Supplementary Material

1. UAV Specifications

Specifications of the Phantom 3 Professional UAV systems used in our study are provided in Table S1.

Table S1. UAV Specifications

Parameter Value Abbreviation
Mass 12809

Operating Temperature 0°Cto40°C T
Flight Time per Battery 23 minutes tnax
Maximum Cruising Speed 16 m/s v
Vertical Precision 0.5m 8,
Horizontal Precision 1.5m 0,
Lens Focal Length 3.66624 mm c
Camera Aperture f2.8 F
Diagonal Field of View 94° 6
Camera Sensor Sony Exmor IMX377

Detector Size 1.55um l
#Vertical Pixels 3044 pixels

#Horizontal Pixels 4072 pixels

Video Frame Rate 24 frames/s frmax
Video Vertical Resolution 2160 pixels n,
Video Horizontal Resolution 4096 pixels n,
Video Effective Detector Size 1.57937cm L,
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Post-Processingof UAV Video Imagery

The two videos were subsampled with a 1s interval and extracted as JPEG images together with ephemeris
datato provide an initial location foreachimage. The 1s interval ensured the desired minimal along track
overlap while minimizing computation.

Nominal geolocation uncertainty was specified as 5m horizontaland 10 m vertical considering that the
P3P was always operatingwithin Wide Area Augmentation Systemcoverage.

Camera parameters, including distortion, were initialized using the P3P Video specification with rolling
shutter.

An initial camera calibration and pointcloud was produced using the Pix4D algorithmfor feature matching
and bundle adjustmentwith rolling shutter correction.

Each GCP was manually geolocatedin as many (at least 10) JPEG images as feasible.

Feature matchingwas repeated andinternaland external camera parameters refined using bundle
adjustment with rolling shutter correction at the highestquality setting.

If the GCPs were not fit within 5 cm root mean square difference (RMSD) steps V. and VI. were repeated
once.

The point cloud was densified using the Pix4D default two pixel sub-sampling of images.
Theresultingdense point cloud (PC) was exported to MATLAB in XYZ format.

To quantify thegeolocation uncertainty of the point cloud the internal and external camera parameters were

refined while holding out individual GCPs.



3. Results of Point Cloud Processing.

Table S2. Results of point cloud processing at Gatineau. RMSD and Bias correspondto use of all available
GCPs. Bold rows were not successful.

Date Site Images Matches | A GSD | GCP RMSD Bias

# #cal | #/image | ha cm # Xcm |ycm |[zcm | Xcm [ycm | zcm
2016-01-26 [ GN | 803 800 | 6981 1266 | 204 |7 7.8 6.6 4.3 -0.05 | -38 -.012
2016-01-26 [GS |0
2016-02-02 | GN | 881 871 | 13074 12.86 | 200 |6 16 11 2.7 006 |0 0.24
2016-02-02 | GS | 1005 | 997 | 6042 1492 [ 235 |6 124 | 17.0 183 (002 | 013 | -0.33
2016-02-10 | GN | 868 | 280 | 318 321 (161 |0
2016-02-10 | GS | 877 618 | 729 128 [ 253 |7 0.3 1.0 11 0 0 0
2016-02-12 | GN | 883 | 319 | 119 654 | 201 |0
2016-02-12 | GS | 880 702 | 710 1375 [ 225 |7 05 1.0 0.3 0 0 0
2016-02-17 | GN | 882 | 325 | 451 747 | 201 |0
2016-02-17 | GS | 876 723 | 450 1516 | 256 |6 0.8 0.8 0.9 -0.04 | 0.01 0.07
2016-02-18 | GN | 867 851 | 1455 1271 | 201 |7 075 | 137 278 |0 0 -0.02
2016-02-18 | GS | 879 856 | 2040 15.05 | 242 |8 109 | 120 109 |001 | 000 |-0.05
2016-02-22 [ GN | 885 873 | 3319 1246 | 175 |7 052 | 122 157 |-001 | -0.01 | -0.11
2016-02-22 [ GS | 873 870 | 2846 2383 1232 |9 180 | 1.16 103 |0 0 0
2016-02-29 [ GN | 905 | 327 | 1200 0 0.1
2016-02-29 [ GS | 864 783 | 580.61 1442 | 221 |8 13 1.0 0.6 002 |0 0
2016-03-04 | GN | 892 863 | 1597 11.79 | 184 |7 05 0.7 1.0 0 -0.01 | -0.02
2016-03-04 | GS | 867 805 | 1541 1713 | 251 |8 0.9 14 0.6 0 0 0
2016-03-17 [ GN | 947 911 | 2496 1411 (209 |7 123 (214 (208 |0 0 0
2016-03-17 [ GS | 859 852 | 3104 13.99 | 242 |6 19 3.7 17 003 | 006 |[-0.03
2016-03-21 | GN | 937 932 | 6442 1398 | 185 |7 151 | 083 |316 |0 -0.01 | 0.08
2016-03-21 [ GS | 931 931 | 7553 1645 | 217 |8 339 | 167 0.80 001 |o0.01 -0.01
2016-03-26 | GN | 923 916 | 2714 16.15 [ 201 |7 106 | 0.73 187 (001 |O -0.13
2016-03-26 | GS | 931 907 | 14237 1748 | 216 |8 4.6 19 0.6 -0.07 | -004 [ 015
2016-04-19 [ GN | 1096 | 927 | 13143 16.37 | 285 |7 121 | 152 211 003 | 0.02 0.15
2016-04-19 [ GS | 1185 | 971 | 14209 17.25 | 2.9 8 186 | 1.92 110 |0.05 |-0.06 | 0.16




Table S3. Results of pointcloud processingat Acadia. RMSD and Bias correspondto use of all available GCPs.

Bold rows were unsuccessful.

Date Site Images Matches | A GSD | GC RMSD Bias
P

# #cal | #/image | ha cm # Xcm | yem | zem [ xcm [yem [ zcm
2016-02-06 AA | 735 | 734 5718 613 |19 |6 4.2 53 0.8 04 0.04 | 0.08
2016-02-06 AB | 668 | 665 7033 79 21 5 41 75 20 0.1 012 | 0.13
2016-02-06 AC | 701 | 675 8267 708 |18 |5 2.7 51 17 -001 | 017 | o012
2016-02-10 AA | 873 | 828 2428 677 | 198 |4 05 2.7 05 0 005 |0
2016-02-10 AB | 833 | 801 3531 878 [212 |6 0.7 04 0.9 -0.11 | 0.08 | -0.18
2016-02-10 AC | 828 | 814 3860 712 |18 |5 04 0.9 04 002 |-0.05 |-0.09
2016-02-18 AA | 867 | 835 7184 748 | 218 |4 0.9 2.6 0.2 -0.01 | -0.01 | 0.02
2016-02-18 AB | 850 | 801 8004 769 | 215 |6 1.0 05 1.0 -011 | 010 | -0.18
2016-02-18 AC | 852 | 682 8746 727 | 198 |5 0.5 0.6 0.3 001 |-0.02 |-0.04
2016-02-19 AA | 838 | 791 7998 646 | 225 |7 3.6 4.6 19 031 | 016 | -0.33
2016-02-19 AB | 842 | 830 10221 841 | 212 |6 15 0.8 1.0 -023 | 015 | -0.32
2016-02-19 AC | 839 | 825 9265 712 | 184 |5 05 0.7 04 002 |-0.03 |-0.04
2016-02-23 AA | O
2016-02-23 AB | 891 | 867 14811 982 (212 |6 14 1.0 13 -024 1021 |-035
2016-02-23 AC | 888 | 878 8413 710 |18 |6 072 032 |28 -0.30 | 036 [ 015
2016-03-04 AA | 885 | 840 8721 739 | 221 |4 0.8 21 04 0 0 -0.01
2016-03-04 AB | 887 | 865 10999 820 (215 |6 1.6 0.8 11 -032 | 022 |-044
2016-03-04 AC | 820 | 818 8877 712 |18 |5 04 0.5 0.3 0 -0.01 | -0.03
2016-03-06 AA | 914 | 802 7684 625 | 219 |4 1.8 2.2 1.0 001 | -0.02 | -0.06
2016-03-06 AB | 877 | 834 14445 915 (215 |6 169 | 066 | 142 |008 |-0.05 | 048
2016-03-06 AC | 805 | 801 11396 956 | 193 |3 097 |074 | 028 |0 001 | -0.02
2016-03-08 AA | 891 | 889 7889 780 | 207 |4 089 |24 046 |0 0 0
2016-03-08 AB | 935 | 236 15880 773 | 204 |0
2016-03-08 AC | 815 | 811 8814 780 | 206 |5 04 0.5 0.7 001 | -0.03 | -0.05
2016-03-10 AA | 880 | 874 6723 740 | 219 |4 0.7 24 11 0.03 | -0.07 | -0.05
2016-03-10 AB | 843 | 796 8988 764 | 208 |6 0.9 04 25 002 |-0.02 |-0.02
2016-03-10 AC |0
2016-03-11 AA | 857 | 833 8048 628 | 217 |4 083 |19 |021 |002 |[-007 |-0.04
2016-03-11 AB | 861 | 840 8930 689 | 215 |6 13 04 0.8 -0.12 | 0.08 | -0.18
2016-03-11 AC | 800 | 797 8586 788 | 202 |5 05 0.6 0.5 002 |-0.04 |-0.08
2016-03-14 AA | 857 [ 835 7995 691 | 216 |4 0.8 20 0.2 0 0 -0.01




2016-03-14 AB | 863 | 806 10489 806 |215 |6 0.8 0.8 0.7 -0.07 | 0.06 | -0.12
2016-03-14 AC | 802 | 785 8414 728 191 |5 01 0.6 0.3 0.01 | -0.02 | -0.04
2016-03-20 AA | 883 | 880 9116 845 | 222 |4 05 18 11 0 -0.02 | -0.04
2016-03-20 AB | 862 | 834 11849 792 [19% |6 16 14 14 -0.38 | 043 | -0.63
2016-03-20 AC | 780 | 777 11200 722 (18 |5 0.4 0.7 04 0.01 | -0.04 | -0.06
2016-03-23 AA | 855 ([ 748 1381 601 |21 6 91 5.8 11 011 | 006 | -0.16
2016-03-23 AB | 862 | 835 2194 1942 (214 | 8 35 4.7 11 -0.09 | -0.09 | -0.16
2016-03-23 AC | 787 | 767 4424 713 (201 |5 35 6.1 4.6 0 -0.01 | -0.04
2016-03-24 AA | 861 | 801 2726 644 215 |4 0.07 |20 18 0 0 -0.01
2016-03-24 AB | 860 | 839 466 861 | 214 |6 0.9 0.2 0.6 0 0 0
2016-03-24 AC | 776 | 772 3452 7.0 192 |4 026 (044 (010 |O 0 0
2016-03-26 AA | 884 | 813 3040 826 | 228 |7 060 |23 060 |[001 |-003 |0
2016-03-26 AB | 882 | 760 3314 841 (212 |5 090 (05 (027 |0 0 0
2016-03-26 AC | 793 | 778 3925 739 |19 |5 05 0.3 0.3 001 | -0.02 | -0.04
2016-03-30 AA | 901 | 888 8100 685 223 |7 44 54 2.0 057 |035 |-031
2016-03-30 AB | 876 | 872 10129 762 |22 6 5.2 6.3 2.8 -045 | 037 | -0.68
2016-03-30 AC | 825 | 807 8672 753 [19% |5 3.9 3.3 048 |-0.02 | 0.07 | 0.09
2016-04-14 AA | 868 | 850 5926 757 | 217 |4 0.8 21 0.5 -0.06 | 0.05 | 0.08
2016-04-14 AB | 880 | 853 7180 747 (215 |6 13 0.6 2.2 -0.06 | 0.04 | -0.14
2016-04-14 AC | 771 | 758 4977 711 (188 |5 0.4 0.2 0.5 0.01 | -0.03 | -0.08




4.  Sample Automated Keypoint Matches in Vicinity of Transects

We investigated the location of PIX4D automated keypoint matches in the vicinity of transects for all
missions. Figures S1to S5provide typical examples of automated key point matches for the study sites. We
observed that automated keypoint matches were rarely located on snow stake targets.

FigureS1. Automated matching key points (orange) along snow stake transects (blue shading) for typical mission
atGN.



FigureS2. Automated matching key points (orange) along snow stake transects (blue shading) for typical missionat
GSTI1.



Figure S3. Automated matching key points (orange) along snow stake transects (blue shading) for typical
missionatAA.



FigureS4. Automated matching key points (orange) along snow stake transects (blue shading) for typical mission
atAB.



FigureS1. Automated matching key points (orange) along snow stake transects (blue shading)
for typical mission at AC.



