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ABSTRACT: The mechanisms driving trends and variability of the normalized
difference vegetation index (NDVI) for tundra in Alaska along the Beaufort, east
Chukchi, and east Bering Seas for 1982-2013 are evaluated in the context of
remote sensing, reanalysis, and meteorological station data as well as regional
modeling. Over the entire season the tundra vegetation continues to green; how-
ever, biweekly NDVI has declined during the early part of the growing season in all
of the Alaskan tundra domains. These springtime declines coincide with increased
snow depth in spring documented in northern Alaska. The tundra region generally
has warmed over the summer but intraseasonal analysis shows a decline in mid-
summer land surface temperatures. The midsummer cooling is consistent with
recent large-scale circulation changes characterized by lower sea level pressures,
which favor increased cloud cover. In northern Alaska, the sea-breeze circulation is
strengthened with an increase in atmospheric moisture/cloudiness inland when the
land surface is warmed in a regional model, suggesting the potential for increased
vegetation to feedback onto the atmospheric circulation that could reduce mid-
summer temperatures. This study shows that both large- and local-scale climate
drivers likely play a role in the observed seasonality of NDVI trends.

KEYWORDS: Geographic location/entity; Arctic; Land surface; Atmosphere—
ocean structure/phenomena; Vegetation; Physical Meteorology and Climatology;
Climate variability

Many climatic changes have been documented in the Arctic summer over the
satellite record and at longer time scales, most notably increasing surface air tem-
peratures and a decline in sea ice (Berner et al. 2005; Melillo et al. 2014). These
climatic variations are especially pronounced in the Arctic due to the role of polar
amplification (Bekryaev et al. 2010; Serreze and Barry 2011), which is caused pri-
marily by decreasing sea ice cover. The decline in sea ice has had far-reaching
terrestrial consequences not only for the climate but also for vegetation and other
biota in the Arctic (Bhatt et al. 2010; Dutrieux et al. 2012; Macias-Fauria et al. 2012;
Bhatt et al. 2014). Tundra vegetation throughout Alaska and the Arctic has largely
been greening over the satellite record (1982-2013), and the vegetation productivity
rise has been linked to increased summer warmth (Jia et al. 2003; Walker et al. 2003)
resulting from sea ice retreat (Bhatt et al. 2010; Dutrieux et al. 2012). The Advanced
Very High Resolution Radiometer (AVHRR)-derived normalized difference vege-
tation index (NDVI) (Pinzon and Tucker 2014) provides a long-term dataset of
remotely sensed vegetation productivity, which is correlated with aboveground
biomass in the Arctic (Shippert et al. 1995; Jia et al. 2003; Walker et al. 2003;
Raynolds et al. 2004, 2012; Epstein et al. 2012). However, updated NDVI trends do
not show simple secular increases everywhere despite continued sea ice decline and
general warming (Bhatt et al. 2013).

The Alaskan coastal tundra region is controlled by the cool summer air mass
associated with the location of the sea ice (Conover 1960; Cantlon 1961; Haugen and
Brown 1980; Yurtsev 1994; Zhang et al. 1996; Epstein et al. 2004). Therefore, as
Arctic sea ice has declined and surface temperatures have warmed, it is not surprising
that the tundra vegetation responded with greening. Climate model simulations
forced only by reduced Arctic sea ice support the notion that decreased summer sea
ice warms nearby coastal air temperatures (Bhatt et al. 2008; Lawrence et al. 2008).



Earth Interactions + Volume 19 (2015) « Paper No. 19 « Page 3

While precipitation amounts are small in the Arctic, the soils tend to be moist due to
the permafrost layer limiting the downward flow of water, and tundra plants are
primarily temperature limited as a result. The air is also moist due to the moisture
available from the adjacent Arctic Ocean, especially when it is ice free. With the
decline in sea ice, summer temperatures are not as constrained by the cold, high albedo
surface of the ice and can more readily increase with available solar insolation. The
decline in Arctic sea ice has led to enhanced summer warmth and increased plant
productivity on the broad pan-Arctic scale but not necessarily at the local scale.

Alaska’s climate variations and trends vary regionally, which can affect the spatial
patterns of vegetation productivity. The Beaufort and east Chukchi coastal tundra
regions (Figure 1a) are bounded to the south by the Brooks Range and the Arctic
Ocean to the north while the east Bering region is located farther to the south along the
Bering Sea near the Pacific Ocean. A narrow portion of the Beaufort tundra region
also extends into Canada along the Beaufort Sea coast. These three tundra regions are
located in the North Slope (Beaufort and east Chukchi) and the West Coast (east
Chukchi and east Bering) Alaska climate divisions. The Alaskan climate divisions
delineate geographical regions with similar climate variability and are a convenient
tool to regionalize variability and trends (Bieniek et al. 2012). The North Slope
division has experienced a significant increase in annual surface air temperature and
precipitation over the last 30 years with much of the warming and wetting concen-
trated in late summer and fall, while the West Coast division has experienced much
weaker and more mixed trends over the same period (Bieniek et al. 2014). The North
Slope region is also quite dry relative to other coastal areas in Alaska and experiences
24 h of daylight in summer and night in winter (Shulski and Wendler 2007).

Trends for the Alaskan coastal tundra zone over 1982-2013 are presented in
Figures 1b—d for spring sea ice, summer open water, summer warmth index [sum of
monthly average temperatures above freezing (SWI)], maximum annual NDVI
(maxNDVI), and time-integrated NDVI (TI-NDVI is the sum of biweekly maximum
NDVI). There is increased open water along coastal Alaska (Figures 1b,c) and earlier
(later) spring sea ice breakup adjacent to the northern (southern) Alaskan tundra (Figure
1d). SWI has overall increased; however, the addition of recent summers shows in-
creasing areas with weak positive or even negative trends (Figure 1d) in Alaska as well
as for the pan-Arctic (Bhatt et al. 2013). Tundra vegetation greening has continued and
even strengthened in northern Alaska, while browning or declining vegetation trends
have continued for southwestern Alaska (Figures 1b,c), relative to previous studies of
northern (Jia et al. 2003) and southwestern Alaska (Verbyla 2008; Bhatt et al. 2010).
The greening trend in the northern portion of Alaska has been in part attributed to an
increase in shrubs (Sturm et al. 2001; Tape et al. 2006), and this region has experienced
an increased growing season length (Jia et al. 2003; Xu et al. 2013). The browning trend
in southwestern Alaska in the inland boreal forest regions has been attributed to in-
creased drought stress and insect infestation (Parent and Verbyla 2010; Beck et al. 2011);
however, the precise mechanism related to the browning of the coastal tundra is unclear.

This study evaluates the potential climate drivers of changes in vegetation
seasonality (i.e., change in the seasonal cycle/progression or intra-annual varia-
tions) using remote sensing data in conjunction with meteorological station data
(Figure 1a), atmospheric reanalyses, and a regional model for three coastal tundra
regions in Alaska. We first analyze the seasonality of the climatology and trends of
sea ice concentration, ocean heat content, land surface temperatures, biweekly



Earth Interactions + Volume 19 (2015) « Paper No. 19 < Page 4

2 |b)

East Chukchi t Elevation (m)

. 22
-1.2 -1 -08 -06 -04 -02 02 04 06 08 1 1.2
TI-NDVI Change 82-13

40 -35 -30 25 -20 -15 <10 -5 5 10 15 20 25 30 35 40
Open Water Change 82-13

- o

. Iz
\ 1]
e o o QQi
-0.24 -0.2 -0.16 -0.12 -0.08 -0.04 0.04 0.08 0.12 0.16 0.2 0.24 8 -7 6 5 4 3 -2 1 1 2 3 4 5 6 7 8
maxNDVI Change 82-13 Summer Warmth Index (SWI) Change 82-13
-40 -35 -30 -25 20 -15 -10 -5 5 10 15 20 25 30 35 40 -80 -70 -60 -50 -40 -30 -20 -10 10 20 30 40 50 60 70 80
Open Water Change 82-13 Spring Sea Ice Concentration Change 82-13

Figure 1. The names and outlines (a) of the three Treshnikov regions (black lines) along
with weather observation stations used in this study and topography of
Alaska, trend magnitude change for 1982-2013 based on a linear trend of
(b) TI-NDVI (unitless) and May-August open water (%), (c) seasonal maxNDVI
(unitless) and May-August open water (%), and (d) magnitude of change in
sea ice breakup (as represented by 50% sea ice concentration) and summer
warmth index (°C month). TI-NDVI and maxNDVI trends are significant at the
95% or greater level for most of the Beaufort, while less so for the east Chukchi
and east Bering. The summer warmth index has few significant trends at the
95% or greater level except for along the northern coastline. The declines in
spring sea ice concentration are significant at the 95% or greater level
throughout the Beaufort and east Chukchi Seas, while the increases in the
east Bering are not statistically significant. The increased open-water trends
over the Beaufort Sea are statistically significant at the 95% or greater level,
while those in the east Chukchi and east Bering are not.
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NDVI, and snow water equivalent. The unique aspect of this study includes the
synthesis of various climate datasets to identify mechanisms associated with trends
in the seasonality of summer tundra vegetation productivity and land surface
temperatures in Alaska.

The three tundra regions used in this analysis follow those utilized in Bhatt et al.
(2010). They were based on the ocean regions outlined by Treshnikov (1985) and
modified using floristic provinces from Walker et al. (2005). The tundra domains
employed in this study will be named for the contiguous seas, namely, east Bering,
east Chukchi, and Beaufort, and represent the areas of coastal tundra regions as
well as nearby ocean domains (Figure 1a). The statistical significance of correla-
tions and trends was assessed using a two-tailed Student’s ¢ test at the 95% and 90%
levels. Climate data in Alaska and the Arctic contain multidecadal variability along
with trends (Polyakov et al. 2013); therefore, the degrees of freedom used in the
trend significance tests were adjusted based on the lag-1 autocorrelation method
outlined by Santer et al. (2000). All trends presented were computed by least
squares regression, and trend magnitude change was then computed by multiplying
the slope of the trend line by the number of years in the time series. The terms trend
and magnitude change will be used interchangeably in this study and will refer to
the trend magnitude change.

2.1. Remotely sensed data

The normalized difference vegetation index is defined as NDVI = (NIR — VIS)/
(NIR + VIS), where NIR is the surface reflectance of near-infrared radiation
(0.725—1.1 um) and VIS is the reflectance of visible radiation (0.55-0.70 wm)
(Deering 1978; Tucker 1979). NDVlI is a proxy for vegetation productivity, integrates
numerous photosynthetic factors related to ecosystem structure and function, ranges
from zero (i.e., no vegetation activity) to one and is unitless. The amount of radiation
absorbed by the plants primarily depends on the physical properties of the vegetation
including the species, the vertical and horizontal structure, phenological stage, and
the physiological condition. This study employs the Global Inventory Modeling
and Mapping Studies 3rd Generation (GIMMS3g) NDVI dataset, which is derived
from the wavelength bands retrieved from the AVHRR sensors 1982-2013 (Pinzon
and Tucker 2014). The maxNDVI is the highest summer NDVI value, which represents
the seasonal peak green biomass. TI-NDVI is the sum of biweekly values above a
threshold of 0.05 during the growing season from May to September. TI-NDVI incor-
porates the length of the growing season and represents gross primary production (Tucker
and Sellers 1986). In addition, TI-NDVI is more strongly correlated than maxNDVI
to climate parameters such as spring sea ice cover and tundra land surface temper-
atures (Bhatt et al. 2010). In this study, the maximum NDVT in each biweekly period
(hereafter biweekly NDVI) is used to investigate the seasonality of NDVI change.

This analysis used weekly sea ice concentration derived from Special Sensor
Microwave Imager (SSM/I) data (Comiso and Nishio 2008) and AVHRR radiometric
surface temperature from 1982 to 2013. The area average sea ice concentration was
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calculated within a 100-km buffer of the coast of each tundra region. The AVHRR
surface temperature data have been enhanced through more effective cloud masking
techniques and calibration through the utilization of in situ surface temperature data
(Comiso 2003). Monthly AVHRR land surface temperatures served to calculate the
SWI, which is the sum of May—September monthly average land surface tempera-
tures greater than 0°C, while the weekly temperature data were used to examine the
seasonality of trends and variability.

2.2. Reanalysis and meteorological station data

Snow water equivalent (SWE) data were obtained from the European Space
Agency (ESA)’s Global Snow Monitoring for Climate Research (GlobSnow) at a
daily resolution on a 25-km Equal-Area Scalable Earth (EASE) grid for the period
1982-2013 (Takala et al. 2011). GlobSnow assimilates passive microwave—derived
SWE with station snow depth to form a consistent product. Weekly SWE was then
calculated to match the weeks of the sea ice and surface temperature data for ease
of comparison.

Biweekly ocean heat content data were derived from the Pan-Arctic Ice Ocean
Modeling and Assimilation System (PIOMAS) dataset (Steele et al. 2011) for
1988-2013, in which sea surface temperature and sea ice concentration were as-
similated into the model simulation. The value of heat content is a vertical inte-
gration from the surface to 100-m depth or the bottom if shallower. The heat
content was calculated by vertically integrating the density of the ocean times the
specific heat capacity times the ocean potential temperature minus a reference
temperature of —2°C. The data were then area averaged within a 100-km buffer of
the coast of each tundra region.

Mean sea level pressure (SLP) data were obtained from the NCEP-NCAR
Reanalysis 1 (Kalnay et al. 1996) at daily temporal and 2.5° spatial resolution for
1982-2013. Weekly SLP were then calculated based on the weeks used by the sea
ice and surface temperature datasets for ease of comparison.

Station cloud cover data were obtained for Barrow, Kotzebue, and Bethel (loca-
tions shown in Figure 1a) from the integrated surface database (ISD; available online
at http://www.ncdc.noaa.gov/oa/climate/isd/index.php) for 1982-2013.

2.3. Regional model

To assess the linkages between temperatures over the Beaufort and east Chukchi
tundra regions and the local atmospheric circulation and processes, idealized experi-
ments utilizing the Weather Research and Forecasting (WRF) Model (Skamarock et al.
2008) were conducted in one-way coupled mode. Use of a model study in the Beaufort
region is particularly advantageous due to the particularly sparse network of obser-
vation stations in northern Alaska. The parent model domain encompassed Siberia, the
Arctic Ocean, and Alaska with a 25-km grid increment and the North Slope and
Chukchi and Beaufort Seas with a 5-km grid increment. Cloud microphysical pro-
cesses followed the WRF Model single-moment 6-class scheme (Hong and Lim
2006). Subgrid-scale cloud convection was treated by the improved Grell 3D ensemble
scheme (Grell and Dévényi 2002). The Rapid Radiative Transfer Model (Mlawer et al.
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1997) was employed to calculate longwave radiation for multiple bands, trace gases,
and cloud microphysical species. The Goddard two-stream multiband scheme with
ozone from climatology and cloud species was applied for shortwave radiation (Chou
and Suarez 1994). The Eta Model surface layer and atmospheric boundary layer
models (Janji¢ 2002) were used. The exchange of heat, matter, and momentum at the
surface—atmosphere interface were described by the unified Noah land surface scheme
(Tewari et al. 2004). Boundary forcing and initialization data were provided by the
National Centers for Environmental Prediction global final analysis and the WRF
Model was initialized every 5 days.

A reference simulation was run over the June—July 2010 period (the year was
randomly selected), and a positive 3°C anomaly was then added to the surface
temperature of the reference simulation over the Beaufort region (see Figure 1a)
only. The warm anomaly simulation was then run for the same period as the
reference but with the specified surface temperatures. A similar cold anomaly
simulation was also integrated for comparison but will not be presented, as the
warm anomaly response is the focus of this study. A 3°C anomaly is greater than
two standard deviations of the daily average temperatures in northern Alaska and
was applied to enhance the response. Therefore, it is likely an exaggeration of past
or future observed change.

3.1. Seasonality of trends

While the Beaufort and east Chukchi regions are adjacent to areas of sea ice loss in
the Arctic Ocean in spring and summer, the east Bering displays increased sea ice in
spring (Figure 1d). The annual cycle of the weekly climatology (Figure 2) shows that
the longest ice-free season occurs in the east Bering, while the more northerly zones
may have some sea ice present in summer. The most striking trends are in the
Beaufort and east Chukchi regions (Figures 2a,b) in August-November with the
steepest weekly declines occurring in the Beaufort over 1982-2013. Declines, al-
though weaker, have also occurred in spring. These sea ice declines are not uniform
throughout the Beaufort Sea and have been linked with reduced import of multiyear
sea ice from the Canadian Arctic Archipelago into the western Beaufort Sea (Steele
et al. 2015). These results indicate a longer ice-free season in the Beaufort and east
Chukchi sea zones. The trends in the east Bering are mostly increases in December—
April (Figure 2¢), and there have even been positive trends in sea ice concentration in
April-May in recent decades, consistent with the spatial pattern in Figure 1d sug-
gesting delayed onset of breakup. The winter increase in Bering Sea ice concen-
tration has been linked to a persistent atmospheric circulation by Matthewman and
Magnusdottir (2011) and is not inconsistent with the overall Arctic sea ice decline
since this is a seasonally ice covered area, where ice formation is a function of the
local atmospheric circulation. Coastal sea ice melts earlier in spring and freezes later
in the fall in the Beaufort and east Chukchi regions, extending the open-water season
in northern Alaska. In the east Bering region, the coastal sea ice has been melting
later in spring but still melts before tundra vegetation greens up.

The trends in sea ice set the stage for the changes that have occurred in ocean
heat content over the three regions (Figure 3). The seas adjacent to the three tundra
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Figure 2. Weekly sea ice concentration climatology (blue) and trend magnitude
change 1982-2013 (dark gray) for the (a) Beaufort, (b) east Chukchi, and
(c) east Bering tundra regions. Weekly periods with trends significant at
the 95% or greater level are marked with an asterisk on the x axis.

regions experience their climatological maximum in ocean heat content when sea
ice is at its minimum in August (cf. Figures 2 and 3). The Beaufort and east Chukchi
have experienced increased ocean heat content (Figures 3a,b) over the record cor-
responding to their sea ice reduction. Similarly, the east Bering has experienced
reduced ocean heat content (Figure 3c) corresponding to increased sea ice in spring.
Heat content trends in the Beaufort region display a seasonal cycle that follows the
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Figure 3. Biweekly total column ocean heat content climatology (orange) and
trend magnitude change 1988-2013 (dark gray) within 100km of the
coast of the (a) Beaufort, (b) east Chukchi, and (c) east Bering tundra
regions. Biweekly periods with trends significant at the 95% or greater
level are marked with an asterisk on the x axis.

climatological mean of heat content, with the largest positive trends in early Sep-
tember. Trends in the east Chukchi have a similar magnitude from June to November
when heat content is climatologically largest. East Bering heat content displays the
largest negative trends in early summer (i.e., mid-June) when the climatological heat
content is increasing from the January—March minimum values.
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SWI has generally increased for all three tundra regions; however, there are mixed
trends spatially (Figure 1d). When evaluating the seasonality of the trends in weekly
surface temperature, mixed trends are found throughout the year in all three regions
(Figure 4). All share cooling trends in recent decades in much of the winter and
spring. They also experienced warming trends in parts of May—June and August
corresponding to the decline in sea ice, and the trends are most notable in the
Beaufort and east Chukchi regions. All three regions share a slight cooling trend in
portions of June—July. These regions had previously had general warming trends in
summer (e.g., Bhatt et al. 2010), and it appears that those trends have now weakened
and even switched sign to slight cooling. Weakened warming trends and even
cooling in summer have been noted in the Arctic starting in the late 1990s to early
2000s (e.g., Manabe et al. 2011; Bhatt et al. 2013, 2015, manuscript submitted to
Environ. Res. Lett.), and the midsummer cooling trends in the three Alaskan tundra
regions are consistent with those observations. Similar weak cooling trends were also
found in reanalysis surface air temperature data in areas of northern and western
Alaska in midsummer (not shown). This recent cooling during the peak of the
summer season (June—July) suggests that the response to sea ice decline is not simply
increased warming but rather that other processes are playing a role in temperature
variations.

NDVI increased over 1982-2013 for both TI-NDVI (Figure 1b) and maxNDVI
(Figure 1c) in the Beaufort and east Chukchi regions, while declines occurred
over the southern east Bering region. The biweekly trends of NDVI reflect the
generally positive seasonal trends (Figure 5). However, there are early season
declines over the period in the Beaufort and east Chukchi regions in contrast to
their overall seasonal increase. The Beaufort region (Figure 5a) has seen the
strongest trends of the three Alaskan tundra regions with the positive NDVI trends
occurring during the period of peak climatological maxNDVI. Trends for the east
Chukchi NDVI (Figure 5b) are quite similar to those of the Beaufort but weaker.
The east Bering (Figure 5c) deviates from the other two regions in that there has
been an overall decline in biweekly NDVI throughout the summer with the largest
decline occurring in May. The east Bering region also has NDVI greater than zero
throughout the year, as it is maritime tundra where there are often snow-free
conditions in winter and vegetation is exposed. The large negative biweekly
NDVI trends in May—June are consistent with the delayed breakup of sea ice in
the adjoining sea and generally cooler ocean temperatures. However, since there
is a gap between sea ice melt and greenup, this suggests that other processes such
as the timing of snowmelt, winter snow-free events, and so on, need to be con-
sidered.

3.2. Role of snow in spring NDVI declines

Snow water equivalent, which is related to snow depth, is a likely driver of
the observed spring NDVI declines as snow impacts vegetation in several ways.
The timing of melt determines when plants may begin to photosynthesize and
grow, while snow depth can influence the amount of water available for the
plants in the Arctic summer (Walker et al. 2001). The insulating effects of snow
can also influence the freeze and thaw of the active layer in permafrost areas
(Zhang 2005). The active layer impacts plants as it determines the space
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Figure 4. Weekly surface temperature Ts climatology (red) and trend magnitude
change 1982-2013 (dark gray) for the (a) Beaufort, (b) east Chukchi, and
(c) east Bering tundra regions. Weekly periods with trends significant at
the 95% or greater level are marked with an asterisk on the x axis.

available for plant root growth, soil moisture, nutrient availability, and soil
temperatures.

When SWE is evaluated weekly (Figure 6), several features are apparent: Cli-
matologically, the east Chukchi has the highest mean SWE of the three regions,
while the east Bering tends to have the longest snow-free season marked by the
earliest melt of the regions. All three regions display positive trends of SWE in the
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2013 (dark gray) for the (a) Beaufort

tundra regions. Biweekly periods with trends significant at the 95% or

greater level and a nonzero climatology are marked with an asterisk on

the x axis.
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Figure 6. Weekly SWE climatology (blue) and trend magnitude change 1982-2013
(dark gray) for the (a) Beaufort, (b) east Chukchi, and (c) east Bering
tundra regions. Weekly periods with trends significant at the 95% or greater
level are marked with an asterisk on the x axis.

cold season, especially January—May. Only the east Bering has weak negative
trends in midwinter SWE. The Beaufort and east Chukchi have trends toward
reduced SWE in October—November, again corresponding to the enhanced tem-
peratures and reduced sea ice occurring in the fall in these regions. This trend is
consistent with warmer temperatures and late-season NDVI increases in these
regions (see Figures 5a,b).
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While the SWE data from GlobSnow have limited availability in late spring
during the melt season, the trends toward increased spring SWE indicate a possible
later melt date in the three tundra regions. Later melt is consistent with the declines
in NDVI in the early growing season discussed in the previous section as more snow
delays the onset of greenup. Enhanced winter snow depth and SWE in Arctic Alaska
have also been noted in previous studies (Liston and Hiemstra 2011; Muskett 2012;
Urban et al. 2014). Increased winter snow depth is also consistent with the hypothesis
that increased snowfall in northern Alaska results from sea ice decline shown in
climate modeling studies (Higgins and Cassano 2012; Liu et al. 2012a). Observa-
tional snow trends are not well synthesized across scales for Alaska, but several
recent studies support the analysis presented here. Cherry et al. (2014) documented
increased snow during spring at the Toolik Lake Research Station. Borehole tem-
perature monitoring and snow depth records on the Alaska’s North Slope that are
maintained by the USGS on the National Petroleum Reserve (Urban and Clow 2014;
Clow 2014) also found increases in snow depth and active layer warming at Fish
Creek in winter and spring. The various observed snow increases are consistent with
the recent declines in spring greening, though further analysis beyond the scope of
this study is required to understand the extent of this variability.

3.3. Role of the large-scale atmospheric circulation in midsummer
cooling trends

The second new pattern to emerge from the seasonality analysis is the decreasing
temperature trends during the middle of the growing season in all three of the
Alaskan tundra regions. This section explores processes that may explain the recent
summer cooling. Variations in surface temperatures are likely linked to atmo-
spheric processes at local and large scales. This component of the study focuses on
the Beaufort and east Chukchi tundra regions and investigates cloud cover varia-
tions, circulation changes, and possible local climate mechanisms that could ex-
plain the recent midsummer cooling. East Bering will be discussed as well where
relevant information is available.

3.3.1. Cloud cover changes

Cloud cover during the Arctic summer can quickly change surface air tempera-
ture, and increased cloudiness could account for the recent decrease in midsummer
temperatures. When the seasonality of observed station cloudiness at Barrow
(Beaufort and east Chukchi regions), Kotzebue (east Chukchi), and Bethel (east
Bering) are evaluated (Figure 7; see locations in Figure 1a), several features stand
out. All three stations display a climatological maximum in cloudiness during the
summer season with a minimum in the winter, and the trends are highly variable
throughout the year. Barrow (Figure 7a) has the largest positive trends in cloudiness
in fall and early winter, likely linked with sea ice declines in the adjacent seas
(Figures 2a,b). All three stations display positive trends throughout much of the
summer. While a single station is not enough to support large-scale changes in
cloudiness, several other pieces of evidence are consistent with the idea of an in-
crease in summer cloudiness. Bhatt et al. (2013; see Figure 7) showed that Arctic
terrestrial sea level pressure has been generally lower in the 1999-2011 period
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Figure 7. Weekly climatology of station cloudiness percent (blue lines) and trend
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compared to 1982-98 period, suggesting but not guaranteeing a higher possibility of
cloudier conditions. In addition, a quantitative analysis by Liu et al. (2012b) found
that from 2000 to 2010 MODIS cloud cover increased over the Arctic Ocean by
approximately 0.4% for every 1% in sea ice decline. The correlation between the
Beaufort and east Chukchi regional surface temperatures and the Barrow station
cloudiness (Table 1) indicates that this station is a reasonable proxy for regional
cloud cover as many of the correlations are statistically significant. There are
periods of the year when the correlations between station cloudiness and regional
temperatures are quite small, but the signs of the correlations are still consistent.
Table 1 indicates that enhanced cloudiness in summer (winter) results in cooler
(warmer) regional surface temperatures. The negative relationship in summer,
coupled with the increases in cloudiness observed at the Barrow station suggest
that cloudiness may be a key mechanism in driving the declines in surface
temperature over the Beaufort and east Chukchi tundra regions in midsummer
(see Figures 4a,b). This conclusion also seems to extend to the east Bering region,
although the trends in cloudiness are much weaker there. A complicating factor
here is that AVHRR temperatures are derived from clear-sky observations;
therefore, the impact of cloudiness on temperatures in these data is not well
defined, although the temperature response to cloudiness is physically consistent.
However, limited observational temperature data are available in northern Alaska
at the 30-yr climate scale, making the use of the relatively long, temporally and
spatially consistent record of AVHRR advantageous. A detailed study of various
historical gridded cloud products, including different types and elevation of
clouds, is necessary to delve into the geographic patterns of cloudiness and more
subtle changes in surface temperature.

3.3.2. Circulation changes

Circulation changes along coastal Alaska may also impact temperatures
over land in northern Alaska and provide another possible explanation of the
midsummer cooling. The Beaufort high is a major climatological feature over
the Beaufort Sea (Overland 2009; Serreze and Barrett 2011) and typically
extends over northern Alaska in June—August (Figure 8a). The Beaufort high
may be a driver of change in cloud cover in northern Alaska. Previous studies
have shown that the Beaufort high has strengthened during the summer in
recent decades (Serreze and Barrett 2011; Moore 2012). The SLP trends over
1982-2013 show an increase or a strengthening of the Beaufort high over the
Arctic Ocean while weakening over northern Alaska in June—August (Figure
8a). However, there is seasonality in the trends and position of the high
pressure center (Figures 8b—d). June (Figure 8b) stands out as the month with
SLP increasing along the Beaufort coast, while July (Figure 8c) has significant
declines in SLP over all of northern and western Alaska. The SLP trends in
August (Figure 8d) are more intermediate to those of June and July. When
weekly SLP was extracted from a box including the Beaufort Sea (70° to 80°N
latitude and 120°E to 180° longitude), the seasonality shows mixed trends
throughout the year (Figure 9) that match the monthly findings of Figure 8
with increasing SLP in June, decreasing SLP in July, and mixed trends in
August. Correlating the Barrow station cloudiness with the weekly SLP
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Table 1. Weekly correlation of Beaufort and east Chukchi Ts and Beaufort high area
average sea level pressure with Barrow station cloudiness. Correlations significant
at the 90% (95%) level are shown in italic (bold).

Correlation vs Barrow cloudiness

Week Beaufort Ts E Chukchi Ts BH box SLP
4 Jan 0.54 0.48 —0.31
11 Jan 0.37 0.38 -0.13
18 Jan 0.50 0.35 -0.29
25 Jan 0.48 0.28 —-0.30
1 Feb 0.44 0.39 0.03
8 Feb 0.35 0.36 0.04
15 Feb 0.60 0.57 —0.40
22 Feb 0.18 0.05 —-0.37
1 Mar 0.48 0.40 —-0.11
8 Mar 0.44 0.17 —-0.24
15 Mar 0.47 0.25 —0.30
22 Mar 0.55 0.29 —0.38
29 Mar 0.37 0.20 —-0.37
5 Apr 0.60 0.49 -0.17
12 Apr 0.19 0.12 —0.52
19 Apr 0.56 0.47 -0.13
26 Apr 0.24 0.12 0.10
3 May 0.27 0.08 —0.36
10 May 0.31 0.15 —0.46
17 May —0.15 —-0.21 —0.06
24 May —-0.53 -0.59 -0.19
31 May —0.26 —-0.16 —-0.11
7 Jun —-0.19 —0.40 -0.27
14 Jun —0.42 —0.29 0.05
21 Jun -0.20 —0.46 -0.21
28 Jun —-0.15 -0.37 0.00
5 Jul —0.35 —0.50 —0.56
12 Jul —-0.35 —-0.43 —-0.54
19 Jul —0.32 —0.40 —0.40
26 Jul —-0.35 —-0.47 —0.28
2 Aug —0.21 —-0.42 -0.17
9 Aug —0.45 —-0.24 —-0.21
16 Aug —-0.24 -0.02 -0.11
23 Aug —0.32 —-0.25 -0.30
30 Aug —0.36 —0.42 -0.26
6 Sep 0.01 —0.07 —0.11
13 Sep —0.03 —0.18 0.20
20 Sep —-0.56 —-0.50 0.03
27 Sep —-0.30 —-0.25 0.05
4 Oct —0.08 —0.04 0.21
11 Oct —-0.14 0.04 0.24
18 Oct 0.02 —0.05 0.12
25 Oct —-0.02 —0.06 -0.21
1 Nov 0.23 0.29 -0.23
8 Nov 0.58 0.46 -0.20
15 Nov 0.33 0.29 —-0.27
22 Nov 0.37 0.15 —0.44
29 Nov 0.32 0.14 —0.31
6 Dec 0.51 0.33 -0.13
13 Dec 0.16 —-0.11 —-0.36
20 Dec 0.37 0.21 0.01

27 Dec 0.19 0.11 -0.37
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Figure 8. Mean sea level pressure climatology (contours) and trend magnitude
change 1982-2013 (shaded) for (a) June-August, (b) June, (c) July, and
(d) August. Units are hPa for the climatology and hPa (32 yn~! for the
trends. Trends significant at the 95% or greater level are shown by cross
hatching.

(Table 1) indicates that higher SLP associated with the Beaufort high results in
increased subsidence and reduced cloudiness at the Barrow station. This
finding supports a link between the strength of the Beaufort high and surface
temperatures that subsequently impact NDVI. However, many of the corre-
lations between SLP and the Barrow station cloud observation are fairly weak
outside of July, pointing to a complex mechanism. One possible complication is
that a strengthened (weakened) Beaufort high could also enhance (decrease)
northeasterly winds. Enhanced northeasterly winds would advect moisture and
clouds from the Arctic Ocean inland over the region and cause cooling. Given the
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Figure 9. Weekly SLP climatology (green line) and trend magnitude change 1982-
2013 (gray bars) based on an area average of the Beaufort high region
defined as 70° to 80°N latitude and 120°E to 180° longitude. Weekly periods
with trends significant at the 95% or greater level are marked with an as-
terisk on the x axis.

signs and significance of the correlations coupled with significant declining
trends in SLP over land in July, it appears that the reduced subsidence associated
with a weakened Beaufort high is driving midsummer cooling in the northern
Alaska tundra regions by enhanced cloudiness. However, few high spatial reso-
lution cloud observations exist at the climate time scale to fully diagnose the
other unknowns in this mechanism. Using modeling or long-term gridded cloud
cover data as they become available would be prudent in future studies.

The east Bering is close to the North Pacific Ocean, that is, far from the effect
of the Beaufort high. Thus, the east Bering region is influenced by a different
atmospheric circulation regime than the northern Beaufort and east Chukchi
regions. The declines in NDVI in the east Bering region occur with later snow-
melt and enhanced late winter/spring sea ice in the adjacent Bering Sea. The west
Pacific pattern (WP) is a mode of atmospheric variability in the Pacific that
influences the strength of a trough or low pressure in the atmospheric circulation
centered over the Bering Sea (Wallace and Gutzler 1981). Increased sea ice in the
eastern Bering Sea region has been linked with the positive phase of the WP
(Matthewman and Magnusdottir 2011). The positive phase of the WP represents a
strengthening of the low pressure over the Bering Sea region. Low pressure,
while advecting moisture from the Pacific, also brings clouds that reduce tem-
peratures and increase precipitation in the spring in Alaska (Bieniek et al. 2011)
and advects sea ice from the north. More frequent positive phases of the WP since
the 1980s (Linkin and Nigam 2008) may be driving the increases in spring sea ice
and the trend to later snowmelt in the east Bering region. The trend of delayed
snowmelt due to late-season snowfall in the east Bering region is consistent with
increased cloud cover, precipitation, and reduced temperatures brought about by
low pressure over the Bering Sea enhanced by the WP.
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Figure 10. Warm anomaly minus reference WRF Model simulation average and
reference simulation average for July for (a),(b) SLP, (c),(d) 10-m wind,
and (e),(f) column precipitable water. The units are hPa, ms~', and mm
for SLP, 10-m wind, and precipitable water, respectively. The anomalous
wind vectors are displayed in (c). The area where the +3°C anomaly
was imposed in the WRF Model is shown in the inset map in (a).
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3.4. Role of the local atmospheric circulation in midsummer cooling
frends

Local atmospheric circulation/feedback processes are another possible source
for the midsummer cooling trends observed in the coastal tundra regions. The local
summer climate of the Beaufort and east Chukchi tundra regions is influenced by
the position of the Arctic frontal boundary, which marks the boundary between the
cold air mass of the Arctic Ocean and the warmer air mass of Interior Alaska
(Conover 1960). These regions consistently experience sea breezes in summer
(Moritz 1977; Walsh 1977; Kozo 1979). Sea breezes result from the land-sea
temperature contrast. The air over the land, warmed by the solar heating of the
surface, rises and the relatively cooler air over the ocean moves in underneath
resulting in wind blowing from the water toward the land. These sea breezes have a
great influence on the spatial patterns of temperatures during the warm season in
this region (Haugen and Brown 1980; Kozo 1982). They also influence the vege-
tation patterns inland (Walker 1985), the distribution of road dust downwind of the
roads in summer (Benson et al. 1975; Everett 1980), and even the mosquito and
caribou movements and distributions (White et al. 1975). Temperatures farther
inland near the Brooks Range tend to be more influenced by the amount of
cloudiness than the sea breeze since the sea breeze usually does not extend so far
inland from the coast (Zhang et al. 1996).

Increasing land surface temperatures in early summer could be responsible for
enhancing the sea-breeze circulation and influencing cloud cover. Warming has
been noted as a possible feedback response to increased shrubs, which reduce
albedo in the Arctic (Chapin et al. 2005). The large-scale circulation may also give
rise to warming as the enhanced Beaufort high may lead to decreased cloudiness.
However, an enhanced Beaufort high may lead to more favorable conditions for the
cooling sea-breeze circulation to form as they form more easily under the weak
flow conditions of strong high pressure. The observed declines in sea ice and
increases of ocean heat content may also affect the changes of the local circulation
in northern Alaska.

One hypothesis is that a negative feedback may result from the enhanced
circulation due to the land surface warming, giving rise to cloudiness and con-
vection over the land where convergence in the sea-breeze circulation occurs and
thus cooling land surface temperatures in addition to the cooling effect of the
enhanced onshore winds themselves. Because of the lack of station observational
data at the spatial resolution needed to best evaluate the sea-breeze circulation
and other local atmospheric changes, the WRF Model was utilized to examine
the local atmospheric response to warming or cooling the land surface by 3°C
over the Beaufort region (the boundaries of the Beaufort region are shown in
Figure la). The findings of the June and July portions were similar; therefore,
those for July (Figure 10) are shown for simplicity. When positive temperature
anomalies were applied to the land surface in the WRF Model, the atmosphere
responded by reducing sea level pressure by more than 0.5 hPa over the entire
Beaufort tundra region (Figure 10a) relative to the reference simulation (Figure
10b). A broad comparison may also be made between the reduced SLP shown in
the model sensitivity study (Figures 10a) and the observed significant decline
in SLP over the Beaufort and east Chukchi regions in July (Figure 8c). The
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increased temperatures over land also resulted in enhanced onshore 10-m winds
across the Beaufort Sea coast (Figure 10c) relative to the reference simulation
(Figure 10d), likely due to the enhanced land—sea/ice temperature contrast en-
hancing the sea-breeze circulation. The enhanced northerly onshore winds may
also have had the effect of reducing the precipitable water in the atmospheric
column along the coast (Figure 10e) relative to the reference simulation (Figure
10f). Enhanced convergence of the air against the Brooks Range in the southern
portion of the domain due to the increased northerly winds in Figure 10c further
lead to increased precipitable water inland over the Beaufort region. Increased
precipitable water indicates that more moisture is available in the atmospheric
column to form clouds and precipitation.

The results of this simple model sensitivity experiment indicate that when
the surface has warmed sufficiently (e.g., from increased vegetation produc-
tivity), the sea-breeze circulation is strengthened and could act to reduce
temperatures over the land surface as a negative feedback. In addition, pre-
cipitable water is enhanced inland from the coast in response to the surface
warming, which can lead to increased cloudiness and precipitation also
causing a negative feedback that would reduce temperatures over the land
surface. The enhanced sea-breeze circulation response indicated by the WRF
Model is consistent with the trend to increased wind speeds observed along the
coast in reanalysis in recent decades (Stegall and Zhang 2012). In addition, the
reduced SLP response to the surface temperature anomaly in the WRF Model is
consistent with the reduction in SLP that has been observed over northern
Alaska in July, associated with a weakened Beaufort high. The results are also
consistent with the observed increase in cloudiness; however, an improved
gridded cloudiness dataset with coverage of the Beaufort region would be
necessary to investigate if cloudiness is increasing inland to be fully consistent
with the feedback mechanism presented here.

These results demonstrate that it is possible that surface warming due to en-
hanced vegetation following a mechanism similar to Chapin et al. (2005) or even
other large-scale causes such as reduced cloudiness under enhanced high pressure
could have a local cooling response through enhanced sea-breeze circulations
and cloudiness/precipitation in a region like the Beaufort. The feedback response
also has further impacts on the larger-scale SLP. One caveat is that it is uncertain
if the tundra vegetation has increased enough to result in extensive surface
temperature changes especially of the magnitude used in this highly idealized
model experiment. Additional model experiments are needed to better link
changes in the sea-breeze circulation to midsummer cooling. Such simulations
should better account for sea ice and increased open water, as this simulation had
extensive sea ice throughout, and be further expanded to examine the role of
snowmelt timing in the feedbacks. Also, the anomaly was fixed in this WRF
Model experiment; therefore, land surface temperatures could not respond to
enhanced cloudiness or cooling due to the sea breeze. Further experiments al-
lowing the land surface temperatures and vegetation to respond to changes will
also be needed to better evaluate potential feedbacks. Additional atmospheric and
vegetation observational data will be needed in the future to assess if similar local
feedback mechanisms are operating in the east Bering tundra region and driving
or enhancing the midsummer cooling there.
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Climatic changes impacting vegetation and NDVI have been documented in the
coastal regions of Alaska for 1982—-2013. The trends display a clear seasonality that
is due to the interplay of different mechanisms at both local and larger scales. The
three coastal tundra regions of Alaska also have different linkages with the local-
and large-scale climate and impacts due to their vast geographic areas that span
from the Pacific to the Arctic Oceans. As a result, the trends and the mechanisms
are summarized separately for Alaska’s three coastal tundra regions.

The Beaufort tundra region has experienced the largest amount of greening of the
three Alaskan tundra regions. The adjacent Beaufort Sea has seen enhanced ocean
heat content in summer and declining sea ice throughout the summer but mostly in
spring and fall. The Beaufort region has experienced increased snow in the spring and
later snowmelt; however, the onset of snow has been occurring later in fall. Enhanced
spring snow cover is likely driving the early season decline in NDVI through a
delayed onset of the growing season. Temperatures had variable trends throughout the
year with cooling in midsummer. The midsummer decline is linked to increased
cloudiness in the region in summer as observed at Barrow. The cloudiness and
temperature are also linked to subseasonal variability in the Beaufort high. While the
Beaufort high has strengthened in summer, there has been a decline in strength in
midsummer that corresponds to the midsummer cooling trend. An idealized model
experiment showed that this cooling could also be due to the impact of changes in
terrestrial surface temperatures in the region impacting the sea-breeze circulation,
which also relates to the strength and/or position of the Beaufort high as well as
cloudiness. This result indicates that a negative feedback from warming will result;
warming of the land enhances the sea breeze, which then brings in cooler air from the
Arctic Ocean and thus cooling the land. The second component of the negative
feedback is that convergence from the sea breeze may lead to enhanced cloudiness,
resulting in cooling farther inland. Another factor to be considered with enhanced
easterly winds is the potential for increased upwelling of relatively colder deep waters
along the Beaufort Sea coast that could reduce sea surface temperatures and ulti-
mately impact the sea-breeze circulation. Based on our findings, ocean heat content
has increased over the period of record over the Beaufort Sea region defined by this
study. Studies have shown that there has mainly been a warming in sea surface
temperatures across the entire region (including right along the coast), indicating that
any cooling due to upwelling is playing a small role compared to the broader warming
there (Steele et al. 2008). It is possible that the warming could be due to the move-
ment of warmer water along the coast, and sea ice may also be playing a large role
too; however, more analysis will be needed to better understand the mechanisms that
are driving the changes in ocean heat content. Specific questions that remain for the
Beaufort tundra region are as follows: What is the role of sea ice/sea surface tem-
peratures in the sea-breeze circulation? What is the role of convection? Do changes in
vegetation impact the atmosphere?

The east Chukchi coastal tundra region is adjacent to the Beaufort region and has
therefore experienced similar seasonality in trends and has similar linkages to
climate drivers. While there are similarities to the Beaufort region, the trends tend
to be weaker. Sea ice has declined throughout the summer with the greatest de-
clines in spring and fall. Ocean heat content has increased; however, the maximum
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trends are nearly half of those of the Beaufort. NDVI has increased throughout
much of the season, and there is an early season decline. The east Chukchi region
exhibits a similar seasonality of temperature variability and trends as the Beaufort
region, displaying midsummer cooling with warming in early and late summer.
SWE has increased in spring with a later melt date likely contributing to the early
season decline in NDVI. Like the Beaufort region, lower summer temperatures are
linked to the variability of the Barrow cloudiness observations and the strength of
the Beaufort high. Because of its location adjacent to the Beaufort sea-breeze zone,
it is hypothesized that a similar sea breeze/cloudiness land surface feedback
mechanism is at play. Similar questions remain to those of the Beaufort region with
some additional ones: Because the east Chukchi zone is located along the Bering
Sea, what is the role of the Pacific climate?

The east Bering coastal tundra region has experienced distinctive changes driven
by different climate drivers than the northerly Beaufort and east Chukchi regions.
Unlike the Beaufort and east Chukchi, NDVI has declined throughout the season.
The greatest declines have been in the early season. Sea ice has increased in spring,
and the Bering Sea is normally ice free in summer. Ocean heat content has declined
throughout the spring and summer. However, similar variability in the seasonality
of temperature occurs as in the other tundra regions. Spring SWE has increased
with later melt, likely consistent with the early season declines in NDVI. An
additional linkage has been previously identified showing that the recently en-
hanced west Pacific pattern has been advecting colder air and sea ice down into the
Bering Sea, resulting in the delayed onset of the growing season. It is postulated
that this delay is playing a role in the overall seasonal NDVI declines. Much
remains uncertain for the east Bering: Have physiological changes occurred to the
plants that explain the NDVI decline? Are there other local atmospheric drivers at
work like the sea breeze in the Beaufort? Are changes in the winter snowpack (e.g.,
later onset, time of major snowfall, SWE, and snow depth) and its impacts (e.g.,
soil insulation and active layer depth) playing a role in the NDVI change?
Addressing this last question has potential merit as local expert knowledge from
Native Alaskan elders in the east Bering region has suggested that changes in the
characteristics of snow cover have occurred (Fienup-Riordan and Rearden 2012).
Native Alaskan elders have indicated that the timing of the berry harvest is oc-
curring earlier within their memory and that the harvest is now less plentiful and
appears tied to the winter snowfall (Fienup-Riordan and Rearden 2012). Future
analysis is recommended to evaluate these linkages.

The east Bering is more of a maritime tundra region than the other Alaskan
regions and may more closely follow processes in the Norwegian maritime tundra,
where Bjerke et al. (2014) reported vegetation declines in evergreen vegetation
(Empetrum nigrum and Juniperus communis) due to winter warming events that
reduced the protective snow cover leading to plant damage. It is likely that numerous
factors are responsible for vegetation declines in the east Bering region.

In Alaska, both the large- and local-scale climate play a role in the seasonality of
NDVI and temperature variability in Arctic coastal tundra regions. Enhanced
spring snow cover is likely driving a decline in early season NDVI in all three
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tundra regions. The delayed onset of the growing season appears to have an es-
pecially pronounced impact in the east Bering and may be driving the overall
seasonal decline in NDVI there. Midsummer temperatures have declined in all
three tundra regions of Alaska, just as has been observed throughout the pan-Arctic
(Bhatt et al. 2013). Our analysis indicates that a declining Beaufort high over
northern Alaska in midsummer is driving enhanced cloudiness and lower tem-
peratures in the Beaufort and east Chukchi regions. In addition, local feedbacks
due to the sea-breeze circulation and cloudiness may play a role in the declining
temperatures as well. Additional analysis and modeling may shed light on the
large-scale linkages and local feedbacks that are driving the cooling. However, they
require a detailed analysis of the spatial changes in NDVI to impose realistic
vegetation changes in future regional model sensitivity studies to fully diagnose
those feedbacks. Such data analysis and hypothesis testing by modeling could
provide insight into the interaction of vegetation and local atmospheric processes
through evapotranspiration and/or albedo. Since snow is an essential variable for
understanding mechanisms of vegetation change in the Arctic, efforts to advance
our observational snow datasets should also be a priority.
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