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ABSTRACT

Active remote sensing instruments such as lidar and radar allow one to accurately detect the presence of clouds

and give information on their vertical structure and phase. To better address cloud radiative impact over the

Arctic area, a combined analysis based on lidar and radar ground-based andA-Train satellitemeasurements was

carried out to evaluate the efficiency of cloud detection, as well as cloud type and vertical distribution, over the

Eureka station (808N, 868W) between June 2006 and May 2010. Cloud–Aerosol Lidar and Infrared Pathfinder

Satellite Observations (CALIPSO) andCloudSat datawere first compared with independent ground-based cloud

measurements. Seasonal and monthly trends from independent observations were found to be similar among all

datasets except when compared with the weather station observations because of the large reported fraction of

ice crystals suspended in the lower troposphere in winter. Further investigations focused on satellite observations

that are collocated in space and time with ground-based data. Cloud fraction occurrences from ground-based

instruments correlated well with both CALIPSO operational products and combined CALIPSO–CloudSat re-

trievals, with a hit rate of 85%. The hit rate was only 77% forCloudSat products. Themisdetections were mainly

attributed to 1) undetected low-level clouds as a result of sensitivity loss and 2) missed clouds because of the

distance between the satellite track and the station. The spaceborne lidar–radar synergy was found to be essential

to have a complete picture of the cloud vertical profile down to 2km. Errors are quantified and discussed.

1. Introduction

In the last decades, ground-based and satellite moni-

toring revealed that Arctic climate has undergone a

substantial warming that is much larger than in other

parts of the globe (Stocker et al. 2013). Ground-based

measurements, in synergy with airborne and satellite

data, show a persistent warming trend in the mean an-

nual surface air temperatures of approximately 0.098C
(10 yr)21 throughout the twentieth century (McBean

et al. 2005). The warming is even more evident if one

chooses to focus specifically on the measurements of the

International Arctic Buoy Programme over the Arctic
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Ocean, which showed a trend of 0.58C (10 yr)21 since

1979 (Rigor et al. 2000). During the same period, the

September sea ice cover decreased at a rate of 12%

(10 yr)21 (Serreze and Barry 2011; Comiso 2012; Screen

et al. 2012). To better understand the Arctic amplifica-

tion process, certain feedbacks need to be better quan-

tified. The surface energy budget is modulated by the

change in surface albedo, the increased surface longwave

emission due to the warmer surface, and the atmospheric

feedback. Cloud formation and microphysical parame-

ters also play a key role in the surface energy budget

(Beesley 2000; Sedlar et al. 2012). For example, cloud

occurrence and type are directly influenced by the change

in sea ice area (Liu et al. 2012b) and air surface tempera-

ture (Eastman and Warren 2010a, hereinafter EW2010a).

In fact, the decrease of sea ice extent and increase in sea

surface temperature caused a positive regional trend of

cloudiness, which is greater for low clouds (Kay et al.

2008). In addition, the total water vapor, which increases in

theArctic as the climate warms (Rinke et al. 2009; Serreze

et al. 2012), has an impact on the cloud cover and leads

to an increase in the warming of the lower troposphere.

Several ground-based stations were erected in the

Arctic in the second half of the twentieth century, in-

cluding weather stations. Despite their local nature,

weather station observations can be subjective and are

complicated by the lack of solar illumination during the

winter period. Passive thermal infrared remote sensing

instruments have been shown to improve cloud de-

tection because they do not depend on the presence of

the sun and can handlemultiple particle layers. Since the

1970s, the advent of polar-orbiting satellite sensors

allowed the estimation of the regional Arctic cloud

cover (Curry et al. 1996; Serreze and Barry 2005). Polar

cloud ‘‘climatologies’’ that are based on remote sensing

measurements over the past decades have been made.

Zonal studies show a disparity in annual cloud fraction

in addition to monthly variations within the Arctic re-

gion (EW2010a; Shupe et al. 2011). Cloud cover is in-

sufficient to describe cloud forcing, however, because

intensive and extensive parameters such as cloud height,

cloud optical depth, particle size, cloud temperature,

and liquid water path have a direct impact on the

shortwave and longwave fluxes (Dong et al. 2010). The

identification of cloud type and phase (ice, liquid, or

mixed phase) is of paramount importance as is cloud

vertical distribution because of the induced radiative

impact (Curry et al. 1996; Shupe and Intrieri 2004).

Active and/or passive instruments, operating in dif-

ferent parts of the electromagnetic spectrum, can be

used to study cloud properties (see, e.g., Donovan and

van Lammeren 2001; Delanoë and Hogan 2008). De-

pending on the instruments and analysismethods, Arctic

cloudiness trends can lead to contradictory results in

magnitude and even sign (Schweiger 2004; Y. Liu et al.

2010; Eastman andWarren 2010b, hereinafter EW2010b).

These disparities can in part be explained by the differ-

ences in the satellite observational footprint and the

variable sensitivity to certain types of clouds, sun-

illumination conditions, and interferences with the un-

derlying surfaces (Kahn et al. 2007; Kim et al. 2011;

Chan and Comiso 2011). As a consequence, the exten-

sive characterization of Arctic clouds necessitates an

evaluation of the measurement methods and biases

through comprehensive intercomparisons involving sev-

eral complementing datasets, such as ground-based and

satellite observations (i.e., measurements frombelow and

above the cloud). Active satellite sensors are now avail-

able to retrieve vertically resolved cloud properties

within a relatively small field of view that can be directly

compared with ground-based coincident measurements

(Kovacs and McCormick 2005; Kim et al. 2008).

In this paper, we focus on the synergistic use of lidar

and radar data from the ground and from space so as to

combine and assess their detection efficiency over the

Eureka Arctic station. For the first time in the high

Arctic, ground-based and spaceborne active instruments

are compared on a statistical basis. The aim of this work

is to identify and quantify their limitations so as to better

infer cloud variations for climate studies. We first pres-

ent the observations from active instruments (lidar and

radar) as well as satellite and surface data. Statistical

analyses that are based on independent datasets are

summarized in a third section looking to annual, sea-

sonal, and monthly variations of cloud occurrence. On

the basis of the coincident data, joint statistics of cloud

cover and vertical distribution are given in section 4. The

section also highlights the limits of each observational

dataset. We discuss results of the comparisons and

identify biases and limitations (confirming some already

identified). We also raise a few key points and questions

about the use of these lidar and radar data in cloud

climatology.

2. Observations and method

To analyze Arctic clouds we have used the largest

common time series of several ground-based and satel-

lite datasets to account for the diversity of events. In this

part we present the instruments and analysis methods

and also introduce used datasets.

a. The Eureka study site

Eureka is one of the northernmost sites in the Arctic

that is equipped with a valuable suite of instruments to

analyze cloud properties (see http://www.candac.ca for
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an instruments inventory). The choice of a ground-based

comparison site is limited in the highArctic. In this work

we used the following criteria: 1) frequent A-Train

overpasses, 2) the longest available time series from ac-

tive sensors since the launch ofCloud–Aerosol Lidar and

Infrared Pathfinder Satellite Observations (CALIPSO)

and CloudSat in the summer of 2006, 3) daily observa-

tions and measurements taken at a weather station,

and 4) the availability of a long-term climatology. Only

a handful of stations over the polar circle satisfy these

criteria, namely, Ny Alesund, Barrow, and Eureka.

Given the time series and the instrument performances,

we chose theEureka station (798590N, 868560W;Nunavut,

Canada), situated in the Canadian Archipelago, to

conduct this study. Figure 1 shows the location of the

Eureka station and the position of the selected box for

which the spaceborne observations are considered in

this study. Located close to the A-Train latitude limit of

828N, it offers the opportunity of a larger number of

overpasses, with a monthly average of 16 overpasses

within less than 28 km of the station. A zoom over the

location (Fig. 1) shows examples of CALIPSO over-

passes that are close to Eureka during one month. In

a year, the maximum standard deviation in distance of

the same track (occurring every 16 days) is about

2.03 km. The size of the box was chosen to contain

a maximum of overpasses while trying to avoid potential

orographic effects in this fjord region where the ground

level varies from 0 to 1.2 km above sea level. The latter

choice was done according to the criteria of Kovacs and

McCormick (2005). They suggest, for cloud-comparison

purposes, a length scale of a few tens of kilometers and

a time scale of a few minutes.

In the framework of the Study of Environmental

Arctic Change (SEARCH) and the Canadian Network

for the Detection of Atmospheric Change (CANDAC),

a lidar and a radar (described later in this section) were

continuously operating from the summer of 2005 until

2010 (http://lidar.ssec.wisc.edu/syst/ahsrl/ahsrl_data.htm).

The Eureka weather station (operating within the

mandate of Environment Canada) has been providing

hourly data of surface air temperature, pressure, hu-

midity, wind, and weather observations since 1953. Ra-

diosondes have also been launched 2 times per day since

1948, but humidity profiles are available only since 1972

(downloaded from the Integrated Global Radiosonde

Archive website: http://www.ncdc.noaa.gov/oa/climate/

igra/index.php). The instruments and datasets used in

this study are summarized in Table 1 and will be de-

scribed in the next sections.

b. Meteorological observations at Eureka

Standard surface measurements are accompanied by

visual sky observations several times per day. This task is

performed by an operator and depends on sites and

procedures. At Eureka, observations are reported

hourly and give information on cloud presence and

visibility. There are, however, major issues linked to the

lack of illumination during the winter. Several authors

discussed biases caused in cloud amounts observed from

FIG. 1. A-Train tracks (in purple) close to the Eureka station (red X) during January 2007 (18 tracks), superposed

over the digital elevation model Global 30 arc s elevation dataset (GTOPO30) used forCALIPSO data analysis. The

green box (40 km3 40 km) delimits the area of this study. On the right-hand side an aerial view of the Eureka station

shows that lidar and radar instruments are housed in two climate-controlled shipping containers (red arrow) 200m

north of the weather station.
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the surface during polar night (Hahn et al. 1995) and

proposed to keep only observations occurring with suf-

ficient moonlight. In winter another issue occurs when

ice crystals suspended in the lower troposphere (re-

ported as ‘‘ice crystals’’) mask upper features. Ground-

based weather observations may also be subject to local

bias (e.g., orographic effects) and may not be repre-

sentative at the regional scale. The inadequate geo-

graphic coverage is problematic in a region where

interannual variations are not uniform over land and

ocean, depending on the latitude (Shupe et al. 2011). In

our study, we used all ground-based observational data

without any masking.

c. Ground-based active instruments

Measurements from the Arctic high-spectral-

resolution ground-based lidar (AHSRL) developed by

the University of Wisconsin (Eloranta et al. 2007) were

used in this study (see Table 1). Retrieved particulate

backscatter profiles at 532 nm indicate the presence and

the altitude of particles, as long as the lidar signal is not

attenuated by opaque clouds. Combined with the lidar

depolarization ratio, backscatter profiles are used to dis-

tinguish the presence of clear-sky, ice or liquid particles

and aerosols.Data from theEureka high-frequency cloud

radar (Moran et al. 1998) are also used for cloud char-

acterization. Because radar reflectivity is proportional to

the sixth power of the hydrometeor diameter and to the

fourth power of the frequency (this approximation is valid

while the radar frequency and the particle sizes are small

enough to be considered to be in the Rayleigh scattering

regime), the Eureka radar [frequency f 5 35GHz;

wavelength l 5 8.7mm for the millimeter-wavelength

cloud radar (MMCR) in Table 1] is thus ideal for pre-

cipitation and clouds studies. Correlatively, the radar

may miss cloud droplets and the associated warm clouds

and underestimate elevated cold cloud-top altitude

where small ice particles can be found. Because this

MMCR is Dopplerized, we also used velocity and

spectrum-width fields to help to discriminate among ice,

liquid, or mixed-phase clouds (Shupe and Intrieri 2004).

Atmospheric profiles from rawinsondes give the tem-

perature profile and, hence, the cloud-layer inner tem-

perature. The 08C threshold is used to distinguish

between rain and snow precipitation, and 2408C in-

dicates the homogeneous freezing point below which

hydrometeors are considered to be ice.

The ground-based multisensor pixel classification

applied in this work is based on Shupe (2007) becausewe

use the same instruments at the same ground site. Each

pixel (for 30-m vertical and 10-s temporal resolutions) is

first classified as one of the atmospheric features using

a lidar mask. The radar cloud measurements then help

to identify the cloud phase or precipitation type. For

opaque cloud where the lidar signal is extinguished, ra-

dar data can extend the classification of upper pixels. A

coherence filter (7 3 7 pixels) is then applied to avoid

false-alarm pixels and to homogenize the classification.

The choice of the fixed thresholds between the different

classes, which is based on 7 years of observations (Shupe

2007), may, however, lead to wrong classification, as in,

for example, an underestimation of snow precipitation in

winter (on the basis of a comparison with ground weather

observations; not shown here). Pixels classified as snow

were gathered with ice, and those classified as rain and

drizzlewere gatheredwith liquidwater. Cloud-occurrence

TABLE 1. Instruments and datasets used in this study.

Ground based On board satellite Information retrieved

Weather data Radiosonde and weather

station observations

(Environment Canada)

Global Modeling and Assimilation

Office reanalysis under the

CALIPSO track (from CALIPSO

data)

Atmospheric profiles

Lidar AHSRL (Eloranta 2005) CALIOP level-2 cloud and aerosol

layer (Winker et al. 2009)

Atmospheric feature:

cloud/aerosol/clear sky;

depolarization

Radar MMCR (Moran et al. 1998) CloudSat level-2 cloud mask

(GEOPROF) and precipitation

(Stephens et al. 2002)

Precipitation; cloud phase

Synergy

lidar–radar

(Donovan and van Lammeren

2001; Shupe 2007)

DARDAR mask (Delanoë and
Hogan 2010)

Pixel classification profile

(combining lidar and radar

performances); cloud

microphysical properties

Ancillary data Microwave radiometer

(Turner et al. 2007)

IIR level 2 (Garnier et al. 2012),

MODIS (MYD/MOD08_D3

and _M3), AVHRR (APPx

DATA 025KM)

Liquid water content; scene

classification; opacity; cloud

fraction from passive

instruments

2556 JOURNAL OF APPL IED METEOROLOGY AND CL IMATOLOGY VOLUME 53

D
ow

nloaded from
 http://journals.am

etsoc.org/jam
c/article-pdf/53/11/2553/3577679/jam

c-d-14-0021_1.pdf by guest on 19 N
ovem

ber 2020



fraction, hereinafter referred to as cloud fraction, is the

amount of time that clouds are present and detectable

by the remote sensing instruments and, for active in-

struments, is obtained from the analysis of the vertical

classification. To avoid false cloud detection, we re-

quired that a cloud layer should have a vertical extent

that is equal to or higher than 90m (3 pixels). In the text

and figures, the result of the classification that uses the

synergy of ground-based lidar and radar at Eureka is

namedEUREKA_G/B.Ground-based data availability is

limited to the period 2005–10 for the lidar and the radar.

Failures and maintenance—mainly done in summer—

also restrict good-quality measurements and may alter

annual statistics. Indeed, Protat et al. (2006) advocate

that time-based sampling variations (e.g., due to main-

tenance or failures) of ground-basedmeasurements may

lead to some differences in cloud fraction.

d. Satellite observations

1) PASSIVE SATELLITES

Visible and thermal infrared satellite instruments

[e.g., the Television and Infrared Observation Satellite

(TIROS) Operational Vertical Sounder (TOVS) or Ad-

vanced Very High Resolution Radiometer (AVHRR)]

enabled a global picture ofArctic clouds (Schweiger et al.

2008; EW2010b). These passive instruments, however,

are known to suffer from several limitations in theArctic,

such as the absence of sunlight during the polar winter,

the cold surface temperature, the inversion layer, and the

albedo of snow surfaces (Lubin andMorrow 1998; Y. Liu

et al. 2010). When compared with ground-based obser-

vations, these sensors showed different monthly averages

and long-term trends (Wang and Key 2005; EW2010b).

Moreover, because of technical limitations, some crucial

cloud information cannot be retrieved, such as cloud-base

altitude, particle phase, or presence of precipitation. The

use of active instruments, which emit their own radia-

tion, can help to obtain these missing pieces of in-

formation. In some specific cases, however (e.g., very

low clouds over vegetated areas during daytime), pas-

sive sensors [like the Moderate Resolution Imaging

Spectroradiometer (MODIS); see Table 1] could help in

detecting cloud structures that active instruments have

difficulties detecting (Chan and Comiso 2011).

2) ACTIVE SENSORS AND NEW A-TRAIN

DATASETS

CALIPSO and CloudSat, which are part of the Af-

ternoon Train (or A-Train) satellite constellation

(Stephens et al. 2002), helped to significantly improve

the study of polar clouds. The satellites’ polar orbit allows

overpasses between 828N and 828S with unprecedented

horizontal resolution [from 0.33 to 1 km for Cloud-

Aerosol Lidar with Orthogonal Polarization (CALIOP)

and 1.4 km for CloudSat cloud profiles] and vertical

resolution (from 30 to 60m for CALIOP and 500m for

CloudSat). A-Train satellites provide frequent active

measurements in the Arctic, which are spatially ex-

tended by such passive instruments as the infrared im-

aging radiometer (IIR) onCALIPSO (Winker et al. 2009)

or MODIS on Aqua (Platnick et al. 2003). CALIOP

measures the backscatter cross section at two wavelengths

(532 and 1064 nm) with two polarizations at 532 nm

(Winker et al. 2003). Aerosol or cloud-layer detection is

done using a threshold on the attenuated scattering ratio

vertical profiles (Vaughan et al. 2009). The CloudSat

radar has a frequency of 94GHz, whereas MMCR is

a 35-GHz-frequency radar. For radars with the same

resolution volume and transmitted power, the radar with

the shorter wavelength (i.e., higher frequency) is capa-

ble of detecting smaller particles (Lhermitte 1987). It

should nevertheless be considered that CloudSat has

a lower sensitivity (minimum detectability of 230 dBZ)

than the ground-based radar [between 249 and

230 dBZ at 5 km, depending on the operating mode

(Moran et al. 1998)]. Previous comparisons between

MMCR (at Darwin, Australia) and CloudSat showed an

overall good agreement in terms of statistical reflectivity

profiles (Protat et al. 2009; Z. Liu et al. 2010). This limit

of detectability of ice particle diameter is about 40mm,

and it depends on the particle number concentration

(Grenier et al. 2009) and affects cloud-detection per-

formances (Stephens et al. 2002). The CloudSat cloud

mask is a value given as an indicator of the cloud-

detection probability (40 being the highest value for

cloud-detection probability higher than 99.8%). In this

study, we use CALIOP level-2, version 3, layer products,

which provide altitudes and type of cloud or aerosol

layers, and CloudSat level-2 products, which provide alti-

tudes of cloud as well as the type of precipitation. We also

employed the radar–lidar (DARDAR) mask (version

1.1.4) in our comparison study because it uses a compre-

hensive synergy of CALIOP and CloudSat (Delanoë and
Hogan 2010). CALIPSO also carries a three-channel IIR

that measures radiances at 8.65, 10.6 and 12.05mmwith

1-km horizontal resolution over a 69-km swath. IIR

swath data (version 3) were used as a means to evaluate

the extension of the IIR classification on the track using

CALIOP classification in the IIR pixels from radia-

tively equivalent pixels (Garnier et al. 2012). The IIR

swath product is used here to analyze cloud detection

over the box. For each overpass, we extracted the pixels

in the 40 km 3 40 km box and used their scene clas-

sification to derive cloud fraction, by keeping the

dominant type.
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e. Synergetic observations and trends

Meteorological observations and spaceborne passive

measurements such as AVHRR have been performed

over decades, and long-term trends have been analyzed

in various papers (EW2010b). We have looked at the

context offered by such long-time-series space obser-

vations at Eureka. It is not our objective, however, to

detail here these analyses because the paper focuses on

more recent active observations. Detailed results are

reported in appendix A. Looking at the cloud fraction, it

is seen that a good coherence is observed between

MODIS andAVHRR, with an overall decrease in cloud

fraction. However, from the ground-based observations

for skies that are other than clear (see Fig. A1 in ap-

pendix A), although the agreement was good with sat-

ellite data in the 1980s we find opposite trends between

spaceborne and ground-based observations, leading to

an increased difference in the last years. These results

emphasize the need to go into further detail in the

analysis and look at additional data. To do so, we focus

in the next sections on the more recent datasets from the

A-Train.

3. Statistics from independent recent datasets

a. Comparison of annual cloud fraction from
independent datasets

To intercompare cloud fraction measurements, we

compiled the available data from observations, active

instruments, and passive instruments. Figure 2 displays

the cloud fractions and standard deviations from the

various datasets gathered for a period covered by both

ground-based and satellite active sensors, extending

from June 2005 to June 2012.

The weather-station cloud fraction, named total nebu-

losity, merged all non-clear-sky observations where

‘‘clouds,’’ ‘‘ice crystals,’’ and ‘‘snow’’ observations repre-

sent 96%.The total nebulosity is expected to overestimate

the cloud fraction because ice-crystals events can also

happen during clear sky (Intrieri and Shupe 2004). The

measurement statistics include hourly observations from

theweather station and hourly profiles fromground-based

lidar and radar instruments (for long-term statistics we

took a 1-h temporal resolution). A-Train data (CALIOP,

DARDAR,CloudSat, and IIR) were extracted whenever

available. The term ‘‘box’’ means that we calculated the

cloud fraction among all of the profiles over the 40km3
40km box centered over Eureka as shown in Fig. 1.

MODIS annual means were extracted and averaged over

Eureka from monthly data with a 18 3 18 resolution.
In the time period considered in Fig. 2, the annual

cloud fraction values are between 0.45 and 0.82. All

satellite data except the DARDAR ones agree better

withEUREKA_G/B—with an average value of;0.62—

than with weather station data (closer to DARDAR)—

with an average value of ;0.73. The interannual varia-

tions are very small (less than 0.1), but no significant

trend can be extracted over such a short period.

CALIOP is supposed to be sensitive to all types of

clouds, but Chan and Comiso (2011) show that certain

lower-tropospheric clouds near the surface can be

missed by CALIOP. Low clouds are also an issue in

CloudSat data because of the ground clutter impact up

to 1 km above the surface (Tanelli et al. 2008). The

DARDAR cloud mask, which combines information

FIG. 2. Annual cloud fraction and standard deviation for the datasets presented in Table 1 for

the period June 2005–June 2012.
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from CALIPSO and CloudSat cloud masks, tends to

overestimate cloud fraction relative to that seen in other

datasets at Eureka.Wenotice thatDARDARdata often

give a small layer of supercooled droplets near the

ground because of the ground backscatter of the radar

signal. The cloud-fraction differences in passive instru-

ments (MODIS and IIR) are due to the cloud-detection

methods, since IIR is used to extend CALIOP cloud

detection along track through its swath. The IIR algo-

rithm is not able to classify some pixels; this scene type is

identified as ‘‘others’’ (O). Indeed, some very thin

clouds (mainly high clouds, which require a horizontal

averaging of 80 km) are not taken into account in the

present IIR classification (Garnier et al. 2012). A careful

look at these latter scenes using CALIOP data shows

that these pixels mostly correspond to mixed types in-

cluding clouds. Consideration of all of these pixels (in

the IIRSWATH1O)would lead to an increase of;6%.

MODIS detects a smaller cloud fraction because of

certain limitations when over theArctic environment, as

described in section 2d. There can be errors that are

caused by interferences in the cloud detection with ice

cover (Y. Liu et al. 2010). Because of the absence of

solar illumination during winter, standard cloud-

detection techniques have been modified to reduce

misidentifications (Liu et al. 2004). MODIS overpass

time over Eureka (around 0030 and 2000 UTC for Terra

and 1100 and 1530 UTC for Aqua) has a real but neg-

ligible impact on cloud fraction in comparison with the

other standard deviations and variability.

Figure 2 shows that instrument characteristics or the

methods themselves can lead to some differences, as

with active and passive sensors over Eureka. For an-

other Arctic ground site (Barrow), ground-based results

compiled by Dong et al. (2010) confirm that discrep-

ancies in cloud detection can originate from the mea-

surement methods, the instrumentation suite, or the

time period. These heterogeneities, combined with the

small number of Arctic stations, can explain the limits of

using the ground-based databases to define a regional

trend. Satellite active measurements have advantages

that seem to be helpful. The need of satellite measure-

ments to have a regional coverage is nevertheless con-

trasted by the performances of the different sensors and

their relatively small lifetime. It is, however, possible to

go further in the analysis, looking to seasonal variations

to highlight instrument efficiencies.

b. Seasonal and monthly cloud fraction over Eureka

A seasonal analysis of cloud fraction reveals some

specific disparities over certain periods of the year and can

be analyzed in the context of recent polar cloud clima-

tologies (e.g., Liu et al. 2012a). For this section we focused

on the period 1 June 2006–31 May 2010 (see Fig. 2), for

which most of the datasets were available. Data from 546

A-Train tracks and more than 30 000 hourly observations

from the weather station and vertical profiles from

EUREKA_G/B active instruments were used in creating

Table 2. It summarizes seasonal cloud fraction obtained in

this study for the datasets over Eureka, including a com-

parison with the previous study of Shupe et al. (2011).

MODIS gathers monthly data from Terra and Aqua.

DARDAR ‘‘BOX HIGH’’ corresponds to DARDAR

‘‘BOX ALL’’ except that the first two pixels over the

ground (120m) are removed as possibly contaminated by

the ground return of the radar signal.CloudSat ‘‘BOX 2’’

is CloudSat ‘‘BOX’’ combined with the weak-cloud de-

tection using along-track integration (cloud mask value

between 6 and 10). IIR SWATH BOX 1 O means

that the scenes classified as O by IIR are reclassified as

clouds on the basis of a comprehensive comparison

with CALIOP observations (see previous section).

As shown in Table 2 and in Liu et al. (2012a) over the

Canadian Arctic Archipelago, the autumn period

(September–November) is characterized by the highest

overall cloud fraction (;0.74). For the weather station,

the maximum is much larger and is observed later in the

winter because of the ‘‘ice crystals’’ observations thatmay

TABLE 2. Seasonal means of cloud fraction over the Eureka station derived from different datasets (standard deviations in parentheses)

for the period 1 Jun 2006–31 May 2010, except for Shupe et al. (2011) (between 2005 and 2009).

Instruments JJA SON DJF MAM

Ground-based Weather station 0.60 (0.12) 0.76 (0.04) 0.86 (0.12) 0.69 (0.08)

EUREKA_G/B 0.52 (0.12) 0.74 (0.02) 0.67 (0.04) 0.57 (0.09)

Radar–lidar: Shupe et al. (2011) 0.58 0.74 0.72 0.61

Satellite MODIS (MYD08M3 and MOD08M3) 0.64 (0.07) 0.69 (0.04) 0.51 (0.07) 0.47 (0.07)

DARDAR BOX ALL 0.66 (0.19) 0.87 (0.06) 0.69 (0.05) 0.62 (0.06)

DARDAR BOX HIGH 0.65 (0.20) 0.83 (0.07) 0.58 (0.12) 0.50 (0.05)

CALIOP BOX 0.61 (0.15) 0.75 (0.02) 0.65 (0.07) 0.48 (0.07)

IIR SWATH BOX 1 O 0.62 (0.16) 0.73 (0.04) 0.64 (0.07) 0.53 (0.05)

CloudSat BOX 0.51 (0.16) 0.63 (0.08) 0.44 (0.07) 0.43 (0.04)

CloudSat BOX 2 0.55 (0.13) 0.66 (0.08) 0.51 (0.08) 0.48 (0.04)
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be part of low-level haze (see appendix A). The least

cloudy season is March–May (MAM), with cloud

fraction of approximately 0.50 associated with large

standard deviations, as a result of high interseasonal

variations. This is in agreement with the transition from

polar winter minimum of cloud fraction to summer

(Beesley and Moritz 1999; Y. Liu et al. 2010). The

comparison between the EUREKA_G/B cloud frac-

tions and those from Shupe et al. (2011) shows some

discrepancies that are most probably caused by the

difference in temporal resolution (1 h vs 30 s) combined

with the coherence filter (Shupe 2007), which removes

short-lifetime and sparse clouds. Moreover, the time pe-

riod considered here is different (2006–10 vs 2005–09).

Additional results are presented in appendix B that

show (see Fig. B1) that ground-based and satellite data

yield similar trends, except during the months in which

the missing Eureka data (from lidar failures and main-

tenance) bias EUREKA_G/B statistics.

c. Cloud-type distribution

In addition to the seasonal variations, cloud-fraction

differences among active instruments can originate from

detection problems in the vertical direction. We thus

looked at the type of particles identified by the different

active instruments along the vertical profiles between

June 2006 and May 2010. (This set corresponds to the

same number of observations that were used in Table 2

and in Fig. B1 of appendix B.) Figure 3 gives the vertical

distributions decomposed as a function of the following

classes: aerosols (detected by lidar only), water, ice

(horizontally and randomly oriented), mixed-phase

clouds, and unknown-phase clouds. The black lines on

each figure correspond to the cloud vertical profile. For

discussion purposes, EUREKA_G/B, CALIOP, and

DARDAR cloud vertical profiles are superimposed

with the CloudSat one in Fig. 3d.

The comparison of the vertical cloud distributions

reported in Fig. 3d shows that the cloud detection of the

spaceborne lidar is themost efficient down to an altitude

of ;6 km, at which limitations in the detection could be

induced by the attenuation of optically dense clouds.

The number of the detected ice particles indeed de-

creases below 6 km, whereas the presence of liquid

particles increases. CALIOP and CloudSat appear to

have a similar sensitivity to clouds at 6 km. CloudSat

measurements are very sensitive to clouds below 4km

but miss high thin ice clouds above 6 km and everything

below 0.8 km because of the ground clutter. Indeed, to

avoid false detection, pixels corresponding to several

hundred meters above the ground are not to be used in

the CloudSat cloud detection (Tanelli et al. 2008). The

weak-cloud detection (using along-track integration)

increases the cloud vertical profile by a few percent and

is more often used for medium and high clouds where

the particle size is often smaller. It may, however, lead to

wrong detection, as discussed in appendix B. DARDAR

observes a majority of ice particles except in the first

hundred meters where supercooled and liquid droplets

are identified as mentioned in the previous section.

FIG. 3. Cumulated vertical scene-type distribution between June 2006 andMay 2010 for all of the active instruments: (a) EUREKA_G/B,

(b) CALIOP, (c) DARDAR, and (d) CloudSat. The black lines in (a)–(c) correspond to the cloud-only vertical distribution. They are

redrawn and colored in (d) for comparison purposes.
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CALIOP also detects aerosols close to the ground as

well as above the tropopause. Those two aerosol do-

mains are in agreement with the CALIOP extinction

profiles observed in the whole Arctic between 2006 and

2010, when few volcanic eruptions occurred (Di Pierro

et al. 2013). The stratospheric aerosols seen by CALIOP

are also seen, to a lesser extent, by EUREKA_G/B but

are considered to be clouds by DARDAR.

In Fig. 3d we have identified a lower level, marked by

the first dashed line at 1.9 km, below which the influence

of the surface appears to be more predominant and

causes large discrepancies among datasets. In this low

layer, atmospheric features cannot be well detected

from space, and the occurrence of aerosols, ice, and

water particles is underestimated when compared with

EUREKA_G/B. Figure 12b in Shupe et al. (2011) con-

firms that the cloud-base heights from ground-based

measurements are more frequently located in the first

2 km, except in summer when a decrease in low-level

moisture is observed.

The independent datasets represent a large amount of

data. They suffer from a lack of time representativeness,

however. On the one hand, instrument failures (i.e., in

the summers of 2006 and 2008 and in the spring of 2010

for EUREKA_G/B) and local effects (i.e., ice crystals)

may enhance specific cloud features. These thus lead to

specific occurrence differences in altitude, biasing the

comparisons. On the other hand, the times of A-Train

overpass (;1100 and 1530 UTC) do not allow one to

describe fully the cloud diurnal cycle, even if the dif-

ferences in the cloud vertical profile seem to be negli-

gible (according to a similar analysis made while

keeping only A-Train overpass times).

4. Analysis of coincident observations

To carry out a more representative comparison be-

tween the observations from the selected instruments,

we chose to restrict the database to data from times

when all instruments were correctly and simultaneously

operating. This criterion resulted in 267 coincident

overpasses over the 40 km 3 40 km box centered on

Eureka (see Fig. 1).

For all satellite datasets used in this section, Fig. 4

shows the comparison between the mean cloud fractions

of the nearest pixels to Eureka and the mean value av-

eraged over the box. The obtained correlation R is rel-

atively high, with a value R2 5 0.95 and a dispersion of

about 2% with respect to a 1:1 line, which is within the

uncertainties. Chi-square tests show, moreover, that

there is no significant difference, for the same dataset,

between mean cloud fractions from nearest profiles and

from the box. The latter result allows us to keep only the

nearest satellite vertical profiles to compare with

ground-based profiles at the same time, given the time

step of 10 s.

a. Cloud detection of A-Train coincident overpasses
over Eureka

To analyze the cloud-detection efficiency using co-

incident measurements, we compare CALIOP, IIR,

DARDAR, and CloudSat detection of cloudy and clear

scenes, considering EUREKA_G/B as the reference. As

in section 3, IIR SWATH BOX 1 O data were used to

get a complete view of the box, where the dominant type

was kept to derive cloud fraction. Results are reported in

Table 3.

FIG. 4. Mean cloud fraction of the nearest pixel and of the box for various datasets showing

a maximal difference of 3% between the ‘‘box’’ and the ‘‘nearest’’ mean cloud fractions. Dash–

dotted line represents 1:1 correspondence.
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These 267 overpasses are not expected to be repre-

sentative of the cloud statistics over Eureka because of

the time sampling. Cloud fractions obtained for these

coincident overpasses are somewhat different than

those derived from independent statistics (see Fig. 2 for

the period 2006–10) for CALIOP and DARDAR (ap-

proximately 25%) but agree for the other datasets.

Table 3 corroborates that CALIOP andEUREKA_G/B

have a relatively good correlation (231 good detection

cases from 267 tracks, which represents a hit rate of

;86.5%). It is almost 90% for IIR and close to 85% for

DARDAR, but, as expected from previous compari-

sons, theCloudSat hit rate remains smaller (77%). Since

the lidar is sensitive to small particles, one expects that

both ground-based and satellite instruments can detect

a cloud when it occurs. In some cases, however, clouds

are misclassified as aerosols (in about one-third of

CALIOP wrong detections) and can even go un-

detected as a result of the thresholds associated with

classification methods. Clouds appear to be better de-

tected by IIR SWATH BOX. This result is due to the

representativeness of observations with respect to cloud

heterogeneity, which is better accounted for using the IIR

swath.When only the nearest pixel over Eureka from IIR

SWATH BOX is used, the hit rate decreases to 82.7%

however. This surprising result is due to the variability of

the surface type for the closest pixels surrounding the

station, which has an impact on the surface emissivity and

then on the computation of the radiatively equivalent

pixels (Garnier et al. 2012).

The latter comparison suffers from not accounting for

a scene-representativeness factor, which is the distance

between Eureka and the nearest pixel. By analyzing the

CALIOP hit rate as a function of the distance, we con-

cluded that pixels that are closer than 5km detect the same

features asEUREKA_G/Bwith 95%confidence. This rate

decreases, and toward the edge of the box (more than

20km away from the station) the hit rate is about 80%.We

will, however, be obliged to consider all 267 profiles in

order to keep enough data. We do have to keep in mind

that in certain scenes the instruments are not looking at the

same features, and that situation leads tomisidentifications.

b. Cloud vertical distribution

The cloud detection is not sufficient to conclude

whether the features are detected at the same altitude.

Cloud vertical distribution is an important parameter in

the comparison to focus upon, because it helps to de-

termine cloud radiative forcing. We calculated the ver-

tical cloud fraction for EUREKA_G/B, CALIOP,

DARDAR, and CloudSat, as done in section 3c, but for

the coincident profiles. Results are reported in Fig. 5.

Cloud-fraction profiles reported in Fig. 5a are very

similar to the vertical profiles of Fig. 3d for the space-

borne observations. EUREKA_G/B shows, however,

a consistently lower cloud fraction than in the previous

independent analysis because of a different sampling. In

Fig. 5a the EUREKA_G/B results appear to be in very

good agreement with DARDAR and CloudSat for

medium and low clouds, except for the very low clouds.

Temperature profiles (Fig. 5b) show that the uppermost

altitude for the tropopause is observed at 10.9 km,

which corresponds to the top altitude of the upper

clouds detected. Because all spaceborne observations

are colocalized, the radar nondetection implies that

a large part of high clouds are thin cirrus with small ice

particles. EUREKA_G/B synergy also detects fewer

high clouds than DARDAR or CALIOP because of

lower thick clouds. The homogeneous freezing at

2408C may appear as low as 5 km but is at 6 km on

average. This means that all of the atmospheric fea-

tures above this limit are supposed to be ice. According

to CALIOP, the opaque-cloud vertical profiles show

that 14% of the 267 coincident overpasses (or 25% of

the cloudy profiles) are considered to be opaque. This

number is, however, much lower if we consider IIR

with a threshold on the effective emissivity at 12mm

(i.e., « . 0.95).

Midlevel clouds are almost detected similarly by all

instruments. In the bottom of the domain, CALIOP

shows a deficiency in cloud detection, which is accen-

tuated at lower altitudes. This is explained by the fact

that cloud opacity occurrence is increasing as altitude

decreases below 8 km but, more important, below 5 km

TABLE 3. Cloud-detection statistics among the nearest profiles of the 267 overpasses from spaceborne datasets in comparison with

ground-based lidar–radar measurements. The percentage of the number of cases appears in parentheses. The cloud fraction and the total

hit rate for each comparison between satellite and ground-based observations is also given.

CALIOP IIR SWATH 1 O DARDAR CloudSat Cloud

fractionNo Cloud Cloud No Cloud Cloud No Cloud Cloud No Cloud Cloud

EUREKA_G/B No Cloud 89 (33) 9 (3) 91 (34) 7 (3) 74 (28) 24 (9) 86 (32) 12 (4) 63.3

Cloud 27 (10) 142 (53) 21 (8) 148 (55) 18 (7) 151 (57) 49 (18) 120 (45)

Cloud fraction (%) 56.6 58.1 65.5 49.4

Hit rate (%) 86.5 89.5 84.3 77.2
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(Fig. 5c). Supercooled droplets in water or mixed-phase

clouds are rapidly attenuating lidar signals. They happen

when temperatures are higher than 2408C, before the

homogeneous freezing occurs. As shown by Fig. 5b, this

happens below 5 km, that is, in the lower part of the

midlevel clouds. This result may explain the decreasing

detection efficiency of CALIOP as observed with respect

to the other instruments. On the contrary, CloudSat and

DARDARdetect more clouds since the radar is sensitive

to thick clouds with large particle size, as in mixed-phase

and precipitating clouds.

Low clouds [pressure P . 680 hPa; i.e., altitude z ,
2.7–3.3 km, in the ‘‘low’’ (L) section of Fig. 5a] appear to

be the dominant feature in the vertical cloud distribu-

tions, as observed in EW2010a and in Liu et al. (2012b),

whatever the sensors. Nevertheless, there are some

discrepancies with regard to the cloud fraction. As dis-

cussed before, CALIOP is shown to have amuchweaker

sensitivity to low-level structures. When low-altitude

clouds are dense clouds, sometimes precipitating, the

spaceborne lidar is able to detect only the upper limit of

such structures. Furthermore, because of attenuation

during propagation reducing the signal-to-noise ratio, it

may not detect semitransparent ones below (e.g., haze).

As mentioned before, above 1.9 km, CloudSat and

EUREKA_G/B show almost the same cloud occurrences.

The main difference in this comparison happens for

very low clouds [in the ‘‘very low’’ (VL) section of Fig. 5a].

We know that these clouds may be difficult to detect from

space over complex terrain (inhomogeneities; signal

perturbations). EUREKA_G/B has a very high cloud

fraction in the first 100m, often associated with small

optical depth. This is most probably due to local effects

and the presence of ice crystals close to the ground that

were classified as a cloud.As opposed to that, theCloudSat

and DARDAR cloud fractions quickly decrease below

1km, where ground clutter affects the radar backscatter.

Because of this limitation, CALIOP and DARDAR

have almost the same profiles where cloud fraction de-

creases from 0.2 (at 1 km) to 0 (at the surface), possibly

underestimating the cloud fraction as discussed above.

Indeed, about 65% of misdetection in Table 3 is due to

low clouds (with a cloud-top pressure above 680 hPa).

From this comparison, we conclude that onlyDARDAR

is able to detect the cloud profile with relatively good

agreement with ground-based measurements. Below

1km, occurrences of low cloud or ice crystals are not cap-

turedwell by spaceborne instrumentswhenEUREKA_G/B

is used as the reference.

c. Seasonal cloud vertical distribution

Although the total number of selected cases is low,

a tentative analysis is performed to look at seasonal

behavior. The vertical profiles of Fig. 5a are seasonally

decomposed to analyze their differences.

Figure 6 confirms the good agreement between

ground-based observations and DARDAR above 2 km

for almost all seasons. In December–February (DJF),

when a vast majority of scenes are composed of semi-

transparent ice clouds, the agreement is even better. An

exception happens in MAM when clouds were seen by

EUREKA_G/B above 2 km and missed by DARDAR.

FIG. 5. (a) Vertical distribution of the cloud fraction per bin obtained from the active instruments for the 267 nearest overpasses of

A-Train over Eureka, (b) mean temperature profile (61 std dev shown by thin gray lines) as well as tropopause mean height (61 std dev

shown by thin orange lines), and (c) number of opaque clouds according to CALIOP opaque flag and IIR emissivity. The vertical

distribution of the cloud fraction per altitude bin has been divided in the three vertical domains defined by the International Satellite

Cloud Climatology Project (Rossow and Schiffer 1991), with limits at 440 and 680 hPa. In the low-cloud domain (pressure above 680hPa),

we added a very-low-cloud domain (VL) close to the surface (for P . 830hPa or z , 1.9 km).
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This could be attributed to water clouds, but CALIOP

and CloudSat appear to agree well. Furthermore, tem-

peratures are cold, close to 233 K at 5 km where there

are evidences of differences, indicating the presence of

ice particles. A further analysis showed that the dispar-

ities are caused by ice-particle layers with very small

optical depths (less than 0.08) that were not detected by

the spaceborne lidar. Significant differences in CALIOP

cloud frequency with respect to the other datasets are

also seen below 4km [CALIOP appearing to be nega-

tively (low) biased], during summer and autumn periods

when mixed-phase or liquid clouds are detected.

5. Discussion

In both independent- and coincident-observations

analyses, EUREKA_G/B detects a majority of ice,

aerosol particles, and liquid droplets, with few mixed-

phase cases being present. In the independent data

analysis (see Fig. 3a), the overall cumulated cloud frac-

tion exceeds 0.3 up to almost 6 km. This latter value is

well above the satellite cloud fractions derived from

CALIOP, Cloudsat, and DARDAR. The coincident anal-

ysis confirms the particular behavior of theEUREKA_G/B

cloud vertical profile only up to 2 km. In the boundary

layer, the very high occurrence of atmospheric features

is associated with the presence of ice crystals or diamond

dusts (Bourdages et al. 2009; Shupe 2011) that are in-

deed captured very well by ground-based instruments.

Meanwhile the detection of low-tropospheric ice crystals

remains challenging for spaceborne instruments. The

other disparities observed in the independent statistical

analysis appear to be more frequently caused by in-

strumental failures, which lead to significant differences

that are due to different time sampling. This result

confirms that, as previously identified by Protat et al.

(2006), sampling representativeness is a first prerequisite

to reduce biases.

The analysis of coincident measurements of Arctic

scenes from ground-based and spaceborne sensors shows

that none of the instruments or observations can be

interpreted as the ultimate truth, although lidar–radar

FIG. 6. As in Fig. 5, but for the (a) DJF, (b) MAM, (c) JJA, and (d) SON seasons. The number of profiles for each

season is in parentheses.
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synergies show relatively good agreement between them

above 2 km. This latter value is related to the geo-

graphical context of the Eureka station. Over this limit,

the lidar–radar synergy appears to be essential to have

the right picture of the vertical cloud distribution, as

proposed by Protat et al. (2006) and Stein et al. (2011).

On the basis of our findings regarding the inherent

instrumental andmethodological limitations, we suggest

a number of recommendations to be taken into account

in any Arctic cloud study:

1) First, a coincident analysis should consider that the

narrow field of view of active instruments may not

allow us tomeasure the same atmospheric features as

the ground-based station does. For instance, in our

study, the hit rate was 95% for overpasses within

5 km of the station but decreased to 80% for over-

passes farther than 20 km away. False detection

happened mostly (86%) when A-Train overpasses

were farther than 10 km away from the Eureka site.

2) Sensors’ inner limits are still a major constraint in

a study of cloud vertical profile. While the radar is

not able to detect small particles and the lidar is

incapable of seeing through opaque clouds, the

synergy between the two instruments is still well

suited for the detection and analysis of these scenes.

In this study, however, only about 25% of the cloudy

scenes are composed of opaque clouds, causing

misdetections of small ice particle clouds of a few

percent at high altitude. Meanwhile semitransparent

cloud (optical depth, 3) vertical profiles can be fully

retrieved, as shown in Fig. 6a. It is important to note

that the cloud-detection method is different for each

instrument used and depends on its performance and

sensitivity limits. This can have an impact on the

cloud fraction because cloud-detection thresholds

are often somewhat subjective depending on the

designer’s requirements. A sensitivity study of the

thresholds is beyond the scope of this paper, but it

may explain some differences, especially for very

thin ice clouds.

3) The mountains surrounding the Eureka station pres-

ent a significant challenge for surface detection and

therefore identification of low atmospheric features.

Indeed, correct ground surface detection is a sensitive

issue because of ground return identification and the

horizontal averaging used in satellite products (e.g.,

CALIOP L2). Thus unexpected features can appear

in the retrieved properties, such as a supercooled

layer in DARDAR. Several issues also appear in the

case of passive instruments (as discussed in section 2d),

which cause an underestimation of cloud fraction in

winter. This is partially due to the difficulty of detecting

very thin clouds (optical depth , 0.1) over a frozen

surface (Ackerman et al. 2008; Y. Liu et al. 2010).

4) Boundary layer events, composed of aerosols and/or

precipitating ice crystals, are one of the principal

challenges raised by the coincident data analysis of

this work. The detection of such events mainly

depends on the classification thresholds since the

backscatter and the depolarization ratio of boundary

ice crystals may vary depending on their orientation

and optical depth. Further analysis is warranted to

study the presence of ice crystals suspended in the

boundary layer that are frequently observed over

different Arctic stations during the winter period.

Eureka is not the best site for such a study, however,

because it can be subject to blowing-snow intrusions

from surrounding mountains (Lesins et al. 2009) and

can also suffer from local pollution produced by

station chimney exhausts.

6. Conclusions

In this paper, we have compiled cloud fraction mea-

sured at the Eureka station in the highArctic by satellite

and ground-based instruments. The comparison of the

independent datasets between 2006 and 2010 revealed

some discrepancies in annual and seasonal variations.

The winter-months conditions (lack of sunlight, cold

surface temperatures, high albedo, and the presence of

nonprecipitating ice crystals close to the ground) create

difficulties for passive instruments and weather obser-

vations. Lidar and lidar–radar data showed a good cor-

relation in terms of cloud fraction despite some biases

linked to their detection method. We conclude that in-

dividual datasets cannot be used to evaluate the per-

formance of different instruments and methods without

introducing biases that can be large when similar sam-

pling is not achieved. In this work, we also undertook

a comparison between ground-based and spaceborne

classifications of collocated scenes over Eureka. Be-

tween June 2006 and May 2010, 267 A-Train overpasses

were studied in terms of cloud fraction and vertical

distribution. The synergy lidar–radar appeared to be the

only one to offer a complete picture of the cloud vertical

profile, but it is limited to above 2 km. Themisdetections

below this altitude were mainly attributed to undetected

low-level clouds because of the sensitivity loss induced

by the attenuation of optically dense clouds for lidar and

surface proximity for radar. The detection of pre-

cipitating low-tropospheric ice crystals from space is

then complicated by the ground proximity and the

mountainous terrain and requires further surface-based

observations and active measurements.
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APPENDIX A

Long-Term Trends

a. Meteorological station

Figure A1 shows the 5-yr running mean of surface

temperature (irregular solid line), weather observations

occurrences (dotted lines), and integrated water vapor

content (IWVC) (dashed line) from 1980. The hourly

surface temperature climatology (straight gray line in

Fig. A1) shows an increasing trend of;0.908C (10 yr)21

since 1972 [as shown by Lesins et al. (2010), extended

until 2012]. This temperature increase is more prevalent

in autumn and spring during solar illumination and sea

ice transitions. Radiosonde data were used to analyze

the IWVC (dashed line in blue in Fig. A1). It shows

a permanent augmentation [10.02 g cm22 (10 yr)21]

forced by stronger increases during summer (from 1 to

1.2 g cm22) but slight variations during the rest of the

year, as shown from the Modern-Era Retrospective

Analysis for Research and Applications (MERRA) by

Serreze et al. (2012). The summer water vapor increase

may be due to the intensified evaporation of ice-free areas

during the periods of continuous solar illumination. This

is particularly relevant given that Eureka is located near

the border of the September sea ice minimum extent and

close to the warmer North Atlantic Ocean (Serreze and

Barry 2011; Serreze et al. 2012). The surface temperature

inversion is a common feature in theArctic during winter

(Serreze et al. 1992). Using vertical temperature profiles,

we found that the temperature inversions below a 1.2-km

altitude at Eureka occur at an annual average rate of

65%–85%. The rate of inversion occurrence in the winter

is over 95%. A summer inversion layer, a few hundred

meters thick, occurs up to 78% of the time, with a typical

lapse rate of 158Ckm21. This temperature inversion layer

is important for lower-tropospheric stability and tends to

decouple the surface from the atmosphere (Serreze and

Barry 2005). It can also affect infrared measurements

from ground-based and spaceborne sensors when cloud

base is hotter than the surface.

Hourly observations from the weather station were

annually averaged. Results reported in Fig. A1 show

that the frequency of ‘‘ice crystals’’ is between 0.23 and

0.35 since 1980, comparable to cloud fraction. Ice-crystal

observations are predominant during the winter period

(they occur 70%–90% of time) and are linked to lower-

tropospheric mist events. Part of the increase may be

attributed to fog caused by local pollution from exhaust

and power generators. The total nebulosity expressed as

TN5 12 clear sky is between 0.68 and 0.75, with a trend

of 10.7% (10 yr)21. These statistics seem to be ques-

tionable because of the lack of visibility during the

winter season and the low cloud frequency. This 30-yr

trend exhibits a small increase in non-clear-sky obser-

vations that is relatively small in comparison with

trends over land observed in EW2010a. In a similar way,

we find opposite trends in the spaceborne passive

FIG. A1. Surface temperature (solid line), weather-observation occurrences of given con-

ditions (dotted lines), and integrated water vapor content (dashed line) 5-yr running means

measured at Eureka, along with linear best fits. Colored squares are used for the annual cloud

fraction (with standard errors) measured over Eureka with AVHRR and MODIS.
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instruments when compared with the ground observa-

tions, emphasizing the need to go into further detail in

the analysis.

b. Passive sensor satellites

In the current studies of cloud trends from space, only

passive instruments provide more than 10 years of contin-

uous estimates of cloud fraction. In Fig. A1 we use the

passive AVHRR (from the Cooperative Institute for Me-

teorological Satellite Studies Internet site: http://stratus.

ssec.wisc.edu/) and MODIS (both Aqua and Terra level-2

products, obtained online from http://modis-atmos.gsfc.

nasa.gov/) data to look at cloud-fraction trends with re-

spect to the one from surface observations. Figure A1

equally shows a 4-yr overlap for the two passive in-

struments where annual cloud fractions were similar

(difference, 10%) that may derive from the difference

in time of overpasses and the cloud-detection method.

The two passive instruments have negative cloudiness

trends [22% (10 yr)21 for AVHRR and 24% (10 yr)21

for MODIS] that are similar to some other Arctic

studies [see EW2010a for AVHRR over land areas,

Schweiger (2004), and Wang et al. (2012)].

APPENDIX B

Seasonal and Monthly Variations Considering
Independent Datasets

This appendix is an extension of section 3b. According

to Table 2, MODIS and CloudSat have consistently

smaller values than the other datasets. This especially

happens during DJF and MAM (including CALIOP

also for this latter season) when the surface is cold and

frozen and when cloud particles (often composed of ice)

are generally smaller. DARDAR BOX shows the

highest cloud fraction among satellite datasets for all

seasons. As mentioned in section 3a, we saw that a sig-

nificant part of this cloud fraction is driven by the first

pixels above the ground. We estimated that this causes

a positive bias of close to 10%, especially during winter

and spring. DARDAR BOX HIGH removes mis-

identifications that are due to surface cluster (over

a surface covered by snow) but may also sometimes miss

real features. The difference between CloudSat BOX

andCloudSatBOX 2 of about 5% is due to pixels having

a cloud mask of 6–10. The false rate of detection of the

pixels with a cloud mask of 6–10 is about 44% relative to

CALIPSO cloud products, however (Marchand et al.

2008). In winter, CALIOP BOX detects almost the same

amount of clouds as DARDAR BOX ALL does, but a

part of those are clouds close to the snow-covered surface.

IIR SWATHBOX1O is comparable to CALIOP BOX

during all seasons and is even slightly larger in spring. The

main difference is then due to the swath analysis, ex-

tending CALIOP measurements along the track.

To look at possible interactions between cloud-

detection efficiency and ice surface, monthly cloud-

fraction signature is a more suited parameter. It is

expected that ice-free ocean surfaces have a flatter re-

sponse than that over islands and land surfaces

(EW2010b). Figure B1 shows the monthly-mean cloud

fraction and its variability derived in this study.

For all of the datasets for the period 1 June 2006–31

May 2010, overall agreement between all space obser-

vations is observed (March excepted, see further). As

previously discussed, weather-station data are much

larger in winter and early spring (which is due to the

FIG. B1. Monthly cloud fraction for all of the datasets (weather station, EUREKA_G/B,

CALIOP, DARDAR, CloudSat, MODIS, and IIR) corresponding to the seasonal variations

reported in Table 2. The histograms of colored bars represent the standard deviations of each

month related to each dataset. The dashed thick curve represents the best polynomial fit to the

monthly mean of all satellite observations. The bars, showing one standard deviation, are

relatively small and are driven by the interannual variations.
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predominance of ice-crystal events, about 70%–90% of

the winter observations). CloudSat and DARDAR are

shown to be the two extreme datasets giving the smaller

and the larger cloud fractions. Showing higher values

during September–November (SON) and smaller values

during MAM and June–August (JJA), it is similar to the

land box variations in EW2010b, determined for a part

of Siberia. These results are also consistent with those

given for the Arctic regional average derived from the

CloudSat geometric profile product (GEOPROF-2B) as

reported in Kay and L’Ecuyer (2013), confirming a def-

icit of 0.15 for CloudSat relative to a combination of

CALIPSO and CloudSat (as derived from DARDAR).

All of the sensors detect a maximum of cloud fraction

during autumn (SON values are larger than the values

for the other seasons by ;0.12). Indeed, the minimum

September sea ice extent and the decrease of surface

temperatures can both lead to a transition between

August and September with a marked increase in cloud

fraction (EW2010b; Liu et al. 2012a). This has a strong

impact on the surface energy budget (Sedlar et al. 2012).

In March the shrinkage appears to be associated with

a medium standard deviation, indicating a significant

behavior. Although this decrease is seen by all A-Train

instruments, except for MODIS because of area aver-

aging, it is not observed at a larger scale (see, e.g., Fig. 1

in Liu et al. 2012a).

MODIS is less sensitive to very thin ice clouds [op-

tical depth (OD) , 0.4] than is CALIOP (Ackerman

et al. 2008). Therefore analysis of the monthly curves

helps one to understand the limitations associated with

the passive sensors. Despite the nighttime cloud-

detection algorithm, MODIS underestimates cloud

fraction during winter (fromOctober to February). An

analysis of OD retrieved from CALIOP (not shown

here) displays a predominance of thin ice clouds

(OD, 1) in the winter when the water vapor amount is

smaller. Moreover, MODIS cloud detection also de-

pends on the sea ice concentration and tends to un-

derestimate the presence of clouds (Y. Liu et al. 2010).

In summer the permanent solar illumination can cause

a bias in CALIOP cloud detection (for thin clouds or at

low levels where the vertical transmission is smaller)

since daytime measurements have a lower signal-to-

noise ratio than at night. During the summer and au-

tumn periods, dominated by thick and opaque clouds

(OD . 3), both instruments detect almost the same

amount of cloud.
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