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Ice-rich permafrost exposed on the face of Itkillik Bluff on the North Slope of Alaska. The bluffs and surrounding ice-rich
permafrost have lost large volumes of ice over recent years due to lateral erosion and surface disturbances such as wildfire
and climate warming. Members of NASA’s Arctic-Boreal Vulnerability Experiment visit this site annually to collect frozen
soil and ground ice for carbon analysis. The team also uses regional airborne and space-borne remote sensing to identify
potential volume of major ground ice loss in previously unidentified ice-rich parts of the landscape.
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et al. 2018). This variability suggests
complex interactions among the atmo-
sphere, vegetation, soils, permafrost,
and grazing animals of the Arctic
system. Changes in tundra vegetation
can have important effects on carbon
cycling and soil-atmosphere energy
exchange (e.g., Treharne et al. 2016;
Frost et al. 2018; Lafleur and Hum-
phreys 2018). The latter has implica-
tions for active layer depth and per-
mafrost stability, thereby impacting
Arctic landscapes. Changes in tundra
vegetation also affect wildlife habi-
tats. For instance, bird and terrestrial
mammal species have shown favorable
responses (e.g., greater range and larger
populations) to Arctic greening, in-
cluding shrub expansion (e.g., Wheeler
et al. 2018). Continued evaluation of
the current state and dynamics of cir-
cumpolar Arctic vegetation improves
our understanding of these complex
interactions and their influences on
the Arctic system and beyond.

There is a number of controls on
the inter-annual dynamics of tundra
productivity. Summer air temperature
is the most widely acknowledged factor
responsible for increasing (greening)
tundra vegetation (Ackerman et al.
2018; Keenan and Riley 2018; Myers-

from the latter.

of record (1976-2018) was 1.0 km? per year. When the
Eurasian data are also considered for the same period,
the average annual increase in discharge was 4.8 km®
per year (Fig. 5.24). These observations indicate that
Arctic river discharge continues to increase, provid-
ing powerful evidence for the intensification of the
Arctic hydrologic cycle.

i. Tundra greenness—H. Epstein, U. Bhatt, M. Raynolds,
D. Walker, B. Forbes, G. Phoenix, ]. Bjerke, H. Temmervik,
S.-R. Karlsen, R. Myneni, T. Park, S. Goetz, and G. Jia
Arctic tundra vegetation has responded to dra-

matic environmental changes over the course of the

last several decades by increasing the above-ground
quantity of live vegetation, a process commonly
referred to as greening. Vegetation changes vary
spatially, in both sign and magnitude, throughout
the circumpolar Arctic, and are not necessarily
consistent over time (e.g., Bhatt et al. 2013; Reichle
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Smith and Hik 2018; Weijers et al.
2018; Bjorkman et al. 2018). However,
several reports have shown that increased tempera-
tures can have a detrimental (browning) or no effect
on tundra vegetation (Lara et al. 2018; Maliniemi
et al. 2018; Opala-Owczarek et al. 2018; Xu et al.
2018). Tundra browning has also been observed in
response to extreme events, such as winter snowmelt
followed by frost, drought, icing during rain-on-snow
episodes, and insect outbreaks (Phoenix and Bjerke
2016; Treharne et al. 2016). Precipitation and moisture
availability are also important controls on tundra
vegetation dynamics (Lara et al. 2018; Maliniemi et
al. 2018; Opala-Owczarek et al. 2018; Wang et al. 2018;
Bjorkman et al. 2018) and are linked to the effects of
air temperature changes; increased temperatures may
lead to reduced growing-season soil moisture and
increased water stress in tundra plants (Ackerman et
al. 2018; Keenan and Riley 2018; Opala-Owczarek et
al. 2018). Deeper snow packs have been shown to lead
to increased shrub growth, increasing vegetation net
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uptake of CO, (Christiansen et al. 2018; Maliniemi et
al. 2018; Opala-Owczarek et al. 2018; Parmentier et
al. 2018; Wang et al. 2018). Changes in the land cover
also affect tundra greenness; for example, reductions
in cryogenic disturbances (e.g., frost circles; Becher
et al. 2018) and increased lake drainage (Lara et al.
2018) can both lead to greening.

Arctic tundra vegetation has been monitored con-
tinuously since 1982 using the Normalized Difference
Vegetation Index (NDVI) derived via satellites. NDVI
is highly correlated with the quantity (greenness) of
above-ground Arctic tundra vegetation (e.g., Rayn-
olds et al. 2012; Karlsen et al. 2018). The data reported
here are from the Global Inventory Modeling and
Mapping Studies (GIMMS) 3g V1 dataset (GIMMS
2013) and are based largely on the AVHRR sensors
aboard NOAA satellites (Pinzon and Tucker 2014).
The GIMMS product (at 1/12° resolution for this
report) is a bi-weekly, maximum-value composite
dataset of the NDVI, calculated from Earth-surface
reflectances in the red and near infrared wavelengths.
Two metrics based on the NDVIare used: MaxNDVI
and TI-NDVI. MaxNDVT is the peak NDVT value
for the year, observed during the growing season,
and is related to the yearly maximum above-ground
vegetation biomass. T1 (time-integrated) NDVT is the
sum of the bi-weekly NDVT values for the growing
season and is correlated with the total above-ground
vegetation productivity. Collectively, these two in-
dices describe the abundance and activity of tundra
vegetation for a given growing season.

According to the overall trend in tundra greenness
for the 37-year record (1982-2018), the MaxNDVIand
the TI-NDVT have increased throughout a majority
of the geographic circumpolar Arctic tundra (Figs.
5.25a,b). Regions with the greatest increases in tundra
greenness are the North Slope of Alaska, the southern
subzones of the Canadian tundra, and eastern Siberia.
Tundra greenness has declined or shown browning
throughout the Yukon-Kuskokwim Delta of western
Alaska, the High Arctic of the Canadian Archipelago,
and the northwestern and north-coastal Siberian tun-
dra. Specific regions of observed greening and brown-
ing tend to be consistent between MaxNDVTI and
TI-NDVTI; however, decreases in TI-NDVT tend to be
more spatially extensive than decreases in MaxNDVT,
suggesting that in certain locations the length of the
growing season may be decreasing, whereas the actual
growth of vegetation may not be affected.

Considering variability on a year-to-year basis,
NDVI declined in 2018 from the prior year for both

a year of decreases in NDVI from 2016 to 2017, after
particularly high NDVI values were observed in 2016.
In North America, TI-NDVI declined by 11.2% from
2017 to 2018 (the largest single-year decline in the
record) and declined 14.7% since 2016. MaxNDVI in
North America declined by 5.9% from 2017 to 2018
(the second largest single-year decline in the record),
and 9.9% since 2016. Note that the mean NDVI values
for Eurasian tundra are substantially greater than
those for the North American tundra, because most of
the Eurasian tundra occurs at relatively lower latitudes.
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Fic. 5.25. Magnitude of the trend (calculated as the
total change over a least squares, linear fit trend line)
in (@) MaxNDVI and (b) TI-NDVI for 1982-2018.

indices over North America and slightly increased
for Eurasia (Fig. 5.26). For both regions, this follows
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With the 2017 to 2018 decline, the North American
NDVTI values dropped below the mean for the 37-year
record. In 2018, MaxNDVT for North America ranked
25th and TI-NDVI ranked 36th (second lowest in
the record, behind 1992). NDVT values for Eurasia
remained above the mean; MaxNDVI ranked ninth
and TI-NDVI ranked 11th. For the Arctic as a whole,
MaxNDVTin 2018 was essentially at the mean value
(ranked 19th) and TI-NDVTI was less than the mean
value (ranked 31st).
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FiG. 5.26. (a) MaxNDVI and (b) TI-NDVI for Eurasia
(top), Arctic as a whole (middle), and North America
(bottom) for 1982-2018. Horizontal lines are the
means for each time series.
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j. Ozone and UV radiation—G. H. Bernhard, V. E. Fioletov,

J-U. GrooB, I. lalongo, B. Johnsen, K. Lakkala, G. L. Manney, and

R. Miiller

The release of man-made substances that deplete
Earth’s ozone layer, such as chlorofluorocarbons
(CFCs), has reinforced the chemical destruction of
ozone in the polar stratosphere. The resulting ozone
loss has led to increased UV radiation with adverse
effects on human health (e.g., sunburn) and Earth’s
environment (EEAP 2019). Chemical processes that
drive ozone depletion are initiated at temperatures be-
low about 195 K (-78°C) in the lower stratosphere, at
an approximate altitude of 15-25 km. These chemical
processes lead to the formation of polar stratospheric
clouds (PSCs), which act as a catalyst to transform
inactive forms of chlorine-containing substances
(e.g., HCl and CIONO,) to active, ozone-destroying
chlorine species such as chlorine monoxide (ClO).
Chemically-induced loss of polar ozone occurs pre-
dominantly during winter and spring (WMO 2018a),
hence November 2017-April 2018 is emphasized in
this report.

Chemical destruction of ozone was unusually
large over the winter/spring 2017/18. Temperatures
in the lower Arctic stratosphere dropped below
the threshold for PSC formation in mid-November
2017, approximately 15 days earlier than typical,
and remained below the average temperature in
the observational record (1979-2016) through mid-
February 2018. On 12 February, a major sudden
stratospheric warming event split the polar vortex
(i.e., the low-temperature cyclone in which most of
the springtime chemical ozone destruction occurs),
and lower stratospheric temperatures abruptly rose
above the threshold temperature for PSC formation
(Karpechko et al. 2018; Rao et al. 2018). The larger
of the two offspring vortices remained intact, and
chemical destruction of ozone continued within its
boundary until late March. Despite this event, vortex-
averaged ozone mixing ratios (OMRs; a measure of
ozone concentrations) observed by the Microwave
Limb Sounder (MLS) during February 2018 were the
lowest in the MLS observational record (2004-17;
Fig. 5.27). Although chlorine was not fully deactivated
until late March, according to MLS measurements,
OMRs within the vortex started to increase in early
March, partly due to influx of ozone from higher
altitudes. Vortex-averaged OMRs between March and
early April 2018 were among the lowest in the MLS
record, with lower values only in 2011 and 2016, the
years with the largest chemical ozone loss observed
to date (Fig. 5.27).
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FiGc. 5.27. Average ozone mixing ratios (ppmv) mea-
sured by Aura MLS at an altitude of ~18 km for the
area bounded by the polar vortex. Data from 2017/18
(red), 2015/16 (green), and 2010/11 (blue) are compared
with the average (solid white) and minimum/maximum
range (gray shading) from 2004/05 to 2016/17, excluding
2010/11, 2015/16, and 2017/18. Gaps in the record for
2010/11 are due to missing data.

The evolution of the Arctic total ozone column
(TOCG; i.e., ozone amounts integrated from the sur-
face to the top of the atmosphere) in March 2018 is
compared to the 1979-2017 observational record in
Fig. 5.28. March TOC is evaluated because chemically
induced Arctic ozone loss typically has the largest
variability in this month (Fig. 5.27, WMO 2018a). The
minimum Arctic daily TOC measured by satellites in
March 2018 was 380 Dobson units (DU), which was
1.2% (4 DU) above the average of the observational
record (376 DU) and 3.7% (14 DU) above the average
when MLS data are available (2005-17).
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Fic. 5.28. Area-averaged monthly minimum total
ozone column (DU) for Mar poleward of 63° equivalent
latitude (Butchart and Remsberg 1986). Open circles
represent years in which the polar vortex broke up
before Mar, resulting in relatively high values due to
mixing with lower latitude air masses and a lack of sig-
nificant chemical ozone depletion. Red and blue lines
indicate the average TOC for 1979-2017 and 2005-17,
respectively. Data are adapted from Miiller et al.
(2008) and WMO (2018), updated using ERA-Interim
reanalysis data (Dee et al. 2011). Ozone data from
1979-2016 are based on the combined total column
ozone database version 3.4 produced by Bodeker Sci-
entific (www.bodekerscientific.com/data/total-column
-ozone). Data for 2017/18 are from OMI.
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Spatial deviations of monthly average TOCs from
historical (2005-17) averages (Figs. 5.29a,b) were es-
timated using ozone monitoring instrument (OMI;
co-located with MLS on the Aura satellite) measure-
ments. Despite the low ozone concentrations inside
the lower stratospheric polar vortex during March
(Fig. 5.27), TOCs over most regions of the Arctic
were well above average (Fig. 5.29a) because Arctic
TOCs are predominantly controlled by dynamical
processes such as the transport of ozone-rich air from
lower latitudes (Manney et al. 2011). Chemical loss in
2018 was only a secondary factor in controlling TOC
within the vortex and a negligible factor outside the
vortex. Average TOCs for March 2018 were about 15%
higher than the long-term mean over Scandinavia,
the Norwegian Sea, Greenland, and northeastern
Canada; 10% lower over north-central Siberia; and
10% higher over northeastern Siberia (Fig. 5.29a).
By July, monthly TOC anomalies showed a distinct
geographical pattern that was significantly different
from March (Fig 5.29b): TOCs were about 5% below
the long-term average over Scandinavia and north-
west Russia and 5% above the long-term average over
Greenland, northeastern Canada, and the North Pole.

The ultraviolet index (UVI) is a measure of the
ability of UV radiation to cause erythema (sunburn)
in human skin (WHO 2002). In addition to its de-
pendence on TOC, UVI depends on the sun’s angle,
cloud cover, and surface albedo (Weatherhead et al.
2005). In the Arctic, the UVTI scale ranges from 0 to
about 7, with the smallest annual peak radiation levels
(UVIvalues <4) observed at sites closest to the North
Pole. UVIvalues <5 indicate low-to-moderate risk of
erythema (WHO 2002).

UVI anomalies are assessed using both satellite-
based OMI and ground-based measurements, with
the former providing better spatial coverage and the
latter providing greater regional accuracy (Bernhard
et al. 2015). Figures 5.29¢,d quantify the spatial dif-
ferences in monthly average noontime UVIs from
historical (2005-17) averages based on OMI mea-
surements. Figures 5.29¢,d also indicate anomalies
calculated from ground-based measurements at nine
research stations located throughout the Arctic and
Scandinavia.

Areas with high UVIs roughly match areas with
low TOCs and vice versa, but UVI anomalies have
larger spatial variability because of their added
dependence on cloud cover (Fig. 5.29). In March
2018, average noontime UVTs calculated from OMI
observations and ground-based measurements were
0%-15% below historical averages with a few excep-
tions, such as northwestern Siberia, where UVIs were
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FiG. 5.29. Anomalies of TOC (%) for (a) Mar and (b) Jul 2018. Noontime UVI (%) for (c) Mar and (d) Jul 2018.
Anomalies are relative to 2005-17 averages. Maps are based on the OMTO3 Level 3 total ozone product (Bhar-
tia and Wellemeyer 2002). (c) and (d) also compare UVI anomalies from OMI (first value in parenthesis) with
ground-based measurements at nine locations (second value presented). Gray shading indicates areas where
no OMI data are available.
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actually elevated by several percent (Fig. 5.29¢). Large
positive UVI anomalies were observed over Scandi-
navia in May and July, with a 20%-40% range in both
months (absolute anomalies of up to 1.4 UVI units).
In July, areas of high UVI (Fig. 5.29d) and low ozone
(Fig 5.29b) were correlated. However, these large UVI
anomalies cannot be explained by low TOCs alone
and were partly caused by exceptionally long periods
of clear skies and record dry and warm conditions.
For example, at Sodankyld, the mean temperature
in July 2018 was 5.6°C above the 1981-2010 average
and the sunshine duration in 2018 was 405 hours,
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exceeding the 1981-2010 average of 245 hours by 65%.
Anomalies at Trondheim, Oslo, and Sodankyld have
exceeded historical means by 2.1, 2.3, and 2.5 stan-
dard deviations, respectively. In contrast to high UV
radiation levels in Scandinavia, UV indices measured
during July in northern Nunavut, Canada, were up
to 29% below the long-term mean. UVI anomalies
for the rest of the Arctic remained within £20% with
few exceptions such as the eastern coast of Greenland
(Fig. 5.29d). Generally, OMI observations are consis-
tent with ground-based measurements (Fig. 5.29d).
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