21b). The lower cloudmixed layer was shallower (to 100-200 m) and the moist
layers contributed to the maintenance of the surface energlayer deeper (te- 1 km). The wind speeds during the 1st pe-
balance close to zero through surface cloud-radiative forcriod (Fig. 24) were significantly higher than during any of
ing (Sedlar et al., 2011). As a consequence, the actual trarthe other periods, including the 2nd. The temperature gra-
sition to the autumn freeze-up was postponed until the endlient from the first period (Fig. 25a) shows a shallow layer
of the 4th period (Fig. 21a). While the height to the top of unstable stratification close to the surface, approximately
of these clouds was variable in time, towards the end the/O m deep, with a near-neutral but slightly stable layer up
cloud layer subsided and eventually dissipated around 310 200-300 m. The wind-speed gradient during this period,
August (DoY 244) at the end of the 4th period. The 5th although the largest during the ice drift, approaches zero at
and final period had a low cloud fraction below 300-400 m about~ 300 m (Fig. 25b). Thus even during the 1st period,
and no cloud at all above 1km, and showed the real onsetvhich had the most unstable conditions close to the surface
of the freeze. The surface energy budget became negativend the largest wind shear, the surface-based boundary-layer
(Sedlar et al., 2011) and the temperature rapidly dropped tavas limited to about 300 m. The well-mixed layer in the 1st
—12°C, although there was a temporary recovery of the tem-period was topped by a stably stratified layer that extended
perature due to reappearing low-level clouds midday on 1sfrom about 500 m, up to the capping inversion at about 1 km
September (DoY 245) (see remaining surface temperaturérig. 25a). The 2nd period was slightly more stably stratified
in Fig. 21a, after the mast had been taken down). The ice€lose to the surface, near-neutral up to 200 m. Then it became
drift was terminated at midnight between 1 and 2 Septembegradually more stable up te 1 km; above this the structure
(DoY 246.0) but available ship-borne observations suggests similar to the 1st period.
that the surface remained frozen after this (not shown). The 3rd period, although signified by lower near-surface
Determining the onset of the freeze depends on the deftemperatures, was still well-mixed near the surface, but only
inition used. Many studies of different types, using differ- in the lowest~50m. This layer was capped by a strong in-
ent instrumentation, show a general consensus that the cenersion extending to 400-500 m with free-tropospheric con-
tral Arctic Ocean freeze onset often occurs between the 2ndlitions aloft (Figs. 22¢ and 25a). The corresponding moist
week of August and early September (e.g. Rigor et al., 2000jayer was~200m deep and the RHn this layer was
Belchansky et al., 2004; Overland et al., 2008). One often-> 100 % (Fig. 23c) consistent with the formation of frozen
used definition is the first time that a running-mean near-drizzle from the low-level clouds and the accumulation of
surface air temperature falls below differently defined thresh-rime and frost on the surface. The wind speed was the low-
olds, e.g—2°C, to identify the freeze onset. In Fig. 21a the est during the ice drift (Fig. 24) with an indication of a weak
near-surface air temperature, low-pass filtered at a cutoff frelow-level wind-speed maximum around 100-200 m. Consis-
quency of two weeks, is shown as the dashed red line. Itent with this jet-like feature the wind-speed gradient crossed
passes below this threshold at DoY 236 (23 August) con-zero around 150 m and was negative but small up 890 m
sistent with the picture that freeze onset was triggered by th€Fig. 25hb).
cold 3rd period and solidified by the change in albedo by The 4th period had a somewhat deeper and only slightly
the snowfall associated with the weather system on DoY 236Gtable near-neutral layer in the lowest 100 m and then was
(23 August). Note however that the exact timing-e2°C more stable but still near-neutral in the 200—800 m layer with
crossing is sensitive to the exact specifications in the low-a capping inversion at 1 km. A clear double structure is
pass filter design. The actual freeze started almost a weekisible in both ® and RH, with a secondary well-mixed
later, when the low-level clouds broke up, allowing the sur-layer~ 800-1000 m (Figs. 22d and 23d). In this double-layer

Atmos. Chem. Phys., 12, 6863889 2012 www.atmos-chem-phys.net/12/6863/2012/



M. Tjernstr 6m et al.: Meteorological conditions in the central Arctic summer 6883

&0

40 50
so(a) -
20 1
- 40 0
1.0 - . ™4
E ' | 80 E |
< 05 = i '
F 130
g R
= a0 =
< 0.2+ 1 < 1 20
01 X / {
10 10
0.05- 1 1
0 10 20 a0 40 0 5 10 15 20 25 30 35 ©
Equivalent potential temp. (°C) Equivalent potential temp. (°C)
40 . a— w0 40 60
| l50 - lSO
_ 2 | Fa0 : | Flao
3 | £
[} T L dag o Ed
5 3 3 30
= [ =S
20 - | 20
| Mo : ] | Mo
-5 0 5 10 15 20 25 30 Q 5 10 15 20 25 30
Equivalent potential temp. (*C) Equivalent potential tamp. (*C)
40 &0
a0 (e) |
20 | Mso
b | P40
E
= 05
2 130
=
< 02 -
01 10
005 ..
. : : 0
-10 0 10 20

Equivalent potential temp. (*C)

Fig. 22.Same as in Fig. 12 but for the five different periods defined in Fig(@Qtst, (b) 2nd,(c) 3rd, (d) 4th, (e) 5th periods.

structure RHfirst increased with height in the lowest 200m separated from the near-surface atmosphere and the wind
followed by a slight minimum and a secondary maximum shear goes to zero well below the upper layer, this suggests
in the upper layer, well above 100%. The upper of thesethat the cloud layer was intermittently decoupled from the
well-mixed structures was associated with the stratocumulusurface. This indicates the presence of a three-layer structure:
cloud layer that was present for most of the 4th period. The(1) a shallow surface-based boundary layer, abe@00 m
average wind shear during this period was zero above 200 ndeep on average, where turbulence was predominantly driven
(Fig. 25b). by wind-shear; (2) an upper layer associated with the clouds,
This period is of special interest with its persistent stra-where turbulence was generated by buoyant overturning
tocumulus layer and the deep boundary layer with two dis-driven by cloud-top longwave cooling; (3) in between these
tinct well-mixed layers in the thermodynamical structure. two layers there was a second layer with near-neutral charac-
Since the upper well-mixed layer was thermodynamically teristics. From previous observations (e.g. Tjerstr2005),
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Fig. 23.Same as Fig. 22 but for relative humidity with respect to ice; Ri.

the inversion base statistics in Fig. 14 and the depth of theother hand, is generated by cloud-induced turbulence, from
shear layer in Fig. 25D, it seems unlikely that surface-basedaloud-top cooling. If sufficiently strong this mixing may pen-
turbulence would be able to mix such a deep layer as frometrate downward to the top of the surface based mixed layer.
the surface and up through the cloud layer. The shear-driveiThe persistence of the stratocumulus cloud layer during the
boundary layer is too shallow to sustain the deep well-mixed4th period, in light of a lack in persistent surface-to-cloud
layer observed in the thermal structure in Fig. 22d. The somelayer mixing, suggests such cloud formation inherently re-
what lower RH in the layer between 200 and 500 m also lies upon a moisture source near cloud top in the vicinity of
suggests that this intermediate layer has a different characsufficient buoyancy generation from longwave cooling; this
ter. This suggests that the surface-based boundary layer is tqucture agrees with the hypotheses and modeling results of
shallow on its own to connect the surface layer and the straSolomon et al. (2011) and Sedlar et al. (2012). The upper and
tocumulus layer. The well-mixed upper cloud layer, on the lower layers may then connect and turbulence can couple the
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surface and clouds, and transport, for example, moisture ot :g‘
aerosols between these layers. The well-mixed structure im- 5
posed on the layer between the top of the lower layer and the E
cloud layer during such mixing episodes may remain long %

after the mixing itself has ceased, like in a residual layer. 107}
The 5th and final period displays a strong surface-based '

inversion up to~100m, by far the most stably stratified

boundary layer during the ice drift, and is capped by a sec-

ondary inversion starting at 300 m and transitioning to free

tropospheric conditions above 800 m (Figs. 22e and 25b).

The second stable layer 300-500 m was likely the remnants

of the dissipating subsidence inversion in which the stratocuig 25 same as Fig. 23 but for the vertical gradientgayfequiv-

mulus layer was previously residing. As the cloud dissipated glent potential temperatur®g, K m—1) and(b) wind speed (s1).

the buoyancy-generated turbulence from the cloud, forced

by cloud-top cooling, has dissipated and the layer was be-

coming increasingly stably stratified. The wind speed in the

lowest kilometer increased during the 5th period and is theditions that were encountered during ASCOS, in particular

second strongest during the ice drift (Fig. 24) although theduring the ice drift. Research-quality observations from the

winds aloft are weaker and comparable to periods 2 and 4central Arctic Ocean are sparse and often taken over short

The wind shear first approaches zero at around 150 m with 4ime periods; interpreting the results requires analysis of the

100 m shallow layer of negative shear on top (Fig. 25a).  9enerality of the observations. Thus a second objective of
this paper is to compare the meteorological conditions dur-

ing ASCOS with those from similar previous field studies
6 Summary and conclusions in the central Arctic Ocean during the summer season: the
AOE-96, SHEBA and AOE-2001 expeditions from the sum-
The Arctic Summer Cloud Ocean Study (ASCOS) was de-mers of 1996, 1998 and 2001, respectively.
ployed on the Swedish icebreak@denthrough most of Au- The ASCOS time period was characterized by a high-
gust and into early September 2008, as part of the Internapressure anomaly over the Canada Basin and a low-pressure
tional Polar Year. The science focus of ASCOS is on the for-anomaly over northern Norway into the Barents and Kara
mation and life-cycle of low-level clouds and their effect on Seas. The pressure anomaly had an almost barotropic verti-
the surface energy budget. cal structure and generated an anticyclonic large-scale flow
To understand and generalize many of the processes stughattern over the central Arctic Ocean. As a result, several
ied during ASCOS, an understanding of the meteorologicalow-pressure systems propagated westward around the pole
processes at play is necessary. One objective of this paper &nd across the path of ASCOS in the North-Atlantic sector of
therefore to provide an overview of the meteorological con-the Arctic, especially during the first half of the expedition.

-0.02 -0.01 0 0.01 0.02 003 004 0.05
Median scalar wind-speed gradient (s'ﬂ)
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The Siberian continent and Greenland had higher than aver- ASCOS, like the other three expeditions, featured a well-
age temperatures at the surface; aloft these two warm cemixed and very moist boundary layer, capped by an inver-
ters joined across the Arctic Ocean in a band of higher tharsion. The depth of the mixed layer and the height, depth and
normal temperatures. Over the Siberian Shelf region condistability of the main capping inversion were different in the
tions were moister than average but the ASCOS region wasour expeditions, but the basic structure was very similar. An-
close to climatology in terms of low-level moisture and pre- other common feature in all the expeditions was the depth
cipitable water. This large-scale pattern was different to thoseof the layer with high moisture, which often reached well
during the previous expeditions used in this study; all of theseabove the top of the well-mixed layer, indicating that specific
had a cyclonic flow-pattern with low-pressure centers overmoisture often increased within the capping inversion, unlike
the Arctic Ocean. However, considering the location of theconditions in mid-latitude and sub-tropical boundary layers.
different experiments, the conditions were more similar; all This implies that entrainment of air from the free troposphere
were located between low- and high-pressure centers, albeis often a source of boundary-layer moisture and can act to
with SHEBA having more of a low-pressure influence and maintain the high moisture observed near the surface.
AOE-96 being closer to a high-pressure area. The ASCOS ice drift spanned the end-of-melt/freeze on-
ASCOS was under the influence of significant synoptic- set transition. This transition is related to synoptic-scale me-
scale activity for the first half of the expedition, up until teorology; snowfall from synoptic systems and deposition of
around 20 August, after which a high-pressure situation domfrost and rime increased the surface albedo at a time when net
inated until the end of the campaign. Air mass origins for theenergy fluxes at the surface were approaching zero. This al-
synoptically active period were mostly from the Kara and tered the surface energy budget sufficiently that surface melt
Greenland Seas. During the high-pressure dominated periodonditions could not reestablish. The transition to colder tem-
the air mass origin was first from the Greenland region andperatures after the end of the melt season was delayed almost
then gradually shifted over to the Canadian Archipelago anda week by the presence of a persistent stratocumulus cloud
then across the western Arctic Ocean. layer that, by its surface radiative forcing, prevented the sur-
In terms of both basic near-surface meteorology and thdace energy balance from becoming negative (Sedlar et al.,
vertical structure, ASCOS was broadly similar to the pre-2011). In a sense one can say that the start of the real freeze
vious expeditions analyzed. Near-surface temperature wadid not coincide with the end of the melt; there was nearly a
mostly in the —2 to 0°C interval, with a tail of lower week-long period in between.
temperatures in the probability distribution reaching around Thus, taking ASCOS together with the previous expedi-
—10°C. This tail is a result of brief colder episodes that tions, acommon picture emerges, with near-surface tempera-
start appearing in August in all the expeditions. Conditionstures near or just below@ and very high relative humidity,
were also consistently very moist, with relative humidity > 90 % (often> 100 % with respect to ice), large amounts
mostly > 90 %. Near-surface winds were most often in the of low-level clouds in a well-mixed shallow boundary layer
2-8ms ! range and seldoms 10ms L. The cloud fraction  capped by a weak or moderately strong inversion where high
was high during all expeditions and was dominated by low-humidity, and sometimes also the cloud top, penetrates well
level clouds. The lowest cloud base was most often belowinto the inversion, but where the visibility below clouds is of-
100 min all four expeditions and the lowest clouds were usu-ten unexpectedly good. The first cloud top is usually below
ally 200-500 m thick, occasionally reaching 1 km, most often 1 km. This structure was virtually the same across all the ex-
during SHEBA. Visibility indicates frequent fog conditions peditions examined in the paper; only the average depths of
while visibility outside of fog was usually high, most often the well-mixed and the high-moisture layers varied.
> 20-30 km, even below low-level clouds, indicating an ab- The largest difference was found in the shortwave radia-
sence of haze. Visibility less than 1 km was most common intion conditions from SHEBA, this difference is attributable
ASCOS, at~ 25 % of the time, while the other tw@den to the more southerly location of the SHEBA ice camp and
based expeditions had low visibility 10—15 % of the time.  partly also to the lower surface albedo. SHEBA also has
Solar radiation, incoming as well as net, reflected thesomewhat deeper clouds on average, possibly because of
cloudy conditions, with peaks at 100 and 20-30 W %, the somewhat more low-pressure influenced location during
respectively. Incoming and net longwave surface radiationthe investigated time period. The results from AOE-96 were
also reflected the cloudy conditions, with peaks betweenrslightly cooler and less moist, with somewhat less clouds.
300-320 and-10-0 W nT2, respectively. The positive (neg- This is consistent with a slightly more high-pressure influ-
ative) tail in the net shortwave (longwave) distribution comesenced location for much this expedition.
from the few cloud free episodes. Turbulent fluxes were in  Turbulence in this boundary-layer system is generated at
general small, withirt10 W m~2; however, as stated by Sed- the surface and in the cloud layer. At the surface, turbulence
lar et al. (2011), often similar in magnitude to the residual in generation is predominantly due to wind shear; although con-
the surface energy budget, i.e. the heat that remains availablective conditions occurred the sensible heat flux was always
for freezing or melting, and are therefore still of importance. small (< 10W m~2). This layer is typically shallow, usu-
ally some 100-200 m deep, except during a few high-wind
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