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Abstract. Melt ponds on sea ice strongly reduce the surfacelce-, NASA Team 2-, and Bootstrap-algorithms with MODIS
albedo and accelerate the decay of Arctic sea ice. Due tgea ice concentrations indicate an underestimation of around
different spectral properties of snow, ice, and water, the frac40 % for sea ice concentrations retrieved with microwave al-
tional coverage of these distinct surface types can be derivedorithms.

from multispectral sensors like the Moderate Resolution Im-
age Spectroradiometer (MODIS) using a spectral unmixing

algorithm. The unmixing was implemented using a multi- 1 |ntroduction

layer perceptron to reduce computational costs.

Arctic-wide melt pond fractions and sea ice concentrationsln boreal summer, melt ponds are a common feature on Arc-
are derived from the level 3 MODIS surface reflectance prod-tic sea ice and they can cover up to 50 to 60 % of the sea ice
uct. The validation of the MODIS melt pond data set was area Eetterer and Untersteinet998 Eicken et al. 2004.
conducted with aerial photos from the MELTEX campaign On a flat topography of first-year ice and in an early melt
2008 in the Beaufort Sea, data sets from the National Snovstage the melt pond fraction can even rise up to 90P¥r{
and Ice Data Center (NSIDC) for 2000 and 2001 from four ovich et al, 2011§. Melting caused by shortwave insolation
sites spread over the entire Arctic, and with ship observa-and surface air temperatures above the freezing point during
tions from the trans-Arctic HOTRAX cruise in 2005. The summer results in the development of melt ponds on the sea
root-mean-square errors range from 3.8 % for the comparice surface and a decrease of the surface albedo from approx-
ison with HOTRAX data, over 10.7 % for the comparison imately 0.8 to 0.5 which excites additional heat uptakerty
with NSIDC data, to 10.3 % and 11.4 % for the comparisonet al, 1995 Perovich and Tucked997). The appearance of
with MELTEX data, with coefficient of determination rang- melt ponds has a significant influence on Earth’s radiation
ing from R2=0.28 to R2=0.45. The mean annual cycle of balance Klaslanik et al. 2007 Perovich et al.2007 Nico-
the melt pond fraction per grid cell for the entire Arctic shows laus et al,2010 and therefore also an impact on the strength
a strong increase in June, reaching a maximum of 15 % by thef the ice-albedo feedbacK ¢chudi et al.2008. In order
end of June. The zonal mean of melt pond fractions indicate$o better constrain the role of sea ice for the Arctic amplifi-
a dependence of the temporal development of melt ponds onation and Earth’s climate system, it is important to quantify
the geographical latitude, and has its maximum in mid-Julythe large-scale distribution of melt ponds (é4glland et al,
at latitudes between 8and 88 N. 2006 Eisenman and Wettlaufe2009 Notz, 2009 Tietsche

Furthermore, the MODIS results are used to estimate thét al, 2011 Serreze2011, Serreze et al2011; Kurtz et al,
influence of melt ponds on retrievals of sea ice concentra2011 Perovich et al.2011h.
tions from passive microwave data. Results from a case
study comparing sea ice concentrations from ARTIST Sea
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432 A. Rosel et al.: Melt ponds on Arctic sea ice

Several field experiments and ship observations at dif-ing of the water is further influenced by winédtterer and
ferent locations in the Arctic Ocean aimed at the study ofUntersteiner1998 Eicken et al. 2002. Freeze-up starts in
albedo and optical properties of melt pontéofassutti and  late August or early September, caused by low air tempera-
LeDrew, 1996 Perovich et al.20023, as well as distribution  tures, and melt pond fraction decreases. The start of snowfall
and size of the pond&( Naggar et al.1995 Perovich etal.  after the freeze-up will cover the melt ponds and the albedo
2002h 2009 Sankelo et a).201Q Nicolaus et al. 2010. of the surface rises.

The Russian ice atlas compiled by Romanov (1993, 1995) This study is based on a retrieval method for the melt pond
includes pan-arctic pond coverage estimates based on Rugaction from Moderate Resolution Image Spectroradiometer
sian overflights and surface observations. (MODIS) data, founded on spectral unmixing into different

Although the potential of different optical properties of surface fractions, published Byschudi et al(2005 2008.
ponded sea ice in comparison to bare or snow-covered sea iagfe implement an additional constraint to obtain surface frac-
for satellite applications was proposed already by Grenfell intions in the range between zero and one and use an artificial
1977 the firstimplementations were published 20 years latemeural network (ANN) to speed up the processing of large
by Tschudi et al(1997 2001, 2008; Markus et al.(2003 MODIS data sets.
andRosel and Kaleschik011). While these studies discuss  The overall goal of this study is to quantify the surface
the feasibility of deriving melt pond fractions from satellite fractions for melt ponds, open water, and snow and ice for
data for specific examples, to our knowledge, no satellite deyne entire Arctic region for a time period from 2000-2011.
rived Arctic-wide, multi-annual melt pond data set exists.  Fyrther studies on the results have already been performed

Many spectral and total albedo values for various surfaceyng are presented Rosel and Kaleschkg012).
types are given in the literature (e @Grenfell and Maykut This paper is structured as follows: First, a characteriza-
1977 Grenfell and Perovichl984 Warren 1982 Perovich 5 of the MODIS data used in this study and the data han-
1996 Perovich et al.2002h Brandt et al. 2009. The values dling is given; additionally, the data used for validation are

range from 0.06 for open water to 0.29 for mature melt pondsy esented. This is followed by a description of the method
t0 0.87 for new snow. , of retrieving the melt pond fraction and the sea ice concen-
The date of melt onset is related to the amount of SO~ ation  This includes the generation of a training and a test

lar energy absorbed by the surfaéee(ovich et al.2007). a5 set as well as the neural network set-up. Subsequently,

Thereforez a z_ona_l onse_t (_)f the first melt Processes IS Ob_ser\(ialidation studies are presented. The last chapter provides a
able, starting in mid-April in the southern Arctic regions like discussion and conclusions

Bering Sea and Hudson Bay. In the Central Arctic, first melt-
ing starts in JuneMarkus et al. 2009. In mid-June, a sig-
nificant fraction of sea ice is already covered by melt ponds
(Perovich et a].2007). 2 Data

Melt pond development starts with the melting of snow. o )
Melt water of snow and ice is collecting in surface depres-Acquisition of MODIS data aboard “Terra” began in 1999
sions and and other surface deformation features. Comparedd aboard “Aqua” in 2002, continuing through today and
to the much more irregular surface topography of mu|»[i_yearproviding complete spatial coverage of the Arctic Ocean for
ice’ the p|ane and flat surfaces of first-year ice have the pothe past twelve melt CyCleS. The Arctic Ocean is defined here
tential to host large and extended melt pond ar&ast¢rer @S the area northward 80, excluding land. MODIS mea-
and Untersteiner1998 Eicken et al, 2004. As melting  Sures in 36 spectral bands, ranging from 0.4 um to 14.4 um
develops, pond water drains through porous ice and crack¥ith a resolution from 250 m to 1 km.
(Eicken et al, 2002. Yackel et al.(2000 also describe the ~ We use the MODO9A1 weekly surface reflectance data
pond properties and distribution on multi-year ice as smallerproduct with a spatial resolution of 500 m to retrieve the
deeper, and more numerous than on first-year ice. The healODIS melt pond fraction. Effects of atmospheric scat-
transfer due to convection in water exceeds the one of icetering and absorption are corrected in the MODO9 products.
Additionally, the lower albedo of ponded ice allows a higher Additionally, a correction of the bidirectional reflectance dis-
penetration of heat into the ice. Both factors yield to a 2—3tribution function (BRDF) is appliedermonte et a|.2008.
times higher melt rate beneath ponds compared to the mefor the validation studies we use the MODO9GA daily sur-
rate of bare iceRetterer and Untersteinet998. Hence, the  face reflectance product.
ponds deepen and can even melt through the ice layer. With For the analysis of the data we reproject the original
the increasing depth of the ponds, also the diameter decreas®ODIS tiles into a polar stereographic projection, mosaic
(Fetterer and Untersteinek998. Melt ponds are nearly salt them, and apply a cloud-mask as well as a land-mask, which
free and the density maximum of the ponded water lies wellboth are contained in the MODO9 product. For the compari-
above the freezing point. This means that radiative heatingson with the validation data, we generate true color compos-
favors convection within the pond: the warmer water will ites using the spectral band combination 2-4-3 of the MODIS
sink down and causes further melting. Convection and mix-level 1B product.
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Fig. 1. Tracks, locations and dates of validation data sets. Detailed descriptions are given in the text.

For validation we use the results of the melt pond observasnow on the refrozen ponds was observed. During the last
tions from the HOTRAX 2005 cruisdgrovich et al.2009), week of measurements in the beginning of June, a tongue of
the melt pond data set from the National Snow and Ice Datavery warm air was shifted from Alaska to the Beaufort Sea.
Center (NSIDC) Fetterer et a).2008, and the results of It reached its largest extension over the ocean on 4 June and
the aircraft campaign MELTEX (“Impact of melt ponds on 5 June 2008, which strongly forced the development of melt
energy and momentum fluxes between atmosphere and sg@nds.
ice”) conducted by the Alfred Wegener Institute for Polar  Aerial photography was carried out with a digital reflex
and Marine Research (AWI) in May and June 2008 over thecamera and a lens with an angle of view of 1.14 photo was
Beaufort SeaBirnbaum et al.2009 (see Figl). taken every 6 s. In the preprocessing, all photos with sunglint

The MELTEX campaign aimed to improve the quantitative were eliminated, and a cross-track illumination correction
understanding of the impact of melt ponds on radiation, heatyas carried out. Subsequently, a supervised classification
and momentum fluxes over Arctic sea ice. For this purposeemploying the maximum likelihood method was performed
the BASLER BT-67 type aircraft POLAR 5 was employed, to derive the areal fraction of the five surface classes distin-
which had a downward-looking digital photo camera aboard.guished: open water, thin ice, bare ice, snow, and melt ponds.
Weather conditions at the end of May were mainly charac-Training data was manually defined in the photos. The prob-
terized by cold-air advection from the inner parts of the Arc- ability threshold for the classification was set to 0.95. Pix-
tic towards the coast of the southern Beaufort Sea. Thesels, which fell below this threshold were not classified. Only
cold air flows caused a refreezing of most melt ponds, whichimages with a number of unclassified pixels below 5 % were
were still very shallow at that time. Even a thin layer of fresh included in the present study. Because of the very shallow
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1.0 : : : : data sets were analyzed using a supervised maximum like-
: : : : : lihood classification to derive either two (water and ice) or
three (water, ice, and melt ponds) surface clasbestidrer
et al, 2009. The resulting melt pond data set consists of
tables of pond coverage and size statistics for 500 n?
cells. Therefore, the spatial resolution of the melt pond set
matches the resolution of the MODIS data set. For the com-
parison with the MODIS melt pond fractions per grid cell,
we select only the specific days where MODIS data are avail-
able and compare them to the mean of the corresponding high
resolution grid cells of one 10 10 kn? satellite scene. Lo-
: : O : | cations of the three sites (i) Beaufort Sea, (ii) north of the
--H. : Canadian Archipelago, and (i) Fram Strait are indicated in
N ‘ Fig. 1.
PO NS SN I N ‘__ The results of the melt pond observations from the HO-
f) E \ Do TRAX 2005 cruise Perovich et al.2009 are also used for
\ validation. The HOTRAX 05 cruise track was a trans-Arctic

: : : ‘ journey, entering the pack ice on 9 August 2005 &t N4
160°W and traveling in the ice until its exit on 27 Septem-
ber 2005 at 77N, 9° E. The expedition crossed the Bering,
Chukchi, and Beaufort Seas, passed the North Pole on 12
September 2005 and exited the Arctic basin through Fram
- S Strait (see Figl). During the cruise, observations from the

; ; L lal bridge of sea ice concentration, relative melt pond fraction,
600 700 800 900 1000 and ice thickness were conducted on an hourly basis and
Wavelength (nm) daily mean values were calculateélefovich et al.2009.

For this study we use only the melt pond observations.

Albedo

h)

1
%800 s00

Fig. 2. Spectral albedo values for different surface types on Arctic
sea icei(a) Snow-covered ice (dry snow(h) cold bare ice(c) wet 3 Methodology
snow,(d) melting first year ice(e) young melt pond(f) and(g) two

types of mature melt ponds, aflu) open water. The gray Columns o o0 ctral albedo of sea ice is a function of the wavelength
represent the range of the first four MODIS bands. For our studyOf incident solar radiation (see Fig). Highest albedo values
we use the spectral bands 1,3, and 4 (albedo valuesGiftfell - H1g

and Maykut 1977). appear in short wayelength range from 400-600 nm for dry
snow. The albedo is decreasing toward longer wavelengths.
At 500 nm melt ponds have albedo values that range between
0.6 for young and shallow ponds and 0.25 for mature ponds.
and partly refrozen ponds, the determination of melt pondthe albedo values for melt ponds depend on the depth and
fraction based on an analysis of the aerial photos is diffi-ynderlying surface of the ponds.
cult for days earlier than 4 June 2008. In the present study, gpow-covered ice, bare ice, wet snow, and melting bare
we therefore use only photos from two flights performed onjce show a smaller reduction in spectral albedo at higher
4 June and 7 June 2008 for validation. The flight level of yyayelengths than the different types of melt ponds. The
the aircraft determines the surface area covered by the phoghedo of ponded ice is characterized by a decrease between
tos. At 1000m, a photo covers an area of 1.4kR0km, 500 nm and 800 nm. In this wavelength range the absorp-
and at 30 meters, a photo covers an area of 4060 m. FOr  tion of water becomes a dominant factor, which causes the
further comparison the melt pond set is scaled with the se@eqyction of the spectral albedo. Above 800 nm radiation is
ice concentration to obtain the relative melt pond fraction onpealy totally absorbed by the water surface and the under-
the Arctic sea ice (see Sed) and afterwards filtered by a |ying ice layer has no influence on the albe@régnfell and
Gaussian filter withy=10 to smooth the function. We pick \aykut, 1977). The spectral curve for open water (FRi)
every tenth value to avoid oversampling. shows values around 0.06 though the entire spectrum.

Sea ice melt pond statistics and maps over four Arctic Based on the differences of the spectral curves in Eig.
Ocean sites during the summers of 1999, 2000, and 2001, dén this study we decide to distinguish between three surface
rived from visible band imagery from high resolution satel- types: open water (W), melt ponds (M), and snow and ice (I)
lite data with a spatial resolution of 1 m, are mapped from (Tschudi et al.2008 Rosel and Kaleschk@011). To calcu-
10x 10 kn? satellite scenesFetterer et a).2009. These late the albedo of sea ice on a large scale, the surface-based
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Table 1. Spectral reflectances;} of surface types used in the un- 2670 and one for each class. This is done by a sigmoid func-
mixing algorithm (aftefTschudi et al.2008. tion and implemented as cost functiéiost

MODIS bandwidth resolution pond snowl/ice open water Feost=[(r-x) — R]+[(1—tanhxy) —tanh((x — 1)y)]w (3)

band i i i ;
an o] [l " " " wherer is the vector of the spectral reflectance values for

3 459-479 500 022 035 0.08 each surface typa, is a vector of initial guess values for the

! 620-670 250 0.16 0.95 0.08 fractions of surface typedR is the vector of the measured

2 841-876 250 007  0.87 0.08 yp el
reflectance valuef(=[R(11), R(A3), R(14)]"), y is a gra-
dient to define the slope of the function at the values zero and
one, andw is a weighting factor.

albedo values are weighted with the fraction of their cor- N our functign we chose as initial guess values=
responding surface componeritetterer and Untersteiner [0.25,0.25,0.25]", w = 0.1, andy = 150. However, the re-

1998 Tschudi et al.2008 Perovich et a.2009. sults do not depend on the choicexoindw. This indicates,

The so-called areally averaged albeddor larger areas ~ that the method is robust and the result is unique.
containing three surface types is expressed as On the one hand, the implementation of the cost function
_ constrains the range of solutions and enhances the condition
a=awAw tamAm +a| Al (1) of the equation system, but on the other hand, this limitation

whereA is the area fraction per grid ced,is the wavelength- ~ CaUS€s higher computational costs as compared to the solu-

integrated albedo and the indices W, M, | stand for the sur-ion of the linear Eq.2) alone. .

face types open water, melt ponds, and snow and ice, respec- To speed up processing, we use an artificial neural network

tively. (ANN). The use of ANN for remote sensing data has been
The determination of three surface types of the sea ice covNotivated by the realization that the human brain is very ef-

ered Arctic Ocean is based upon a spectral unmixing proficient at processing a huge amount of information in a very

cedure of satellite images and proposed by TschR@0% short time. Neurons in the human brain receive inputs from

2008. other neurons and produce an output which is then passed to
It relies on the following equations: other neurons. This cross-linking is the basis for the ANN
architecture.
Awrw (A1) + Apmrm (A1) + A (A1) = R(A1) A multilayer perceptron (MLP) consists of multiple layers
Awrw (A3) +Apmrm (A3) + A1 (A3) = R(A3) of computational units (= nodes or neurons), usually inter-
Awrw (A4) + Apmrm (Aa) + Ajr(Aa) = R(ha) connected in a feed-forward way. That means, each node in

A+ Ant + A = 1 @) one layer has directed connections.to the nodes of the next
W AM A adjacent layer, but has no connections to the nodes of the
whereR (1) is the reflectance of each bake=1, 3, and 4,  previous layers. As the signal passes from node to node, it
with the corresponding wavelengthgi,) = 459-475 nm, is modified by the weights associated with the connection
r(A3) = 620—-670 nm, and(h4) = 841-876 nm, for each (Atkinson and Tatna)l1997. The weight values are estab-
MODIS pixel. A is the fractional coverage of each surface lished by a supervised learning technique, using a priori in-
type for each band per grid cell, amd);) represents the formation about the actual output corresponding to the input
spectral reflectance for each surface type. The specific redata Gonzalez Vilas et al20171). A typical MLP structure
flectance values for the three surface types used for thes@cludes an input layer, one or more hidden layers and an
equations are listed in Table output layer. The input layer only distributes the input signal
The set of linear Eq. ) contains three unknowns into the network to the nodes of the first hidden layer with-
(Aw.Am. A)) in four equations, therefore the equations are out processing them. The nodes in the hidden layers and the
overdetermined. That means more than one exact solution igutput layer transform their input signal usually using a non-
possible and thus, we consider the linear E2y.as an opti-  linear sigmoid functionAtkinson and Tatnall1997).
mization problem which needs to be solved in a least-square With the open source package FFNET for Pythuvoj-
sense. For the solution of these equation we use a quaséiechowskj 2011) we build a feed-forward multilayer per-
Newton approximation method (Broyden-Fletcher-Goldfarb- ceptron (MLP), composed of an input layer, two hidden lay-
Shanno method). ers with 9 neurons in the first and 27 neurons in the second
With the assumption of a three class mixture model andlayer, and one output layer (see F8).
the selection of three surface types, we find, that especially In this case the number of neurons of the input layer is
the surface types open water and melt ponds are almost linequal humber of neurons of the output layer. For our pur-
early dependent, therefore the set of linear Byjig not well poses the MLP was trained with back-propagation as learn-
conditioned. To comply with the physical principles, it is ing technique with 5000 learning steps (see Atginson and
necessary to constrain the interval of the solution betweermatnall 1997). The amount of layers, neurons and learning
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the 12.5km grid, which contains at least 50 % cloud free

input layer pixels. This masking routine ensures a high data quality of
melt pond results and is described ivdRl and Kaleschke
(2012).
1* hidden
layer
4 Results
2™ hidden 4.1 Accuracy of ANN
layer
To test the consistence of the ANN, we first apply the trained
ANN on the selected training data set and compare the results
with the results calculated with the unmixing algorithm.
Thereafter we operate the ANN on eight completely inde-
output layer melt open

i pendent test data sets regarding date and region and compare
the results as well with the results determined with the un-
mixing algorithm. The difference between the two methods

. ) ) is for the first case 0.1 %, and for the second case less than
Fig. 3. Architecture of the MLP networks used for this study. The 1%

input layer are the MODIS surface reflectances for the three bands F(.)r estimation of the svstematic error of this brocedure
1, 3, and 4. The hidden layers of the MLP used in our study con- Y P !

tains 9 knots in the first layer and 27 knots in the second layer. ForV® perform two further tests on the following assumptions:

reasons of clarity this Figure shows only 3 knots for the first and An area of 50« 50 kn? around the coordinates 6% 5

6 knots for the second layer. The output layer contains the three and 26.8 W (Denmark Strait, SW of Iceland) is an open
classes melt pond, snow, and open water. .
water area in June.

— Melting has not started on day 129 of the year 2008 at
a latitude of 82.5N (Markus et al., 2009). An area
of 200x 100 kn? around the coordinates 82.8 and
92.5 W (North of the Canadian Archipelago) is cov-
ered with dry snow and/or bare cold ice in the first week
of May. No melt ponds are observable.

steps was determined by following the trial-and-error ap-
proach.

To train the ANN, an existing data set of melt ponds needs
to be provided as the training data set: We obtain this training
data set by solving the Ecg)including the above described
constraints for a limited amount of pixels from different sur-

face types and different dates. The achieved surface fractiongpe test for the open water area results in a relative error of
per grid cell for open water, snow and ice, and melt ponds aré.g.1 9 for the estimated melt pond fraction, for the test on
used to train the ANN. the snowy surface the relative error is 6 %.

To asses the consistence and the accuracy of the ANN We The fractional coverage of water, ice, melt ponds, and the
perform two tests: For the first test the training data set issea jce concentration is derived for the entire Arctic Ocean
used as test data set. For the second test, independent 198 using the trained ANN and MODO09 mosaics.
data sets are selected. The results of the performance regard-
ing consistence and accuracy of the ANN are presented im.2 MODIS melt ponds and sea ice concentration
the following chapter.

The output layer of the ANN provides the surface fractions Figures4 and5 show the relative MODIS melt pond fractions
per grid cell of melt ponds, open water, and snow and iceand the MODIS sea ice concentrations for the year 2008,
(Fig. 3). From this output the sea ice concentratidg is both gridded to 12.5 km.
quantified as: They are displayed here to exemplify the processing of one
Am— 1 A @) seasonal cycle. We define a seasonal cycle from the begin-

c= w ning of May (day 129 of the MODIS data set) until the first
Melt pond fraction on Arctic sea ice is defined as the pondedweek of September (day 249 of the MODIS data set). Later
area relative to the sea ice surface; therefore, it is necessaip September, when new ice is formed, the relative melt pond
to scale the retrieved melt pond fraction per grid cell with fractions increase in areas of new thin ice.
the sea ice concentration. We define the relative melt pond Figure6 shows the mean melt pond fraction per grid cell
fraction as: for the entire Arctic Ocean within the annual cycles for the
A AMA (5) years 2000 to 2011. The mean melt pond fraction strongly

M MAC increase in June. By the end of June, the maximum with a
For further analysis, the output data is gridded to 12.5 kmmean melt pond fraction above 15 % is reached, followed by
grid. To obtain a reliable data quality, we create a mask froma second maximum at the end of July. In this time period, the

The Cryosphere, 6, 431446, 2012 www.the-cryosphere.net/6/431/2012/



A. Rosel et al.: Melt ponds on Arctic sea ice 437

5.8.2008 5.16.2008 , " 6.1.2008
PR B F '_ i 5

| I g
0.0 0.1 0.2 0.3 0.4 0.5

melt pond fraction

Fig. 4. Seasonal cycle of the relative melt pond fraction from MODIS satellite data for the Arctic for the example of the 2008 melt season.
White pixels represent missing data.
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0 20 40 60 80 100
sea ice concentration in %

Fig. 5. Seasonal cycle of the sea ice concentration from MODIS satellite data for the Arctic for the example of the 2008 melt season. White
pixels represent missing data.
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Fig. 6. Weekly mean melt pond fraction per grid cell over the en-
tire Arctic Ocean from 2000 to 2011. The light gray lines display
0.00

the single years, the solid black line is the average over the last 1. 05_'20_ 06.09. 06.20. Oy_ilg_ 03_"08_ 03_58_
years. Data falling within one standard deviation of the mean are
delineated by a pair of dashed lines.

Fig. 7. Zonal mean melt pond fraction per grid cell over the entire
Arctic Ocean from 2000-2011.
sea ice concentration experiences a steep decline, promoted

by surface melt and fragmentation of floes. Thus can induce
additionally a flooding of the breaking floes with saline sea2 algorithm shows a value of 56%. Compared to the sea
water. These flooded surfaces cannot be distinguished frorite concentration of 93 % retrieved from the MODIS data,
melt ponds and are also classified as poMarkus et al.  all microwave algorithms underestimate the MODIS sea ice
2003. This effect might be responsible for the second maxi- concentration by around 40 %.
mum in the melt pond fraction.
The zonal mean of the melt ponds per grid cell for the last4.3 Validation
12 years is displayed in Fig.which demonstrates a depen-
dence of the temporal development of melt ponds on geo+or validation we compare the MELTEX melt pond data with
graphic latitude. The maximum of the average melt pondMODIS data for 4 June and 7 June 2008 (F@and10). In
fraction is located in mid-July at higher latitudes, betweenthe true color composite (Fig8a and10a) melt ponds can be
80°and 88 N. determined on the individual ice floes as bluish areas, ranging
From a case study we demonstrate that we can estimate tHfeom light blue to a dark turquoise.
influence of melt ponds on the conventional sea ice concen- By following the MELTEX flight track in both figures,
tration determination from microwave imagery by comparing the changing from medium relative melt pond fractions (20—
them with the calculated MODIS sea ice concentration. 25 %) to high relative melt pond fractions (28 %) is reflected
Figure8 displays in the first three images sea ice concen-n the underlying MODIS relative melt pond fractions. The
tration from AMSR-E sensor, calculated with the ARTIST transition to the open water areas is also characterized by a
Sea Ice (ASI) algorithmSpreen et a).2008, the NASA-  decreasing MODIS relative melt pond fraction.
Team 2 (NT2) algorithmNlarkus and Cavalier2000, and The flight on 4 June started at 18:03UTC and ended at
the Bootstrap (BT) algorithmGomisq 1995 for the area  00:09 UTC the next day. After comparison of the daily level
of the Canadian Archipelago with values from 50-80 % ice 2 MODIS data from 4 June with the individual level 1B ac-
coverage. The fourth image displays MODIS sea ice concenguisitions, we conclude that the corresponding area in the
tration, whereas sea ice concentration with MODIS indicat-MODO09GA product derives from an acquisition in the early
ing values from 90-100 %. In the same area, a high relativanorning (04:00 UTC or 06:15UTC). The same is valid for
fraction of melt ponds (up to 70 %) is determined (bottom the MODO9GA product of 5 June. Because of the rapidly
image). The ASI algorithm gives, for a 250 ksnl00 kmre-  changing meteorological conditions on 4 June in combina-
gion around the coordinate 7R and 110 W, a mean seaice tion with the late flight time (18:03 UTC until 00:09 UTC)
concentration of 45 %; the Bootstrap algorithm gives for theand the early acquisitions of the MODIS scenes, we used the
same area 55 % sea ice concentration, and the NASA tearMlODIS melt ponds determined from the scene from June 5
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Fig. 8. Comparison of AMSR-E ASI (top left), AMSR-E NASA-Team 2 (top right), AMSR-E Bootstrap (middle left), and MODIS (middle
right) sea ice concentrations. In the bottom MODIS relative melt pond fraction is displayed. All images are from 25 May 2008.

The Cryosphere, 6, 431446, 2012 www.the-cryosphere.net/6/431/2012/



A. Rosel et al.: Melt ponds on Arctic sea ice 441

140°W

70°N 72°N

b)

140°W

136°W F

0 4 8 12 16 20 24 28 32 36 40
melt pond fraction [%]

Fig. 9. (a) Spatial overlay of MELTEX melt pond results (dots) on a true color composite of MODIS level 1B data from 4 June 2008,
22:15UTC.(b) MELTEX melt pond results (dots) from 4 June 2008 overlaid on MODIS relative melt pond fractions from mainly 5 June
2008 (detailed description in the text).

for validation. To fill up the gaps caused by cloud filtering in  Figurellshows the comparison of NSIDC melt pond data
the MODIS melt pond sets, we use the corresponding pixelersus MODIS melt pond data per grid cell. One part of
from the melt pond sets from days before and after the relethe data (mainly Beaufort data and one data point from the
vant data (Figs9b and10b). Canadian site) corresponds well with the MODIS melt pond
The average MODIS relative melt pond fraction for the en- data, the other part of the data shows lower values than the
tire flight tracks are 28.4 % 2.5and 21.6 % 8.1 for4 June  MODIS data. The RMSE for the data of all sites and both
and 7 June. The corresponding MELTEX relative melt pondyears amounts 10.7 % with a coefficient of determination of
fractions are with 26.4 % 11.5 and 19.3 % 13.5 slighty ~ R?=0.28.
lower. The calculated root mean square errors (RMSE) for The HOTRAX melt pond observations used for our val-
the dates 4 June and 7 June are 11.2 % and 10.6 % accoritlation study are daily means with standard deviation. In
ingly. Fig. 12 the observations are plotted versus MODIS relative
melt pond fractions.
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Fig. 10. (a)Spatial overlay of MELTEX melt pond results (dots) on a true color composite of MODIS level 1B data from 7 June 2008,
21:25 UTC.(b) MELTEX melt pond results (dots) from 7 June 2008 overlaid on MODIS relative melt pond fractions from mainly 7 June
2008 (detailed description in the text).

The compared mean values are distributed evenly with &eedback mechanism. The above described method allows
coefficient of determination oR? = 0.45 and a determined us to derive daily and weekly data sets of the melt pond frac-
RMSE of 3.8 %. The observed differences may result fromtion, as well as for the sea ice concentration from MODIS
geolocation errors or time differences between ship observaMODO09 data. We use the daily data sets to validate MODIS
tion and satellite acquisition. Moreover, there is no informa- melt pond fractions and the weekly data sets for generating
tion about the accuracy of the ship observation data. the time series for the entire Arctic.

Since the weekly data set is a composite of selected pixels
from the daily acquisitions, especially with low cloud cover
fraction and other atmospheric influences, this product may
The determination of the melt pond fraction of the entire Arc- represent only the conditions of a specific day in one week.
tic sea ice over a multi-annual time period is important to es-
timate the contribution of the melt ponds to the ice-albedo

5 Discussion
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Fig. 11. Values from thg MODIS melt pond product plotted versus Fig. 12. Values from the MODIS melt pond product plotted ver-
NSIDC melt pond statistics for the years 2000 and 2001 and thes ship observations from the HOTRAX cruise in 2005. The error
three sites (i) Beaufort Sea, (i) North of the Canadian Archipelago, jyars are the standard deviation of the daily mean for the HOTRAX

(iii) and Fram Strait. The error bars are the standard deviation ofy4i4 and the gridding to 12:512.5 kn? for the MODIS data. The
the gridding from the results to 2010 km? for NSIDC data and to RMSE is 3.8 % and the coefficient of determinatiomRR&= 0.45.
12.5x 12.5 kn? for the MODIS data. The RMSE is 10.7 % and the

coefficient of determination i®2 = 0.28.

cell of the MODIS melt pond fraction. Here, we use weekly

The comparison of MODIS melt pond fractions with aerial data sets for validation instead of daily data sets. From the
photos and sea ice observations from different locations irflaily data sets we have noticed, that a poor coverage of valid
the Arctic shows good agreement. This demonstrates thaiXels in the validation area exists, whereas the weekly data
the technique to estimate the fraction of melt ponds performsets provide more cloud free pixels. However, this leads to
well. the problem, that the corresponding pixels in the MODIS

The observed differences between validation data andlata are probably from a different date than the NSIDC data.
MODIS data may result from the different spatial resolu- This may be a reason for the higher values of the MODIS
tion, from geolocation errors and/or time differences betweerfractions.
observations and satellite acquisition. The validation with  As shown inHuck et al.(2007) a proper atmospheric cor-
the MELTEX data demonstrate that MELTEX data has morerection of reflectance data is necessary for the surface deter-
variability than the MODIS data — this may result from the mination from satellite data. Due to the general lack of rele-
relatively coarse resolution of 500 m per MODIS pixel used vant atmospheric data for the Arctic region, potential sources
as the basis for this product compared to the averaged size aff errors are to be assumed in the atmospheric correction and
melt ponds of about 15 fr60 n? (Perovich et a].20028). the influence of the viewing geometry and the solar angles.
Additionally, intra-daily variations of the melt pond fractions The BRDF correction of the MODO09 product does not extend
due to the strong diurnal cycle of melt-water production ratesacross all areas of the Arctic ice cover, in particular not over
are observed at least during the first part of of the melt seathe deep ocean, because of the non-stationary sea ice surface.
son Eicken et al.2004). Therefore, satellite and and surface For most of the areas model results for first-year and multi-
based observations strongly depend on the point in time of/ear ice are used as a priori estimates of the BRDF (personal
the observation and discrepancies in the melt pond fractionsommunication with Crystal Schaaf, NASA). It is to con-
of both are not surprising. The comparison with the NSIDC sider, if atmospheric correction approaches for land surfaces
data results in generally higher MODIS melt pond valuesof lower latitudes as used Iytuck et al.(2007) could per-
and a poor coefficient of determination wit? = 0.28. In form more realistic surface reflectance values than the atmo-
this case we compare the average melt pond fraction of @pheric correction approach used for the MODQ9 products,
10 x 10 kn? scene from NSIDC with a 12.%5 12.5 kn¥ grid which assumes ocean conditions for sea ice areas.
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Our assumption of the three-surface-class model also The multi-annual melt pond data set has a variety of po-
causes uncertainties regarding the different fractions, betential applications, like to test and improve the parameter-
cause in reality the Arctic sea ice cover is a mosaic of vari-ization of melt ponds in climate models, the analysis of the
ous surface types. Furthermore, it is necessary to think aboutter-annual variability as well as the trends of melt processes
an expansion of the surface-class model and consider furtheand their influence on the sea ice-albedo feedback mecha-
classes like wet snow, bare ice or sediment-laden surfaces. nism. Additionally to the melt pond data set, we archive a

Especially over highly reflecting surfaces like sea ice, theSea ice concentration data set from MODIS data. This sea

used cloud mask may have problems. To enhance data qudFe concentration data set, in combination with the melt pond
ity for further studies, a data mask with a defined thresholddata set, is a valuable basis for quantifying the error caused
or weighting of involved pixels can be applied after the grid- Y m_elt fe_atures in sea ice concentration data derived from
ding routine. In the 500 m grid, single pixels with a high melt PaSSIVé microwave imagery.

pond signal occur often within cloudy fields or at the edges In general, the influence of melting sea ice, especially
of the cloud mask. We assume, that these pixels are a missf melt ponds on the sea ice surface, causes uncertainties
classified cloud signal. To minimize the influence of thesein microwave-based retrieval algorithms and is documented
misclassified pixels, the above introduced technique elimi-by Cavalieri et al.(e.g.1990; Steffen and Schweigde.qg.
nates at least grid cells with a low data quality (see Sct.  1991); Comiso and KwokKe.g.1996. To which extent there
However, the existing problem of cloudy pixel in the initial is a relation between MODIS melt ponds and AMSR-E sea
dataset can impact the melt pond fraction and should be conice concentrations needs to be identified in a further study,
sidered. as well as the strength of the influence of MODIS ponds

Figure7 shows a zonal increase of the melt pond fraction©" S€& ice concentrations. As shown in Rgthe MODIS
per grid cell correlating to the increasing solar elevation angS€@ iC€ concentration product has potential to estimate the

with a maximum of the average melt pond fraction per grid influence of melt ponds on the sea ice concentration deter-
cell located in the higher latitudes, betweerf&@od 88 N mination from microwave sensors like AMSR-E. In this case
although the melt period is shorter in high latitudes. This wasStudy, all AMSR-E algorithms are clearly unc(i)eresumatmg
also observed bffschudi et al(2008 and may be caused the actual sea ice concentration by around 40 %.
by a larger sea ice concentration and a thicker ice coverage,
which allows less runoff. Therefore more water is retained to
form melt pondsTschudi et al.2008.

The pattern of melt pond distribution in early summer

(Fig. 4) of areas with an increased relative melt pond frac-
tion in the beginning of June indicates the ice free areas late

6 Conclusions

In this study we present a procedure to generate multi-annual
elt pond and sea ice concentration data sets for extensive ar-

'”t Sfp;%rg;’gr-zozq's zat%retes V‘I"th the stateme?tﬁecrli)wch ds €3S from MODIS satellite data as shown by example example
etal. ( . that early occurrence of melt ponds ¢ y0 malt cycle in the year 2008.

has a strong influence on the formation of open water areas. )
Clearly visible is also the appearance of homogeneous ar- 1€ MODIS surface reflectance values are described by
eas with a very high relative melt pond fraction up to 70 % & set of linear equations, that are not well conditioned and

at the end of June on the flat first year ice in the Canadiar'€€d t0 b€ solved with an optimization method. By solving
Archipelago. The decrease of melt ponds in the week start;he equations we retrieve three surface fractions: open water,

ing from August 28, 2008 was caused by a cold air advec-Show and ice, and melt ponds. To constrain the interval of the

tion from Greenland with temperatures far below the freezingS0lution between zero and one, a cost function IS |ntrodg§§d.
point. The weather situation changed on 5 September 2008, To accelerate the processing, we use a trained artificial

as warm continental air masses from Siberia caused furthefeural network. Testing the performance of the ANN as de-
melting in the Siberian Arctic and the Fram Strait. scribed in Sect4 results in stable results with a maximal

The method described here is based on optical satellit€" O of +6 % for melt pond fractions.
data — therefore melt pond fractions can only be identified The mean melt pond fraction per grid cell for the entire
from cloud free data. In the autumn results, the three-clasé\rctic Ocean derived from MODIS satellite data of the last
model with open water, melt ponds, and snow and ice frac-12 years shows a strong increase in June. By the end of June
tions cannot resolve the spectral signature of thin ice properlfhe maximum with a mean melt pond fraction above 15 % is
and assigns this signature to the melt pond class. Thereforéeached, followed by a second maximum in end of July.
in autumn when new ice is formed, the algorithm misclassi- The zonal mean of the melt pond fraction per grid cell de-
fies areas of thin ice, such as at the ice edge, as ponded icpends on the temporal development of melt ponds regard-
For this reason our melt pond data set ranges from beginningng the geographical latitude. The maximum of the average
of May (day 129) only until the first week of September (day melt pond fraction is situated in the higher latitudes, between
249). 80°and 88 N.
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