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Discussion

We assess that elevation more strongly
determines lake ice break-up timing than
latitude does (Fig. 4). The significantly later
timing of yearly median break-up DOYs in S
compared to SW and NW can be explained
by fewer lakes close to sea level (Fig. 5).
Local topography such as elevation and |
extent of fjord systems might have a
strong influence on the timing of break-up.
Cumulative PDD at three AWS locations in
S and SW are in line with median DOYs.
The year 2019 with the lowest median ,
DOY (164) for S, SW and NW combined SW
exhibits the earliest increasing and highest '
cumulative PDD, while cumulative PDD are

Introduction & LR N 20150603 | |
Lake ice is a parameter of the Essential Climate Variable (ECV) “lakes”!l and plays an important role in : A& '
the biological, chemical, and physical processes of cold region freshwater!?!, The timing of lake ice
freeze-up and break-up are relevant climate indicators and can be useful for climate monitoring!l.
Synthetic aperture radar (SAR) is unaffected by cloud cover and exhibits backscatter differences
between water and ice due to dielectric properties of the materials. Several studies investigated the
evolution and characteristics of freshwater ice such as river ice3I4 and lake icePl®l, |n this study, we
explore the potential of utilizing Sentinel-1 SAR data for identifying temporal and spatial variations of
lake ice break-up across Greenland between 2017 and 2021 and assess its latitudinal and vertical
gradients. We apply a dynamic numerical threshold to identify the annual timing of break-up from
SAR backscatter decline within three consecutive days. The term “lake ice break-up” used in this study _
describes the timing when most of the lake surface is liquid water and is therefore an approximation g/'fr‘:s ?;rtlér;ikscatter
to the timing of “water clear of ice” (WCI)*! given the nature and limitations of the applied methods. evaluation (2)

Data and Methods Backscatter [dB]
0
The satellites of the Sentinel-1 mission acquires data with a center frequency of 5.407 GHz!"l. Single D-30

| 2019-06-13

Ice breakup

polarized horizontal transmit./horizor\ta.l receivg (HH) Level-1 ground r.ange d.etect.ed (GRD) data i.n " oE i kmA increasing latest and are lowest in the year | median DOV
both ascending and descending orbit is used in this study. The data is acquired in Interferometric — —— | - : 2018 with the highest median DOY (191). |2017-2021
Wide (IW) swath mode with a swath width of 250 km, which results in a revisiting time of a few days Fig. 2: Sentinel-1 and Sentinel-2 images of an exemplary lake

The presented vertical gradients of break-

and a GRD resolution of 10 x 10 m!”l. SAR data acquisition and processing is done using the Google Results up timing in the magnitude of 3-5 DOY Ry
Eae:cgrl:rr;\fcljnjsli)nagtiﬁahtsrllc[)lgo]ue[& and Google Earth Engine Code Editor!®], while the statistical analysis is The detection of the timing from SAR 2%°- must  be i.ntferp.reted in regards with 122122

. o . . . _ data proves to be conservative (i.e., 0. . temporal limitation of the data and 175 - 185
The lake inventory!!ll includes peripheral lakes in Greenland ranging from 1.6 * 103 km? to 138 km? L ) B * T method. Verv few hicher elevated lakes 185 - 195
(n = 155870). We retrieve SAR backscatter data of lakes with a surface area > 0.1 km? (n = 14336) to I:.;]ter) compared to validation based on 2104 | I l T - . Y : 5 . . ) itomalls
exclude potential inaccuracies due to the lake size. Lakes with a temporal acquisition resolution larger tlme-laps.e. camerd data. a?nd a.IIows ] | ) exhibit ea.rly detection timings V\-IhICh must | e
than ~ 3 days are excluded from the analysis. Backscatter data which lacks a pronounced annual characterizing break-up tlmlng with a 200 =R N ' | be gueshoned and exploreo! N BrEAEr by ation [m]}
evolution and exhibits strong uniformal characteristics is also excluded. This means that only lakes mean error of ~ 7.days. We find thatonly ,, — ” uy B detail. However, the .dete-ctlon method 3 668 . (-
with a difference in mean backscatter of > 8 dB between January/February (most certainly ice data from lakes in SE, S, SW, and NW = 1804 | | R 1. - — proves 10 be. conservative (.|.-e., ater) a-nd uol | AT 0100 200km

) . B . _ . _ exhibits characteristics for break-up 2 **°] — | | NI sw | allows spatially characterizing lake ice / _——
covered) and August (m.os.t'certamly ice free) ar.e considered (Fig. 1 @). After t.hIS pre-selection detection (14 %, 17 %, 17 % and 19 % 170] | 1" . ] | m—_—w ] eak-up timing in Greenland. Fig. 5: Median break-up DOY (2017-2021) in SE, S, SW and NW
~ 16 % (n = 2281) of the initial number of lakes with a surface area > 0.1 km? are suitable to perform . : . . .
the data analysis. suitable) while coverage fo.r Iakesj in N . | =l . -
: : L and NE lacks necessary radiometric and | T T Conclusion QAS_M

The backscatter signal for ice break-up detection is averaged for the central 20 % of the lake area to ‘ | characteristics (1 % and O % 150- N L+ T | o 195 - 0AS M NUK_L
mitigate edge effects of the lake and surrounding terrain (Fig. 2 (2)). This results in an area of eTpI:Ira ‘ ° ° T . . S.en.tlnel-l SAR.data can be .ut|I|zed to detect the KAN_L g~
~ 0.02 km? for the smallest lake, which corresponds to at least 200 pixels considered for averaging. We ZUI i e).l nd " S 1407 i \ + timing of IaI.<e Ice break-up N SE; S, SW and NW  190- QAS_M
apply a locally weighted scatterplot smoothing (LOWESS) filter to reduce the temporal variability to urdresfut’:s IT( icate that bno signiticant . Greenland limited by radiometric and temporal . QRS NUK L
ensure a more robust and confident ice break-up detection (Fig. 1 (3)). Several trials proofed that tre; 2%21rea -upbt|mljng t.?.tv(\j/eez 2017| N c.har.a.cteristics. We show _th?t there is no AL
using 1 % of the data for LOWESS filtering is robust for the analysis. For each lake, a dynamic ?nnedian DO\((::nrangee Ibgtnwlefn' 173?2%35 P nz;cilﬁvl n25(i1681 n2511691 nzs(;2601 ni(izﬁll significant trend in break-up t'm'hg between 201,7 _%180_ Ver gk ~
numerical threshold is applied in each year to identify the timing of ice break-up. This yearly threshold (SE), 163-198 (S), 164-189 (SW) and 156- rr:;:;%};% nfﬁiiazgz mee=ll3 nse=108  nac=88 and 2021, hgwever, early. r.n.edlan DO.Ys are. in E 175 _ w WKL
amounts to 25 % of the backscatter difference between the 98t and 2"? quantile and must be at least 191’ (NW) (Fig é) Annual ice breakoup .- =240 mw=321  mw=315  nw=330  nwy=299 agreement with years exhlbltmg. early increasing = s v ° NUK_L
2.5 dB. The day of year (DOY) of lake ice break-up is detected when the absolute value of backscatter DOYs in SE ' ar.e sionificantly  later F’%ﬁ-’ Yearly break-up DOY for the regions SE, S, SW and NW and high cumulative ?DD. .\/.ertlc.:al gradients of o
decrease exceeds the threshold value within three consecutive acquisitions (Fig. 1 @). The detection & Y v = 0.00 x * 165.44 - 72 break-up DOY can be identified in several years 165-
algorithm is applied between May 1 and August 1 to exclude misdetections (Fig. 1@). comp.ared to. > SW and- NW, except 2301 — 255 | \ while no strong correlations can be found . o NUK_L
The study area is divided into six regions (N, NE, SE, S, SW, NW) to explore spatio-temporal statistics. showing no difference to S in 2017,’ 2,020 2227 . e . - 70 regarding latitude. The annual temporal evolution \
We choose a 0.95 significance level to assess differences and trends. In the statistics we include only ?nd 2021. T.he.?nnuz;\l breﬁk-u.p ’;mmggs{ “o1. N T S weatkmy) O SAR backscatter allows detecting the timing of ™™ &7 7 150 135 150 175 200
lakes with detected break-up DOYs in at least 3 out of the 5 years (2017-2021) to get robust detection |2nOI2\|1V\::;r:1epZIrgeno: L(;agtaz \i/aerlllzrs Iirr]m 2812 2 izz P B e 63 : ;8 lake ice bre.ak-up by a dynamic nL.|mericaI cumulative PDD [°C]
statistics and to mitigate random detections. Daily mean temperature data at 2 m is retrieved from 2021 compared to SW. We explore 3 e g ¢ =30 thrgshold, while the gradual backscatter increase Fig. 6: Median break-up DOY | ® %8%;
the automated weather stations (AWS) KAN_L (67.09 °N, 49.97 °W, 631 m a.s.l), NUK_L (64.48 °N, spatio-temporal character}stics regarding & o 68 & : = o0 durmg. freeze-up_ does not allow a. "Ob.USt (2017-2021) vs cumulative ° 38%8
49.55 °W, 500 m a.s.l) and AWS QAS_M (61.11 °N, 46.81 °W, 678 m a.s.l) operated by the Geological .. . ° - o =7o| detection. Excluding data from days with high PDD of lakes around the three | o 2021
Survey of Denmark and Greenland!!?! (Fig. 5). We calculate daily cumulative positive degree days . 5 | med| EI sl B e S T o | @ =80 W!”d spgeds or co.uplmg the SAR.-based c?letect.lon AWS shown in Fig. 5 ® median 2017-2021
(PDD) to explore correlations with the timing of ice break-up for lakes within £ 0.5 °N and + 200 m rDeg\l(on? > iW and.NW. SAnSnVl:/a mde I\II?/?/ 122 o AT ot D with optical detections from §ent|nel-2 mlght yield Y2 oae o
(KAN_L: n =24, NUK L: n =6, QAS_M: n = 21). The break-up detection is assessed and validated by comfoin(;rd traeng;egt;ce):\i/ee’n 16;”(2019) o T 02 more robust results but mlght also ad.dltlonally. | | |
utilizing daily time-lapse images of three lakes in SW Gfeenland between 2017 and 20201131 and 191 (2018). The lake-specific break- 120 ~ decrease the temporal resolution. Applying machine learning or deep learning algorithms as a next

. e . 0 200 400 600 800 1000 1200 1400 step might further improve the break-up detection and decrease the number of pre-filtered lakes. We
Fig. 1: Exemplary backscatter — up timings as well as median break-up Elevation [m]

of lake shown in Fig. 2 DOYs for 2017-2021 increase with Fig. 4: DOY vs elevation of lakes in S, SW and NW Greenland

_10 -

aim to explore the relationship between break-up timing and climatological variables such as
radiation and temperature across Greenland in greater detail and intend to apply this algorithm for an

elevation, while no confident latitudinal gradients could be identified. Subdivided into latitudinal analysis of lake ice break-up timing on a global scale.

g‘“’ bands of 1 ° between 60 °N and 71 °N, strong correlations (0.61 < r < 0.84) can be identified in several

5 vears which exhibit an increase of 3-5 DOY/100 m. The 2017-2021 median break-up DOY Of 1akes ) bty oo e oo A 20 omor st e s ) e oo o o 5 s o & rosso e s
'E o | between 60_61 oN and 67_68 oN Increase by 4 DOY/]_OO m (r — 0.81 and r= 0.63’ respeCt|VE|Y). [3] rS]'Jcc(t);Se\/ll/cC:(l;ls,oEé/Li;-e:lglg,g(oi/,rfltf(;\;lfétze; D., 2022. Ic.e Detecti(.)n with Sentinel-1 SAR BackscatterTP.\r.esho.Id in. Long Sections ofTemperaTte CIirr.late Rivers. Re-mf)te Sensing 2022, 14, 16.27. |

= — backscatter signal We find that cumulative PDD increase earliest and are highest in 2019 while increasing 1atest and ™ oo cronmo 16t Worehon o e e Sommbor 18 22, 2011, Weinnioos. Mamtoper o1 e 2iong the Lower Red River using RADARSAT2 magery. CGLHS Commitice on River lce Processes
L

@— backscatter signal (LOWESS) (5] Tom, M., Aguil : . . . : . - ]
. . . . ol e , M., Aguilar, R., Imhof, P., Leinss, S., Baltsavias, E., Schindler, K., 2020. International Society for Photogrammetry and Remote Sensing, Commission Ill, WG 11I/9, pp 1-8
_______ ice-off date 2018-07-22 bE' ng |OW€St IN 20 18 at eve ry AWS, exce pt be | ng |Owe5t IN 2017 at QAS_M . N U K_I— eXh I blts the fa SteSt [6] Siles, G., Leconte, R., Peters D.L., 2022. Retrieval of Lake Ice Characteristics from SAR Imagery. Canadian Journal of Remote Sensing 2022, 48, 3, 379-399. https://doi.org/10.1080/07038992.2022.2042227
[7] European Space Agency, 2023. Sentinel-1. https://sentinel.esa.int/web/sentinel/missions/sentinel-1, accessed: 2023-04-16
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Elevation [m]

Elevation [m] vs Y coord [°] (regions NW, SW, 5)
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