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ABSTRACT: Alaska’s Yukon-Kuskokwim Delta (YKD) is among the Arctic’s warmest, most biologically productive
regions, but regional decline of the normalized difference vegetation index (NDVI) has been a striking feature of space-
borne Advanced High Resolution Radiometer (AVHRR) observations since 1982. This contrast with “greening” prevalent
elsewhere in the low Arctic raises questions concerning climatic and biophysical drivers of tundra productivity along
maritime—continental gradients. We compared NDVI time series from AVHRR, the Moderate Resolution Imaging
Spectroradiometer (MODIS), and Landsat for 2000-19 and identified trend drivers with reference to sea ice and climate
datasets, ecosystem and disturbance mapping, field measurements of vegetation, and knowledge exchange with YKD el-
ders. All time series showed increasing maximum NDVI; however, whereas MODIS and Landsat trends were very similar,
AVHRR-observed trends were weaker and had dissimilar spatial patterns. The AVHRR and MODIS records for time-
integrated NDVI were dramatically different; AVHRR indicated weak declines, whereas MODIS indicated strong in-
creases throughout the YKD. Disagreement largely arose from observations during shoulder seasons, when there is partial
snow cover and very high cloud frequency. Nonetheless, both records shared strong correlations with spring sea ice extent
and summer warmth. Multiple lines of evidence indicate that, despite frequent disturbances and high interannual variability
in spring sea ice and summer warmth, tundra productivity is increasing on the YKD. Although climatic drivers of tundra
productivity were similar to more continental parts of the Arctic, our intercomparison highlights sources of uncertainty in
maritime areas like the YKD that currently, or soon will, challenge historical concepts of ‘“‘what is Arctic.”
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1. Introduction managers, including sea ice decline (Grebmeier et al. 2006), per-
mafrost thaw (Whitley et al. 2018; Michaelides et al. 2019),
changing tundra productivity (Bhatt et al. 2010; Bieniek et al.
2015), tundra shrub expansion (Myers-Smith et al. 2011), and in-
creased coastal flooding and erosion (Vermaire et al. 2013). These
processes have already driven changes to the abundance and
management of marine and terrestrial resources [e.g., fisheries and
moose (Alces alces)] (Mueter and Litzow 2008; Perry 2010), and
even prompted the relocation of villages (e.g., Newtok). Yet,
current understanding of Arctic environmental change is spatially
biased toward colder, more continental regions, while maritime
regions such as the YKD remain little studied.

The dynamic coastal and riverine processes that underpin the
YKD’s biological productivity also increase the region’s vulner-
ability to warming-induced environmental changes, including sea
level rise, delayed formation of sea ice, and increased storm surge
and saltwater intrusion (Jorgenson and Ely 2001; Atkinson 2005;
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YKD because of the region’s very low elevation. In addition,

inland areas of the YKD support ice-rich permafrost, but ground
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Western Alaska’s Yukon-Kuskokwim Delta (YKD) is one
of the most biologically productive regions of the circumpolar
Arctic and home to ~30000 Yup’ik people, one of the largest
subsistence-based indigenous populations in North America
(Rearden and Fienup-Riordan 2014). The YKD is renowned
as a globally significant breeding area for migratory waterbirds
(Spencer et al. 1951; Gill and Handel 1990), and subsistence re-
sources obtained from YKD ecosystems are vital to Yup’ik
economy and culture (Klein 1966; Fienup-Riordan 1999; Herman-
Mercer et al. 2019). The impacts of climate change to YKD eco-
systems and the services they provide are therefore of great societal
concern within and beyond the region. Many of the rapid changes
to marine and terrestrial ecosystems reported from the panarctic
have also been widely reported by YKD residents and land
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Long-term satellite observations of the normalized difference
vegetation index (NDVI)—a spectral metric of vegetation pro-
ductivity (Tucker et al. 1979)—have indicated widespread tundra
“greening” across most of the Arctic since 1982 (Myneni et al. 1997,
Jia et al. 2003; Bhatt et al. 2010; Park et al. 2016), although these
increases have moderated in recent years (Bhatt et al. 2013; Bieniek
et al. 2015; Bhatt et al. 2017). Trends evident on the YKD in the
Global Inventory Modeling and Mapping Studies 3g, version
1.2 (GIMMS), dataset, collected by the Advanced Very High
Resolution Radiometer (AVHRR) instrument aboard polar-
orbiting satellites, are notably different when compared with pre-
vailing trends in the circumpolar low Arctic. While the early part of
the record was consistent with prevalent circumpolar greening
trends, NDVI on the YKD has generally declined after 1998.
Declines have been especially prominent in spring and early sum-
mer, raising questions about linkages to regional climate, changing
seasonality, and extreme events (Bokhorst et al. 2009, 2011; Gamon
et al. 2013; Bjerke et al. 2014). However, the GIMMS record is
affected by inconsistencies in sensor bandpasses, orbital character-
istics, and cross-calibration across the many satellites that have
contributed to the record (Latifovic et al. 2012; Pinzon and Tucker
2014). Comparisons between GIMMS and datasets from more
modern systems, such as the Moderate Resolution Imaging
Spectroradiometer (MODIS) and Landsat-5-8, have indicated
considerable disagreement in other parts of the Arctic (Beck et al.
2011; Guay et al. 2014; Ju and Masek 2016). The 1/12° (~7 km)
spatial resolution of GIMMS is also too coarse to resolve landscape-
scale patterns and spatial context concerning the biophysical
mechanisms that underlie the NDVI trends—in other words, the
changes in surface conditions that might be apparent to an observer
on the ground. Higher-resolution time series are therefore critical
for corroborating regional browning in the GIMMS record, iden-
tifying salient climatic drivers, and distinguishing mechanisms that
dampen or enhance productivity changes at the landscape scale
(Pastick et al. 2019; Piao et al. 2019).

Here we compare 20 years of concurrent NDVI observa-
tions (2000-19) collected by AVHRR GIMMS, MODIS, and
Landsat-5-8 over the YKD. We place our findings in context
using gridded datasets for climate and sea ice, detailed land-
scape and disturbance mapping, field data, and observations
from YKD elders concerning ecosystem conditions and change
during and preceding the satellite record. We sought to answer
the following questions:

1) Do the three satellite records agree on NDVI trends in terms of
sign, magnitude, and spatiotemporal pattern during 2000-19?

2) What is the relative importance of summer temperature,
precipitation, and spring sea ice extent in controlling tundra
vegetation productivity on the YKD, and do these relation-
ships clarify which record(s) are most reliable?

3) Do observed plot-scale dynamics (~1994-2016), landscape-
scale disturbance records, and testimonials from YKD el-
ders corroborate the satellite record(s)?

2. Study area

The study area included the combined extents of the Yukon
Delta National Wildlife Refuge and the YKD ecoregion
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(Nowacki et al. 2003), totaling 96178 km? (Fig. 1). Vegetation
and climate correspond to bioclimatic subzone E of the
Circumpolar Arctic Vegetation Map (CAVM Team 2003;
Raynolds et al. 2019). The YKD represents one of the south-
ernmost extents of the Arctic tundra biome and a maritime end
member of Arctic climate regimes, with comparatively warm
winter temperatures, frequent winter thaw and rain-on-snow
events, and variable amounts of coastal sea ice.

Differences in landscape history and a strong coastal-inland
climate gradient generate high local variability in the structure,
productivity, and phenology of YKD vegetation. Although the
YKD is best known for its coastal and deltaic wetlands, upland
tundra is widespread on eolian deposits that overlie ancient
portions of the delta. Uplands and older delta-floodplain de-
posits support extensive permafrost and are dominated by low-
growing tundra. In contrast, modern deltaic deposits lack
permafrost and support extensive riparian shrublands that can
exceed 5-m height. To distinguish important relationships be-
tween NDVI trends and ecosystem properties, we stratified the
study area by six physiography classes that partition the topo-
graphic, geomorphic, and hydrologic properties that influence
ecosystem development and disturbance regime (Table 1). We
delineated physiography by adapting the ecological subsections
mapping of Jorgenson and Roth (2010).

3. Methods
a. NDVI datasets
1) AVHRR GIMMS

GIMMS NDVI data are derived from AVHRR sensors
onboard a series of National Oceanic and Atmospheric
Administration (NOAA) satellites (NOAA-7 through NOAA-
19). The full dataset summarizes the maximum NDVI value
observed for 15-16-day compositing periods since July 1981
(Tucker et al. 2005; Pinzon and Tucker 2014). We used ap-
proximately 1/12° (~7 km) resolution NDVI data from 2000 to
2019. The GIMMS dataset we analyzed includes revisions to the
record after 2017; these revisions incorporated data from the
NOAA MetOp-B satellite, rather than the NOAA-19 satellite
that introduced artificially low NDVI values after 2017 in earlier
versions of GIMMS (J. Pinzon 2020, personal communication).

2) MODIS

To develop time series best suited for comparison with
GIMMS, we used the MODIS Nadir Bidirectional Reflectance
Distribution Function (BRDF) Adjusted Reflectance product
(MCD43A4, version 6) (Schaaf and Wang 2020). This product
provides 500-m reflectance data that are adjusted to model
reflectance values as if they were collected at nadir. Data are
produced daily within 16-day periods using observations from
both MODIS Terra and Aqua. The product is developed
using a single observation from each 16-day period for each
pixel, with priority given to the central day in each period (i.e.,
the ninth day) to provide the most representative seasonal in-
formation possible. Unlike MODIS NDVI products, MCD43A4
has a temporal frequency of one day, with the 16-day window
shifting one day with each new image; thus, MCD43A4 avoids

Unauthenticated | Downloaded 08/26/22 06:02 PM UTC



78 EARTH INTERACTIONS VOLUME 25

Chukchi Physiographic Unit
0 coastal - Lowland
- Coastal Plain - Riverine

B Dett=ic [ upland

foin )
Alakanuk:

“Bethel

Field Plots

@ Verification Plots

< 0 25 50 75
Long-term Pl
@® Long-term Plots = i — e KilOmeters

FIG. 1. (left) Overview of study area and field plots, and (right) distribution of physiographic units in the Yukon-Kuskokwim Delta.
Physiographic units are adapted from Jorgenson and Roth (2010).

step-change artifacts at the break between composite intervals 3) LANDSAT
and ND VI metrics can be calculated for the identical compositing
periods as GIMMS. We included results from both full BRDF
inversions, and magnitude BRDF inversions when insufficient
data are available for the full inversion.

The Landsat archive provides thousands of observations of
the YKD at 30-m resolution. We applied all available Collection
1 imagery collected during 2000-19 by the Thematic Mapper
(TM), Enhanced Thematic Mapper Plus (ETM+), and Operational

TABLE 1. Description and extent of physiographic units used to stratify the YKD study area.

Physiographic unit Area (km?) Percent of total (%) Description

Upland 51553 53.6 Rolling hills and isolated mountains,
chiefly of eolian or volcanic origin with
mesic soils and high position in local
topography

Lowland 7346 7.6 Flat inland areas occupying low position
in local topography but not associated
with floodplains

Riverine 9385 9.8 Nondeltaic floodplains that experience
regular fluvial sedimentation and
erosion

Deltaic 5282 5.5 Modern deltas of the Yukon and
Kuskokwim Rivers

Coastal plain 14 445 15.0 Flat, low-lying areas near the coast that
are not regularly subject to saltwater
inundation

Coastal 8167 8.5 Flat, low-lying areas near the coast; gen-
erally young surfaces subject to saltwa-
ter inundation

Total 96178 100.0
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Land Imager (OLI) that was processed to surface reflectance and
had a geometric root-mean-square error = 30m. We used the
“pixel_qa” band to mask cloud, cloud shadow, snow, and
water pixels, and filtered on day-of-year (DOY) to exclude
imagery that was not from the midsummer period (1 July—
31 August) identified in the NDVI seasonality analysis de-
scribed below. The three Landsat sensors have different
characteristics, so we normalized TM and OLI data to match
ETM + using the surface reflectance NDVI correction factors
of Ju and Masek (2016) and Roy et al. (2016), respectively.
We evaluated Landsat data density by physiographic unit and
determined that valid midsummer observations existed for
at least 75% of each unit’s extent in all but 4 or 5 years of the
20-yr study period.

b. NDVI seasonality analysis

We used MODIS MCD43A4 to characterize regional gra-
dients in the seasonality of NDVI among tundra ecoregions of
southwestern Alaska (Nowacki et al. 2003), and among the six
physiographic units within the YKD. For all areas under 200-m
elevation, we calculated the overall median NDVI for each
DOY to produce climatological normal NDVI curves, with a
focus on the midsummer peak of NDVI. We used the curves to
determine a DOY range that was wide enough to support trend
analysis of Landsat data, while excluding shoulder season dates
when NDVI would not be close to its midsummer peak.

NDVI is biased by subpixel water and unusual values are
often evident within waterbodies in surface reflectance imag-
ery (Macander 2005). We therefore masked MODIS pixels
using the Joint Research Commission global water occurrence
layer (Pekel et al. 2016), a 30-m-resolution product that de-
lineates perennial and seasonal waterbodies. To produce a
binary water/land classification, we defined water as pixels
with = 50% water occurrence. We then aggregated this clas-
sification to the 500-m MODIS pixels, and masked MODIS
pixels with = 50% water.

¢. NDVI trend analysis
Our intercomparison considered three NDVI metrics:

1) Maximum NDVI (MaxNDVI), which is the highest NDVI
value observed each year during the period of peak above-
ground biomass in midsummer. MaxND VI represents peak
vegetation photosynthetic capacity and is an indicator of
aboveground biomass (Shippert et al. 1995; Walker et al.
2003; Raynolds et al. 2012). Thus, MaxNDVT is responsive
to disturbance and successional processes, as well as long-
term changes such as shrub expansion.

2) Median NDVI (MedianNDVT), which is the median of NDVI
values observed during the midsummer seasonal window
determined by the seasonality analysis. MedianNDVI is
an alternative metric of midsummer productivity that does
not rely on extreme (e.g., maximum) values and is less
subject to outliers. MedianNDVI also mitigates the ten-
dency of MaxNDVI to be biased high in years with more
valid observations, when one of the observations is more
likely to be close to the actual date of peak NDVI. This is
particularly important for Landsat, which does not collect
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daily observations and which had high variability in ob-
servation frequency over the study period. For AVHRR,
we calculated MedianNDVI as the median value of max-
imum NDVI for the four bimonthly compositing periods
during midsummer.

3) Time-integrated NDVI (TI-NDVI), which is the sum of
maximum NDVI values >0.05 within the ten bimonthly
compositing periods during May-September (i.e., from
spring greenup through autumn senescence). TI-NDVI in-
corporates phenological variations throughout the growing
season; therefore, it better represents gross primary pro-
duction (Tucker and Sellers 1986) and is better correlated
with climate variables than MaxNDVI (Bhatt et al. 2010). It
was not possible to develop TI-NDVI time series using
Landsat because of its much lower observational frequency
and excessive data gaps within the 10 bimonthly compos-
iting periods.

For all datasets and metrics, we analyzed per-pixel trends
using Theil-Sen robust regression (Sen 1968; Theil 1992) im-
plemented with the ‘“‘sensSlope” reducer (Clinton 2020) in
Google Earth Engine (Gorelick et al. 2017); robust regression
is less sensitive to outliers than is standard linear regression.
We calculated the slope of regression lines and the statistical
p value of trends calculated for each pixel using the nonpara-
metric Mann-Kendall test. To evaluate spatial patterns of
trend, we produced maps showing grid cells for which p < 0.1.
We also summarized observations in the form of time series
plots. Last, we evaluated the seasonality of trends by dividing
the GIMMS and MODIS MaxNDVI records by compositing
period for May-September. To mitigate the effects of water-
bodies on NDVI analyses, we applied the binary land/water
map described above in two ways. For trend maps, we masked
“water” pixels; in the time series and trend seasonality plots,
we weighted each pixel value based on its land fraction (100%
land is weighted 100%, 75% land is weighted 75%, etc.).

d. Trend drivers
1) CLIMATIC VARIABLES

We evaluated three variables that are known to influence
tundra productivity: summer warmth index (SWI; the sum of
all monthly mean temperatures >0°C, expressed as degree-
months) (Walker et al. 2003; Raynolds et al. 2008; Berner
et al. 2020), growing season precipitation (May-September)
(Raynolds and Walker 2016; Kemppinen et al. 2019), spring
sea ice concentration (Bhatt et al. 2010; Dutrieux et al. 2012;
Macias-Fauria et al. 2017), and summer open water fre-
quency. Data sources included satellite observations, station
data, and gridded reanalysis datasets (Table 2). For spring sea
ice concentration and summer open water frequency, we
considered conditions in the east Bering Sea south of 63.5°N
and within 100 km of the YKD coast. Across the full study
area and for each physiographic unit, we calculated Pearson’s
correlation coefficients between variables for the period
2000-19 using linearly detrended time series, and assessed
statistical significance using a two-tailed ¢ test with reduced
effective degrees of freedom from lag one autocorrelation
(Santer et al. 2000).
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TABLE 2. Summary of climate and cryospheric variables analyzed with respect to tundra vegetation productivity on the YKD.

Variable

Data source

Reference

Summer warmth index
composites

Bethel Airport station data
ERAS reanalysis product
Bethel Airport station data

Precipitation

SSM/1
SSM/1

Spring sea ice concentration
Summer open water

AVHRR 8-day land surface temperature

Comiso (2003)

Menne et al. (2012)
Hersbach et al. (2020)
Menne et al. (2012)
Comiso and Nishio (2008)
Comiso and Nishio (2008)

2) FIELD MEASUREMENTS OF VEGETATION

We referred to a network of field plots that provide context
for interpreting NDVI trends on the YKD. Field data in the
coastal and coastal plain units came from 55 long-term moni-
toring (LTM) plots that were established during 1995-98
(Jorgenson 2000) and resampled during 2007-10 and 2015-16.
LTM plots were established in homogeneous vegetation
patches and were 40-50m? in size. During each sampling
event, vegetation cover was sampled systematically using a
vegetation point-intercept (VPI) method at 50 or 100 sample
points (Karl et al. 2017). All vegetation and nonlive surfaces
(e.g., bare soil and water) “hit” by a vertically mounted laser
pointer were recorded at each point, providing quantitative
vegetation metrics that are well correlated to NDVI and
biomass (Jonasson 1988). From the VPI data, we calculated
the mean live cover for three plant functional types (PFTs):
shrub, herbaceous, and nonvascular (lichens and mosses) for
field plots in coastal (n = 46 plots) and coastal plain (n = 9)
physiography. We calculated live cover as the total number of
hits for a PFT divided by the number of sample points, and thus
can exceed 100% in multilayered canopies. We also referred to
field verification plots that were sampled once using similar
methods during 2017-18 in upland physiography on the central
YKD (37 plots), and in deltaic physiography on the modern
Yukon River Delta (53 plots).

3) DISTURBANCE HISTORY AND LOCAL OBSERVATIONS

YKD ecosystems experience a variety of ecological distur-
bances, many of which induce predictable responses in NDVI.
We examined all MaxND VI time series within the footprints of
two common disturbances on the YKD: coastal flooding and
tundra fire. Coastal flood extent mapping for three large storm-
surge events (2005, 2006, and 2011) came from Terenzi et al.
(2014), and tundra fire perimeters (1940-2018) came from the
Alaska Interagency Coordination Center (AICC 2020). Finally,
we considered expert knowledge shared by YKD elders con-
cerning patterns of stability and change in the vicinity of three
villages: Chevak in coastal and coastal plain physiography and
Emmonak and Alakanuk in deltaic physiography (Fienup-
Riordan et al. 2021). Local expert knowledge provides a source
of site-specific observations of disturbances and vegetation
change that predates the satellite record (Kokelj et al. 2012;
Bronen et al. 2019).

4. Results
a. NDVI seasonality analysis

NDVI climatologies from MODIS indicate that regional
differences in the timing of MaxNDVI exceed 1 month in
tundra ecoregions of southwestern Alaska (Fig. 2). The tim-
ing of peak aboveground biomass varied along maritime-
continental gradients; NDVI approaches peak (i.e., 95% of
MaxNDVI) in late June in inland ecoregions (e.g., Nulato
Hills) but not until late July in strongly maritime ecoregions
(e.g., Bering Sea Islands). A similar pattern was evident
within the YKD; physiographic units prevalent in inland areas
(e.g., upland) greened up 1-2 weeks earlier than coastal units.
Autumn senescence tends to begin first in continental ecor-
egions, but regional differences in autumn phenology are not
as great as in spring and are not strongly reflected within
physiographic units on the YKD. Overall, NDVI climatol-
ogies supported the use of observations during 1 July-
31 August for calculating MaxNDVI and MedianNDVI on
the YKD, a period that has been frequently used for NDVI
studies elsewhere in the Arctic.

b. NDVI trend analysis
1) SPATIAL INTERCOMPARISON

All three records indicated net increases in MaxND VI since
2000 on the YKD (Fig. 3). MODIS and Landsat recorded very
similar patterns of trend; in both records, greening was prev-
alent in all physiographic units, and was most widespread in
upland (59.8% and 60% of area, respectively) (Table 3). The
MODIS and Landsat records also shared many trend “hot
spots” in common throughout all physiographic units. The
GIMMS record, however, indicated rather different hot spots
of trend, primarily in coastal, coastal plain, and deltaic phys-
iographic units. Browning was very limited in MODIS and
Landsat time series (=5% for most physiographic units) but
was more extensive in the GIMMS record (>5% for all units),
particularly in upland and riverine. All three records shared
some trend hot spots that corresponded to disturbances related
to tundra fire and coastal erosion. Although the MODIS and
Landsat MaxNDVI records are similar, Landsat data gaps
affected =50% of the total area of most physiographic units in
2010 and 2011 and introduce uncertainty relative to sensors
with daily temporal resolution.
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F1G. 2. NDVI climatologies derived from MODIS MCD43 A4 adjusted reflectance for (left) southwestern Alaska ecoregions and (right)
physiographic units on the YKD expressed as a proportion of MaxNDVI (2000-19). Ecoregions follow Nowacki et al. (2003) and are
plotted from least to most continental. Vertical bars indicate 1 Jul-31 Aug.

Spatial patterns of MedianNDVI trend in the MODIS and
Landsat records were very similar to those of MaxNDVI, al-
though the extent of significant trends was somewhat lower.
For GIMMS, MedianND VI trends were more limited in extent
than for MaxNDVI and were predominantly negative.

The TI-NDVI records from GIMMS and MODIS were
dramatically different. MODIS indicated that TI-NDVI in-
crease was nearly ubiquitous across the YKD during 2000-19
and was observed across >90% of deltaic and upland physio-
graphic units (Table 4). In contrast, GIMMS indicated no trend
in TI-NDVI over most of the region, with net declines evident
in coastal, coastal plain, deltaic, and upland physiography.

2) TEMPORAL INTERCOMPARISON

GIMMS and MODIS time series of the regional average
MaxNDVI displayed similar positive trends, but the GIMMS
record was more variable and there were some striking dispar-
ities in some years (Fig. 4). In the MODIS record, MaxNDVI
generally increased during 2000-07, decreased during 2008-11,
and increased again in the last part of the record. GIMMS dis-
played similar patterns of interannual variability, except that no
clear trend was evident in the first part of the record. The highest
MaxNDVI values in the study period were all recorded in the
last part of the record for both MODIS (2018-19) and
GIMMS (2016-19). However, MaxNDVT values were strik-
ingly different in 2000, the first year of the record.

For MedianNDVI, GIMMS and MODIS displayed weak
negative and positive trends, respectively, and interannual
variability was generally lower for both records than it was for
MaxNDVI. Both MedianNDVI time series share similar pat-
terns of variability, except that GIMMS recorded two strikingly
low values in the middle part of the record (2010 and 2012).

TI-NDVI time series indicated a strong positive trend in the
MODIS record but a weak negative trend in GIMMS. In the
MODIS record, TI-NDVTI increased markedly during 200004,
generally decreased in 2005-13, and increased sharply during
the last part of the record. In GIMMS, TI-NDVI generally
declined during 2000-12 and was highly variable in the latter
part of the record. Notably, the lowest and highest TI-NDVI

values in the MODIS record were observed at the beginning
(2000-01) and end (2016-19) of the record, respectively.

The GIMMS and MODIS records indicated predominantly
positive trends in MaxNDVI across all physiographic units
(Fig. 5), and patterns of interannual variability resembled
those for the regional average MaxNDVI. The MODIS record
for MedianNDVI was similar, although interannual variability
and overall trends were weaker. GIMMS, however, indicated
declining MedianNDVI for most physiographic units. MODIS
observed strong positive trends in TI-NDVI across all physio-
graphic units, but GIMMS recorded declining TI-NDVI across
the three units associated with coastal areas; trends in the re-
maining, predominantly inland units were flat or slightly
positive.

In both records, the mean values of MaxNDVI and
MedianNDVI indicated that midsummer productivity was
highest by far in the riverine and deltaic units, and the
remaining four units were similar to one another. Patterns of
variation were very different for TI-NDVI; full summer
productivity was highest in riverine; intermediate for deltaic,
lowland, and upland; and lowest in coastal and coastal plain.

3) SEASONALITY INTERCOMPARISON

GIMMS and MODIS indicated broadly similar NDVI
seasonality over the YKD, with peak values occurring in July
and August (Fig. 6). However, MODIS recorded positive
trends in all seasonal periods, whereas GIMMS did not. While
both records displayed increasing NDVI in June and early
July, the records disagreed during shoulder seasons early and
late in the growing season. Some of the sharpest increases in
the MODIS record were evident during the spring greenup
period in May, but GIMMS displayed virtually no trend. The
records also differed later in the summer; GIMMS indicated
weak declines in midsummer NDVI (i.e., late July and early
August), whereas MODIS indicated weak increasing trends.
By far the strongest disagreement is evident from October
onward, although vegetation is dormant by this time of year
and trends are presumably generated by variability in sea-
sonal snow cover.
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(Terenzi et al. 2014).

c. Trend drivers

1) CLIMATIC VARIABLES

The spaceborne and instrumental records for summer
warmth displayed similar interannual variability, with low

and record high SWI at the beginning and end of the study
period, respectively (Fig. 7). However, SWI did not increase
consistently during the intercomparison period; SWI ex-
ceeded 40°C months during 2002-07, declined below 40°C
months during 2008-13, and then increased strongly at the
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TABLE 3. Percentage of area greening, browning, or lacking trend for MaxNDVI in the GIMMS, MODIS, and Landsat records, by
physiographic unit. Greening and browning trends are considered to be significant at p < 0.1.

GIMMS MODIS Landsat
Physiography % green % brown % stable % green % brown % stable % green % brown % stable
Coastal 40.7 6.6 52.7 247 5.0 70.3 37.2 4.8 58.0
Coastal plain 43.9 9.4 46.7 393 1.4 59.3 493 2.7 47.9
Deltaic 315 7.2 61.3 57.5 1.0 415 38.1 4.0 579
Lowland 39.1 9.8 511 34.8 21 63.1 47.8 31 49.1
Riverine 33.0 12.7 54.4 25.8 23 71.9 24.0 9.4 66.6
Upland 25.4 14.4 60.2 59.8 0.5 39.7 60.0 1.5 385

end of the record, which included the two warmest summers
in the spaceborne (since 1982) and instrumental records
(Bethel Airport, since 1924). The regional average TI-NDVI
for both GIMMS and MODIS had strong, positive correla-
tions with AVHRR-observed SWI (Table 5); correlations
were strongest for coastal, coastal plain, and deltaic physio-
graphic units and diminished somewhat in the inland units
(Tables S1-S6 in the online supplemental material). The re-
gional average GIMMS MaxNDVI had a weaker, positive
correlation with AVHRR SWI, but there was no correlation
for MODIS MaxNDVI.

ERAS indicated high interannual variability and no trend in
growing season precipitation over the study period. Correlation
analysis suggested negative correlations between growing sea-
son precipitation and both GIMMS and MODIS records for
MaxNDVI and TI-NDVI, but none were significant. MODIS
TI-NDVI was negatively correlated with precipitation in the
coastal, coastal plain, and deltaic physiographic units (Tables
S1-S3 in the online supplemental material), but no significant
productivity correlations existed with precipitation over the full
study area. Although agreement between ERAS and the
available instrumental record was poor during the NDVI in-
tercomparison period, the two datasets were very similar during
1982-98; this shift was concurrent with automation of data col-
lection at Bethel Airport. ERAS’s correspondence with manned
station observations provides confidence in this reanalysis
dataset, which improves upon previous products for the Arctic
and is less prone to discontinuities than are station observations
in Alaska (White et al. in 2021).

The SSM/I sea ice record showed very high interannual
variability in spring sea ice concentration off the YKD coast.
Spring sea ice concentration generally increased during the

first part of the study period but declined sharply after 2013,
and the two lowest values were recorded at the end of the study
period. Sea ice concentrations were comparatively high for six
consecutive years in the middle of the study period (2008-
13). GIMMS and especially MODIS TI-NDVI displayed
strong negative correlations with spring sea ice concentra-
tion for the full study area; as for SWI, these correlations
tended to be strongest for the coastal, coastal plain, and
deltaic physiographic units.

2) FIELD MEASUREMENTS OF VEGETATION

Long-term vegetation measurements indicated contrasting
changes in live vegetation cover since the mid-1990s in coastal
and coastal plain physiography. At coastal plots (n = 46), total
cover was highest in the late (2015-16) sampling period
(Fig. 8). Herbaceous vegetation (primarily sedges) formed
most of the live cover in all periods; increases in herb abun-
dance after the middle (2007-10) sampling period accounted
for most of the change in live cover over time. Shrub cover was
also highest in the most recent sampling period, but shrubs
were not abundant and were absent from about half of
coastal plots.

In coastal plain physiography, total live cover at plots (n = 9)
was highest in the middle and late sampling periods. In all
sampling periods, nonvascular plants formed the majority of
the live cover. Cover of live shrubs and nonvascular plants
declined in the late sampling period, but herbaceous cover was
similar throughout the study period.

3) DISTURBANCE HISTORY

The coastal flood extent mapping of Terenzi et al. (2014)
delineated peak saltwater inundation during fall storms in

TABLE 4. As in Table 3, but for TI-NDVI in the GIMMS and MODIS records, by physiographic unit. Greening and browning trends are
considered to be significant at p < 0.1.

GIMMS MODIS
Physiography % green % brown % stable % green % brown % stable
Coastal 59 249 69.2 74.0 0.3 25.7
Coastal plain 1.9 33.0 65.1 81.1 0.1 18.8
Deltaic 0.3 244 75.3 94.4 0.5 5.0
Lowland 26.9 20.7 524 87.6 0.2 122
Riverine 24.9 20.6 54.5 82.5 0.4 171
Upland 17.6 20.8 61.6 922 0.1 7.7
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FIG. 4. Time series intercomparison of the regional average (top) MaxNDVI, (middle) MedianNDVI, and (bottom)
TI-NDVI for GIMMS and MODIS. Time series are not shown for Landsat sensors because of excessive data gaps.

2005, 2006, and 2011 in a 6700-km> portion of the central YKD
coast. Flooding primarily affected coastal physiography; non-
flooded areas primarily corresponded to coastal plain and up-
land. MaxNDVI displayed no trend in flood-affected areas for
all three sensors, and there were no obvious changes in
MaxNDVT1 in the summers after the three flood events. However,
MODIS and Landsat did record increasing MaxNDVI in adja-
cent nonflooded areas. The Landsat record displayed much
higher interannual variability, but years with abrupt changes in
MaxNDVI were evident in both flooded and nonflooded areas,
and this variability was not clearly associated with flood
disturbance.

The fire perimeter database (AICC 2020) indicated that at
least 4615 km? (4.7%) of the YKD has experienced tundra fire
since 1940. Over half of this fire activity occurred during the
2000-19 study period, primarily in upland physiography.
Wildfire disturbance and postfire successional processes were
generally obvious in the Landsat MaxNDVI record, although
this record also has high interannual variability that is likely
attributable to data gaps (Fig. 9). Tundra that burned circa
2005—near the beginning of the study period—displayed the
strongest greening in the Landsat record, although greening
was also evident in unburned areas. MaxNDVI dropped after
2015 burns in all records, with the magnitude of decline pro-
portional to the spatial resolution of each sensor. There were
also sharp increases in MODIS and Landsat MaxNDVT after
2015 fire, but this was not evident in GIMMS. Across all an-
alyzed areas, MODIS and Landsat displayed MaxNDVI
trends of the same sign and similar magnitude, whereas
GIMMS trends were often different.

5. Discussion
a. Intercomparison of time series

Do the three satellite records agree on ND VI trends in terms
of sign, magnitude, and spatiotemporal pattern during 2000
19? Our intercomparison revealed mixed patterns of agree-
ment among the GIMMS, MODIS, and Landsat records,
similar to earlier continental-scale studies (e.g., Guay et al.
2014; Ju and Masek 2016). All records showed increasing
trends in MaxNDVI on the YKD, but greening was far more
extensive in the MODIS and Landsat records than in GIMMS.
MODIS and Landsat also shared very similar spatial patterns
of MaxNDVI trend, whereas “hot spots” of trend in GIMMS
generally did not overlap those of the other records. Widespread
MaxNDVI increases observed by MODIS and Landsat in up-
lands—the most extensive physiographic unit—are particularly
notable because these areas are unlikely to be affected by sur-
face water variability, which reduces the signal to noise ratio in
NDVItime series and can confound trend attribution in wetland
areas (Raynolds and Walker 2016). The MODIS and Landsat
records were also very similar in other physiographic units.
Although the low temporal resolution of Landsat limits its
comparability with GIMMS and MODIS on annual time scales,
the spatial similarity of Landsat and MODIS-observed trends
over the full study period is striking. These independent datasets
corroborate one another and indicate that recent MaxNDVI
increases on the YKD have been more extensive than the
GIMMS record would suggest; Landsat has also indicated more
widespread greening than GIMMS at circumpolar scales through
2016 (Berner et al. 2020).
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FIG. 5. As in Fig. 4, but stratified by physiographic unit.

MedianNDVI is generally the most appropriate greenness
metric for analysis of the Landsat record, given Landsat’s low
temporal resolution, data gaps, and the resulting tendency
for MaxNDVI to be biased high in years with more clear-sky
observations. Nonetheless, the MODIS and Landsat records
for MedianNDVI were very similar to one another, and to
MaxNDVI trends for these sensors. This provides additional
corroborating evidence of increasing midsummer greenness on
the YKD. The GIMMS record for MedianND VI instead showed a
weak decline in MedianNDVI; however, MedianNDVI is of
questionable validity for GIMMS, because this metric is
simply the median of four maximal values observed during
bimonthly periods of July and August.

The GIMMS and MODIS records for TI-NDVI displayed
the most striking differences by far in both magnitude and sign,
particularly at the end of the intercomparison period. The
MODIS record showed increasing TI-NDVI across >88% of
the YKD, and positive trends prevailed across all physio-
graphic units. Decreasing trends were of very limited extent in
the MODIS record and were clearly linked to contiguous areas
affected by disturbances such as tundra fire and coastal erosion.
Significant TI-NDVI trends were far less extensive in the
GIMMS record, and the trends that were evident were pre-
dominantly negative. Our intercomparison thus calls into
question the validity of the regional decline in TI-NDVI ob-
served by GIMMS over the YKD.

The seasonal and interannual variability of tundra greenness
provides context concerning possible sources of disagreement
in the TI-NDVI records. Patterns of interannual variation in
MaxNDVI were broadly similar between the records, with the
highest values clustered at the end of both records, and with
similar sequences of low and high values alternating at periods
of about five years. However, the GIMMS record displayed
much higher interannual variability, and GIMMS MaxNDVI
was strikingly different in a few years—especially in 2000, the
beginning of the intercomparison period. This highlights the
difficulty of assessing the ecological significance of trends in
noisy time series that are subject to high interannual variabil-
ity. Nonetheless, the area-averaged MaxNDVI trends ob-
served by GIMMS and MODIS agree in sign and are similar in
magnitude. This provides confidence that peak productivity
has in fact increased over the 20 year study period and suggests
that disagreement between the GIMMS and MODIS records
for TI-NDVI is generally not attributable to observations
made in midsummer.

Why, then, might the TI-NDVI records be so different?
Short snow-free seasons and high cloud frequency make the
analysis and interpretation of Arctic NDVI time series
challenging in general. However, the YKD is one of the
circumpolar region’s most maritime areas, with a prolonged
snow-free season, variable winter sea ice and snow cover,
and very high cloud frequency. Although both MODIS and
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Trends are calculated using linear regression.

GIMMS observed similar, positive greenness trends in
early summer (1 June-15 July), agreement was poor in
other periods, especially in spring (1-31 May), a pattern
that has also been identified in global intercomparisons of
NDVI seasonality (Ye et al. 2021). GIMMS-observed de-
clines in spring NDVI on the YKD are puzzling, given the
dramatic decline in spring sea ice and increases in land
surface temperatures at the end of the record. In addition,
the seasonal climatology of GIMMS displays fluctuating
NDVlIin late summer and fall compositing periods, when we
would expect NDVI to decline monotonically. Although the YKD
experiences high cloud frequency throughout the growing
season, cloud frequency is highest in late summer and fall as in
many other Arctic regions (Taylor et al. 2019), and continued
decline in spring sea ice may be accompanied by increased
cloudiness at that season also (Palm et al. 2010). Given that
TI-NDVI incorporates observations from shoulder seasons
when NDVI is well below peak, and there is partial snow
cover (spring) and very high cloud frequency (late summer—
fall) at these times of year, a simple explanation is that
GIMMS is more vulnerable to subpixel effects, particularly
given its coarse spatial resolution. This limitation is likely to
be most pronounced in regions with long snow-free seasons
and high cloud frequency, such as in maritime Arctic regions
like the YKD, potentially compounding noise arising from

AVHRR’s lack of onboard calibration and inconsistencies
among the many instruments that have contributed to the
record.

b. Assessment of climate drivers

What is the relative importance of summer temperature,
precipitation, and spring sea ice extent in controlling tundra
vegetation productivity on the YKD, and do these relation-
ships clarify which record(s) are most reliable? Given that
GIMMS and MODIS TI-NDVI trends were dramatically
different, it is noteworthy that the detrended records shared
similar, strong correlations with spring sea ice concentration
and summer warmth. For example, three of the coldest
summers during the study period (2010-12) coincided with
the lowest TI-NDVI values in the GIMMS record. However,
the correspondence between GIMMS TI-NDVI and SWI
appeared to break down late in the record when a sequence
of very warm summers was accompanied by decreasing TI-
NDVI. Although early snowmelt and summer drying have
been linked to browning in parts of the Arctic (e.g., Gamon
et al. 2013; Verdonen et al. 2020), the very strong positive
trends in the MODIS TI-NDVIrecord—including the record
warm summers of 2016 and 2019—suggest a straightforward
relationship between summer warmth and vegetation pro-
ductivity on the YKD. Positive correlations between MODIS
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sea ice concentration for 1982-2019. The instrumental record at Bethel Airport is plotted with
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TI-NDVI and summer warmth were strongest in coastal, in the inland lowland and riverine units, we argue that dif-
coastal plain, and deltaic physiography, but these units in- ferences in the relationship between TI-NDVI and summer
clude extensive waterbodies, raising the question of whether ~ warmth along coast-inland gradients were not artifacts of
correlations in coastal areas were inflated due to masking of =~ water masking. Although NDVI metrics were not signifi-
water. However, considering that water occurrence is similar ~ cantly correlated with summer precipitation over the full
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TABLE 5. Correlations among the regional average NDVI metrics and SWI, summer precipitation, spring sea ice concentration, and
summer open water for 2000-19. Significant correlations are indicated with boldface type (p =< 0.05). SI = sea ice concentration, OW =
summer open water, and TSP = total summer precipitation (June-August).

SWI MaxNDVI TI-NDVI
Variable SI oW AVHRR ERAS GIMMS MODIS GIMMS MODIS TSP
SI 1 —0.84 —-0.74 -03 037 -0.07 —0.55 -0.71 0.15
oW 1 0.74 0.32 0.35 -0.15 0.69 0.74 -0.09
SWI AVHRR 1 021 0.5 0.12 0.7 0.75 -0.14
SWI ERAS 1 0.11 0.11 0.26 0.11 -0.35
MaxNDVI GIMMS 1 0.44 0.62 0.35 -0.23
MaxNDVI MODIS 1 -0.15 021 -0.33
TI-NDVI GIMMS 1 0.57 —0.40
TI-NDVI MODIS 1 -0.32
TSP 1

study area, MODIS TI-ND VI was negatively correlated with
precipitation in coastal, coastal plain, and deltaic physio-
graphic units. Collectively, these results indicate that YKD
tundra productivity is generally not limited by moisture.
Although the YKD experiences a mild climate and long
open-water season as compared with most other circumpolar
regions, the climatic drivers of TI-NDVI on the YKD appear to
be similar to colder parts of the Arctic, such as northwestern
Siberia and Alaska’s North Slope (Macias-Fauria et al. 2012;
Dutrieux et al. 2012; Miles and Esau 2016; Reichle et al. 2018).
Increasing tundra productivity has also been linked to increasing
growing season length in many Arctic regions (Xu et al. 2013;
Park et al. 2016; Arndt et al. 2019). However, browning has been
observed over many tundra regions in recent years, and this has
contributed to a more complex picture of Arctic greening
(Park et al. 2016; Myers-Smith et al. 2020). For example, al-
though our intercomparison did not corroborate GIMMS-
observed browning over the YKD, MODIS does corroborate
browning in non-Arctic tundra elsewhere in southwestern
Alaska (Potter and Alexander 2020). Extreme events during
winter, such as rain-on-snow (ROS) and winter thaw events,
are becoming more frequent (Graham et al. 2017) and have
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been linked to abrupt productivity declines in maritime tun-
dra of the Barents Sea (Bokhorst et al. 2011; Bjerke et al.
2014). The YKD experiences frequent ROS (Bieniek et al.
2018) and such events have long been considered to be common
by YKD elders. Although we did not include such drivers in our
analysis, and accurate spaceborne measures of circumpolar
snow cover remain elusive, the overwhelmingly positive trends
in MODIS-observed NDVI for all bimonthly periods, coupled
with strong positive correlations between TI-ND VI and summer
warmth for both GIMMS and MODIS records, suggest that
summer warmth has been a simple and consistent predictor of
regional TI-NDVI trends on the YKD since 2000.

c. Assessment of landscape-scale drivers

Do observed plot-scale dynamics (~1994-2016), landscape-
scale disturbance records, and testimonials from YKD elders
corroborate the satellite record(s)? Upland landscapes of the
YKD have experienced extensive wildfire in recent decades,
and these burns permit a first-order assessment of whether
satellite records conform to the expected response of NDVI
to disturbance. The MODIS and Landsat records largely
reflected the expected NDVI responses within the wildfire
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FIG. 8. Summaries of mean live cover of shrubs, herbs, and nonvascular plants at long-term monitoring plots in
(left) coastal and (right) coastal plain physiography measured during three sampling periods for 1995-2016. Black

lines indicate standard errors for mean total live cover.
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FIG. 9. Intercomparison of MaxNDVI time series for areas affected by coastal flooding and tundra fire and for adjacent undisturbed areas.

perimeters based on fire timing, and this lends confidence to
the overall NDVI trends evident in these two datasets. The
GIMMS record did not clearly reflect expected greenness re-
sponses to fire, although its low spatial resolution complicates
attempts to validate it within the relatively small footprints of
burns on the YKD.

We also referred to field-based LTM data and knowledge
exchange with YKD elders to evaluate changes in land surface
conditions that could account for comparatively subtle green-
ness trends in undisturbed landscapes of the YKD. Although the
LTM data came from a relatively small area, and individual field
plots were far smaller than the footprint of a single MODIS or
GIMMS pixel, few comparable datasets exist by which to relate
in situ measurements of vegetation cover to multidecadal sat-
ellite data. The YKD’s coastal ecosystems are disproportion-
ately influenced by fall storms and extreme weather, but none of
the satellite records displayed abrupt changes in NDVI associ-
ated with 3 coastal flood events that occurred during the study

period. In fact, the LTM dataset suggested that live cover tended
to increase after these events in coastal physiography, possibly
because the sedge-dominated vegetation is adapted to saline
conditions and sedimentation provides a source of soil nutrients.
We found no clear trend in vegetation cover in coastal plain,
although we did observe local mortality of shrubs due to salt-
kill, as well as ground subsidence caused by permafrost thaw
(Whitley et al. 2018).

Reports from YKD elders provide intriguing evidence of
vegetation changes both during the intercomparison period,
and entirely preceding the satellite record. These reports
provide evidence of stress or dieback of herbaceous and shrub
species sought for berry harvest in several physiographic set-
tings (Herman-Mercer et al. 2020). However, the overwhelm-
ing consensus among residents of the central coast region and
the Yukon River Delta is that there has been a long-term in-
crease in the density and stature of vegetation. This has been
particularly obvious on the modern Yukon River Delta, where
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residents have reported widespread increase in tall alder
(Alnus) and willow (Salix) in recent decades (Rearden and
Fienup-Riordan 2014). This shrub expansion has been ac-
companied by the recent immigration of moose, which were
not known to inhabit the region before 1940 but have since
become an important subsistence resource (Perry 2010).
Spatial patterns of MODIS and Landsat-observed MaxNDVI
indicate the most widespread greening in upland and deltaic
environments; this pattern is consistent with shrubification
because shrubs are common and usually form the top of the
canopy in these physiographic classes.

d. Synthesis

Spaceborne NDVI datasets are indispensable for circum-
polar monitoring of vegetation in a warming Arctic, but NDVI
signals are also influenced by other surface and atmospheric
properties. Consequently, identifying the salient processes that
underlie complex spatiotemporal trends requires the integra-
tion of a broad base of information. On the YKD, we consid-
ered disparate remote sensing, reanalysis, field datasets, and
local expert knowledge to interpret 20 years of concurrent
spaceborne observations from different sensors. What do our
findings mean in a circumpolar context, and what might we do
differently in the future? The GIMMS record is exceptional for
its longevity and global coverage but is prone to several sources
of noise that can produce idiosyncratic spatiotemporal trends.
Our intercomparison indicated that GIMMS is especially
prone to noise during shoulder seasons, when tundra land-
scapes hold patchy seasonal snow and are usually obscured by
clouds. Nonetheless, the GIMMS TI-NDVI record was well
correlated with summer warmth, which indicates it remains a
valuable dataset particularly when the full record (now 39
years) is considered. Our intercomparison only examined the
latter half of the record, and although MODIS and Landsat did
not corroborate GIMMS over this time period, the strong in-
creases in NDVI observed by modern sensors suggests that
tundra ecosystems of the YKD are responding positively to
warming, and long-term Arctic greening trends evident in the
full GIMMS record remain valid. Going forward, MODIS has
obvious advantages for trend analysis across multiple spatial
scales. The MODIS period-of-record now exceeds 20 years,
which is comparable to that of the GIMMS record when the
first seminal reports of Arctic greening emerged (e.g., Myneni
et al. 1997; Jia et al. 2003).

In a circumpolar context, the YKD is challenging for
evaluating trends and their underlying drivers because it ex-
periences exceptionally high variability in spring sea ice ex-
tent and temperature, as well as frequent storms, coastal
flooding, and winter thaw events. On the other hand, the
MODIS record indicates steady increases in TI-NDVI over
the last 20 years, with a straightforward relationship with
summer temperatures. MODIS and Landsat also share very
similar positive trends in MaxNDVI, and although MaxND VI
was not well correlated with summer warmth on the YKD,
the circumpolar Landsat record displays widespread posi-
tive correlations with summer warmth (Berner et al. 2020).
Although differences in source datasets, study periods, and
data processing methods make it difficult to directly compare
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NDVI trend analyses, the preponderance of greening in cir-
cumpolar MODIS and Landsat datasets suggests that the
broadscale drivers of Arctic greening may be more straight-
forward than GIMMS-based assessments would indicate.

Atrctic deltas have become a focal point of recent research
(Lantz et al. 2015; Nitze and Grosse 2016; Lauzon et al. 2019),
but the YKD is distinctive in that it has a much milder climate,
permafrost is discontinuous, and the permafrost that is present
is at high risk of thawing within the next several decades
(Pastick et al. 2015; Jorgenson et al. 2018). Ongoing Arctic
warming and diminishing sea ice suggest that the high climatic
variability currently being observed on the YKD could become
common in other parts of the Arctic in the future (Lawrence
et al. 2008; Dobricic et al. 2020; Landrum and Holland 2020).
The dramatic decline in spring sea ice offshore, and the dis-
continuous and declining extent of permafrost onshore make
the YKD a ““black sheep” in a circumpolar context, given the
strong influence that the cryosphere has on regional- and
landscape-scale NDVI dynamics elsewhere in the Arctic. This
raises the questions of whether and for how long maritime
areas of the circumpolar region such as the YKD will fit his-
torical concepts of “‘what is Arctic.”
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