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Abstract: Arctic climate change has already resulted in amplified and accelerated regional warming,
or the Arctic amplification. Satellite observations have captured this climate phenomenon in its de-
velopment and in sufficient spatial details. As such, these observations have been—and still are—
indispensable for monitoring of the amplification in this remote and inhospitable region, which is
sparsely covered with ground observations. This study synthesizes the key contributions of satellite
observations into an understanding and characterization of the amplification. The study reveals that
the satellites were able to capture a number of important environmental transitions in the region
that both precede and follow the emergence of the apparent amplification. Among those transitions,
we find a rapid decline in the multiyear sea ice and subsequent changes in the surface radiation
balance. Satellites have witnessed the impact of the amplification on phytoplankton and vegetation
productivity as well as on human activity and infrastructure. Satellite missions of the European
Space Agency (ESA) are increasingly contributing to amplification monitoring and assessment. The
ESA Climate Change Initiative has become an essential provider of long-term climatic-quality re-
mote-sensing data products for essential climate variables. Still, such synthesis has found that ad-
ditional efforts are needed to improve cross-sensor calibrations and retrieval algorithms and to re-
duce uncertainties. As the amplification is set to continue into the 21 century, a new generation of
satellite instruments with improved revisiting time and spectral and spatial resolutions are in high
demand in both research and stakeholders” communities.

Keywords: European Space Agency; Climate Change Initiative; Arctic amplification; satellite obser-
vations; climate change monitoring

1. Introduction

On May 29th, 2020, a power plant oil reservoir near Norilsk, Russia collapsed, caus-
ing one of the largest oil spills and incidences of extensive land and water contamination
in the Arctic. About 17,000 tons of diesel went into the river Ambarnaya and streamed
down towards the large lake Pyasino (see Figure 1). Nobody was injured in this remote
area, but the total cost of the disaster exceeded USD 2 billion. This accident became a
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rallying cry, among other such unpleasant reminders, of rapid Arctic warming and its
adverse impact on the natural environment, infrastructure, and society in the region.
Moreover, the accident highlighted the indispensable role of satellite observations’ disclo-
sure of the true scale and extent of damages. The European Space Agency (ESA)’s Senti-
nel-2 platform has been used to complement the analysis, field photographs, and histori-
cal data covering the 1980-2020 daily air temperature and precipitation, permafrost ob-
servations, and modeling —all diverse materials that helped to attribute this accident to
the Arctic amplification of global warming [1]. Its immediate cause, a collapsing pillar,
was accidental and local. Yet this collapse occurred due to more persistent and large-scale
climate factors, namely, accelerated permafrost thaw that followed the abnormally warm
weather in May 2020. The permafrost thaw and weakened ground-bearing capacities were
the result of preceding decades of climate change [2].

1%June 20208

Figure 1. The Copernicus Sentinel-2 image of an oil (diesel) spill into the river Ambarnaya near
Norilsk, Russia. The image, from 1 June 2020, was processed by the ESA and has been made avail-
able under CC BY-SA 3.0 IGO license at https://www.esa.int/ESA_Multimedia/Images/2020/06/Arc-
tic_Circle_oil_spill.

Capturing the climate change over a relatively short period —the majority of remote-
sensing data products have become available since 1979 [3] —satellite observations have
proven to be crucial for the discovery and monitoring of important changes in the earth’s
climate system [4]. Particularly, Arctic climate studies and environmental monitoring
have benefited from the high density of cross sections of polar-orbiting satellites [5]. Ar-
guably, many climate phenomena would not have been detected by climate models and
conventional observations alone [4], for example, the spatial pattern of sea ice retreat [6]
and increasing biological productivity (greening) in the high northern latitudes [7]. One
such impactful phenomenon is a climatic transition from multiyear to seasonal sea ice in
the Arctic Ocean [8], which unlocked surface feedback leading to the emergence of the
apparent amplification in the 21st century [9].

The longest time series (since 1966) of satellite observations exists for snow cover [10].
Figure 2 presents the temporal coverage for essential climate variables (ECVs) collected in
the ESA Climate Change Initiative (CCI). The ESA CCI efforts are central for synthesis;
ECVs are considered from the perspective of physical climatology of the Arctic amplifica-
tion. ECVs provide reliable, traceable, observation-based evidence for a range of climate
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applications, including monitoring and attributing of climate change phenomena [11]. The 80
ECV concept has been adopted by space agencies operating Earth observation satellites. 81
At present, ESA CCI comprises 23 parallel ECV projects, a dedicated climate-modeling 82
project for the assessment of products, a portal (https://climate.esa.int/en/odp/#/dash- 83
board) providing the products, a toolbox to facilitate the combining and analysis of the 84
products, and a visualization tool supporting outreach. Although climatic-quality ECV 85
records require data fusion from many space-born sensors and missions, the ESA satellite 86
missions were of critical importance for many ECVs. A timeline of all ESA satellite mis- 87
sions can be found in the online Earth Observation Handbook, in the CEOS database at 88
http://database.eohandbook.com/measurements/overview.aspx (last visited 26.11.2022). 89
Starkweather et al. [12] provided a wider perspective on a value chain for the Arctic Ob- 90
serving Network that combines both satellite and ground-based (in situ) monitoring sys- 91
tems. The value chain traces the impact of satellite observations (in combination with 92
other data sets and models) down to vital signs of climate change and societal impact. 93

Polar-orbiting satellites have captured details of the major environmental transitions 94
in the Arctic with a variety of space-born instruments. This has helped in the development 95
of robust long-term ECV records, trend analysis, and the study of the amplification [13]. 9

Aerosol 01.11.1978 31.12.2015
Cloud 01.01.1982 31.12.2016
Greenhouse Gases 30.09.2002 31.03.2021
Ozone 31.03.1996 31.12.2013
Ocean Colour 03.09.1997 31.12.2020
Seaq lce 31.05.2002 15.05.2017
Sea Level 01.08.1951 30.05.2018
Seaq State 01.01.1988 08.07.2021
Sea Surface Salinity 01.01.2010 31.12.2020
Sea Surface Temperature 23.08.1981 31.12.2016
Water Vapour 01.01.1995 31.12.2019
Antarctic lce Sheet 28.01.1994 19.01.2021
Above-Ground Biomass 01.01.2010 31.12.2018
Fire 01.01.1982 31.12.2020
Glaciers 01.01.1999 31.12.2017
Greenland lce Sheet 14.06.1990 28.02.2018
Lakes 15.09.1992 31.12.2020
Land Cover 01.01.1992 31.12.2015
Land Surface Temperature 01.08.1995 31.12.2020
Permafrost 01.01.1997 31.12.2019
Snow 02.01.1979 31.12.2020
Soil Moisture 01.11.1978 31.12.2020
1980 1985 1950 1955 2020
Arclic sea ice transition period 97

Figure 2. Temporal coverage of climate data records for ECVs in the ESA CCI. Dates and filled bars 98
indicate availability of the data sets in the ESA CCI portal (https://climate.esa.int/) by the end of 99
2022. Dark shading indicates the period of apparent amplification emergence. 100

This study is a synthesis of the satellite contribution to the assessment of the Arctic 101
amplification, which we will refer to as just the amplification. The amplification is defined = 102
as an accelerated and amplified regional climate change; it is primarily atmospheric and 103
surface warming, but it is also related to a diverse set of influential climate phenomena 104
[14,15]. We schematically illustrate the most important phenomena and their links to sat- 105
ellite observations in Figure 3. The paper is organized as follows. Section 2 presents the 106
relevant literature, data, and methods. Section 3 is focused on the synthesis and discussion 107
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of the satellite contributions into the understanding of the amplification. Section 4 outlines
the broader impact of the amplification identified through satellite observations. Section
5 highlights the conclusions and recommendations of this study. It should be emphasized
that we do not follow an unfortunate but popular trend of composing a meta-analysis
solely on the basis of automatically relevant literature. On the contrary, this synthesis is
guided by a new amplification paradigm that has crystallized in modeling studies (e.g.,
Previdi et al., 2021; Semenov, 2021). The focus on satellite observations makes our work
complementary to the recent comprehensive reviews by Taylor et al. [9] and Wendisch et
al. [16], which synthesize modeling results. At the same time, this synthesis is distinct
from the recent comprehensive reviews of satellite observations by Duncan et al. [5] and
earlier reviews by Comiso and Hall [13] and Wang et al. [17]. We consider satellite obser-
vations from the perspective of physical climatology.

ESA-DEVELOPED esa
EARTH OBSERVATION MISSIONS

Observations

oo

The Arctic Amplification!

O Caused by global warming

O Drivenby meridional heat inflow

O Enhanced by sea ice retreat, clouds, and
surface-layer feedbacks
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heat wave in 2020 and the
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Areas of the extreme

Science Copernicus Amplification

Multiyearice

Sea ice

Surface temperature

Land cover

Altimetry and geomorphology
Ecological indicators, ocean color
Soil moisture

The snow water, \
equival

. Heat influxinto the
Arctic enhanced by
destructed polar vortex

Background map from
https://www.pngegg.com/

Figure 3. A schematicillustration of the ESA satellite fleet contributing to monitoring of the dynamic
processes, physical feedback, and environmental impact related to the emergence of the apparent
amplification.

2. Definition, Literature, Data, and Methods

Definition. Anthropogenic climate change is global. However, surface warming is
uneven in space and time; the Arctic has experienced the regional amplification of this
warming over the last three to five decades [18]. Moreover, the amplification in some lim-
ited Arctic areas, such as the northern Barents-Kara sea region, is exceptional and has no
parallels elsewhere [19]. Although the amplification is an intuitive concept, it is not so
unambiguous. Here, we rely on the amplification metrics found in recent studies [20-22].
The amplification can be defined through the difference, A4,, and the ratio, Ry,, of air
temperature changes in the Arctic, AT,, and over the northern hemisphere (0-90°N) or the
northern extra-tropics (20-60°N), ATy:
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AAA = ATA - ATH, (1)
AA ATH

The Arctic is typically defined as the region to the north of 60°N, 65°N, or 70°N (in
this case, covering mostly the Arctic Ocean). Different definitions result in different val-
ues—the more limited the area of the Arctic is considered, the larger amplification indices
are found [19,22] —but trends and variability of the phenomena are not significantly dif-
ferent. This similarity clearly indicates that the amplification patterns are localized in the
high Arctic latitudes.

The amplification metrics are imperfect. A short-term trend of A,y ie., 2844

dt
be a more justified measure of the regional temperature trends” divergence. This is, how-

ever, highly ambiguous against the backdrop of high Arctic climate variability, and it is
hence used infrequently. A strong amplification (R4 > 1) will be found during periods
of transitional climate change, whereas approaching an equilibrium climate state will lead
to Ras = 1. Such behavior can be misleading. The averaging and aggregation of anoma-
lies over longer periods (e.g., over 30 years) have been proposed to improve the statistical
stability of the metrics [18,21,23]. As we will show, a longer averaging and aggregation
impedes the identification of important physical transitions in the Arctic climate system
that have a decisive impact on the amplification.

Literature. We are primarily interested in reviews and the synthesis of publications
dealing with consistent long-term (climatic) satellite observations of temperature and
closely related ECVs. We recommend the comprehensive review of Duncan et al. [5] to
the reader interested in specific contributions from concrete instruments and satellite plat-
forms. A detailed review of satellite temperature observations can be found in Comiso
and Hall [13]. More recently, sea and ice surface temperatures from satellites (review and
data sets) were published in [24]. A review of sea ice characteristics was published by
Wang et al. [17]; a review of snow cover trends is found in Bormann et al. [25]; a review
of phytoplankton dynamics is available in Ardyna and Arrigo [26]. Products and methods
for monitoring changes in more complicated environmental indicators such as terrestrial
vegetation cover [7] and permafrost [27] have also received considerable attention [28,29].
Several reviews have also attempted a holistic assessment of the Arctic environmental
changes on the basis of satellite data products [30]. Data products covering two, three, and
four decades of climate change combine data sets from successive satellite platforms/mis-
sions bearing similar instruments [28]. Table 1 lists some key recent reviews with a focus
on satellite observations of Arctic climate change.

, would

Table 1. List of key recent reviews focusing on satellite observations of Arctic climate change.

Reference Key Notes and Brief Conclusions
General reviews
[4] Satellite observations are indispensable for climate monitoring.
[5] Satellites plays a vital role in Arctic climate change assessment.
[31] Satellites reveal climate change footprints in the Arctic energy budget.
[32] Satellites reveal changes in the radiation balance.
ﬁi} Satellites disclose the amplified Arctic warming.
[9] Satellites reveal interconnections in the amplification drivers, feedback, and geograph-
ical patterns.
[19] . . . . . .
[34] Exceptional warming over Barents Sea is related to sea ice retreat and declining sea ice
[35] import.

Specific reviews
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Dynamical factors of the amplification

[36] Increase in ocean warm water inflow
[37] Decrease in meridional heat transport since 2000
[38] Decrease in middle atmosphere temperature inversion strength
Local factors and feedback of the amplification
[39] Increase in land surface temperatures with minimum trends in summer and maximum
[40] trends in autumn; atmospheric temperature inversions correlated with sea ice anoma-
lies
[[264]] Rise in Arctic sea surface temperatures
[41] , _ _
[19] Surface air and sea surface temperatures correlated with sea ice cover
[17]
[42] Satellites show disappearance of multiyear ice and reduction in ice thickness and vol-
[43] ume
[44]
[45] Increase in area of melting ponds on ice
[25] General decrease in extent of snow cover and water equivalent, but geographical varia-
[46] tions are significant
[47] Arctic cloud cover undergoes multidirectional changes
(48] Regional changes in TOA radiation fluxes are insignificant —implies weak atmosphere—
surface coupling
[49]
[50] Decrease in Arctic ice surface albedo
[51]
[52] Increase in sea ice radiative forcing
[53] Increase in cloud radiative forcing
Environmental changes
[30] Satellite observations reveal rapid changes in the Arctic environment; list of relevant
satellite data sets provided
[[278]] Satellite observations reveal complex changes in the Arctic environment
[54]
[55] : . . .
[29] Satellite observations could be used to _m01.r11tor perma.frost thaw; permafrost becoming
[56] unstable in different regions
[27]
[57] Growing season duration and increase in productivity of vegetation
[26] Satellites reveal increasing marine biological production in the Arctic
[5[86'3]9 Loss in Greenland ice sheet mass and height
Impact on humans
[61] . . . o . .
[62] Satellites reveal expanding human infrastructure and growing impact in the Arctic

Three prominent examples highlight the significance of satellite observations for am-
plification studies. One example is given by the Greenland ice sheet studies. An unprece-
dented loss of Greenland ice (100 to 255 Gt of ice per year) has been inferred from a syn-
thetic data product for ice mass balance (elevation) monitoring [63]. The first data were
collected in the late 1970s by the National Aeronautics and Space Administration
(NASA)’s Geodetic and Earth Orbiting Satellite-3 (GEOS-3), NASA’s Seasat, and the US
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168
169
170
171
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Navy’s Geosat oceanographic radar altimeters. These data were combined with observa- 173
tions from a fleet of missions that provided for different products, e.g.,, GRACE and 174
GRACE-FO [60]. Another example is given by the University of Alabama in Huntsville 175
(UAH)’s Microwave Sounding Unit (MSU) and Advanced Microwave Sounding Unit 176
(AMSU) product that records the temperature of upper atmosphere data [64,65]. It com- 177
bines data from NOAA satellite series and data from the TIROS-N (1978-1979), Aqua 178
(2002-2009), and MetOP A (2007-2016) and B (2012-2016) satellites, which donot beariden- 179
tical instrumentation. Yet another example refers to the Global Inventory Modeling and 180
Mapping Studies Normalized Difference Vegetation Index data set (GIMMS3g), which is 181
widely used to assess long-term vegetation changes [66]. 182

The ESA Copernicus Sentinel missions have opened a new era of polar satellite ob- 183
servations. The missions consist of a family of satellites designed for the operational mon- 184
itoring of the Earth system with continuity up to 2030 and beyond. On-board sensors in- 185
clude both radar and multi-spectral imagers for land, ocean, sea ice, snow cover, ice sheets, 186
glaciers, and atmospheric monitoring. Sentinel-1 is a polar-orbiting, all-weather, day-and- 187
night radar imaging mission for land and ocean services. Sentinel-1A was launched on 3 188
April 2014, and Sentinel-1B on 25 April 2016. Sentinel-2 is a polar-orbiting, multi-spectral 189
high-resolution imaging mission for land monitoring. Sentinel-2A was launched on 23 190
June 2015, and Sentinel-2B followed on 7 March 2017. Sentinel-3 is a polar-orbiting multi- 191
instrument mission to measure sea surface topography, sea and land surface temperature, 192
ocean color, and land color with high-end accuracy and reliability. Sentinel-3A was 193
launched on 16 February 2016, and Sentinel-3B on 25 April 2018. Sentinel-5 is a polar- 194
orbiting instrument aboard a MetOp Second Generation satellite with a focus on air qual- 195
ity and climate. Sentinel-5P has been orbiting since 13 October 2017. Sentinel-6 is a polar- 196
orbiting mission carrying a radar altimeter to measure global sea surface heights, primar- 197
ily for operational oceanography and for climate studies. The European earth’s observa- 198
tion teams have identified several gaps and needs in the satellite monitoring of the polar 199
regions. The most important characteristics are related to latency time and a lower revisit 200
time [67]. Reductions in the revisit time to 3 h would enable polar navigation, enhanced 201
weather forecasts, and the remediation of technogenic hazards. 202

Geostationary satellites continuously observe the same area as it moves through their 203
field of view. Their contribution to amplification monitoring is, however, limited by large 204
distortions in the field of view in high latitudes. Geostationary satellites are more for mon- 205
itoring more distant impacts of the amplification in the sub-Arctic or mid-latitude conti- 206
nental areas, where they track snow cover changes. 207

Data. To date, several important climatic-quality data sets have been developed on 208
the basis of remote-sensing data products. Since the accuracy of the data sets critically 209
depends on high-quality satellite data, ESA CCI utilizes the Global Space-based Inter-Cal- 210
ibration System for bias intercalibration of level-1 data; this system calibrates geolocated 211
measurements of radiances and other characteristics prior to the retrieval of geophysical 212
variables [68]. The ESA CCI ESVs and the European Union’s Earth Observation Program 213
Copernicus Climate Change Service (C3S) have benefited from the systematic analysis of 214
climatic-quality satellite data set requirements developed in several subsequent projects, 215
e.g., in the Quality Assurance for Essential Climate Variables prototyping system [69]. An 216
example of this production and validation system that was implemented for the deriva- 217
tion of long-term ice albedo products from MODIS data can be found in [70]. The main 218
requirement for such climatic-quality data sets is that they should be free of multiyear 219
fragmentation, be continuous in time, and be consistent in quality. A triple-collocation 220
method has demonstrated promising results in several ESA CCI projects [71]. Geograph- 221
ically, the data sets should cover the whole Arctic or at least its important regions, e.g., the 222
Barents Sea [72]. Our analysis of sea ice transitions suggests that the temporal coverage 223
should include the critical years between 2000 and 2015. 224

At present, there is a large diversity in the long-term climatic-quality satellite data 225
products available at different stages of their development [3]. Cross-product validation 226
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and calibration are still important issues for the remote-sensing community. The most ac-
tively used climatic-quality products in amplification studies are listed in Table 2

Table 2. Actively used climatic-quality remote-sensing products complementing the essential cli-

mate variables from ESA CCI.

Product Name (abbrevia-

tion) Accessibility

Reference

Multiple variable products

Moderate Resolution Imaging spectroradiometer

MODIS data products https://modis.gsfc.nasa.gov/data/dataprod/

(30]

Temperature

University of Alabama-Huntsville (UAH) MSU/AMSU
Mean Layer Atmospheric Temperatures, version 6
UAH MSU/AMSU https://data.globalchange.gov/dataset/university-alabama-
huntsville-uah-msu-amsu-mean-layer-atmospheric-tempera-
tures-version-6

(73]
[65]

Arctic Ocean—Sea and Ice Surface Temperature RE-
PROCESSED
SST https://data.marine.copernicus.eu/prod-
uct/SEAICE_ARC_PHY_CLIMATE_L4_MY_011_016/de-
scription

[24]

Cloud and radiation budget characteristics

Cloud, Albedo, and Surface Radiation data set from
AVHRR data, second edition https://wui.cmsaf.eu/sa-
fira/action/viewDoiDetails?acro-
nym=CLARA_AVHRR_V002

CLARA-A2

[74]

Clouds and the Earth’s Radiant Energy System
(CERES) Energy Balanced and Filled (EBAF) Top-of-
CERES EBAF Atmosphere (TOA) edition-4.1 data product
https:/lasdc.larc.nasa.gov/project/ CERES/CERES_EBAF-
TOA_Edition4.1

[75]

NOAA'’s Pathfinder Atmospheres, Extended program

PATMOSx (PATMOS-x), v6.0 https://doi.org/10.7289/V5X9287S

[76]

Extended Advanced Very High-Resolution Radiometer
(AVHRR) Polar Pathfinder (APP-x)
https:/[www.ncei.noaa.gov/data/avhrr-polar-pathfinder-ex-
tended/access/

APP-x

[77,78]

Sea ice and snow cover characteristics

NOAA Snow Cover Extent Climate Data Record (CDR)
NOAA CDR - Rutgers Rutgers University Global Snow data set
https://climate.rutgers.edu/snowcover/

[79]

EUMETSAT OSI SAF v2.0 https://osi-saf.eumetsat.int/about/access-data

[80]

Goddard Bootstrap (5B2) National Snow and Ice Data Center (NSIDC): the
and NASA Team (NT1) data NASA Team (http://nsidc.org/data/nsidc-0051) and Boot-
sets strap SB2 (http://nsidc.org/data/nsidc-0079)

(81]

Polar Science Center sea ice data
PIOMAS http://psc.apl.uw.edul/research/projects/arctic-sea-ice-vol-
ume-anomaly/data/

(82]

Land cover and vegetation productivity

GIMMS3g Global Inventory Modeling and Mapping Studies

[66,83]

227
228

229
230
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https://climatedataguide.ucar.edu/climate-data/ndvi- [84]
normalized-difference-vegetation-index-3rd-generation-
nasagfsc-gimms

MEaSUREs

MEaSUREs Global Record of Daily Landscape
Freeze/Thaw Status, version 3 (NSIDC-0477) [85]
https://nsidc.org/data/nsidc-0477/versions/3

Methods. This synthesis study utilizes only results that have already been published
in literature. We focus on the interannual climatic variability and climate change trends
captured in long-term satellite data sets. Our methodological goal is narrowed towards
understanding whether satellite observations have captured important transitions in the
Arctic climate system —those transitions that have resulted in the emergence of the excep-
tional amplification in the 21t century [19,34]. Although the amplification was discovered
several decades ago [86,87], also through satellite observations [13,88], its emergence in
surface records and other environmental indicators remained debated [89-91]. Specifi-
cally, the extension of products from the Satellite Application Facility on Climate Moni-
toring (CM-SAF; www.cmsaf.eu) to the Arctic has increased the quality and diversity of
amplification studies [80,92]. CM-SAF is a component of the EUMETSAT activities that
provides remote-sensing products derived from meteorological satellites. CM-SAF re-
mote-sensing products provide important data on key variables related to the Arctic am-
plification, such as surface temperatures, the extent of sea ice, and cloud cover. CM-SAF
computes daily and monthly means of various cloud parameters with a horizontal reso-
lution of 15 km. The computations are based on cloud products derived from the AVHRR
instrument onboard polar-orbiting satellites and from the SEVIRI (Spinning Enhanced
Visible and InfraRed Imager) instrument on the geostationary satellites.

3. The Synthesis

The current physical understanding of the amplification. Energy-balance models of
the earth’s climate system clearly relate the emergence of the apparent amplification to
the changing heat capacity of the system, i.e., to the capacity to retain heat in the lower
atmosphere and in the upper ocean/soil levels [93]. These models have revealed that the
amplification emerges as the atmospheric fast mode in the meridional response to anthro-
pogenic climate change. Enhanced heat transport towards the Arctic is a precursor driving
sea ice melt and the eventual transition to a seasonally open-water Arctic Ocean. This in-
dicates that the amplification can be seen as a response to the redistribution of heat sources
and sinks on the planet [94]. In this way, accepting Manabe and Strickler’s arguments [95],
the amplification should not distort much of the top-of-the-atmosphere (TOA) radiation
balance. On the contrary, a prominent effect on the surface energy balance is expected, as
the surface is largely decoupled from the higher atmospheric layers in the stable Arctic
atmosphere. Satellite observations clearly identify such a fingerprint of the dynamic Am-
plification drivers. Finally, both climate modeling and results of reanalysis studies found
that the apparent amplification has accelerated when the local surface feedback was un-
locked after the transition to seasonal sea ice cover [14,15,96]. This is when the surface
recouples to the lower atmosphere. The fact that the amplification emerges in response to
so many different drivers suggests that it is a robust global climate response independent
of applied forcing and feedback details [9,14].

At present, the research community has created a physically consistent conceptual
picture of the amplification [9]. The amplification is initiated by the atmospheric dynam-
ics, but it is shaped and enhanced by interacting local physical processes and feedback.
Climate simulations suggest the following chain of causality. Meridional atmospheric
transport increases moist-static energy in the Arctic troposphere, which drives sea ice var-
iability [97]. Initially, the atmospheric warming has little observable effect on the extent of
sea ice and on surface temperatures, as multiyear ice has survived melting seasons [98].
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By the year 2000, however, multiyear ice largely disappeared from the central Arctic and
Eurasian shelf [42,44]. This outrunning thinning and reduction in multiyear ice was ex-
plained through a growth-thickness negative feedback mechanism [99]. Variability in the
seasonal sea ice cover has increased [100]. This has unlocked mechanisms of summer heat
accumulation in newly open surface waters with subsequent effects on autumn and win-
ter temperatures [101]. The apparent amplification has been unlocked. Several specific
physical feedback mechanisms trap further warming near the surface, enhancing its envi-
ronmental impact. The most pronounced changes are then observed in the areas of the
most recent sea ice and snow cover retreat, such as the marginal sea ice zone [19] and the
forest-tundra interface [7]. A schematic illustration in Figure 3 provides a general over-
view of the dynamics and physics of the amplification under surveillance of the ESA sat-
ellite fleet.

Emergence and location of the apparent amplification. The current understanding
maintains that the amplification developed for a long time in the free (lower) atmosphere,
before it finally emerged onto surface climate records. Figure 4 displays this development
in the UAH MSU TLT (lower atmosphere) data set. Time series of the Arctic and Hemi-
spheric temperature anomalies, A4y, began diverging in the 21 century, with the largest
difference noted around 2005 and then again after 2015. The reanalysis data reveal that
the contemporary amplification took off in 1990s [22]. Satellites (AVHRR data set) reveal
the surface warming trends at latitudes above 64°N of ~0.69 + 0.06°C dec?! compared to
~0.17°C/dec! globally from 1990-2010 [13]. The largest trends are found in the areas of
active seasonal sea ice loss. The sea ice surface temperature and the sea surface tempera-
ture in the Arctic show smaller trends of 0.47 +0.06°C dec' and 0.09 + 0.01°C dec’, corre-
spondingly.

Upper Atmospheric Temperature (UAH MSU TLT)

Persistent Amplification (1999 - on)

Figure 4. The amplification in the satellite observations (the lower troposphere UAH MSU TLT data
set) with sketched periods of the apparent amplification emergence. The blue line shows the Arctic
temperature anomalies; the black line shows the Northern Hemisphere temperature anomalies; the
colored bars show the amplification (the difference 4,4 between the lines).

Surface state transition caused by sea ice retreat. Monitoring of sea ice provides a
spectacular example of satellites” contribution to the radical rethinking of Arctic climate
change [17,42]. A wide variety of satellite instruments provide data for sea ice monitoring
[5,102]. Beginning with monitoring of the extent of sea ice [81,103], remote-sensing data
products have gradually begun to provide for sea ice thickness since 2005 [44], as well as
other derivative characteristics of the sea ice cover [42,102], including compactness and
lead fraction [104,105]. Satellites with low spatial and high temporal resolution provide
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synoptic information about the Arctic sea ice cover, age, motion, and timing of retreatand 313
advance. 314

Towards the end of the 20t century, global warming has been progressing without 315
visible differences in its pace at low and high latitudes. The warming pace began to di- 316
verge only when sea ice had retreated over large areas in the Barents Sea and the Eastern 317
Arctic. Satellites were able to capture a critical transition in both the extent and thickness 318
of sea ice [106]. Between 2005 and 2007, the mean residual (October—-November) sea ice 319
thickness rapidly dropped by 1 m (about 50%), manifesting a transition from multiyear to 320
seasonal ice cover [13], and the age-based sea ice volume decreased by around -411 km?® 321
yr! [43]. Changes in sea ice thickness contribute more this volume change than changes 322
in sea ice area. The 15-year satellite record depicts an ice volume loss of 4305 km? and 7695 323
km? in winter (February-March) and autumn (October—-November), respectively. These 324
numbers suggest that 30% to 40% of the total sea ice volume and >70% of the multiyear 325
ice volume have been lost already. The major transition from about 4 x 106 km? to less than 326
2 x 10° km? of multiyear sea ice occurred between 2005 and 2010. Figure 5 shows the 327
changes in the sea ice extent (SIE) derived from the OSI SAF Sea Ice Index product. This 328
transition is detected by combining data products from NASA Ice, Cloud, and land Ele- 329
vation Satellite (NASA ICESat) over 2003-2008 and the European Space Agency Earth Ex- 330
plorer Cryosphere Satellite 2 (ESA CryoSAT-2) from 2010 onward. The gap from 2008- 331
2010 was unfortunate, however, as it occurred in the middle of the main multiyear sea ice 332
decline period [44]. Data from the QuikSCAT (1999-2009) and MetOP ASCAT (2009-2018) 333
scatterometers indicate more than a 50% decline in multiyear sea ice coverage [44], witha 334
rapid decline in the multiyear ice area and volume that happened over just a few years 335
(see Figure 5). The most used climatic quality sea ice data sets agree on ice patterns and 336
the overall extent and trends [81]. A disagreement remains when sea ice characteristics, 337
especially ice concentration distributions, in the marginal ice zone and adjacent regions 338
are considered. 339

The role of sea ice transition is further emphasized in an analysis of the seasonality 340
of the trends. The amplification reveals a strong seasonal cycle, see Figure 6. The most 341
significant changes develop when the surface freezes or melts, notably during September, 342
October, and November (SON) due to the persistent shift in the melting/freezing onset. 343
The mean SON trends in 12 reanalysis data sets are greater than +5 K from 1979-2017 344
[107]. The mean melting season (June, July, August) trends are less than +1 K from 1979- 345
2017. 346

As sea ice retreats, the sea surface temperature (SST) in the Arctic begins increasing 347
as well [6,108]. The mean August SST is the most appropriate representation of Arctic 348
Ocean warming. The highest mean August SST (6-9°C) is observed in the southern Chuk- 349
chi and Barents Seas. 350

The warming of the Arctic SST is, however, in its initial stage. Yet the ocean impact 351
is growing. Satellite-based analysis of sea ice loss suggests the rising influence of ocean 352
fluxes [109]. One modeling study [110] attributed about 1°C near-surface warming in win- 353
ter to the thinning of sea ice, which corresponds to about 37% of the amplification in the 354
marginal sea ice zone. Another study [111] argued that increasing ocean heat inflow leads 355
to thermodynamic recoupling between the ocean and the atmosphere, and this might ac- 356
count for about 80% of the amplification by 2100. 357
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Figure 5. Changes in the Arctic sea ice extent (SIE). The total September and March SIE anomalies
are taken from the OSI SAF Sea Ice Index v2.1 (available at https://osisaf-hl.met.no/v2p1l-sea-ice-
index, last accessed 05.01.2023) [80]; the reference period is 1989-2021. All data are based on passive
microwave sensors (the SMMR, SSM/I, and SSMIS); the multiyear (older than one year, IMYR) and
old (older than 4 years, 4MYR) SIE anomalies are taken from NSIDC [112], see more details in [43].
SIE is defined as the area covered with more than 15% of sea ice.

Surface-state transitions caused by snow cover retreat. The longest satellite obser-
vations (since 1966) exist for snow cover [10,25]. The NOAA Climate Data Record (CDR),
also known as the Rutgers snow cover data set, has been digitized from snow cover maps
at a spatial resolution of 190.6 km at 60N [79]. Since 2004, both the spatial resolution and
quality of this record have been greatly enhanced by MODIS and VIIRS data streams (0.5
to 1 km resolution, respectively). The European Space Agency (ESA)’s GlobSnow product
has an intermediate (25 km) resolution, which is generally adequate for homogeneous
surfaces in the Arctic. The snow cover is in retreat in the Arctic, but trends remain contro-
versial and dependent on the selected period and season. Estilow et al. [79] showed that
the extent of hemispheric seasonal average snow cover increases in fall and winter but
decreases in spring and summer. The snow cover duration is decreasing by 5-6 days per
decade over the Northern Hemisphere. The snow water equivalent (SWE) determines
the amount of heat needed to melt snow, and thus, it is important for the emergence of
the amplification. Results for the SWE trends from the 36-year passive microwave record
(1980-2015) suggest that the hemispheric SWE is decreasing. However, at regional scales,
the trends are less certain and are highly variable between products. New satellite mis-
sions with the ability to retrieve snow water equivalents are needed to fill the gap in quan-
titative information. The Copernicus Global Land Cover service provides SWE for the
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northern hemisphere at a 5 km resolution (https://land.copernicus.eu/global/prod- 383

ucts/swe). 384
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Figure 6. Monthly variations in Arctic climate trends. (a) Land temperature (LST) trends from 386
MODIS LST data set and the surface air temperature trend from ERA-5 reanalysis from 2001-2020 387
[40]. (b) Sea ice area trends from 1979-2019 [113]. (c) Arctic amplification ratio from 1979-2021 av- 388
eraged over three observational data sets (Berkeley Earth, Gistemp, HadCRUT5) and the ERA5 re- 389
analysis [34]. 390

Surface—atmospheric coupling effects. The Arctic is one of a few regions (other re- 391
gions are collocated with ocean upwelling zones) where weak surface—atmospheric cou- 392
pling controls the climate sensitivity [95]. 393

Satellite observations can be used to estimate the characteristics of the vertical turbu- 394
lent mixing, surface layer coupling, and effective heat capacity of the climate system [114]. 395
However, such data products are still in their infancy. A promising algorithm looks at 39
aerosol backscatter [115]. It utilizes a threshold at which the backscatter signal exceeds the 397
clear atmosphere signal by a small arbitrary value or vertical gradients in a lidar 398
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backscatter profile. More sophisticated detection methods have been suggested as well 399
[116]. The CALIOP (Cloud-Aerosol Lidar with Orthogonal Polarization) instrument 400
onboard the CALIPSO mission was also used [117,118]. Another potentially useful data 401
set is provided by GPS Radio Occultations (GPS-RO) [119], which are more numerous and 402
less sensitive to clouds. The GPS-RO algorithms typically define the boundary layer 403
height as a level of the most negative moisture gradient [120]. During the winter months 404
(December-February), when the total precipitable water in the troposphere is at a mini- 405
mum, a fairly straightforward algorithm based on temperature inversions can be used 406
[121]. The shallow Arctic boundary layer is a challenge for the GPS-RO retrieval. Ding et 407
al. [122] showed that the 10-year retrieval has a low vertical resolution and accuracy, 408
which could be critical for the detection of the boundary layer height in high latitudes. 409
Temperature profile methods could be also used for the retrieval of the boundary layer 410
height. In the Arctic, however, temperature inversions are of radiative origin and could 411
be unrelated to vertical mixing. In addition, there is still no synthetic data product for 412
lower atmosphere temperature inversions. The existing data sets, e.g., a 17-year time se- 413
ries (1980-1996) of clear-sky temperature inversions derived from High-Resolution Infra- 414
red Radiation Sounder (HIRS) data [38], do not cover the emergence period. 415

Turbulent fluxes are also important for the assessment of the surface energy budget, 416
air-surface coupling and moisture, greenhouse gases, and aerosol exchange. The remote 417
sensing of turbulent fluxes is a rapidly developing application of the earth’s observations. 418
Significant progress has been achieved in development of turbulent flux products over 419
the global open ocean [71]. A corresponding development in the Arctic domain, however, 420
has met with considerable difficulties. Turbulent fluxes here are influenced by sea ice, 421
frequent overcast cloudiness, high wind speeds, low winter temperatures, and a small 422
temperature contrast between the surface and cloud layers. Surface heterogeneity and the = 423
presence of sea ice leads, in particular, might greatly enhance the fluxes [123]. Qu et al. 424
[124] derived turbulent fluxes from leads at different scales using a combination of surface 425
temperatures and lead distribution from remote-sensing images (Landsat-8 TIRS and 426
MODIS) and meteorological parameters from a reanalysis data set. A fetch-limited model 427
applied to thermal images and wind data estimates the fluxes to be more than 40% larger 428
than those of the homogeneous sea ice surface. 429

Arctic cloudiness effects. Arctic cloudiness is undoubtedly the major wildcard in am- 430
plification assessment and understanding [47]. The cloudiness effect is twofold. Clouds 431
distract optical satellite surface observations and data retrievals, and clouds play an active 432
and still poorly understood role in forcing the amplification on all scales. Strong connec- 433
tions have been found between cloud cover changes and dynamical patterns of the heat 434
inflow into the Arctic [125]. Figure 7 compares interannual variations in the total cloud 435
cover in the Arctic and its effect (forcing) on the longwave radiation balance at the surface, 436
as obtained from two satellite data products. The recent decade has witnessed both en- 437
hanced cloud cover and its surface heat forcing. 438
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Figure 7. Variations in the total cloud cover (a) and the longwave cloud radiative effect on the sur- 440
face (b) obtained from ESA Cloud-CCI and CERES data products. 441

Satellite observations are essential in studies of Arctic cloudiness and its impact 442
[32,126,127]. Today, almost 40 years (1982 on) of satellite cloud observations are available 443
[47]. Currently, four long-term climate data records (data sets) exist that are exclusively 444
based on AVHRR data. One is a CM SAF Cloud, Albedo, and Surface Radiation data set 445
from AVHRR data, second edition (CLARA-A2). It applies a hierarchical decision tree 446
thresholding method to retrieve cloud properties [74]. The other data set—the NOAA’s 447
Pathfinder Atmospheres, Extended program (PATMOS-x)—is based on a naive Bayesian 448
method [76]. The third is the Extended Advanced Very High-Resolution Radiometer 449
(AVHRR) Polar Pathfinder (APP-x) [77]. The fourth is the ESA Cloud CCI (version 3) 450
1982-2017, which uses neural network and optimal estimation techniques to provide 451
cloud property retrievals [128,129]. 452

Satellite cloud data products do not fully agree with each other. A study of 16 cloud 453
climatologies showed that the annual mean total cloud fraction in the region north of 60°N 454
is 0.70 + 0.03 (over the ocean 0.74 + 0.04; over land 0.67 + 0.03) [130]. The average disagree- 455
ment between MODIS and CALIOP over the whole Arctic reaches 13.1% during daytime 456
and 26.7% during nighttime [131]. This MODIS-CALIOP disagreement has high seasonal 457
dependence; it is the lowest in summer (showing a 10.7% difference in cloud fractions) 458
and the largest in winter (28.0%). MODIS typically under-detects low-level (top height <2 459
km) and high-level clouds (top height >6 km). Very low and thin clouds (<0.3 km) over 460
sea ice that are detected by MODIS are sometimes not observed or misclassified by 461
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CALIOP. Aside from this, MODIS cloud products perform better over open water than 462
over ice [132]. The main reason for the discrepancies among observations is the difference 463
in cloud detection algorithms, especially when clouds are detected over the ice/snow sur- 464
face (during the whole year) or over regions with a presence of strong low-tropospheric 465
temperature inversions (mostly in winter). 466

Arctic cloudiness is particularly challenging for climate models, causing major un- 467
certainties and discrepancies in regional climate change projections. Most models project 468
increasing low-level cloudiness in the region. Satellite observations confirm this tendency 469
[114]. The Arctic was found to be more cloudy in spring (the decadal trend from 1984- 470
2004 is 2.3% dec?) and summer (0.5% dec) but less cloudy in winter (-3.4% dec?) [33]. 471
More recent studies [133], however, found extensive positive low-level cloud fraction 472
trends over the Arctic sea ice. The strongest trends are found for October and November. 473
Amplitudes of these trends exceed +10% dec. 474

The estimations of the TOA forcing sensitivity give —0.46 +0.90 W m™= per each per- 475
centage of cloud cover change for shortwave radiation and +0.14 +0.087 W m=2 per per- 476
centage for longwave radiation. The temperature responses to radiative changes vary 477
from 0.25 W m?2 K in the CLARA Al data to 0.43 W m? K in the CERES broadband 478
planetary albedo data [53]. Hwang et al. [134] gave estimations of the radiative feedback 479
using CERES/Terra data (2000-2014) of 1.88 + 0.73 W m2 K- and 2.38 + 0.59 W m2 K- for 480
short- and long-wave radiation, respectively. They found that clouds reduce the albedo 481
feedback by about 50%, from 1.13 + 0.44 W m2 K1 in clear-sky periods to 0.49 £ 0.30 W m- 482
2 K1 in overcast periods. The TOA cloud feedback over 60°-90°N using CERES data re- 483
mains rather uncertain, ranging from -0.3 to 0.5 W m=2 K- [135]. Kay and L’'Ecuyer 484
[136,137] concluded that the clouds over the Arctic Ocean warm the surface by 10 W m2 485
in annual average and cool the top of the atmosphere (TOA) by =12 W m=2. Philipp et al. = 486
[114] analyzed clouds, radiation flux, and sea ice records covering 34 years of satellite 487
observations. These data confirmed statistically significant anticorrelations between sea 488
ice concentrations and the cloud fraction in autumn over melting zones. The net warming 489
effect of clouds was found in late autumn through spring due to weak solar insolation. 490
Thus, an increasing fraction of low-level clouds induces a surface warming trend up to 491
+8.3 W m? dec’, causing a prolonged melting season and hindering perennial ice for- 492
mation. Based on an assumption that the observed decrease in albedo is responsible for 493
the full warming, Pistone et al. [50] obtained a feedback estimation of 0.31 + 0.04 W m2 K- 494
L 495

Excessive cloud cover interferes differently with short- and long-wave radiation. In 496
summertime, when short-wave radiation is available, a reduced cloud fraction allows for 497
additional absorption of the solar energy at the surface and in the upper ocean. In total, 498
Arctic clouds cool the atmosphere by 22 W m= [137]. The annual average cloud forcing 499
has been changing at a rate of -2.11 W m2 dec’, indicating a damping effect on the surface 500
warming by clouds [33]. Cloud effects could, however, be offset by a changing surface 501
albedo and radiation balance, as well as by a redistribution of the additional heat between 502
atmospheric layers [51]. The net heating (the warming contribution to the amplification) 503
effect of clouds is still uncertain and remains rather disputable [138]. However, recent 504
additions to the satellite fleet (A-train with CloudSat and CALIPSO) have considerably 505
advanced our knowledge of the Arctic clouds and their climatic impact [137]. 506

Many important issues have been clarified in recent studies [47]. It was confirmed 507
that reduced cloudiness supports the amplification well into the autumn season, when 508
accumulated heat is released [139]. In the wintertime, enhanced low-level cloud fraction 509
traps outgoing long-wave radiation. This trapping is known as cloud optical depth feed- 510
back [140]. Observations from the ISCCP, MODIS, and PATMOS-x platforms confirmed 511
that this feedback increases surface warming [141]. The CERES EBAF data set suggests 512
that cloudiness over the areas of sea ice retreat is enhanced, inducing positive radiation 513
forcing [137,142]. Since clouds reduce surface heat loss in the winter season, they are ca- 514
pable of enhancing the amplification. 515
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The Arctic energy budget. Satellite platforms are the most suitable for observing spec- 516
tral radiance and the energy budget [31]. Therefore, the amplification has gained the larg- 517
est boost in understanding from climatic-quality data sets of the radiative components of 518
the TOA and surface energy budgets and forcing. The total Arctic energy budget is dom- 519
inated by a heat deficit of 115.8 W m? at the top of the atmosphere (TOA) on the annual 520
average [94]. This deficit is larger (-176.9 W m=) in January but reverts to a small energy 521
gain (12.4 W m?) in July. 522

The TOA radiative forcing has been reconstructed using different sensors since the 523
end of 1970s [31]. The CERES data set (2000-2018) indicates only a statistically insignificant =~ 524
Arctic TOA response of -0.19 + 0.44 W m~2 K-! (in high sea ice concentration (SIC) periods) 525
t0-0.15+0.16 W m2 K (in low SIC periods) [48]. Thus, the TOA radiative response in the 526
amplification domain has remained nearly stable during the recent period, which is in 527
agreement with model-drawn conclusions [14]. 528

Changes in the regional surface albedo have a strong impact on the heat absorption 529
and redistribution in the Arctic. The long-term darkening of the Arctic surface due to sea 530
ice loss has been observationally confirmed; the mean surface albedo has been reduced 531
from 0.52 to 0.48 since 1979 [50]. Over 28 years of homogenized satellite data (CLARA- 532
A1-SAL product; 1982-2009), the mean albedo of the sea ice cover has been decreasing at 533
0.029+0.011 dec! [49]. As sea ice and snow cover retreat, the total Arctic surface albedo has 534
decreased over 1982-2014 at rates of 1.25+0.34 (CLARA A1) and 1.51+0.41 % dec™ (APP- 535
x) [143]. This has caused moderate changes in the radiative fluxes and forcing. Using the 536
CLARA Al data product, Cao et al. [53] found that sea ice loss has resulted ina 0.20+0.05 537
W m?2 decrease in radiative forcing, yielding a sea ice albedo feedback strength of 0.25 W 538
m2 K- for the Northern Hemisphere and 0.19 W m-2 K! for the entire globe. 539

4. A Broader Impact of the Amplification 540

Impacts on extremes. Interest in the amplification is maintained by its impact on the 541
marine environment, the biosphere, and the cryosphere. The amplification changes not 542
only the mean values of ECVs but also induces a broad spectrum of weather extremes and 543
environmental hazards [144]. Extremes are becoming new normals in the changing Arctic =~ 544
[8]. Amplified warming literally means more intensive and more frequent heat waves in 545
the Arctic, such as those observed in 2012, 2016, 2019, and 2020 [145]. The effects of seaice 546
retreat, snow cover reduction, and soil carbon release could be felt worldwide [146], 547
though they are perhaps not as straightforward as it has been previously suggested [147]. 548
At the same time, there is no consensus on the impact of the amplification on mid-latitude 549
weather extremes [148]. Synoptic activity in the mid-latitudes likely enhances the ampli- 550
fication; poleward winds are stronger in years of reduced sea ice concentration, increasing 551
the atmospheric (surface oceanic) poleward heat flux by up to 25% and accelerating sea 552
ice retreat [149]. However, the amplification likely has an insignificant impact on synoptic =~ 553
activity [150]. 554

Impacts on ecosystems. The amplification impacts Arctic ecosystems (both their com- 555
position and productivity) strongly. The most informative data products systematically 556
quantify changes from earlier baselines [90]. The longest running data product combines 557
more than 40 years of satellite observations since 1981 in the Global Inventory Modeling 558
and Mapping Studies (GIMMS) [66,83]. Vegetation indices in GIMMS isolate signals of 559
vegetation productivity by emphasizing reflectance in different parts of the radiometric 560
spectrum. However, the indices are not developed in the polar context [7]. The relevant 561
issues here, for instance, are a low sun angle, an abundance of surface water, and alow or 562
high surface contrast. Other climatic-quality products include: VIP3 (Vegetation Index 563
and Phenology, version 3), LTDR4 (Long-Term Data Record, version 4), SPOT-VGT (Sys- 564
teme Pour I'Observation de la Terre VEGETATION), and the MODIS data set [30]. These 565
data products still have trend discontinuities, as sensor shifts potentially introduce uncer- 566
tainties and artifacts in data records [151]. Spatial fragmentation of the pixel-based trends 567
creates difficulties for regional trend aggregation [152], so that a trend detection 568
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methodology needs more attention [153]. Satellite products also suffer from inadequate 569
sensitivity to detect changes; known problems are related to aliasing from decreasing 570
snow cover and increasing leaf area, atmospheric contamination, orbital drift, and sensor 571
replacements [83]. At present, the EU Sentinel missions [154] have significantly improved 572
monitoring of the terrestrial ecosystem, introducing a 10-60 m spatial resolution and a 573
potential revisit time of five days. The development of hyperspectral missions such as the 574
EnMAP, FLEX, and HyspIRI is expected to deliver richer functionality and accuracy of 575
information. In recent years, attempts to retrieve more diverse traits, such as plant heights, 576
have been presented [155]. The retrieval combines C-band SAR and multispectral vegeta- 577
tion indices, especially through the acquisition strategy of Sentinel-1 and 2. 578

Remote sensing has already revealed longer growing seasons (up to 20 days longer 579
over the past decade) and increased annual biological production (greening) of the north- 580
ernmost bioclimatic zones of tundra and forest-tundra [156]. In total, seasonal biological 581
productivity has increased for 42% of northern vegetation, which translates to a 21% gain 582
in productivity between 1982 and 2014 [57]. Only 2.5% of northern vegetation shows 583
browning, which corresponds to a 1.2% loss of productivity. 584

Impacts on marine biology. Sea ice retreat has improved illuminance, followed by 585
increasing temperatures in upper, biologically productive layers. More stormy weather, 586
higher waves, and enhanced inflow of Atlantic water enrich the productive layers with 587
nutrients. Satellites are witnessing growing primary production, which extends further 588
north and east in the marginal Arctic seas [26,157]. Areas of marine species, from algae 589
and fish to birds and polar bears, have been moving northwards, with implications for the 590
entire food web and leading to an increasing number of fishing vessels visiting Svalbard. 591
Satellite platforms are the main tool to monitor marine ecosystems, providing for the onset 592
and peaks of the annual spring and summer algae blooms as well as for their extent and 593
phenology, both in open waters and under sea ice. Fishery fleet activity can be also mon- 594
itored. The combined use of SAR and AIS data will provide information on changes in the = 595
catch pattern of the fishing fleet in Arctic waters. The ESA contribution has been politically 596
recognized as an essential basis to sustain fisheries in the Arctic Ocean [158]. 597

Impact on soils and permafrost. Following the amplification and land cover changes, 598
warming begins to penetrate in active soil layers and permafrost [159]. The changes in 599
permafrost could be monitored from space using direct and indirect methods. Indirect 600
methods utilize diverse signatures left on terrestrial morphology, hydrology, and biology 601
[29,160]. Such surface changes could be related to the occurrence of certain vegetation 602
types [161] or to the disappearance or shrinkage of lakes [162]. The proxy data may be 603
utilized to extend global permafrost products back to the 1980s or to even earlier periods. 604

A more direct approach utilizes the land surface temperature and its derivatives in 605
connection with soil temperature modeling. The model complexity and remote-sensing 606
contributions may vary. A number of auxiliary input parameters might be involved. A 607
simple frost-and-thaw index approach was commonly used in earlier works, but later, a 608
more computationally extensive approach began to dominate [163]. Permafrost monitor- 609
ing with the MODIS LST input was applied by Marchand et al. [164]. This approach is 610
followed in the GlobPermafrost project [56]. It estimates permafrost distribution using an 611
equilibrium state model for the temperature at the top of the permafrost (TTOP model) 612
for the 2000-2016 period. The Copernicus Sentinel-1 and -2 missions provide information 613
on changing topography (land surface slumps, erosion related to thawing permafrost, sur- 614
face depressions, shrubification), whereas missions carrying thermal sensors (Sentinel-3) 615
assess changes in the land surface temperature. Information on snow conditions and land 616
cover can be used as a proxy for soil properties. Both snow and soil regulate heat transfer 617
and thus determine the impact of the amplification on the frozen soil beneath. Park et al. ~ 618
[54] inferred the extent of permafrost from satellite microwave data of the daily landscape 619
freeze—thaw status over 30 years (1980-2009). The data set is presented in Kim et al. [85]. 620
The extent of permafrost has been declining since 1980 at a rate of 0.33 million km? dec? 621
(p < 0.05), but this decline has seemed to accelerate since 2004. 622
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Impact on the Arctic ice sheets and glaciers. Due to the vast time scale difference, it 623
is not a simple question as to whether the amplification has already imposed its impact 624
on the Arctic ice sheets and glaciers. Satellite data reveal a robust decline in the Greenland 625
ice mass since the 2000s. The IMBE team [58] published a data set that compares and com- 626
bines 26 individual satellite measurements of changes in the Greenland ice sheet mass 627
balance. The ice sheet remained nearly in balance in the 1990s, but annual ice losses have 628
risen since then. The peak loss was recorded in 2011, when it reached 345 * 66 billion tons. ~ 629
The total loss between 1992 and 2018 was 3,902 + 342 billion tons of ice, driving the mean 630
sea level up by 10.8 + 0.9 mm. Despite its significant ice sheet loss, Greenland and the sur- 631
rounding seas do not exhibit a strong amplification, perhaps due to an increasing influx 632
of ice in the adjacent waters. A review by Cooper and Smith [60] synthesized remote- 633
sensing methods and key findings for the Greenland ice sheet ablation zone. Observations 634
for other, smaller glaciers have provided more diverse results [165]. 635

Impacts on society and humans. Although still wild and remote, the Arcticisincreas- 636
ingly touched by human activity. The Sentinel-1 and -2 satellites have improved the map- 637
ping of Arctic settlements and infrastructure [61,62]. Local human disturbances around 638
settlements, mining fields, and transport routes are gradually merging into a pan-Arctic 639
network of modified land cover types. The slow recovery of soils and vegetation increases 640
the footprints of any disturbances, even minimal artificial ones. High-resolution satellite 641
imagery has helped in tracking human footprints over decades, e.g., in northern West Si- 642
beria, where the exploration of vast hydrocarbon deposits has been extensive since 1970s. 643
Holistic, interdisciplinary studies of human-induced disturbances include the analysis of 644
diverse satellite imagery and remote-sensing data products [166]. The extensive transfor- 645
mation of disturbed land patches has been documented. 646

Sizov et al. [167] gives an illustrative example of northern forest advance in northern 647
West Siberia. They compared high-resolution satellite images taken over the last 50 years 648
(1968-2018). The study clearly demonstrates the widespread advance of alternative eco- 649
systems (forest) on damaged land patches that replace tundra ecosystems in their tradi- 650
tional ecotone (Figure 8). Generalizing this example, enhanced greening has been revealed 651
in the MODIS NDVI data around the majority of Arctic towns [168]. 652

653
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Figure 8. Afforestation of a burned tundra area in northern West Siberia. The left image was taken 654
by Corona/KH-4b, 21.08.1968, the right image by Resurs-P, 28.09.2016. Source: [168]. 655

Following global economic and political trends regarding Arctic development, the 656
Arctic population is experiencing significant changes [169]. The amplification creates both 657
risks and opportunities. On the one hand, sea ice retreat, increasing land productivity, 658
and less severe winters improve access to remote areas and resources in the Artic. On the 659
other hand, an active soil layer and permafrost warming lead to weakened ground stabil- 660
ity under infrastructure [2], destroyed roads, and other detrimental effects [170]. Satellites 661
have monitored human-induced changes and effects since the 1960s. There are several 662
important issues for satellites to follow up on, namely, coastal erosion [61], the stability of 663
settlements on the permafrost [171,172], and monitoring of the environmental pollution 664
[173]. 665

5. Conclusions and Perspectives 666

Responding to the global issue of anthropogenic climate change, the European Space 667
Agency (ESA) has undertaken the Climate Change Initiative (CCI) to exploit the full po- 668
tential of long-term global satellite observations. The ESA CCI essential climate variables 669
(ECVs) cover more than 40 years of monitoring the earth from space and provide climatic- 670
quality data sets for the investigation of climate phenomena in development [3]. Data sent 671
by the ESA, NASA, and some other satellite platforms are utilized to create a variety of 672
ECV records. Both the advantages and challenges of the ESA CCI projects are related to 673
the need to fuse data information from different sensors working on different satellite 674
platforms with different spatial, temporal, and spectral resolution. Nevertheless, since the 675
emergence of profound climate change in the Arctic has been delayed by the transition of 676
the sea ice state, ESA CCI climatic-quality records have captured the amplified and accel- 677
erated climate warming in the Arctic and its widespread influential effects and impacts. 678
These linkages are summarized in Figure 9. 679
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Figure 9. Primary satellite sensors contributing to the amplification ECVs in the ESA CCI program. 681
The diagram combines presentations in several publications [5,12,68,80]. A complete description for 682
each ECV is available at https://climate.esa.int/en/. 683

684

Satellite observations are indispensable for crystallizing a new physical paradigm for 685

the amplification. Although this paradigm benefits from model sensitivity and process 686
studies, such modeling efforts would not be feasible without satellite information in na- 687
tive resolution on the characteristics of sea ice, snow cover, clouds, vegetation, albedo, 688
and TOA radiative fluxes—all of these characteristics are poorly reproduced in uncon- 689
strained model runs. Specifically, satellite observations have been essential in revealing 690
the link between sea ice cover and the apparent (surface layer) amplification. They re- 691
vealed the spatial relocation of the amplification core from the northern continents to the 692
marginal sea ice zone (e.g., the Barents-Kara Sea region) as soon as multiyear sea ice cover 693
had disappeared. 694
This synthesis draws a broadly consistent picture of the amplification and its impacts 695
derived from the ESA CCI ECVs and other collections of climatic-quality remote-sensing 696
data products. At the same time, we have to agree with a critical judgement of satellite 697
observations: “While suitable for detecting overall change, the current capability [of satellite ob- 698
servations] is inadequate for systematic monitoring and for improving process-based and large- 699
scale understanding of the integrated components the cryosphere, biosphere, hydrosphere, and at- 700
mosphere” [5]. There is future potential in multi-sensor/data and synergetic applications of 701
satellite and in situ data to be used in combination with numerical modeling. Those still- 702
existing gaps in ECVs for amplification monitoring will be reduced by new ESA satellite 703
missions [67]. 704
Perspectives on the future amplification. The amplification is a robust response to 705
climate forcing. Historical observations and climate reconstructions have revealed periods 706
of amplified and accelerated temperature trends in the Arctic’s past [174]. Model simula- 707
tions suggest that the amplification will proceed into the future. At the same time, the 708
amplification will not develop as a steady process. Will it vanish as the Earth’s climate 709
system approaches its new, warmer equilibrium? Climate models suggest that it will de- 710
crease already by the end of the 21t century [175], owing largely to the disappearance of 711
summer sea ice in the Arctic and the equilibration of the global radiation response in the 712
climate system [176]. Other studies disagree with this projection [177]. They expect Ry, 713
between 2.5 and 3.5 by the end of the 215t century. CMIP6 climate models project the am- 714
plification’s continued presence throughout the 21st century, with R4, of about2.4(2to4 715
for individual models). As such, the Arctic’s annual mean temperature and precipitation 716
could reach about 11.5 + 3.4°C and 49 + 19% over the 20812100 period (with respecttoa 717
1995-2014 baseline) under the SSP5-8.5 scenario or 4.0 + 2.5°C and 17 + 11% under the 718
SSP1-2.6 scenario. It remains unclear whether the period of the most accelerated warming 719
will be limited to the transition to a seasonally ice-free Arctic Ocean, or whether the Arctic 720
warming pace will be still increasing in an open-water Arctic [178]. 721
Satellite observations contribute not only to the monitoring of the amplification but 722

also to the entire value chain that comprises data, information, knowledge, and wisdom 723
[179]. Remote-sensing products of climate quality become integrated into body of 724
knowledge and are used in holistic informed decision making. The ESA CCl is significant =~ 725
in providing data for societal benefits [180]. There is, however, more work to be done. 726
First, more diverse long-term climate quality data products are needed. Diversification of 727
ECV products must be complemented by studies of consistency between different prod- 728
ucts, and intercalibration should be performed if necessary. This will help to create a 729
model-independent assessment of Arctic climate change and also of spatial and temporal 730
scales that are still unresolved in climate models and analyses. Second, there is a need to 731
improve the processing and cross-platform calibration of long-term climate quality data 732
products, so that the statistical analysis of time records, specifically trends, would become 733
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more reliable. Year-round sampling capabilities and sampling of the land sea interface
need to be considerably advanced. Specifically, regular atmospheric vertical profile infor-
mation is still undersampled. Finally, there is a need for a standard protocol for such cal-
ibration, which would ensure the quality of long-term data sets. It is important to bring
consistency to diverse data products, which at present are increasing the uncertainties of
future climate projections.
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