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4 A Abstract

Based uponlhermal-infraredﬁatellite imagery in combination with ERA-Interim atmospheric
reanalysis data, we @erive long-term polynya €haracteristics such as polynya area, thin-ice
A thickness distribution and ice-production rates for a thirteen year investigation period(2002=
2014) for the austral winter (1 April to 30 September) in the Antarctic Southern Weddell
Sea.
(€ompositesh The focus lies on coastal polynyas which are important hot spots for newzice
formation, bottom-water formation and heat/moisture release into the atmosphere; MODIS ‘

has the capability to resolve even very narrow coastal polynyas. lts major disadvantage is

the sensor limitation due to cloud cover. We make use of a newly developed and adapted
spatial feature reconstruction scheme to account for cloud-covered areas. We find the sea=

ice areas in front of Ronne and Brunt Ice Shelf to be the most active with an annual average
polynya area of 3018 + 1298 and 3516 + 1420 km? ag well as an accumulated volume ice
production of 31 + 13 and 31 4 12Km2) respectively. For the remaining four regions, esti- ==
mates amount to 421 4294 km? and 4 + 3km?3 (Antarctic Peninsula), 1148 & 432km? an

12 £ 5km?3 (Iceberg A23A), 901 4 703km? and 104 8km3 (Filchner Ice Shelf) as well
499 + 277 km? and 5+ 2km?3 (Coats Land). Our findings are discussed in comparison to

recent studies based on coupled sea-ice/ocean models and passive-microwave satellite
imagery, each investigating different parts of the Southern Weddell Sea.

1 Introduction —

Coastal polynyas are recurring areas of thin ice and open water, which are generally formed
by divergent ice motion, e.g. by strong ©ffshere winds or ocean, currents. (DUrfing winter,;

polynyas are important hot spots for ice production, deep-water formation and gas ventila-
tion of the ocean (e.g.[Morales Maqueda et alj, [2004), , , .

Due to the dependency of @ceansto=atmosphere heat flux on the ice thickness
1978) and the nature of thermodynamic ice growth by release of latent heat at the ice/ocean
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interface, high rates of ice production occur predominately under
well'as'in open-water areas during austral winter (e.g. [Tamura et al., 2011}, [2007; [Rent
et al, 2002} [Thorndike et al.,[197%). The knowledge of ice production in polynyas is 0
interest. Tamura et al.| (2008) gstimate that about 10 % of the Antarctic sea ice is py
within the major polynyas.

In this study, the geographical focus lies on the Southern Antarctic Weddell S
between 69-78° S and 65-20° W (Fig. [T). With an average maximum winter ¢
about 4.75610%km?, the Weddell Sea has the largest fraction of & Antar

cover (Drucker et al.| [2011).

The majority of recent studies dealing with polynya dynamics in this regia
passive-microwave sensors. In comparison to thermal-infrared sensors,
sensors retrieve data with no limitations due to day/night-time or clouds.
use SSM/I and AMSR-E data to derive ice-production rates and esti
rates for the Weddell and Ross Seas in the years from 1992 to 2008.
pan-Antarctic coastal-polynya areas from SSM/I data for the same time period
use SSM/I data to estimate surface heat and salt fluxes that are as
sea-ice growth/melt in the Southern Ocean. Nihashi and Ohshimal (2015)
bined circumpolar mapping of polynya area and fast ice @siwelliasiice product
passive-microwave as well as thermal-infrared remote sensing.

In this study, we present long-term results @f'coastal-polynya dynamics in
ern Weddell Sea that are derived from Moderate-Resolution Imaging Spectro
. (MODIS) thermal-infrared imagery. Remote sensing of sea ice using thermal-infra
yields the opportunity to monitor thin-ice thicknesses and distribution on a regula

(Adams et al.| 2013} Willmes et al., 2010} Yu and Rothrockl, [1996).
(<)
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(hicknessi(Paul2015a)h While the basic thinsicerretrieval was used before in Arg
(e.g.[PreuBer et al}, 2015} /Adams et al., 2013} Willmes et al., 2011} 2010) ,we
the first continuous and clqugd-cover corrected time-series of polynya dynamig
austral winter period (April to September) and for the complete coastal area in
Weddell Sea for years from 2002 to 2014.

2 Data and methods
12.1 Input data
2.1.1 MODIS data (MOD/MYD29)

In this study we make use of the MODIS Sea Ice product (MOD/MYD29, [Rigt

Hall et al., [2004),
(n=boarditheiNASAvAquarandiTerraisatellitesiand distributed by the US Natio

Ice Data Centre (NSIDC). Our work is based pn the ice-surface temperature o
which is one part of the sea-ice product. The provided data has a spatial reso
x 1 km at nadir and each swath covers an area of 1354 km (across track) x 20

The overall IST accuracy of the MOD/MYD29 sea-ice product under ideal

8ky) conditions is 1-3K (Riggs et al., 2006} Ha
[2018)3 The MOD/MYD29 data prodi

already corrected for,cloud cover using the MODIS cloud mask.
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(it and Keyi 20145 Frey etial20085(Liuietialiil2004)) We used this data for the
winter period from 1 April to 30 September for the years from 2002 to 2014 that ¢

a total of #8696 MODIS swaths which cover the Southern Weddell Sea area.
‘an average of 33 single swaths per day.

2.1.2 AMSR2 data (ARTIST Sea Ice)

23 ECMWF ERA:=Interim reanalysis

The set of input data is complemented by the European Centre of Medium R

Forecast (ECMWF) ERA-Interim @tMmospheric reanalysis data 20
Interim data are distributed at a spatial resolution of 0.75° and
hours (at 0:00, 6:00, 12:00 and 18:00 UTC).

For our analysis we used the 2 m air temperature, the 10 m wind-speed co
mean sea-level pressure japd, the 2m dew-point temperature. These data se
necessary input to calculate the energy balance for the thin-ice retrieval.

In addition to these meteorological variables, cloud-cover information was also
the ERA-Interim reanalysis data. In our case, we used the medium-level
data, which was found to show the in general best agreement with the MODIS clo
(Liu and Keyl [2014), This data set is used to complement the MODIS cloud mas
nighttime and was also spatially and temporarily interpolated to fit each MODIS swat
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2.2 Thin-ice retrieval

A The derived thin-ice thickness (TIT) @ftpitel0i5i is calculated by using a
balance model (Adams et al.,[2013). This model utilizes the fact that the ice-surface t

ature of thin ice isirelatedo ice thickness ¥iaithelenergybalancerequation) (Druck
2003; Yu and Rothrock, [1996).

Necessary assumptions comprise thin and snow-free sea ice, a linear temp
dient throughout the ice and the temperature at the ice/ocean interface to be ca
at freezing point of sea Watér(Z): In addition, all processing is carried out fo
only, to avoid dealing with short-wave radiation and snow/ice-albedo
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The turbulent fluxes of sensible and latent heat as well as the long-wave radiation balan
are calculated following 2013
datassets) For the flux calculation, the iterative stability-dependent bulk approach of |
lainen and Vihmal (1990) is used. The long-wave radiation balance is calculated
improved parametrization by Jin et al | for the downward long-wave radiatio
Stefan—Boltzman law for the upward long-wave radiation.

The exact procedure of the thin-ice thickness retrieval as well as all equa
oughly described in [Adams et al.| (2013). For ice=thicknesses between
(2013) state an average uncertainty of +£4.7 cm. Ice-thickness data

threshold yield Substantially higher uncertainties (Adams et al, 2013), whic
our investigation fofaimaximumricerthicknessof0:2mb

2.3 Data processing
2.3.1 Area of investigation and general procedure

For @ better comparison to other studies, the Southern Weddell Sea coastal a
vided into six Sub=regions) (Fig. [1), namely from west to east: Antarctic Peni
Ronne Ice Shelf (RO), the area around the grounded iceberg A23A (IB), Filchne
(F1), Coats Land (CL) and the Brunt Ice Shelf (BR).

All MODIS swaths were processed in several steps as visualized in Fig.
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First, the swaths were projected onto a common Equiréctangulan grid
‘SpalialIfesoIuioMIGRZIMIKN2IKM) using a nearest-neighbor approach. (Iespatial
lution

interpolation (betWeenuprojectediMODISIPiXels was
Subsequently,

temporally fit the MODIS data on the common reference grid.

Basedoniheseradjusted swath=basedidataisets) TIT is calculated pixel-wis
I composites are
ice-surface temperature of all available swaths per pixel. The resulting compo
TIT and IST data togetherwith the daily Swath=basedimedian energy-balancs
of each thin-ice pixel. In the next step, cloud-covered data was identified and
be described in the following subsections.

2.3.2 Identification of cloud-coveraffected data

(coverdetection? We therefore use ERA-Interim medium-level cloud-cover in
duce the influence of €loud=affected pixels in the aggregation process of the
posites. We apply a simple cloud-cover threshold (75_ to identify
regions from [ERAEIAterimM data and thereby provide an additional indicator
cloud mask for an identification of potentially €lotud=affected pixels.

[ERA=Interim'medium=level'cloud=coverfractions is [pixel-wise aggregated into da
ites and separated into four @ifféfent cloud-cover dependent classes (Fig. [2). Pixe
considered as clear-sky by means of the MODIS cloud mask as well as the ER
cloud-cover information for all available Swaths'perday; are assigned to the confide
Sky class (ccs). In contrast, pixels that feature cloud cover in both data sets for all a
swaths are assigned to the definite cloud-covern class (dcc). All pixels that show a
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cloud-covered and clear-sky conditions are assigned to the mixed-covered pixel class (
with a clear-sky index based uppn the ratio pfithe number of clear-sky input swaths tg
total number of input swaths. Pixels that are not covered by any swath during one d
assigned to the uncovered pixel class (ucp).

In order to reduce the inherent misclassification problems of the MODIS

A with clouds taken for either thin or thick ice, we introduced an additional pri
assigns a persistence index (PIX, [Eigii2jand Fig. @) Hereby, we make use of
and spatial persistence of the temperature signal in polynyas in contrast to
patterns. The persistence index is the ratio of the number of swaths per pix
contain thin ice (TIT< 0.2 m) to the total number of clear-sky acquisitions cové

2.3.3 Correction scheme for cloud-covered data |

Employing the above mentioned two

(@nd persistence index calculation; we are able to identify
inveachidaily TIT\composite) These are then Gomplemented by a two-step
(lizing @'combination'of spatial feature reconstruction (SERj Paul etal;
tional extrapolation (PEjPreuBer et@l}2015)3)

In the SFR approach, the information of @7=day interval(doizs 5} and
@round the day of interest(doi) is weighted @ccording'to'its temporal proximity
([day oftinterest: This yields a probability, of thin-ice
on the surrounding six days. (pit, Eq.[4).
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2.3.4 Derived output polynya parameters

polynya @reai(POLAdEinedias area
02 thickness) as well as the accumulated Wintertimesicesproduction ()
(foreachiPOLAIpiIXE (e.g. Tamura et al [2011; Willmes et al., 2011)»

Oh Qi
ot pi Ly

Assuming that the complete heat loss through the ice (Q;, Eq.
to new ice formation (‘ﬁ—"), the volume ice production rate %V can be calcu

Plying'de with the area of each POLA pixel. In Eq.&we assume a sea-i
of 910 kg m~3 and the latent heat of fusion () for sea ice to be 3.44 x 1

sub-daily variations with this procedure.
, Furthermore, thin-ice thickness distributions @fidailyiPOIEA as well as frequenc

tions of thin-ice occurrence (@relcalculatedrfor'each'sub=region? The results are t

context with other recent remote sensing and model studies.
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3 Results and discussion

3.1 Cloud-cover corrections

| The patialicoveragerofcloud=free MODIS data without @ cloud-cover correction

between 40 and 100 % due to the high amount of daily swaths that at least parti
a large region like the Southern Weddell Sea. The use of the spatial feature recon

approach (SFR, [Pau] et al., 2Q15a)) can mitigate the @fféet of cloud cover to a great
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yet not completely. At the same time, this is done with high confidence that no thin j
is randomly added in areas where a polynya is unlikely to appear, which can pote
happen when solely using proportional extrapolation (PE, [PreuBer et al., 2015), H
to gchieve full coverage the additional use of PE is necessary.

An average of 78 % in all MODIS composites per day over all six sub regions is
as cloud free. After the application of the SFR approach, we achieve an averag
of 97 % per day, where the remaining 3 % get corrected for by PE.

When comparing our two-step cloud-cover correction procedure to the sol
portional extrapolation (Table[T), we find that the latter one yields generally hig
estimates for the three smaller regions (1B, Fl and CL) as well as for the A
sula region. However, this observation is reversed for the highly active regi
the Ronne Ice Shelf (RO) and the Brunt Ice Shelf (BR). Here, the sole us
in lower estimates. Especially in spatially large regions with, low polynya
Antarctic Peninsula (PA, Fig. [B)) sole use of PE reveals its disadvantage by
bling the uncorrected value (Tablé)T).

\Whenever no coverage Withiclotid=freeninformation above 50 %
be achieved, the POLA information of that day will be interpolated betwee
ficient (i.e. above 50 %) coverage. Under the same premise, the PE appro
(comparison) to the two-step procedure (SFR + PE, Table [1). However, whe
ing the PE approach, interpolation is necessary on average on 34 occasion
region due to present cloud coverage in the MODIS composites. With the u
approach, interpolation is on average only necessary on two days per yea
The use of SFR potentially leads t@ a decrease uncertainties, especially when
single days.

3.2 Thin-ice frequengy and thickness distribution

Almost the complete coastal area in the South and East of the investigated
dell Sea features a recurrent thin-ice signal for the years from 2002 to 2014 (aroun

and @bove withiextremes of upto/80 % for'someyears, Fig. [§) The overall high recur
13
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of thin ice is a very importantfinding when considering that the primary focus of many st
ies lies solely on the Ronne Ice Shelf (RO) region when investigating the Weddell Se
NNihashi and Ohshima, [2015). This neglects the importance of e.g. the Brunt Ice Sh
regiqn to the overall ice production and ocean-atmosphere fi€ab exchange. It als
estimates the (interannually highlyvariable contribution of the area around the
iceberg A23A (IB), Filchner Ice Shelf (FI) and Coats Land (CL) to the bottom-w
tion due to salt release during ice formation. |

The relative frequency of thin-ice occurrences in the Antarctic Peninsula (
spatially focused around smaller grounded icebergs and rather low compare

The very light blue areas
the northeast of the investigation area correspond to a low sea-ice concent
to the far south lying marginal ice zone (MIZ) in April in the years
smallerextentiin’2007 near the Brunt Ice Shelf region (at around 75° S, tak
B observations, not shown). Thistisralsorreflectedrintour thinzice frequen
(Figs. [Bd+6).

There is a sharp separation between'a zone with present activity in the N
[East to a zone with almost no activity in the South and South-West closer to
Filchner Ice Shelves in the total frequency distribution (Fig. [Bn, A). This lin
(Fig.[Bh9 A) coincides very well with the course of the continental slope (Fig. [1]
(However, no conclusive explanation can be given.

1 [Markus| studied the @ffect of the grounded (iceberg A23A on the ice
front of the Filchner Ice Shelf and found a drastic average increase in sea-ice ¢
((iXeda decrease in the amount of thin-ice area and hence ice production) during t
period. While the recurring formation of a fast-ice bridge is also vigible jn,our re:
frequency area between the coast and the grounded iceberg A23A, Fig. [6j) B), w
high polynya activity in front of Coats Land (CL) and the Filchner Ice Shelf (FI).
the area around the grounded iceberg A23A (IB) and the westward side of the ice
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show high thin-ice

tRiRZIE® occurrences.

In comparison to results found by Nihashi and Ohshimal (2015), our frequency es

for thg Ronne Ice Shelf (RO) region between 30 and 40 % are in good

standard deviations. However, the standard deviations are larger for the
of occurrences from smaller to larger thickness classes.

413.3 Polynya area and ice production

Results for polynya area (POLA) and ice production (IP) for the years fro
between 1 April and 30 September are presented in Figs. [7] and [8)) respecti
ltigated six sub regions can be divided into two classes: the highly active R
(RO, Fig.[@p) and Brunt Ice Shelf (BR, Fig. [7) regions with also a large ¢o
production (Fig. [8 and f) and the smaller contributors of Antarctic Penins
and[Bg)yiceberg A23A (1B, Figs. [7]and[B)j Filchner Ice Shelf (FI, Figs.{#and
Land (CL, Figs. [7]ang [8)® All regions show a high inter-annual variability. |

Generally, by means of multi-year trends over the course of 13 years in
(Figs. [7and [B)) all regions except Coats Land (CL) exhibit a negative trend f¢
and (P) (However) not all of those trends are statistically significant. AP sho
cant trend (o = 5 %) with approx. &57 km>@ 8 and ©0:54 km3 @) respectivel
around the grounded iceberg A23A (IB) also features a multi-year negative sign
in POLA with approx. 66 km? a=%,

Another important fact that is shown by our data set is the importance of the Fi
Shelf (FI) and Coats Land (CL) region. Together with the area around the grounded
A23A (IB), each shows a higher average POLA and IP than the Antarctic
region. However, the inter-annual variability is very high, especially in the IB and FI re
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The combined average POLA of IB, Fl and CL is in the same order of magnitude as
larger contributors of Ronne and Brunt Ice Shelf (RO and BR, Figs. [7] and [)# This
holds for the ice production. Without the 1B region, Fl and Cl show an average polyny,
of 1400 km? and accumulated Wintértime ice production of 15 km3.

The frequency of days@xceeding a certain polynya area threshold is shown in Fi
underlines again the high activity in the Ronne (Fig.{@p))and Brunt Ice Shelf (Fig.
compared to the four less active regions. In more than 50 % of the investigate
a polynya area larger than 1000 km? is present in front of the Brunt Ice Shelf.
true for 50 % of the investigated days in the Ronne Ice Shelf region and more
the investigated days for the area around iceberg A23A.

A threshold of 8000 and 9000 km? is @xceeded in 10 % of all observed d
to 2014 (April to September) in the Ronne Brunt Ice Shelf (RO) and Brunt
region, respectively.

Annual average polynya days (Fig. [f0) reveal additional information on th
tribution of polynya dynamics (Fig. [8)3 For example, appearances of POL
10000 km? for the Filchner Ice Shelf (Fl, Fig.iregion are mainly focu
2003. Here, about one third of found polynyas feature a polynya area abo
The inter-annual variability in polynya-size distribution per day is also quit
regions, especially in the Ronne Ice Shelf (RO) and Brunt Ice Shelf (BR)
as in the area surrounding the grounded iceberg A23A (IB). Years with mu
average annual POLA values (Fig. [7)) also show a high amount of days with
in the > 10000 km? class.

| The (inter=annual'winter average polynya area (POLA) and the Wintertime
ice production (IP) are compared to the results from |Haid and Timmerma
Figs. [idranaifi2p Haid and Timmermann| (2013) use the Finite-Element Sea
Model (FESOM) coupled with a dynamic-thermodynamic sea-ice model to deri
area and ice-production rates. Their data set covers the austral winter period frp
September for the years from 1990 to 2009.
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(fesolutionrisr3km=5kmrnearitherRonnerlcerShelf) Due tordifferent investigation i
and (sub=regions; we excluded the April data and focused on the Antarctic Penins
Ronne Ice Shelf (RO) and the Brunt Ice Shelf (BR) for the period from May to Seg
compliance with the model estimates from [Haid and Timmermann| (2013).

| For the Antarctic Peninsula region (AP), the model estimates are consistently
our results (Figs. [l and [[2)» A general reason for this €otldibe the use ¢
reanalysis data (Kalnay et al.,[1996). Especially the narrow mountain range of
Peninsula is not Sufficiently represented in the atmospheric reanalysis data.
high-resolution simulations, NCEP data show much higher wind speeds, a
Peninsula (Haid et al.,[2015). Topographic €ffeets on the wind such as katab
barrier winds influence a broader region due to the smoothed topography in
wind induced coastal polynya formation cannot be reproduced, particularly
Peninsula region. This presumably leads to overall ynrealistically high POLA
hence ice-production rates in the study from;[Haid and Timmermann|
region.

Focusing on polynya-area comparison for the two Sub=reégions RO and BF
[idk)) the presented comparison shows that the GuUFFesults exceed the md
every year with the exception of 2003 for the Ronne Ice Shelf region (Fig.
the extent of that @ifference can change a lot between each year
years from 2004 to 2009 in the Brunt Ice Shelf region, while our results agai
model estimates, the pattern of years with relative high/low POLA is equal b
results and the model estimates from [Haid and Timmermann| (2013). For the
years, no apparent similarities are present.

By means of ice production, estimates for the Ronne Ice Shelf (RO) as well as
Ice Shelf (BR) region are in the same order of magnitude and oftentimes very simi
the exception of the years 2002 and 2003 for RO, Fig. [{2)» Generally, the model esti
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(A comparison betweendifferent studies
is @ifficult due to @ifferent investigation periods, diversity in spatial extent of used P.
masks as well as varying methods and changes in atmospheric forcingy For the fo
comparison of our results with several recent studies and investigations of the
Weddell Sea (Tables[2and[3), we tried to match the used investigation period ang
extent in the best possible way.

1 Based on average Wintértime polynya area (Table [2), we find the best agre
POLA estimates of Nihashi and Ohshimal (2015). The estimates are based o
from May to August for the years 2003 to 2011 and are acquired from
AMSR-E 89mandi8615:GH2 data. A general problem with passive-microwave
can be problematic to distinguish between the signals from adjacent iceber
ice shelves and the thin-ice signal of coastal polynyas (Tamura et al., [2008)

nalsDuetohelgenerallyrathercoarseresolution) algorithms based on pass

sensor data can only resolve relatively large polynyas while fairly narrow co

like those in the Weddell Sea, may remain (paFily) undetected

Our multi-year averages exceed the results from |[Haid and Timmermann| (2
Ronne Ice Shelf region and especially in the Brunt Ice Shelf fegioniTablef2)s For
tic Peninsula region our results are much lower than the model estimates. The go
ment in results between our study and [Nihashi and Ohshimal (2015) and the
Haid and Timmermann| (2013) are also potentially related to @ifférent atmospheric

(Haid et al.,[2015).
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. 4 The comparison of ice production between ours and other recent studies in the Southern
Weddell Sea (Table[3) reveals that the model results (Haid and (Timmermanny(2013) for the
Antarctic Peninsula are again much higher than our estimates. In the remaining two regions,
the MODIS results exceed the model estimates in the BR region, but are lower in the RO
region, which results from the differences in IP for the years 2002 and 2003.

Drucker et al.| (2011) found in their study based on AMSR-E @2i5kms12.5 km 36 GHz
data for the years 2003 to 2008 and for a slightly longer investigation period from April
to October an average EUmUlatvEIWintertimenicenproduction) of 99 km* for the Ronne Ice
Shelf, 112 km?3 for the Brunt Ice Shelf and 30 km3 for the region around the grounded ice-
berg A23A. These estimates are @boutthreertimesiarger than our results i ice production
for each of the three investigated regions (Table [3). This €ffé€t is very unlikely to be solely
based on the additional month used in the investigation period. However, in the study by Ni-
lhashi and Ohshimal (2015) a comparison between ice production from AMSR-E and SSM/I
with regard to the spatial resolution of the sensors showed that lower spatial resolution
oftentimes goes along with higher estimates of ice production. Estimates from SSM/I are

likely to exceed the results based on AMSR-E data with a much higher resolution (12. 5
vs. 6.25km?, respectively). In the Ronne Ice Shelf region, the @ifference between S
and AMSR-E is especially large (42 km?3 for AMSR-E compared to 71 km3 for SSM/I, |Ni- -

lhashi and Ohshimal, [2015|based upon [Tamura et al.,2011). Given an increase in resolution
due to the here used MODIS data compared to the low resolution of the AMSR-E 36 GHz
channel used by Drucker et al.| (2011), this might explain our overall lower results to some
extent. Additionally, Drucker et al. (2011) stated an erro of their results of +30 %.

Similar to the POLA results, the most recent study by |Nihashi and Ohshimal (2015) for the
years 2003 to 2010 again shows the best agreement with our results (Table [3). While their
study is also based on a slightly longer wintertime investigation period frgm April fo,Qctober,
the increase in ice production for October is more in line with expectations compared to

Drucker et al. (2011). This is potentially related to the combined use of AMSR-E 89 and
36 GHz data, utilizing the increased spatial resolution of the 89 GHz data.



Compare: Delete�
annotation
Matching annotation not found

Compare: Delete�
image
Matching image not found
 (click to see the old image)

Compare: Replace�
graphic
The following graphic attributes were changed: 
   fill color

Compare: Delete�
text
"TCD"

Compare: Delete�
annotation
Matching annotation not found

Compare: Delete�
text
"9, 1–35, 2015 Long-term polynya dynamics from MODIS thermal-infrared imagery S. Paul et al."

Compare: Delete�
image
Matching image not found
 (click to see the old image)

Compare: Delete�
image
Matching image not found
 (click to see the old image)

Compare: Delete�
image
Matching image not found
 (click to see the old image)

Compare: Delete�
image
Matching image not found
 (click to see the old image)

Compare: Delete�
text
"(e.g. Drucker et al., 2011; Tamura et al., 2008), prohibits a serious comparison and might also explain the big diﬀerence in average POLA."

Compare: Replace�
text
The following text attributes were changed: 
   font, size

Compare: Replace�
text
[Old text]: "Timmer"

[New text]: "Timmermann,"
The following text attributes were changed: 
   font, size

Compare: Delete�
annotation
Matching annotation not found

Compare: Delete�
annotation
Matching annotation not found

Compare: Delete�
annotation
Matching annotation not found

Compare: Delete�
annotation
Matching annotation not found

Compare: Delete�
annotation
Matching annotation not found

Compare: Delete�
annotation
Matching annotation not found

Compare: Delete�
annotation
Matching annotation not found

Compare: Delete�
text
"5 mann,"

Compare: Replace�
text
The following text attributes were changed: 
   font, size

Compare: Insert�
annotation
Matching annotation not found

Compare: Insert�
annotation
Matching annotation not found

Compare: Insert�
annotation
Matching annotation not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Replace�
text
The following text attributes were changed: 
   font, size

Compare: Replace�
text
[Old text]: "diﬀerences"

[New text]: "differences"
The following text attributes were changed: 
   font, size

Compare: Replace�
text
The following text attributes were changed: 
   font, size

Compare: Delete�
annotation
Matching annotation not found

Compare: Delete�
annotation
Matching annotation not found

Compare: Replace�
text
The following text attributes were changed: 
   font, size

Compare: Insert�
text
"12.5 km ×"

Compare: Replace�
text
The following text attributes were changed: 
   font

Compare: Delete�
text
"km×12.5"

Compare: Replace�
text
The following text attributes were changed: 
   font

Compare: Delete�
annotation
Matching annotation not found

Compare: Delete�
annotation
Matching annotation not found

Compare: Delete�
text
"10"

Compare: Replace�
text
The following text attributes were changed: 
   font, size

Compare: Insert�
text
"cumulative wintertime ice production"

Compare: Replace�
text
The following text attributes were changed: 
   font, size

Compare: Insert�
annotation
Matching annotation not found

Compare: Insert�
annotation
Matching annotation not found

Compare: Replace�
text
The following text attributes were changed: 
   font, size

Compare: Delete�
graphic
Matching graphic not found

Compare: Replace�
text
The following text attributes were changed: 
   font, size

Compare: Replace�
text
[Old text]: "much higher"

[New text]: "about three times larger"
The following text attributes were changed: 
   font, size

Compare: Replace�
text
The following text attributes were changed: 
   font, size

Compare: Replace�
text
[Old text]: "by almost triple the"

[New text]: "in"
The following text attributes were changed: 
   font, size

Compare: Replace�
text
The following text attributes were changed: 
   font, size

Compare: Replace�
text
[Old text]: "in"

[New text]: "for"
The following text attributes were changed: 
   font, size

Compare: Replace�
text
The following text attributes were changed: 
   font, size

Compare: Replace�
text
[Old text]: "eﬀect"

[New text]: "effect"
The following text attributes were changed: 
   font, size

Compare: Replace�
text
The following text attributes were changed: 
   font, size

Compare: Delete�
annotation
Matching annotation not found

Compare: Delete�
text
"15"

Compare: Replace�
text
The following text attributes were changed: 
   font, size

Compare: Insert�
annotation
Matching annotation not found

Compare: Replace�
text
The following text attributes were changed: 
   font, size

Compare: Delete�
annotation
Matching annotation not found

Compare: Insert�
annotation
Matching annotation not found

Compare: Insert�
annotation
Matching annotation not found

Compare: Insert�
annotation
Matching annotation not found

Compare: Delete�
annotation
Matching annotation not found

Compare: Delete�
annotation
Matching annotation not found

Compare: Delete�
annotation
Matching annotation not found

Compare: Replace�
text
The following text attributes were changed: 
   font, size

Compare: Delete�
text
"20"

Compare: Replace�
text
The following text attributes were changed: 
   font, size

Compare: Insert�
text
"km2"

Compare: Replace�
text
The following text attributes were changed: 
   font, size

Compare: Replace�
text
[Old text]: "diﬀerence"

[New text]: "difference"
The following text attributes were changed: 
   font, size

Compare: Replace�
text
The following text attributes were changed: 
   font, size

Compare: Insert�
annotation
Matching annotation not found

Compare: Replace�
text
The following text attributes were changed: 
   font, size

Compare: Insert�
annotation
Matching annotation not found

Compare: Insert�
annotation
Matching annotation not found

Compare: Insert�
annotation
Matching annotation not found

Compare: Insert�
annotation
Matching annotation not found

Compare: Delete�
annotation
Matching annotation not found

Compare: Delete�
annotation
Matching annotation not found

Compare: Delete�
annotation
Matching annotation not found

Compare: Delete�
annotation
Matching annotation not found

Compare: Replace�
text
The following text attributes were changed: 
   font, size

Compare: Delete�
annotation
Matching annotation not found

Compare: Delete�
annotation
Matching annotation not found

Compare: Delete�
text
"25"

Compare: Replace�
text
The following text attributes were changed: 
   font, size

Compare: Insert�
annotation
Matching annotation not found

Compare: Insert�
annotation
Matching annotation not found

Compare: Replace�
text
The following text attributes were changed: 
   font, size

Compare: Delete�
text
"margin"

Compare: Replace�
text
The following text attributes were changed: 
   font, size

Compare: Insert�
annotation
Matching annotation not found

Compare: Insert�
annotation
Matching annotation not found

Compare: Delete�
annotation
Matching annotation not found

Compare: Delete�
annotation
Matching annotation not found

Compare: Replace�
text
The following text attributes were changed: 
   font, size

Compare: Delete�
annotation
Matching annotation not found

Compare: Insert�
annotation
Matching annotation not found

Compare: Insert�
annotation
Matching annotation not found

Compare: Delete�
annotation
Matching annotation not found

Compare: Delete�
annotation
Matching annotation not found

Compare: Replace�
text
The following text attributes were changed: 
   font, size

Compare: Delete�
text
"from 15"

Compare: Delete�
image
Matching image not found
 (click to see the old image)

Compare: Delete�
graphic
Matching graphic not found

Compare: Delete�
text
"TCD"

Compare: Delete�
annotation
Matching annotation not found

Compare: Delete�
text
"9, 1–35, 2015 Long-term polynya dynamics"

Compare: Replace�
text
The following text attributes were changed: 
   font, fill color, size

Compare: Delete�
text
"MODIS thermal-infrared imagery S. Paul et al."

Compare: Delete�
image
Matching image not found
 (click to see the old image)

Compare: Delete�
image
Matching image not found
 (click to see the old image)

Compare: Delete�
image
Matching image not found
 (click to see the old image)

Compare: Delete�
image
Matching image not found
 (click to see the old image)

Compare: Replace�
text
The following text attributes were changed: 
   font, size

Compare: Insert�
annotation
Matching annotation not found

Compare: Replace�
text
The following text attributes were changed: 
   font, size

Compare: Insert�
text
"This is potentially related to the combined use of AMSR-E 89 and 36 GHz data, utilizing the increased spatial resolution of the 89 GHz data."

Compare: Insert�
annotation
Matching annotation not found

Compare: Insert�
annotation
Matching annotation not found

Compare: Delete�
annotation
Matching annotation not found

Compare: Delete�
annotation
Matching annotation not found

Compare: Insert�
text
"Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | 20"


3.4 Energy-balance components |

The mean Wintertime area-weighted atmospheric fluxes are shown in Fig. [f8 based
the here-used three components of turbulent fluxes of sensible (H) and latent hea
well as the long-wave radiation balance (L*). Short-wave radiation was omitted d
stated limitation to only use nighttime MODIS swaths for the thin-ice retrieval. The
from [Haid and Timmermann| (2013) were adjusted accordingly and also only g
three components.

1 As expected, we find the sensible heat flux to be the largest contributor to
mospheric flux (e.g. [1978). The inter-annual variability is rather low
Ice Shelf (BR) and the Ronne Ice Shelf (RO) region, while it is comparativel
for the Antarctic Peninsula (AP). Regional differences are present, but they
in comparison to the model estimates from [Haid and Timmermann| (2013).
sults of Haid and Timmermann| (2013) exceed ours, especially in the Ronne
region. The discrepancy in the Antarctic Peninsula region is most likely agai
use of NCEP atmospheric reanalysis data (Kalnay et al., [1996).

We stated earlier that the model estimates seem to achieve a higher ice
polynya area compared to the MODIS-derived results.
differencesibetween the Wsed atmospheric reanalysis data ©f NCEP

compared to ERA-Interim (Dee et al.| 201 1)»Whileithefound differences in
NCEP might be the primary cause for the differences in the

[Renfrew et al.|(2002) found in their study for the years 1992—1998 and using
in general much longer freezing period (roughly from February to November) a G
of 63, 22, and 15 % for the sensible, latent and radiative components of the at
heat flux, respectively. The average contribution to the total@mospheric flux amou
7 and 37 % for the sensible, latent and long-wave radiative components in our result
data as well as in the results from [Haid and Timmermann| (2013), the long-wave rag
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shows an on average higher contribution to the total atmospheric flux than in the stud
Renfrew et al.|(2002). Our average freezing season area-integrated energy exchang
the atmosphere amounts to 704510 J compared to 3.48 x 101° J in
However, [Renfrew et al.| (2002) used a much longer freezing period. Additionally,
no temporal overlap between our study and the work of Renfrew et al.| (2002) ,whi
an inter-comparison very @ifficult?

4 Summary and conclusion

AIn this study, we present a data set of MODIS-derived polynya-area estim
production rates as well as thin-ice frequency distribution, thin-ice thickness d
energy-balance components for the Southern Weddell Sea, Antarctica. Thi
a 13 year time interval (2002 to 2014) during the austral winter period from
ber for the complete coastal area separated into six Sub=regions: For that,
higher spatial resolution of MODIS compared to passive microwave sensors
and AMSR-E/AMSR2. The addition of a more strict exclusion of cloud-cov
ERA-Interim data to the established thin-ice retrieval as well as the adap
approach to compensate for cloud-covered areas in daily MODIS composit
and discussed.

L The data set is unique in a way that it is the first long-term investigation of p
ics based on cloud-cover corrected thermal-infrared data that covers the com
Weddell Sea coastal area. The results were discussed in comparison to
studies using a variety of @different methods and approaches (satellite sensors
On average over 13 years, we find the sea-ice areas in front of Ronne and Brunt
be the most active with an annual average polynya area of 80181298 and
as well as an accumulated volume ice (production of 31 +13 and 31+ 12km
tively, For the remaining four regions, our estimates amount to 421 +294 km? and
(Antarctic Peninsula), 1148 & 432km? and 12 +5km? (Iceberg A23A), 901 + 703 k
10 4+ 8 km?3 (Filchner Ice Shelf) as well as 499 + 277 km? and 5 + 2 km3 (Coats Land).
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Given these results and also the presented thin-ice frequency distribution, the
of certain regions in other studies, namely the area around the grounded iceberg
as well as the area ©ff the coast of the Filchner Ice Shelf and Coats Land, showe
drastically underestimate the total average polynya area and ice production in the
Weddell Sea. Together, all three regions contribute comparably to the mosf activ
in front of Ronne and Brunt Ice Shelf. These regions should be further inve
upcoming studies as they also contribute to the bottom-water formation.
data are available
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| A A ATable 1. Comparison between uncorrected MODIS data (RAW), sole use of proportional extrapo-
lation (PE, [PreuBer et all, [2015) and a combined step-wise approach using both, spatial feature

reconstruction (SFR, and proportional extrapolation. Values are presented for
each of the six gubsregions (Fig. 1) and based on their multi-year average polynya area [km?].

AP RO 1B Fl CL BR
Uncorrected 351 2567 1030 815 451 2956
SFR+PE 421 3018 1148 901 499 3516
PE 758 2835 1259 1013 659 3250
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| 4  ATable 2. Summary of average polynya-area estimates [km?] from th¥eée studies (Haid and Timmer-|
(2013) (HT13);|Kern| (2009) (K09); Nihashi and Ohshima| (2015) (NO15)). Corresponding re-

sults of this study are given in parenthesis. MODIS estimates vary pbetween studies due to @ifferent
sample intervals of each comparison study we tried to match in the best possible way.

Study AP RO BR
HT13 1706 (488) 1961 (3482) 924 (2772)
K09 - 9538 (5665) 3740 (4089)
NO15 - 2300 (3520) -
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| 4  ATable 3. Summary of accumulated volume ice-production estimates [km?] from various studies
land Timmermann| (2013) (HT13); [Drucker et al| (2011) (D11); as well as [Nihashi and Ohshimal
(NO15)). Corresponding results of this study are given in parenthesis. MODIS gstimates vary
between studies due to different sample intervals of each comparison study we tried to match in the

best possible way. -

Study AP RO IB BR
HT13 19 (4) 42 (30) - 11 (20)
D11 - 99 (38) 30(13) 112(36)
NO15 - 38 (35) - -
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, Figure 1. Sketch of the study area in the Southern Weddell Sea with all six investigated gubsregions
along the coast: Antarctic Peninsula (AP), Ronne Ice Shelf (RO), the area around the grounded
iceberg A23A (IB), Filchner Ice Shelf (Fl), Coats Land (CL) and the Brunt Ice Shelf (BR). Color

shadings show the bathymetry based on (2013).
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Figure 2. Work flow based on the described input data and thin-ice retrieval. Establish
steps, that were already used in other studies are marked in blue, while new additions
red. These additions comprise a persistence index (PIX), the newly defined combined
information of MODIS cloud mask and ERA-Interim medium-level cloud cover. Missing
cloud cover is accounted for by a two-step procedure that comprises spatial feature reco

(Paul et al.l 2015a)) and proportional extrapolation (PreuBer et al.,[2015). The combined clo

information separates between confident clear-sky (ccs), definite cloud-cover (dcc), mixed-
pixels (mcp) and uncovered pixels (ucp).
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Figure 62 Averaged distribution of thin-ice thicknesses in the Southern Weddell Sea
13 year time interval between April and September. The class width is 2cm, i.e.
includes thicknesses beween 0 and 2 cm. Error bars represent + one standard devia
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Figure 62 Frequency distribution of thin-ice occurrences in % for the years 2002 to

@swellrasitheroverallifrequencyrdistributioni(Bh)) Shown is the amount of days with thin-ic

relative to the total number of clear-sky days. The added marks A and B ififéfi correspond to
features and are further described in the text.
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, , Figure @2 Frequency distribution [%] of days passing the corresponding polynya area threshold
[km?] for the years from 2002 to 2014 during the winter period from April to September. Polynya
area thresholds increase by 250 km?, while estimates below 250 km? are not shown.
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Figure @02 Number of days (polynya days) separated into three polynya area (POLA
for the years from 2002 to 2014 during the winter period from April to September.
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from|[Haid and Timmermann| (2013) are shown in darker color tones.
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Abstract

Based upon high-resolution thermal-infrared Moderate-Resolution-tmaging
diometer (MODIS) satellite imagery in combination with ERA-Interim atmosph

analysis data, we @derived long-term polynya parameters such as polynya area,
thickness distribution and ice-production rates
icerthicknessicompositesOur studyrisibasedion a thirteen year investigati
(2002=2014) for the austral winter (1 April to 30 September) in the Antarcti
Weddell Sea. The focus lies on coastal polynyas which are important hot sp
ice formation, bottom-water formation and heat/moisture release into the
MODIS has the capability to resolve even very narrow coastal polynyas. |
advantage is the sensor limitation due to cloud cover. We make use of a
oped and adapted spatial feature reconstruction scheme to account for
areas. We find the Sea=ice areas in front of Ronne and Brunt Ice Shelf t
active with an annual average polynya area of 3018 + 1298 and 3516
well as an accumulated volume ice production of 31 £13 and 31+ 12
tively. For the remaining four regions, estimates amount to 421 + 294 km?
(Antarctic Peninsula), 1148 +£ 432 km? and 12 + 5km® Iceber% A23A),
and 10 +8km?® (Filchner Ice Shelf) as well as 499 +£277km” and 5+
Land). Our findings are discussed in comparison to recent studies base
sea-ice/ocean models and passive-microwave satellite imagery, each inv
ferent parts of the Southern Weddell Sea.

1 Introduction

Coastal polynyas inthe Antarctic are recurring areas of thin ice and open wat
are generally formed by divergent ice motion, e.g. by strong ©ffshore winds o
currents. (Polynyas are important hot spots for ice production, deep-water formati
gas ventilation of the ocean (e.g. Morales Maqueda et al., 2004).
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]

Due to the dependency of heat 16ss on the ice thickness (Maykut, 1978) and t
nature of thermodynamic ice growth by release of latent heat at the ice/ocean interfz
high rates of ice production occur predominately under thinzice areas during a
winter (e.g. Tamura et al., 2011, 2007; Renfrew et al., 2002; Thorndike et al.,
The knowledge of ice production in polynyas is of large interest. Tamura et a
estimate that about 10 % of the Antarctic sea ice is produced within the major g

In this study, the geographical focus lies on the Southern Antarctic
region between 69-78°S and 65-20°W (Fig. 1). With an average maxi
extension of about 4.75x10%km?, the Weddell Sea has the largest fractio
sea-ice cover (Drucker et al., 2011).

The majority of recent studies dealing with polynya dynamics in this reg
of passive-microwave sensors. In comparison to thermal-infrared sens
microwave sensors retrieve data with no limitations due to day/night-ti
Drucker et al. (2011) use SSM/I and AMSR-E data to derive ice-produc
estimate ice export rates for the Weddell and Ross Seas in the years
2008. Kern (2009) @derived pan-Antarctic coastal-polynya areas from S
the same time period. Tamura et al. (2011) use SSM/I data to estimate
and salt fluxes that are associated with sea-ice growth/melt in the Sou
Nihashi and Ohshima (2015) €onducted a circumpolar mapping of polynya
production based on passive-microwave as well as thermal-infrared remote

In this study, we present long-term results from coastal polynyas in the
Weddell Sea that were derived from Moderate-Resolution Imaging Spectro
(MODIS) thermal-infrared imagery. Remote sensing of sea ice using therma
data yields the opportunity to monitor thin-ice thicknesses and distribution on 2
basis (Adams et al., 2013; Willmes et al., 2010; Yu and Rothrock, 1996). Whilet
approach was used before in Arctic regions (e.g. PreuBer et al., 2015; Adams
2013; Willmes et al., 2011, 2010), we present now the first continuous and cloud-
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corrected time-series of polynya dynamics during the austral winter period (April
September) and for the complete coastal area in the Southern Weddell Sea for y.
from 2002 to 2014.

2 Data and methods
2.1 Input data
2.1.1 MODIS data (MOD/MYD29)

In this study we make use of the MODIS Sea Ice product (MOD/MYD29,
2006; Hall et al., 2004), distributed by the US National Snow and Ice
(NSIDC). Our work is based on the ice-surface temperature data set (IST)
part of the sea-ice product. The provided data has a spatial resolution of
nadir and each swath covers an area of 1354 km (across track) x 2030 k
‘which equals approximately a time window of five minutes. The overall |
the MOD/MYD29 sea-ice product under ideal (i.e. €lear=sky) conditions i
et al., 2006; Hall et al., 2004): The MOD/MYD29 data product was alre
for cloud cover using the MODIS cloud mask. We used this data for the
period from 1 April to 30 September for the years from 2002 to 2014 t
a total of #41:056 MODIS swaths which cover the Southern Weddell Sea

2.1.2, ECMWF ERAc=interim reanalysis

The set of input data is complemented by the European Centre of Medi
Weather Forecast (ECMWF) ERA-Interim reanalysis data (Dee et al., 2011).
Interim data are distributed at a spatial resolution of 0.75° and

(torspatially and temporarily fittherMODISdatas For our analysis we used the

temperature, the 10 m wind-speed components, the mean sea-level pressure an

4
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smmcover fraction data, which was found to show the in general best agreem

»—0:2m, Adams et al. (2013) state an average uncertainty of £4.7 cm. Ice-thickn

2 m dew-point temperature. These data sets supply all necessary input to calculate t
energy balance for the thin-ice retrieval.

In addition to these meteorological variables, cloud-cover information was also
from the ERA-Interim reanalysis data. In our case, we used the medium-level

MODIS satellite data-and the MODIS cloud mask during-daytime (Liu and K
This data set is used to complement the MODIS cloud mask during nighttim
also spatially and temporarily interpolated to fit each MODIS swath.

2.2 Thin-ice retrieval

The derived thin-ice thickness (TIT) is calculated by using a @Simple
balance @nd thermodynamic 'sea=ice model (Adams et al., 2013). This
the fact that the ice-surface temperature of thin ice
ness (Drucker et al., 2003; Yu and Rothrock, 1996). Necessary assumpti
thin and snow-free sea ice, a linear temperature gradient throughout th
temperature at the ice/ocean interface to be constant and at freezing po
ter In addition, all processing is carried out for nighttime only, to avoi
short-wave radiation and snow/ice-albedo €ffeetsi The turbulent fluxes of
latent heat as well as the long-wave radiation balance are calculated foll
et al. (2013)- For the flux calculation, the iterative stability-dependent bulk
Launiainen and Vihma (1990) is used. The long-wave radiation balance i
using an improved parametrization by Jin et al. (2006) for the downwar
radiation and the Stefan—-Boltzman law for the upward long-wave radiation.

The exact procedure of the thin-ice thickness retrieval as well as all equ
thoroughly described in Adams et al. (2013). For ice=thickness'classes bet

above a 0.2m threshold yield @ignificantly higher uncertainties (Adams et al.,
which is why we limit our investigation @ccordingly?
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2.3 Data processing

2.3.1 Area of investigation and general procedure

For better comparison to other studies, the Southern Weddell Sea coastal ar
divided into six @ubrregions (Fig. 1), namely from west to east: Antarctic
(AP), Ronne Ice Shelf (RO), the area around the grounded iceberg A23A (IB
Ice Shelf (FI), Coats Land (CL) and the Brunt Ice Shelf (BR).

All MODIS swaths were processed in several steps as visualized in Fig.
MODIS swaths along-with-the-ERA-Interim-data-sets were projected ont
grid using a nearest-neighbor approach. No interpolation was @pplied: S
TIT is calculated pixel-wise and daily median=TI? composites are
composites comprise TIT and IST data @longside the daily energy-bal
nents of each thin-ice pixel. In the next step, cloud-covered data was i
(corrected as will be described in the following subsections.

2.3.2 Identification of low'quality data

We use ERA-Interim medium-level cloud-cover information to reduce th
(cloud=affected pixels in the aggregation process of the daily TIT composi
a simple cloud-cover threshold (75&) to identify cloud covered region
(Interim data and thereby provide an additional indicator to the MODIS
for an identification of potentially €loud=affected pixels. This'data is @lso
into daily composites and separated into four @ifferent cloud-cover depend
(Fig. 2). Pixels that are considered as clear-sky by means of the MODIS ¢
as well as the ERA-Interim cloud-cover information for all available
assigned to the confident €lear=sky class (ccs). In contrast, pixels that featu
cover in both data sets for all available swaths are assigned to the definite clou
class (dcc). All pixels that show a mix of cloud-covered and clear-sky conditio
assigned to the mixed-covered pixel class (mcp) with a clear-sky index based upo
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ratio of the number of clear-sky input swaths to the total number of input swaths. Pixe

that are not covered by any swath during one day are assigned to the uncovered p
class (ucp).

In order to reduce the inherent misclassification problems of the MODIS cloug

s with clouds taken for either thin or thick ice, we introduced an additional proced

assigns a persistence index (PIX, Fig. 2)- Hereby, we make use of the temg

spatial persistence of the temperature signal in polynyas in contrast to mo

patterns. The persistence index is the ratio of the number of swaths pe

contain thin ice (TIT< 0.2 m) to the total number of clear-sky acquisitions cg

w0 pixel.

2.3.3 Correction scheme for cloud-covered data

Employing the above mentioned two (procedures; we are able to identi
datar These are then @ccountedfor by a two-step
feature reconstruction (SFR) @approach introduced in Paul et
15 coverage gaps that could not be corrected for by this approach, e.g. du
gaps-longer-than-three-consecutive-days,-we-use-the proportional extra
'scheme as used and described by PreuBer et

(i-e. above-50%)-coverage:

In the SFR approach, the information of
threerafter the initial day of (interest; respectively) is weighted
their temporal proximity to the initial daily'median’‘composite;which yields a p

s of thin-ice oceurrences A detailed description and analysis of the SFR approact
setup is given in Paul et al. (2015)) The PE approach assigns thin ice to cloud-ce¢
areas in the same proportion as it is detected in the cloud-free area. For examp
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