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Supplementary Figures

Supplementary Figure 1
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Supplementary Figure 1. Spatio-temporal coverage of surface energy budget (SEB)-measurement sites
reported in the collected literature (literature data; circles) and in situ observations (SEB-data; diamonds,
a), coverage of vegetation types classified according to main plant physiognomies (b). a We collected
literature on the Web of Science Core Collection and found n=358 (252 unique) sites (circles) present in 148 studies
investigating surface energy fluxes (Supplementary Table 1) on vegetation or glacier surfaces above 60° N.
Estimates of surface energy fluxes derived from local in situ measurements were collected from the open-access
data repositories Ameriflux, FLUXNET, GC-Net, PROMICE, ICOS, GEM and AON (diamonds; Supplementary
Table 3). These networks harbor data for 64 sites on vegetation or glacier surfaces above 60° N. Size of dots:
study duration. Map coloring corresponds to the raster circumpolar Arctic vegetation map (CAVM?°) types: B1-4:
barrens; GT and G1-4: graminoid; P1-2: prostrate-shrub; S1-2: erect-shrub; W1-3: wetlands; GL: glacier; FW:
freshwater. We extracted the in situ vegetation type (‘Vegetation type’) from site descriptions for each study site in
the in situ SEB-data (b) and literature data (c) and counted the number of sites per vegetation type. Vegetation
types correspond to CAVM types (in some cases only resolvable to the main plant physiognomy without number)
plus one additional class: BPB (boreal peat bog). See Supplementary Figure 2 for maps where study site locations
are mapped for each vegetation type separately. Source data are provided as a Source Data file.



Supplementary Figure 2
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Supplementary Figure 2. Distribution of study sites in the in situ observations data (SEB-data), grouped by
the Vegetation type variable. Detailed Vegetation types: B3: non-carbonate mountain complex; G1: graminoid,
forb, cryptogam tundra; G3: non-tussock sedge, dwarf-shrub, moss tundra; G4: tussock-sedge, dwarf-shrub, moss
tundra; P1: prostrate dwarf-shrub, herb, lichen tundra; P2: prostrate/hemi-prostrate dwarf-shrub, lichen tundra; S1:
erect dwarf-shrub, moss tundra; S2: low-shrub, moss tundra; W1: sedge/grass, moss wetland complex; W2: sedge,
moss, dwarf-shrub wetland complex; W3: sedge, moss, low-shrub wetland complex. The following detailed CAVM?®
classes are not contained in the data: B1: cryptogam, herb barren; B2a: cryptogam, barren complex; B2b:
cryptogam, barren, dwarf-shrub complex; B4: carbonate mountain complex; G2: graminoid, prostrate dwarf-shrub,
forb, moss tundra. See Methods and ref.1® for more details.
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Supplementary Figure 3. Temporal coverage of in situ observations in the SEB-data. Shown are respective
times when data of either net radiation (Rnet), sensible heat flux (H) or latent heat flux (LE) is available at a specific
study site. Sites are grouped according to Vegetation type; colors correspond to barren complex (purple); prostrate-
shrub tundra (rose); graminoid tundra (yellow green); erect-shrub tundra (dark green); wetlands (light blue); boreal
peat bog (dark blue) and glacier (grey). In total, there are 64 sites covering the time 1994-2021; the average nr. of
years covered by a site are 10 + 5.87. Source data are provided as a Source Data file.
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Supplementary Figure 4. Maps of ancillary geographic data used to derive surface energy budget (SEB)-
drivers. a CAVM raster map'® with the CAVM types: B1-4: barrens; G1-4: graminoid; P1-2: prostrate-shrub; S1-2:
erect-shrub; W1-3: wetlands; GL: glacier; FW: freshwater; SW: seawater, NAr: non-Arctic vegetation. b permafrost
map®!, with information on permafrost extent (C: continuous, D: discontinuous, S: sporadic, I: isolated patches) and
ground ice content (h: high, m: medium, I: low). c altitude (m above sea level): ArcticDEM mosaic product:
arcticdem_mosaic_100m_v3.0%2, d mean annual air temperature (°C): CHELSA V2.1 submodel CMIP5 "bio10_01"
variable5354, e annual precipitation (mm): CHELSA V2.1 submodel CMIP5 "bio10_12“ variable®. f cloud cover (%):
“cldamt” product in ISCCP-Basic-H series: ISCCP-Basic. HGM.v01r00.GLOBALS5°%°, g cloud-top temperature (°C)
: "tc* product in ISCCP-Basic-H series: ISCCP-Basic.HGM.v01r00.GLOBALS°%°, The dashed line corresponds to
the 60° N latitude. A list of data sources used in this study is contained in Supplementary Table 3.
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Supplementary Figure 5. Relative importance of 15 drivers of the surface energy budget (SEB) for average
summer magnitudes of fluxes and components of the SEB at non-glacier sites. Bars show the mean (bar
height) and range (lines for each bar) of explained variance (%) for each SEB-driver and corresponding SEB-flux
or component averaged across all possible models with 2 predictors in the variance partitioning analysis (Methods).
SEB-fluxes and components (Wm2): Rnet: Net radiation, H: sensible heat flux, LE: latent heat flux, G: ground heat
flux. S(L)Whet: Nnet shortwave (longwave) radiation. Surface energy fluxes with “n.”-prefix: normalized fluxes in % of
maximum potential incoming shortwave radiation, Albedo: albedo; Ta: air temperature in °C; Tsus: Surface
temperature in °C; Tsur-Tair: difference between Tsyrand Tairin °C. SEB-drivers: Vegetation type (dark green): local-
scale, in situ vegetation type; CAVM type (green): landscape-scale, dominant vegetation type (surrounding area
with radius of 500m); CAVM subzone (light green): bioclimatic subzone; Permafrost extent (light blue): permafrost
spatial extent; Permafrost ice content (grey): permafrost ground ice content; Temperature (red): mean annual air
temperature; Summer warmth (dark orange): summer warmth index; Continentality (orange): Conrad’s
continentality index; Precipitation (light purple): mean annual precipitation; Snow amount (dark purple): mean
annual snow water equivalent; Snow duration (purple): median annual snow cover duration; Cloud cover (light
orange): mean cloud cover; Cloud temperature (yellow): mean cloud-top temperature; Latitude (dark blue): latitude
(WGS84); Altitude (light blue): mean altitude (surrounding area with radius of 500 m; see Methods and
Supplementary Table 1). n: average nr. of site years with average nr. of sites in parentheses. Results are based
on the vegetation subset of our data (excluding glacier sites): nr. of sites: 31, nr. of site years: 234, period: 1994-
2021. Source data are provided as a Source Data file.



Supplementary Figure 6
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Supplementary Figure 6. Seasonalities for selected fluxes and components of the surface energy budget
(SEB). SEB-flux and component values were averaged for each study site for each day of year (DOY) across all
years available and then averaged (mean * s.e.) for each DOY and smoothed (15-day moving average) for each
Vegetation type. Average number of site years (n) and number of study sites (in parentheses) across all DOYs and
SEB fluxes/components are indicated in the top left corner of each inset figure. The area within the vertical gray
lines represents the median snow free period across the years 2000-2020 (MODIS®%; Methods), averaged for each
Vegetation type (boreal peat bog, wetland complex, graminoid tundra, erect-shrub tundra, prostrate-shrub tundra,
glacier). Normalized surface energy fluxes in percent of maximum potential incoming shortwave radiation: n.Rpet
(dark blue): net radiation; n.SWhe: (purple): net shortwave radiation; n.LWhe: (green): net longwave radiation; n.H
(dark red): sensible heat flux; n.LE (light blue): latent heat flux; n.G (yellow green): ground heat flux; Albedo (yellow):
albedo; Tsu (Mint): surface temperature and Ty (red): air temperature in °C; Tsus-Tair (grey): difference between
surface and air temperature in °C (Supplementary Table 1). Results are based on the data subset of the period
2000-2021 and excluding barren vegetation type because of missing Rne: data: nr. sites=61, nr. site years=617.
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Source data are provided as a Source Data file.
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Supplementary Figure 7. PRISMA flow diagram (adapted from the downloadable template?), depicting the
selection procedure of collected literature for our systematic review. Reasons to exclude studies: a studies
that i. did not cover terrestrial land areas (e.g. studies of marine and ocean surfaces, or studies of extra-terrestrial
energy fluxes), ii. were conceptual studies without measured data, iii. did not report on any of the surface energy
fluxes and components we deemed as essential (Supplementary Table 1), iv. were not peer-reviewed research
articles, v. were not primary research articles (e.g. meta-analyses and reviews), vi. did only cover times before
1950. b studies that i. did not contain any estimates for specific geographic locations at local spatial scale (<10 km?
area), ii. did not contain in situ measurements of essential surface energy fluxes and components (Supplementary
Table 1), iii. covered only locations below 50° N (e.g. alpine tundra only). ¢ Studies that i. covered only locations
below 60° N, ii. did not cover surface energy flux measurements on vegetation or glacier ice (i.e. studies on forest,
forest ecotone, lake, urban or crop land-cover). These eligibility criteria were developed according to the PICOS
approach as follows: 1. Participants: studies reporting on essential surface energy fluxes and components
(Supplementary Table 1), across the pan-Arctic and subarctic regions > 60° N, across all available years >1950;
2. Interventions & Comparators: studies reporting on SEB-drivers of interest: climate (including mean annual air
temperature and annual precipitation), vegetation type, permafrost type, topography, snow characteristics and
seasonality, cloud properties, and time of year. 3. Outcomes: magnitude and timing of surface energy fluxes,
identity of surface energy fluxes and components, identity of SEB-drivers, latitude, longitude, land-cover type of
study locations, seasons assessed, spatio-temporal extent of assessed surface energy fluxes and components
and -drivers, data and methods used for inference of surface energy fluxes/components and drivers (i.e. modeled,
directly measured, interpolated, remotely sensed, etc.), surface energy budget closure assumption; 4. Study
design: comparative, experimental and modeling studies containing in situ measurements of surface energy fluxes
and components?.
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Supplementary Figure 8. Drivers (top panel) and responses (bottom panel) assessed in the collected
literature on Arctic or high-latitude surface energy budgets (SEB, n=148 studies on vegetation or glaciers
above 60°N). Drivers: variables considered as driving factors in studies, typically on x-axes in figures; responses:
variables considered as response variables in studies, typically on y-axes in figures. Bar height and numbers refer
to the numbers of studies that contain a respective driver or response variable category. Radiative SEB contains
incoming, outgoing and net radiative energy fluxes; nonradiative SEB contains convective and conductive sensible,
latent and ground heat fluxes, as well as energy used for melting snow and ice; fractional SEB contains bowen
ratio, evaporative fraction and energy fluxes indicated as fraction of absorbed or incoming radiation. Literature data
on surface energy budgets across the Arctic was systematically searched and collected on the I1SI Web of Science
(Methods). We find that the majority of studies (82%) simultaneously assessed several surface energy
fluxes/components and -drivers. Air temperature, radiative and non-radiative surface energy fluxes are most often
assessed as response variables (bottom panel), whereas many studies assess season/daytime, climatic factors
and vegetation type as drivers (top panel). An overwhelming majority of studies (139 of 148 studies, i.e. 94%),
assessed time (i.e. time of year or time of day) as a driver.
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Supplementary Figure 9. Relationships
among components and drivers of the
summer surface energy budget (SEB) for
the “vegetation” SEB-data subset (upper
right triangles) and the ,,glacier“ SEB-data
subset (lower left triangles). Pearson
correlation coefficients (r) for site-dependent
SEB-drivers and mixed-model estimates of
surface energy flux/component mean summer
(JJA) magnitudes. Significant negative (red)
and positive (blue) correlations (i.e. P-
value<0.05) are indicated with colored
rectangles. Light grey rectangles: insignificant
relationships. Dark  grey rectangles:
correlations with the same variable or
correlation with fewer than 5 sites involved.
Note that flux direction convention is positive
away from the surface for non-radiative fluxes.
a analysis with mean surface energy flux
values in Wm?; b analysis with normalized
surface energy fluxes expressed in % of
potential incoming shortwave radiation (prefix
“n.” for corresponding surface energy fluxes).
Rnet: net radiation; SWhpe: net shortwave
radiation; LWyet: net longwave radiation; H:
sensible heat flux; LE: latent heat flux; G:
ground heat flux; Albedo: albedo; Tsur: surface
temperature; Tur: air temperature; Tsur-Tair:
difference  between surface and air
temperature; SEB-drivers: Altitude, Slope and
North aspect: mean in surrounding area with
radius of 500m; Temperature: mean annual
air temperature; Summer warmth: summer
warmth  index; Continentality: conrad’s
continentality index; Cloud cover: mean cloud
cover; Cloud temperature: mean cloud-top
temperature; Precipitation: mean annual
precipitation; Snow amount: mean annual
snow water equivalent; Snow duration:
median annual snow cover duration; see
Methods and Supplementary Table 1 for more
details). Average nr. of site years (sites) for
the ‘vegetation’ dataset (excluding glacier
sites, upper right triangle): 127 (30) and for
‘glacier’ dataset (excluding vegetation sites,
lower left triangle): 333 (32). The magnitude

and direction of correlations differ between the vegetation and glacier datasets and significance tends to be weaker
in the vegetation dataset, even though the number of study sites is comparable. In the glacier dataset, cloud and
precipitation variables show strong correlations with surface energy components, in contrast to the vegetation
dataset. In both datasets, Summer warmth shows strong relationships with surface energy components. Results
for absolute (a) and normalized (b) surface energy fluxes are relatively similar. Source data are provided as a
Source Data file.
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Supplementary Table 1

Supplementary Table 1. List of essential surface energy fluxes and components, as well as surface energy budget (SEB)-drivers used in this study. Main category:
surface energy fluxes and components: energy fluxes, atmospheric state variables and surface properties that affect or correlate with the surface energy budget*®1°; SEB-drivers:
environmental factors that have been found to influence surface energy fluxes; detailed category: detailed categories as used in this study; variable name: abbreviations as used
in this study; explanation: corresponding explanations; unit: corresponding variable unit. See Methods section for details on data processing for variable derivation.

nr. main category detailed category variable name explanation unit
1 Surface energy flux or radiative SEB Rnet* net radiation wm?
component
2 SWhet* surface net shortwave radiation wm?
3 LWhet* surface net longwave radiation wm=
4 SWin* surface incoming shortwave radiation Wm2
5 SWour* surface outgoing shortwave radiation wWm?
6 LWin* surface incoming longwave radiation Wm-=
7 LWout* surface outgoing longwave radiation wWm?
8 non-radiative SEB H* sensible heat flux Wm2
9 LE* latent heat flux Wm2
10 G* ground heat flux Wm2
11 albedo albedo albedo no unit
12 temperature Tsurf surface temperature °C
13 Tair air temperature °C
14 Tsuri-Tair gradient; i.e. difference between surface and air temperature °C
15 SEB-driver vegetation Vegetation type local-scale, in situ vegetation type factor with 7 levels
16 CAVM type landscape-scale dominant Arctic vegetation type factor with 7 levels
17 climate CAVM subzone bioclimatic subzone factor with 6 levels
18 Continentality Conrad’s continentality index °C
19 Summer warmth summer warmth index °C
20 Temperature mean annual air temperature °C
21 Precipitation annual precipitation mm
22 Snow amount annual snowfall (precipitation when air temperature <=0°C) mm
23 clouds Cloud cover cloud cover %
24 Cloud temperature cloud top temperature °C
25 permafrost Permafrost extent permafrost extent factor with 5 levels
26 Permafrost ice content permafrost ground ice content factor with 5 levels
27 topography Altitude altitude m a.s.l.
28 Slope slope °
29 North aspect northness of slope aspect 1 if north-exposed, -1 if
south-exposed
snow Snow duration median yearly snow cover duration (difference between yearly days
doy of snowmelt and doy of snow onset)
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*we derived normalized fluxes by dividing mean daily fluxes in Wm by the daily maximum potential incoming shortwave radiation in Wm2, based on location and topographical
conditions?® and multiplying by 100 (indicated with prefix “n.”, unit: %)

Supplementary Table 2

Supplementary Table 2. Overview of sites used in this study. Siteid: name of site; network: data distribution network; lat.N: latitude (WGS84) in decimal degrees; lon.E:
longitude (WGS84) in decimal degrees; Vegetation type: local vegetation type derived from in situ descriptions (B: barrens; GT: graminoid; P: prostrate-shrub; S: erect-shrub; W:
wetlands; GL: glacier; BPB: boreal peat bog; see Methods and ref. column); Vegetation type_d: detailed vegetation type derived from in situ descriptions; CAVM type: landscape-
scale dominant vegetation type extracted from CAVM? (B: barrens; G: graminoid; P: prostrate-shrub; S: erect-shrub; W: wetlands; GL: glacier; Nar: non-Arctic vegetation); CAVM
subzone: bioclimatic subzones extracted from CAVM? (A-E, <E and Glaciers); Perm.ext: permafrost extent (C: continuous; D: discontinuous; SI: sporadic or isolated patches; o:
ocean/inland seas; g: glaciers); Perm.ice: ground ice content (h: high; m: medium; I: low; o: ocean/inland seas; g: glaciers); Altitude extracted from ref.?; Temp.: average mean
annual air temperature (1979-2018) extracted from CHELSA V2.12%23; Precip.: average annual precipitation (1979-2018) extracted from CHELSA V2.1?224, Snow.durat.: median
yearly snow duration (2000-2020) extracted from MODIS MOD10C125; variables: variables for which data are available; Min year: average start of data time series; Max year:
average end of data time series; Correspondence: last name of corresponding data contributors; Ref.: site reference.

Nr  Siteid Network Lat.N Lon.E Veget Veget CAVM CAVM Perm Perm Altitude Temp. Precip. Sow Variables Min Max Correspo Ref.
ation ation type subzon .ext .ice (m (°C) (mm) durat. year year ndence
type type_ e a.s.l.) (d)
d
1 KPC_L PROMICE 79.91 -24.08 GL GL GL Glaciers g g 402.33 -17.11 22021 365 Rnet|H|LE 2008 2019 van 26,27
|SWhnet|L As;Fausto
Whnet|Kin| ;Vandecru
Kout|Lin|L X
out|Tair|Ts
urf
2 KPC_U PROMICE 79.83 -25.17 GL GL GL Glaciers g g 902.98 -17.06 235.78 365 Rnet|H|LE 2008 2019 van 26,27
|SWnet|L As;Fausto
Whnet|Kin| ;Vandecru
Kout|Lin|L X
out|Tair|Ts
urf
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Rnet|H|LE 2010 2019
|SWnet|L
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Kout|Lin|L

out|Tair|Ts

urf
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Whnet|Kin|
Kout|Lin|L
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Llers;Lan
ger;Piel;B
orneman
n;Griinbe
rg
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er, Pirk,
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ov,
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en
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X

van
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26,27
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|Kout|Lin|

Lout | Tair|
Tsurf

13 UPE_L PROMICE 72.89 -54.3 GL GL GL Glaciers g g 238.03 -8.38 490.15 365 Rnet|H|LE 2009 2019 van 26,27
|SWnet|L As;Fausto
Whnet|Kin| ;Vandecru
Kout|Lin|L X
out|Tair|Ts
urf

14 UPE_U PROMICE 72.89 -53.58 GL GL GL Glaciers g g 973.07 -11.55 488.56 365 Rnet|H|LE 2009 2019 van 26,27
|SWnet|L As;Fausto
Whnet|Kin| ;Vandecru
Kout|Lin|L X
out|Tair|Ts
urf

15  Summit GC-Net 72.58 -38.5 GL GL GL Glaciers g g 324892 -27.55 262.89 365 Rnet|H|LE 1998 2017 Vandecru 3!
|G|SWnet| X
LWnet|Kin
|Kout|Lin|
Lout | Tair|
Tsurf

16 SCO_U PROMICE 72.39 -27.23 GL GL GL Glaciers g g 1028.46 -15.44 213.34 365 Rnet|H|LE 2008 2019 van 26,27
|SWnet|L As;Fausto
Whnet|Kin| ;Vandecru
Kout|Lin|L X
out|Tair|Ts
urf
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g
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Supplementary Table 3

Supplementary Table 3. Overview of data sources used in this study. Network/category: name of data distribution networks for surface energy fluxes/components and
environmental categories for SEB-drivers, Variables: variables used in this study that are based on corresponding data sources, Time of retrieval: time when data was retrieved
by authors, Times covered: timespan covered by data, Resolution: spatial and temporal resolution, respectively (if applicable), Product name/source: name, version and link to
data product, Reference: data product reference. See Methods and Supplementary Table 1 for a more detailed description of surface energy fluxes/components and drivers.

aspect

http://data.pgc.umn.edu/elev/dem/setsm/ArcticDEM/mosaic/v3.0/100m/

Nr | Network / Variables Time of Times Resolution Product name/source Reference
category retrieval covered
1 AmeriFlux surface energy fluxes 13.05.2020 1994-2019 | half-hourly / product: AMF_(.+)_BASE_HH(HR) / 52
and components hourly https://ameriflux.lbl.gov/login/?redirect to=/data/download-data/
2 AON surface energy fluxes 04.08.2020 | 2007-2019 | half-hourly http://aon.iab.uaf.edu/data_access, contributed by: Edgar, C. 5354
and components
3 FLUXNET surface energy fluxes 13.05.2020 1999-2019 | half-hourly / product: FLUXNET2015 FULLSET_HH(HR) / https://fluxnet.org/data/download- 55
(includes and components hourly data/
GEM and
ICOS)
4 GC-Net surface energy fluxes 11.05.2020 1998-2017 | hourly product: hourly / http://cires1.colorado.edu/steffen/gcnet/order/admin/station.php, 3156
and components contributed by: Vandecrux, B.
5 PROMICE surface energy fluxes 29.05.2020 | 2007-2019 | hourly Product: hourly version 3 (v3) / at 26,20
and components https://promice.org/PromiceDataPortal/api/download/f24019f7-d586-4465-8181-
d4965421e6eb/v03/hourly/csv
6 vegetation CAVM type 19.09.2019 1993-2018 | 1 km Raster CAVM: raster cavm vl / https://data.mendeley.com/datasets/c4xj5rvekv/1 2
7 climate CAVM subzone 06.08.2021 1993-2003 | 1:7,500,000 Product: cp_biozone_la_shp / 57
http://www.arcticatlas.org/maps/themes/cp/cpbz
Temperature, 30.09.2020 1979-2018 | 30 arc seconds | CHELSA V2.1 submodel PMIP3 products: mean daily air temperature [K/10]: 22-24
Precipitation, (~500m at “tas”, daily precipitation amount [kg m2 day/10]: “pr’/ hitps://chelsa-climate.org/,
Snow amount, 60°N), daily contributed by: Karger, D. N.
Continentality,
Summer warmth
8 snow Snow duration 24.07.2020 2000-2020 | 0.05° (~ 3km at | MODIS/Terra Snow Cover Daily L3 Global 0.05Deg CMG, Version 6 product: ]
60°N), daily “MOD10C1” / https://nsidc.org/data/MOD10C1/versions/6#0, contributed by:
Griinberg, I.
9 clouds Cloud cover 10.09.2020 1984-2016 | 1°,(~56 km at ISCCP-Basic-H series: ISCCP-Basic.HGM.v01r00.GLOBAL products: 58,59
Cloud temperature 60°N), monthly “cldamt”,”tc” / https://www.ncei.noaa.gov/data/international-satellite-cloud-climate-
project-isccp-h-series-data/access/isccp-basic/
10 | permafrost Permafrost extent 09.09.2020 1997 1:10,000,000 NSIDC gdd318_map_circumArctic version 2: product: “permaice.shp” / 60
Permafrost ice content ftp://sidads.colorado.edu/pub/DATASETS/fgdc/ggd318 map circumArctic/
11 | topography Altitude, Slope, North 02.09.2020 2016-2018 | 100 m ArcticDEM: Arcticdem_mosaic_100m_v3.0/ a
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Supplementary Table 4

Supplementary Table 4. Significant post-hoc pairwise comparisons of summer surface energy flux
magnitudes among glacier surfaces and vegetation types. In order to assess the magnitude and significance
of differences in summer surface energy fluxes among vegetation types and glacier surfaces (Vegetation type
variable), we conducted a post-hoc pairwise comparison analysis for all linear mixed-models in Table 1 (bonferroni-
corrected P-values; nr. of sites: 64, nr. of site years: 652, see Methods). Rner: net radiation, SWpet: net shortwave
radiation, LWyer: net longwave radiation, H: sensible heat flux, LE: latent heat flux, G: ground heat flux. Vegetation
types: B: barrens; BPB: boreal peat bog; GT: graminoid; P: prostrate-shrub; S: erect-shrub; W: wetlands; GL:
glacier. Significant differences among vegetation types (i.e. not involving comparison to glacier) are highlighted
with gray background color. Note that flux direction convention is positive away from the surface for non-radiative
surface energy fluxes (H, LE and G).

Surface energy Pairwise E_stimated . Estimated
Season flux comparison gjlfference (Wm standard , Z-value P-value P-star
) error (Wm-)

JJA Rnet GL - BPB -84.5 25.1 -34 0.012 *
JIA H P-GL 62.9 16.4 3.8 0.003 i
JIA H S-GL 62.1 16.5 3.8 0.003 i
JJA H P-B 57.6 18.6 3.1 0.041 *
JJA H W -GL 57.4 15.9 3.6 0.007 b
JIA H S-B 56.9 18.7 3.0 0.049 *
JIA H GL-GT -49.5 15.9 -3.1 0.040 *
JJA LE BPB-B 74.9 13.4 5.6 0.000 ok
JIA LE GL - BPB -66.8 11.3 -5.9 0.000 ok
JIA LE P - BPB -51.0 10.1 -5.1 0.000 i
JIA LE S- BPB -50.5 12.0 -4.2 0.001 i
JIA LE GT-B 46.6 11.6 4.0 0.001 i
JIA LE W - BPB -43.0 9.2 -4.7 0.000 i
JIA LE GL-GT -38.5 9.1 -4.2 0.000 b
JIA LE GT - BPB -28.3 8.7 -3.3 0.023 *
JIA G S-GL 10.7 3.2 3.3 0.014 *
JIA SWhnet GL - BPB -103.5 25.2 -4.1 0.001 i
JIA SWhet W - GL 69.2 234 3.0 0.047 *
JIA SWhet GL-GT -67.3 22.2 -3.0 0.036 *
JIA LWnet S-B 42.3 10.5 4.0 0.001 *x
JIA LWnet GL-B 34.7 8.2 4.2 0.000 ok
JIA LWhnet W-B 32.0 9.6 3.3 0.017 *
JIA LWhnet S-GT 20.2 6.4 3.1 0.034 L
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Supplementary Table 5

Supplementary Table 5. Vegetation type effect significance and estimated mean + 95% confidence intervals
(CI) for normalized surface energy fluxes and the vegetation subset of data excluding glacier sites.
Vegetation type effect significance is derived from a mixed-model analysis with the vegetation subset of data (nr.
of sites: 31, nr. of site years: 234) and monthly averaged surface energy flux magnitudes, summarized by ANOVA
(F-value, P-value: ***:P<0.001, **: P<0.01, *:P<0.05, n.s.: not significant). Mean estimates + 95% CI are given for
the Vegetation types boreal peat bog, graminoid, prostrate-shrub, and erect-shrub tundra; wetland and barren
complexes across June, July and August. Estimates for surface energy fluxes are normalized, i.e. expressed as
percentage (%) of maximum potential incoming shortwave radiation (Methods), as indicated by the “n.”-prefix. for
Rret: net radiation; H: sensible heat flux; LE: latent heat flux; G: ground heat flux; SWpet: net shortwave radiation;
LWhet: net longwave radiation. Estimates for albedo and Tsur (surface temperature) are unitless and in °C,
respectively. Note: flux direction convention is positive away from the surface for heat fluxes (i.e. H, LE and G).
Vegetation type effect significance P<0.05 is highlighted with gray shading.

sea- surface unit F-value Boreal Wetland Graminoid | Erect- Prostrate- Barren
son energy peat bog complex tundra shrub shrub complex
flux tundra tundra
June n.Rnet % Fs23=2.2 n.s. 18.8+4.6 17.5+4.5 16.2+4.4 14.9+¢5.5 13.6£5.8 -
n.SWnet % Fs18=1.5 n.s. 25.7+4.6 23.8+4.6 23.7+4.3 20.046.1 22.545.7 -
n.LWnet % Fs,12=3.6* -6.6+2.7 -5.8+2.5 -6.8+2.3 -4.5%2.7 -5.1+3.1 -9.5+2.2
n.H % Fs,17=3.4* 0.945.6 5.4+4.7 4.6x4.7 5.0+4.9 3.9+4.9 -2.8+4.3
n.LE % Fs,12=4.0* 11.9+3.8 4.9+3.0 5.6+2.9 4.8+3.1 3.1+3.1 0.3+2.7
n.G % Fa15=0.9 n.s. 0.9+0.9 1.8+1.1 1.9+1.0 2.3+1.2 1.6+1.3 -
albedo - F2,18=3.6* 0.13+0.14 0.24+0.14 0.19+0.13 0.29+0.18 0.33+0.17 -
Tsurf °C Fs14=2.8. 11.9+9.2 3.6+8.9 5.1+8.7 5.249.2 3.6+9.5 -4.0£7.6
July n.Rnet % Fa,20=2.9* 17.445.5 15.6+4.7 13.2+4.6 14.9+5.7 15.2+6.2 -
n.SWnet % Fa18=1.7 n.s. 24.145.3 22.0+4.7 20.1+4.5 20.4+6.4 24.1+6.0 -
n.LWnet % Fs13=2.3 n.s. -6.5+2.4 -5.6+2.3 -6.2+2.2 -4.7+2.5 -6.3+2.9 -9.5+2.1
n.H % Fs16=4.4* 2.745.4 5.8+4.2 4.7+4.1 7.2445 6.3+4.4 -2.3+3.8
n.LE % Fs,10=12.2%** 9.8+2.4 5.6+1.9 6.6+1.9 5.7+2.4 5.1+2.0 -0.2£1.7
n.G % Fa16=1.7 n.s. 0.6+1.0 1.7£1.1 1.6x1.1 2.5%1.2 1.9+1.4 -
albedo - Fa18=1.6 n.s. 0.14+0.16 0.18+0.14 0.18+0.13 0.20+0.19 0.16+0.18 -
Tsurf °C Fs,13=3.7* 14.247.8 7.9+£7.5 9.0+£7.4 11.1+8.2 9.4+8.1 -3.3+6.5
August n.Rnet % F420=0.4 n.s. 10.5+5.5 9.245.2 9.615.1 8.1+6.0 8.816.2 -
n.SWnet % Fa14=0.5 n.s. 17.4+5.8 16.2+5.4 15.4#5.1 12.8+6.9 17.1+6.1 -
n.LWnet % Fs9=1.0 n.s. -6.3+3.3 -4.9+3.2 -5.243.1 -4.4+3.4 -6.8+4.2 -7.5£2.7
n.H % Fs,13=4.3* 1.0+£3.3 3.2+2.6 3.1+2.5 3.7+£2.7 3.3+2.7 -1.9+2.4
n.LE % Fs7=12.4** 8.7+2.5 3.9£1.9 4.6+1.9 22425 3.2+2.0 0.0+1.7
n.G % Fs15=3.5* 0.1+0.6 0.9+0.6 1.1+0.6 1.6+0.8 0.8+0.8 -
albedo - Fs14=2.4 n.s. 0.12+0.21 0.17+0.20 0.19+0.19 0.21+0.26 0.16+0.23 -
Tsurf °C Fs13=4.9** 12.749.4 7.249.1 6.8+8.9 8.4+9.9 6.4+9.7 -4.4+7.8
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Supplementary Table 6

Supplementary Table 6. Confusion matrix: detailed local-scale vegetation type based on in situ descriptions
(detailed Vegetation type variable; rows) and corresponding landscape-scale dominant CAVM type
(columns). In situ vegetation types at the local scale were derived for each study site from references listed in
Supplementary Table 2 according to a fixed protocol (Methods). Dominant CAVM types in circular areas with radius
500m around the study sites were extracted from the CAVM raster map?. CAVM types integrate environmental
conditions and dominant vegetation at larger spatial scales that do not always correspond to in situ vegetation
types. B1: cryptogam, herb barren; B3: non-carbonate mountain complex; G1: graminoid, forb, cryptogam tundra;
G3: non-tussock sedge, dwarf-shrub, moss tundra; G4: tussock-sedge, dwarf-shrub, moss tundra; P1: prostrate
dwarf-shrub, herb, lichen tundra; P2: prostrate/hemi-prostrate dwarf-shrub, lichen tundra; S1: erect dwarf-shrub,
moss tundra; S2: low-shrub, moss tundra; W1: sedge/grass, moss wetland complex; W2: sedge, moss, dwarf-
shrub wetland complex; W3: sedge, moss, low-shrub wetland complex; BPB: boreal peat bog; Nar: non-Arctic
vegetation; GL: glacier.

CAVM type

Veg.

type B1 B3 G3 G4 GL NAr P2 S1 W2
detail

B3 0 0 0 0 0 0 0 1 0
BPB 0 0 0 0 0 3 0 0 0
Gl 0 0 0 0 0 0 1 0 0
G3 0 0 0 1 0 0 0 0 0
G4 0 0 1 5 0 1 0 3 0
GL 1 2 0 0 30 0 0 0 0
P1 1 0 0 0 0 0 0 0 0
P2 0 0 0 0 0 0 0 2 0
S1 0 0 1 0 0 0 0 1 0
S2 0 0 0 0 0 1 0 1 0
w1 0 0 1 0 0 0 0 0 1
W2 0 0 1 0 0 0 0 1 1
W3 0 0 0 0 0 1 0 1 1

Supplementary Table 7

Supplementary Table 7. Confusion matrix: vegetation type based on in situ descriptions (Vegetation type
variable; rows) and corresponding bioclimatic subzone (CAVM subzone) classes (columns). In situ
vegetation types: B: barrens; BPB: boreal peat bog; GT: graminoid; P: prostrate-shrub; S: erect-shrub; W: wetlands;
GL: glacier. Bioclimatic subzone classes (derived from ref.5”) are based on Arctic phytogeographic zones®,
dominant growth forms and summer temperatures®?3. Subzones A-E are therefore generally well aligned with
summer warmth index (SWI) classes: Subzone A: 0.1-5 °C, Subzone B: 5-14 °C, Subzone C: 14-22 °C, Subzone
D: 22-32 °C, Subzone E: 32-45 °C (values taken from ref.3). Subzone A (coldest subzone) was not present in our
dataset.

CAVM subzone

Veg. <E E D C B Glaciers
type

B 0 1 0 0 0 0

BPB 3 0 0 0 0 0

GT 1 8 2 1 0 0

GL 0 1 2 0 0 30

P 0 1 0 1 1 0

S 1 1 0 2 0 0

w 1 1 3 3 0 0
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Supplementary Table 8

Supplementary Table 8. Confusion matrix: vegetation types based on in situ descriptions (Vegetation type
variable; rows) and corresponding permafrost extent (columns). In situ vegetation types: B: barrens; BPB:
boreal peat bog; GT: graminoid; P: prostrate-shrub; S: erect-shrub; W: wetlands; GL: glacier. Permafrost extent
(derived from ref.®%) consists of the following classes: C: continuous permafrost (90-100% extent); D: discontinuous
permafrost (50- 90% extent); Sl sporadic or isolated patches of permafrost (50% extent); o: ocean/inland seas,
and g: glaciers.

Permafrost extent

Veg.

type o] Sl D C g
B 0 0 0 1 0
BPB 0 1 2 0 0
GT 1 0 1 10 0
GL 0 1 1 0 31
P 0 0 0 2 1
S 0 1 1 2 0
w 1 1 0 6 0

Supplementary Table 9

Supplementary Table 9. Confusion matrix: vegetation types based on in situ descriptions (Vegetation type
variable; rows) and corresponding Permafrost ice content (columns). In situ vegetation types: B: barrens;
BPB: boreal peat bog; GT: graminoid; P: prostrate-shrub; S: erect-shrub; W: wetlands; GL: glacier. Permafrost
ground ice content (derived from ref.®%) consists of the following classes: h: high (>20% ice content); m: medium
(10-20% ice content); I: low (0-10% ice content); o: ocean/inland seas, and g: glaciers.

Permafrost ice content

X;epgé o I m h g
B 0 1 0 0 0
BPB 0 3 0 0 0
GT 1 3 6 2 0
GL 0 2 0 0 31
P 0 2 0 0 1
S 0 2 1 1 0
W 1 2 0 5 0
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Supplementary Discussion

Literature synthesis

To assess the status of current knowledge on the Arctic land surface energy budget (SEB),
we conducted a systematic literature review according to the PRISMA (Preferred Reporting
Items for Systematic reviews and Meta-Analyses) statement and formulated eligibility criteria
according to the PICOS (participants, interventions, comparators, outcomes, and study
design) approach [ref.}; prisma-statement.org; cf. Supplementary Figure 7]. Specifically, we
conducted a search on all ISI Web of Science databases on 30 July 2019. The full keyword
search string was as follows: TS=(surface AND (((energy OR radiation OR radiative) NEAR/2
(flux* OR budget$ OR *balance$ OR exchange$))) AND (Arctic OR tundra OR "high-
latitude")); TI=(NOT (ocean OR “sea-ice” OR glacier)); Language= all languages; Document
type= article. The search included all available years and yielded 993 publications published
between 1961-2019. From these 993 publications, we excluded all that (i) did not cover
terrestrial land areas (e.g. studies of marine and ocean surfaces, or studies of extra-terrestrial
energy fluxes), (ii) were conceptual studies without measured data, (iii) did not report on any
of the surface energy fluxes we deemed as essential (listed in Supplementary Table 1), (iv)
were not peer-reviewed research articles, (v) were not primary research articles (e.g. meta-
analyses and reviews), (vi) that only considered times before 1950. The resulting set of 197
studies covering 486 locations was re-examined, and articles were excluded if (vii) they only
covered locations below 60° N and (viii) did not cover essential surface energy flux
measurements over vegetation or glacier sites. This yielded a final set of 148 studies reporting
on 358 locations between 1974-2019 (Supplementary Figures 1, 7).

Among others, we assessed the covered locations, years, standard meteorological seasons,
surface energy flux variables, SEB-drivers (Supplementary Figure 8) and the description of
the local in situ vegetation type for each study. We classified these in situ vegetation types
(‘Vegetation type’ variable) according to the most similar vegetation classes described in the
circumpolar arctic vegetation map (CAVM?) according to the decision chain described in the
“Vegetation type”-section of the Methods section of the main manuscript.

The majority of studies (82%) simultaneously assessed several surface energy
fluxes/components and drivers (Supplementary Table 1; average number of assessed surface
energy flux/component variables and drivers per study are 5 and 8, respectively,
Supplementary Figure 8). Unfortunately, most studies present their results in a form that is not
suitable for a quantitative literature synthesis such as meta-analysis. Specifically, studies
either only qualitatively describe differences among in situ SEB-measurements at different
times and places (without reporting averages, effect sizes or similar statistical metrics) or use

in situ SEB-measurements for model validation only (reporting on RMSE and correlation
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coefficients with modeled data but without the actual magnitudes of surface energy fluxes or
correlations of drivers and responses). Hence, these studies provide results where the actual
magnitudes and seasonalities of surface energy fluxes in dependence of SEB-drivers are
difficult to assess without asking study authors for the underlying source data. Therefore, we
used the collected literature data only to assess the coverage in space, time and vegetation
types across the circumpolar land north of 60° latitude (Supplementary Figure 1) as well as to
identify important SEB-drivers (Supplementary Figure 8, 9). We suggest that future studies
could include statistical metrics of effects of investigated drivers on responses (e.g. estimated
coefficients, correlation coefficients, t-test statistics, F-ratios, etc.; e.g. ref.%), in order to

facilitate potential reuse and synthesis efforts.

Representativeness of literature and SEB observations

To qualitatively evaluate the representativeness of our results and gaps in current knowledge
on Arctic surface energy budgets, we assessed and compared the coverage of study locations
in the collected literature and SEB-data (see Methods, Data processing section) in space, time
and Vegetation type. Specifically, for all study sites in the collected literature data (148 studies
reporting on 358 locations; see above) and SEB-data (nr. sites=64, nr. site years=652), we
extracted the geographic locations (WGS84 latitude and longitude in decimal degrees), the
years covered by studies and in situ observations of surface energy flux variables
(Supplementary Figure l1la), as well as the number of study sites per Vegetation type
(Supplementary Figure 1b,c).

We find similar spatial coverage of study sites in the SEB-data and in the collected literature
data. Both lack coverage in the western parts of Siberia (especially in the north of Yamal-
Nenets and the Krasnoyarsk territories), in the eastern Siberian region of Chukotka and large
parts of the Canadian Arctic Archipelago, specifically in the Province of Nunavut and the
northern part of Québec (Supplementary Figure 1a). Even though our SEB-data did not cover
all in situ observations of surface energy fluxes that currently exist*, these patterns of spatial
coverage align with a more exhaustive evaluation of the representativeness of pan-Arctic
eddy-covariance site network?*, as well as previous assessments on the state of sampling in
published studies across environmental disciplines in the Arctic®®,

Furthermore, we find that most Arctic vegetation types (CAVM?) are only represented by a
few sites in the SEB-data: all vegetation types except the ,G4“ type (tussock-sedge, dwarf-
shrub, moss tundra) are represented within 3 or less sites (Supplementary Figure 1b). Several
Arctic vegetation types are not contained in the SEB-data; namely “B1“, “B2a“, “B2b“, “B4“
(barren complexes) and ,G2“ (graminoid, prostrate dwarf-shrub, forb, moss tundra)?. Barren
complexes are especially dominant in the Canadian Arctic, cover around one fifth of the

terrestrial Arctic area and are characterized by the dominance of non-vascular plant species,
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such as lichens and bryophytes?. These cryptogams have unique biophysical and hydrological
properties exerting effects on surface energy fluxes distinct from other vegetation types’°. For
example, lichens have a relatively high shortwave reflectance, affecting albedo and therefore
the total absorbed radiative energy at the surface®. Additionally, mosses and lichens have a
relatively low thermal conductivity, which decreases ground heat fluxes compared to other
vegetation types®®. Furthermore, mosses and lichens lack a stomatal regulation of water vapor
fluxes, and it has been shown that moss presence can increase latent heat flux depending on
soil moisture conditions®. Finally, moss and lichen vegetation height is comparatively low,
which affects the thickness and thus thermal insulation of snow cover, with consequences for
soil moisture and ground heat fluxes in winter and the following spring period'®!!. Hence, we
find barren complex, and more generally, cryptogam-dominated vegetation communities to be
underrepresented in the current SEB literature and in situ observations and suggest that they
deserve more attention in future studies”*2.

Finally, the median timespan covered by study site measurements is, unsurprisingly, higher
for the SEB-data (11 years) than the literature data (3 years; Supplementary Figure 1a). In the
case of the SEB-data, vegetation sites often lack observations in autumn and winter seasons,
which hampers robust annual estimates of the SEB and SEB closure, a common issue of
interest in many studies of the SEB**!4. The median timespan covered by site-measurements
is approximately doubled in case of glacier sites (12 years) compared to vegetation sites (6
years). Nevertheless, these time spans are both well below the timespan typically required to
guantify trends and climatology of atmospheric state variables (i.e. ~30 years). Therefore, we
emphasize the importance of the continued maintenance of existing in situ SEB observations
for supporting climate modeling, at best throughout the year, even though we acknowledge

the difficulties involved®>.
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