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A. PROJECT SUMMARY

Intellectual merit: Changes in the magnitude and seasonality of Arctic summer vegetation
production over the past several decades have been documented. These changes will likely
accelerate and have consequences for the entire Arctic terrestrial system, in particular energy and
element budgets, and will also feed back to marine and atmospheric systems. The vegetation
changes vary spatially across the Arctic and are difficult to interpret without understanding how
they are linked to broader changes in the arctic ocean/atmosphere system. The timing of
terrestrial vegetation growth may be strongly connected to seasonal patterns of sea-ice
concentrations, and ocean and atmospheric temperatures. Proposed activities: We will
characterize the seasonal linkages between the land surface greenness and a suite of land,
atmosphere, and ocean characteristics, focusing on the Beringia/ Beaufort Sea, where there have
been strong positive increases in the Normalized Difference Vegetation Index (NDVI) over the
past 25 years, and the west-central Arctic Eurasia region, where the NDVI trends have been
slightly negative. We will address the following questions: (1) What are the spatial and temporal
variabilities in the seasonality of various arctic system components (sea-ice concentration and
thickness, ocean and land surface temperatures, ocean heat fluxes, snow cover, and vegetation
(NDVI)? Specifically, how do these vary for the major east-west regions (Beringia vs. west-
central Arctic Eurasia) and the north-south zonal gradient in the circumpolar Arctic? (2) What
role do the atmosphere and ocean circulation patterns play in controlling the seasonality of land
temperatures and vegetation production? (3) How do changes in the seasonality of these arctic
system components affect vegetation growth and carbon sequestration?

The project is divided into three tasks that address each of these questions. Using both satellite
and in situ data sets, we will document the seasonal cycles (daily to monthly time scales) of the
tundra and marine climate systems at a regional scale throughout the Arctic. We will then
employ atmospheric reanalysis datasets to describe local circulation characteristics. We will also
use a pan-arctic ice-ocean model to describe ocean circulation patterns relevant for tundra
vegetation and apply statistical analyses to investigate mechanisms of ocean-atmosphere-land
relationships. A vegetation change model (ArcVeg) will analyze the consequences of land
temperature changes for carbon production along climate, disturbance, and soil gradients. The
model will be enhanced for seasonality studies, including transition to a daily time step, and will
allow us to examine the effects of seasonality changes on the carbon accumulated by different
plant functional types and into different plant tissues types. Transformative research: Earlier
studies have documented major interannual differences in NDVI within the Arctic and between
the Arctic and boreal forest regions. Our analyses will focus on how the seasonality (phenology)
of the greening patterns in the tundra zone have changed along east-west and north-south
gradients within the Arctic, and how these patterns are linked to changes in snow cover, near-
shore sea-ice concentrations, sea and land temperatures, ocean heat fluxes, and major climate
indices. This will likely lead to a fundamental understanding of arctic system connections, and
how we might expect vegetation production to change in the Arctic in response to changes in
atmosphere and ocean circulation patterns. Broader impacts: Substantive educational
components will be developed at the Universities of Virginia, Washington and Alaska, including
three graduate students, one post-doc student, inclusion of the results in lectures and
demonstrations at the universities, a major new summer undergraduate program at UVA,
programs of low-income outreach and the Polar Science Weekend in Seattle, a new class for
Alaska K-12 teachers at UAF, and the development of an educational web-site for the project at
UAF.







PROJECT DESCRIPTION

INTRODUCTION
The goals of this project are 1) to characterize the spatial and temporal seasonality of tundra

vegetation of the circumpolar Arctic in relation to

Arctic Land-Ocean- ice-ocean, atmospheric, and land characteristics,

2) to understand the seasonal linkages between
AtmOSphere SyStem the marine environment, the atmosphere, and the
terrestrial ecosystems of the Arctic, and 3) to
examine the effects of seasonality changes in

Ocean-Ice e e Atmosphere terrestrial vegetation on Arctic carbon dynamics.
Circulation [ Circulation
" - The Arctic system (Fig. 1) has recently been
A 2 undergoing some dramatic changes in both the
Land structure and function of its components. One of

Surface temperature, Vegetation, NDVI,
Carbon Dynamics

the most apparent changes is the reduction in the
extent and thickness of the summer sea ice during

Figure 1. Simple Arctic system diagram the past 30+ years (Stroeve et al. 2008, Comiso
emphasizing the effects of the Ocean-Ice and 2003, Comiso et al. 2008). The greenness of
?ﬁ?g;ﬁgif;gg‘;?:fgﬁ;i;ht; ;agglcgnponem‘ terrestrial arctic vegetation, as seen from space,
examined in this proposal.g has increased over the last 25+ years (Jia et al.

2003, Goetz et al. 2005, Bunn et al. 2007), and

has been attributed to longer growing seasons and increasing land temperatures (Jia et al., 2003,
Goetz et al. 2005), an increase in the extent and abundance of shrubs (Sturm et al. 2001, Tape et
al. 2006, Walker et al. 2006), and a northward movement of trees from the sub-arctic (Lloyd
2005, Lloyd and Bunn 2007).

Important system feedbacks can result from these various changes. A decreased arctic sea-ice
extent leads to a reduction in albedo, greater surface radiation absorption, increased latent heat,
and potentially warmer ocean and air temperatures. Warmer ocean and air temperatures could be
a positive feedback for continuing ice reduction. On the terrestrial side, earlier snowmelt and
taller vegetation also lead to a reduction in albedo, with potentially greater surface and near-
surface warming, which again can be a positive feedback for increased rates of snowmelt and
vegetation growth. A recent lengthening of the growing season by 2.5 days per decade on the
North Slope of Alaska could account for approximately 3.3 Watts m~ decade™ in additional local
atmospheric heating, comparable to a doubling of atmospheric CO, (Chapin et al. 2005). This
demonstrates that relatively small changes in the seasonality of arctic system components (in this
case the timing of snowmelt and the onset of vegetation growth) can have relatively large
impacts on the system as a whole.

Spatial patterns of various arctic system components and their long-term (decadal) dynamics
have been examined in recent research efforts (with a substantial contribution from this research
team), and there is apparently at least a strong correlation (if not causation) between what occurs
in the ocean and what happens on land (Lawrence et al. 2008, Bhatt et al. 2008 in prep.-a, b).
Lawrence et al. (2008) found, using the Community Climate System Model (CCSM3) (Holland
et al. 2006) that rapid sea-ice loss triggered accelerations in the rate of terrestrial temperature
increases, extending up to 1500 km inland, with peak influences in autumn following the time of
minimum Arctic sea ice near mid-September. There are divergent trends in sea-ice and land
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temperatures in North America and Eurasia (Comiso 2003, Smith et al. 2004) that are also
reflected in the NDVI record with a strongly positive NDVI trend in the northern Beringia/
Beaufort Sea region vs. a slightly negative trend in west-central Arctic Eurasia (Bhatt et al. 2008

in prep.-a).

e Beaufort T W. Kara : Background
; o Results from a recent NSF-
i wf gww | funded Synthesis of Arctic System
: i B “% | Science project (ARC-0531166 -
8 7 7 o 3 | “Greening of the Arctic”’) describe

o ) e — | the circumpolar patterns of sea-ice
and terrestrial vegetation, as well

as their long-term dynamics. Bhatt

1995

et al. (2008, in prep., a, b)

analyzed the pan-Arctic trends and

"” variations in sea-ice
Figure 2. Trends in sea ice, land temperatures and NDVI in the concentrations and their
Beaufort region (left) and W. Kara/Y amal region (right) from 1982 to correlations ~ with  near-coastal
2007. Sea-ice concentration, (% area, blue lines) is averaged from 2- ocean and land-surface

22 July (9-29 July) each year Summer warmth index (SWI, red
lines) is the sum of mean monthly temperatures above freezing (°C
mo). Maximum NDVI (dark green) and integrated NDVI (light

temperatures, as well as the
terrestrial vegetation. Land and

green) are unit-less greenness indexes derived from AVHRR satellite
data. From 1982-2007, sea ice decreased by 29% in the Beaufort and
25% in the W. Kara. SWI increased by 16% in the Beaufort and 4%
in the W. Kara. The trends for sea ice and SWI are not significant at p
= 0.05 because of high interannual variability. From 1982 to 2006 the
maximum NDVI increased by 24% in the Beaufort region and 3% in

ocean surface temperatures were
evaluated for all areas within 50
km of the coasts. (The 50-km
coastal land region represents
approximately 60% of the extent

of arctic tundra, and this width is

the W. Kara. The NDVI trends in the Beaufort are significant at p = ° )
optimal for representing the zone

0.05. From Bhatt et al. 2008, in prep. a.

of maximum influence of marine
climate on tundra vegetation.) Vegetation productivity was assessed using the remotely sensed
Normalized Difference Vegetation Index (NDVI). The period of analysis spanned from 1982-
2007, the duration of the available satellite data. The Arctic was divided into regions based on
the Arctic sea delineations in the Russian Arctic Atlas (Treshnikov 1985, see Fig. 3). At the pan-
Arctic scale, Summer Warmth Index (SWI, sum of mean monthly temperatures > 0°C) and
NDVI show statistically significant increases over time, while sea ice shows significant declines.

Time series from two 50-km coastal regions show that the Beaufort region has had larger sea-ice
decreases, SWI increases, and NDVI increases than the W. Kara region (Fig. 2). Both regions
exhibit large, yet different, interannual variability. An important result of our work was to
establish a link between sea-ice concentrations and SWI of the coastal tundra. Correlations
(Table 1) of linearly detrended time series indicate that sea-ice concentration is negatively
correlated with SWI and NDVI values. The strengths of the correlations between sea ice and
integrated NDVI, while always negative, are generally weak. This is consistent with the picture
for the pan-Arctic: When sea ice is below average, SWI and NDVI for coastal zones are
generally above average, but there are exceptions. At the continental scale, SWI is increasing
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Figure 3. Regional trends of sea-ice concentration, SWI,
and integrated NDVI shown as percent change since 1982.
Regions are delineated according to floristic provinces and
Arctic sea boundaries in 50-km zones along the land-ocean
interface. SWI and NDVI trends are shown for the May-
September period. Sea-ice trends are based on a three-
week period centered on the week when mean
concentrations are 50%, the timing of which varies
regionally. Significant correlations are shown by solid (+)
and dashed (-) lines. Sea-ice concentration has decreased
and SWI increased throughout the Arctic. NDVI trends
vary, but in general have been increasing (decreasing) in
the North America (Eurasia) (Bhatt et al. 2008 in prep. a).

onshore sea breeze circulation (Zhang et al. 2008a).

The role of the atmospheric circulation warrants
further attention.

Circumpolar NDVI spatial patterns are strongly
related to a host of geographical and climate
variables (Raynolds et al. 2006a, Raynolds et al.
2006b, Raynolds and Walker 2008, Raynolds et
al. 2008b, Raynolds and Walker 2008 in press).
NDVI decreases with increasing latitude,
correlating with arctic bioclimate subzones and
vegetation units. NDVI also decreases with
increasing elevation, greater lake cover, higher
permafrost ice-content, thinner soils, and higher
substrate pH (Raynolds et al. 2006b, Raynolds

everywhere as summer sea-ice
concentration decreases. NDVI is strongly
increasing in North America and is actually
decreasing slightly in the Barents, E. Kara,
and Laptev regions (Fig. 3). The largest
positive trends of SWI are in North
America, while sea-ice decreases are
greatest in the Laptev and East Siberian
Seas (Fig. 3). There is thus substantial
heterogeneity in spatial patterns and
temporal trends across the regions. There is
notable co-variability between the ocean
(through sea-ice concentrations) and nearby
land (through SWI), but the correlations do
not prove causality. We also explored links
to the large-scale climate drivers (e.g.
Arctic Oscillation, Pacific Decadal and
North Atlantic Oscillation), which show
that large-scale atmospheric circulation
during the preceding winter and spring is
correlated with SWI. Our work also
suggests that during the summer growing
season, regional atmospheric circulations
impact the sea ice, SWI, and NDVI
anomalies in the 50-km coastal region. In
addition, there is a negative correlation
between spring sea-ice cover and summer
sea surface temperatures (Steele et al.
2008a), so decreased spring sea ice could
warm marine air, supplying additional
warmth to the land through the ubiquitous

Table 1. Correlations between de-trended sea ice,
SWI, and integrated NDVI for different Pan-arctic
regions. Significance at the 95% (90%) level is
indicated in bold (italic) (Bhatt et al. 2008 in prep.

a).

Correlation, Correlation,

Reqlon Week of 50% | Correlation, SWI & seaice &

9 ice conc. sea ice & SWI integrated integrated
NDVI NDVI
N. Hemisphere 23-29 July -0.42 0.45 -0.25
N.America [ 30July-5 027 0.41 -0.40

August

Eurasia 16-22 July -0.42 0.58 -0.46
Beaufort 7-15 July -0.41 0.37 -0.25
W. Kara 16-22 July -0.39 0.57 -0.29
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Figure 4 (a,b) Jul-Aug-Sep regional mean SST anomalies over the past 100
years, from [Steele, et al., 2008]. Bias and offset between in situ and satellite

data are noted in each panel. In (b), red dots and smoothed orange curve
indicate the springtime sea-ice thickness from a model, showing that thick
(thin) ice at the beginning of the melt season generally leads to cold (warm)
summertime SST anomalies. Panel (c) shows summer 2007 satellite SST
anomalies with respect to the 1982-2007 mean with September mean sea-ice
cover. The warming amounts to nearly 5°C above the long-term mean, and
its large extent indicates its origins in atmospheric warming. Panel (d)
shows the modeled 2007 anomaly of oceanic lateral heat flux convergence in
the upper 60 m and the sea-ice cover averaged over July-Sept 2007. In
contrast to most of the open water area, the ocean near Alaska is warmed
mainly by advection of warm waters from the south, and in summer 2007
this effect near Barrow (BW) was slightly larger than the long-term mean.
However, an intriguing negative anomaly north of Prudhoe Bay (PB) may
confirm the work by Shimada, et al. [2006] suggesting that as sea ice retreats
earlier in the summer, it allows the westward wind stress to redirect the
normally eastward-flowing warm Pacific water northward, away from the
coast. This could influence the seasonal ocean warming of nearby tundra
ecosystems.

and Walker 2008). Most of
the Arctic also showed
increasing  NDVI,  with
landscape age. We found
that for the whole Arctic, a
5 °C increase in SWI along
the climate gradient
corresponds to
approximately 0.07 increase
in NDVI, but this trend
varies strongly with
differences in other factors
such as vegetation type,
water cover, substrate pH,
and glacial history
(Raynolds et al. 2008a).

Long-term
dynamics of arctic
vegetation  have  been
examined in Canada (Jia
2008  submitted). From
1982-2005, the peak annual
NDVI increased by 0.49-
0.74 % yr’" in the Canadian
High Arctic and by 0.46-
0.67% yr’' in the Canadian
Low Arctic. The greatest
increases in peak NDVI
(0.79% yr'") were found in

temporal

the mid-latitudes of the Canadian arctic tundra (Bioclimate subzone C). The greatest increases in
the temporally-integrated NDVI were found however in the warmest regions of the Canadian
Arctic, Subzones D (0.79% yr') and E (0.74% yr'"). Clear distinctions in the trends were noted

prior to, and following, the eruption of Mt. Pinatubo in 1991.

The land trends are consistent with patterns in the ocean. Most areas of the upper Arctic Ocean
are now warming, i.e., summer Sea Surface Temperatures (SSTs) are increasing from year to
year (Steele et al. 2008a) (Fig. 4). The exception is the perennially ice-covered central Arctic
Ocean, although this domain is shrinking. Summer (mean July-August-September) 2007 SSTs
were up to 5 °C above the 1982-2006 mean over the Chukchi Borderland region, where sea-ice
retreat was most dramatic. Most peripheral seas of the Arctic Ocean show warming SSTs over
the last 7-12 years, whereas earlier times showed some warming, others cooling. The tentative
conclusion is that the entire area is experiencing warming in response to the general climate
warming and sea-ice melting of the arctic seas. Model simulations indicate that northward ocean
transport of relatively warm Pacific water via the Bering Strait was greater in summer 2007 than
in previous years (2000-2006) (Zhang et al. 2008b, Zhang et al. 2008 submitted). This
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Figure 5. Integrated NDVI curves for 1982-1992
(dashed lines) and 1993-2003 (solid lines) within
the five bioclimate subzone in the tundra zone of
Arctic Canada. The x-axes show semi-monthly
time periods, from which the maximum NDVI
values were extracted. There has been an increase
in maximum NDVI within all five subzones.
Vertical lines show the shift toward an earlier
maximum NDVI within the High Arctic subzones
(A, B, and C). An earlier onset of greening has
occurred only in the Low Arctic (subzones D and
E). Modified from Jia et al. 2008 in review.

contributed to ocean warming to a greater
degree than usual, but the effect was mostly
confined to the Alaskan arctic coast.

Model results also indicate that sea-ice
decline in 2007 arose from wind forcing sea ice
northward in the Canada Basin and southward
out Fram Strait, in combination with “usual”
atmospheric heating, acting on a relentlessly
thinning and increasingly vulnerable sea-ice
pack (Lindsey et al. 2008, Schweiger et al. 2008,
Zhang et al. 2008a, Zhang et al. 2008b, Zhang et
al. 2008¢, Lindsey et al. 2008 in press). Further,
prediction of September mean sea-ice extent
using statistical relationships between modeled
parameters in earlier months and September ice
extent did not provide a particularly accurate
forecast for September 2007. This was probably
because of the highly unusual conditions in
2007, which historical models could not predict.
Although sea-ice extent was unusually low in
2007, sea-ice thickness in summer 2007
generally followed a linear trend line from
previous years.

Preliminary results of the seasonality of
sea ice, temperatures, and vegetation
throughout the Arctic

While the spatial patterns and some of the
long-term (years-decades) dynamics of arctic
system components have received substantial
attention recently, this call for proposals was
initiated as the result of a paucity of information
regarding changes in the seasonal timing of
events and their effects within the arctic system.
Our preliminary analyses show that changes in
the seasonality of vegetation for the Canadian
Arctic vary across different bioclimatic
subzones (Jia 2008 submitted) (Fig. 5). Two
commonalities across all tundra subzones were
that the peak vegetation greenness, as indicated
by the NDVI, increased from the period 1982-
1992 to 1993-2003, and the end of the growing
season did not change for any subzone (Fig. 5).

However there were some key differences in seasonality changes. In the Low Arctic subzones
(Subzones D and E), there was clearly an earlier start to the growing season by approximately 6-



7 days, yet the date of Peak NDVI did not

change. Thus, there was a longer growth
period to a greater maximum in green
vegetation. In the High Arctic subzones 05
(Subzones C-A), there was no shift in the
spring onset of vegetation growth, yet growth
proceeded more rapidly to an earlier and
greater Maximum NDVI. The temporally-
integrated NDVI (TI-NDVI), (the area under
the NDVI curve = sum of the semimonthly
values) increased in all subzones. There also 0.1
exists a contrast in the seasonal cycle of
NDVI between the W. Kara and the Beaufort T junlsa jullSa augl5a sepl5a

0.6

0.4

0.3

maximum biweekly NDVI

regions. The vegetation greens up more _ : _
rapidly in the spring in the Beaufort than the Figure 6 Climatological seasonal cycle (1982-2006) of
W. Kara, and the Kara has slightly higher semimonthly maximum NDVI in the Beaufort (blue)

) R . ] and W. Kara (green) regions.
NDVI in the fall (Fig. 6). This may be the (green) reg

result of a somewhat later sea-ice melting and

an extended fall ice-free season in the Kara compared to the Beaufort (Figure 7). A comparison
of the five-year averages of maximum biweekly NDVI from 1982-1986 and 2002-2006 also
indicated that this contrast has increased over the data record (not shown). Namely, green-up is
earlier in the Beaufort while fall comes later in W. Kara. The space-based observations of
greening and senescence patterns in each region are consistent with field observations of Walker
and Epstein, who noted the extraordinarily long green season on the Yamal Peninsula in 2007
and 2008 compared to that in northern Alaska.

A preliminary analysis of the seasonality of sea ice, its variability, and trends (Fig. 7) reveals
distinct patterns of the summer open-water season in the W. Kara compared to the Beaufort sea
coasts, which are in nearly the same bioclimate regions. The Kara has an extended open-water
period in the fall, and sea-ice concentrations are less variable than in the Beaufort. The coastal
Beaufort region has a more pronounced negative trend of sea ice than the Kara, particularly in
the fall season, related to the recent strong retreat of the perennial sea ice in the Beaufort. We
have produced similar graphs for all the land-sea regions in the Arctic (see Fig. 3). The patterns
in the northern Beringia region (E. Siberian Sea eastward to the Beaufort Sea) contrast sharply
with the situation in the central-west Arctic Eurasia. The different NDVI and sea-ice patterns are
likely caused by differences in the ocean and atmospheric circulation patterns in each region,
which will be a major focus of our proposed work.

We are also interested in how coastal sea-ice concentrations have varied temporally along north-
south gradients in the Arctic and how these may affect the shifts in seasonal NDVI patterns
within bioclimate subzones (see Figure 5). As expected, there is considerably less coastal open
water in the cold Canadian Archipelago (bioclimate subzones A, B, and C), than in either the
middle Arctic areas, represented by the Beaufort and W. Kara seas in Figure 7 (mainly
bioclimate subzones C and D), or the southern Arctic area, represented by the W. Bering Sea in
Figure 7 (mainly bioclimate subzone E). The sea ice concentration is most variable in the middle
Arctic areas and there is a pronounced long-term trend of more open water in the spring and fall
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seasons in the middle Arctic areas.

PROPOSED ACTIVITIES

Research questions

The project is divided into the three
broad components as shown in Table 2.

Component 1: Circumpolar
seasonality characterization (Bhatt,
Walker, Steele, Raynolds, Comiso,
Epstein, Jiong)

Our earlier work examined interannual
trends of vegetation greenness, land-
surface temperatures, and sea-ice
concentrations. In the proposed work,
we will focus on the seasonal
variability of these same factors plus
several other land and sea variables
along east-west and north-south
gradients within the Arctic.

We will first construct plots of the
seasonal trends of each variable that
portray the magnitude, variability and
trend of the variable for discreet time
intervals (daily to semi-monthly) for
the whole year. (See Fig. 7 for an
example related to sea-ice
concentration). We will document the
circumpolar spatial and temporal
seasonal trends and variability of sea-
ice concentration, snow, NDVI, LST,
occan heat content, SST, and sea-ice
thickness from 1982 (the beginning of
the AVHRR satellite record for NDVI)
to the present and closely examine how
atmosphere and ocean circulation affect
the spatial and temporal seasonality of
the terrestrial system.



Table 2. Major components of the project, questions and research approaches.

Component Questions Approach
1. Circumpolar | (a) What are the spatial and (a) Construct time series for each
seasonality temporal variabilities in the system variable within the 50-km
characteri- seasonality of various arctic coastal area with each ocean/land
zation system components (sea-ice, region and apply statistical analyses to

ocean and land surface
temperatures, ocean heat fluxes,
snow cover, and vegetation
(NDVI)?

(b) How do these vary for the
major east-west regions
(Beringia vs. west-central Arctic
Eurasia)?

(c) How do these vary along the
north-south zonal gradient in the
circumpolar Arctic?

develop understanding of
relationships.

(b) Identify key process that explain
the contrasts between the east and the
west.

(c) Examine the variability of the land
variables (NDVI, Land Surface
Temperature=LST, Snow) within
each subzone of each ocean/land
region.

2. Atmosphere
and ocean
controls of
terrestrial
seasonality

(d) What is the role of large-
scale climate patterns in
controlling the seasonality of the
sea ice and land variables?

(e) What is the role of local
atmospheric circulation in the
seasonality of the marine and
terrestrial environment?

(f) How do ocean circulation
patterns control the timing
terrestrial seasonality?

(d) Use time series from Component 1
to investigate relationships with
hemispheric circulation patterns and
storm track measures.

(e) Employ atmospheric reanalysis
datasets (NCEP/NCAR, NARR) to
describe local circulation
characteristics (e.g. winds, moisture,
temperature advection).

(f) Use PIOMAS pan-arctic ice-ocean
model to describe ocean circulation
patterns relevant for tundra vegetation
and apply statistical analyses to
develop understanding of
relationships.

3. Land energy
and carbon
linkages

(g) How do changes in the
seasonality of the arctic system
components (e.g. earlier start to
growing season, increased total
summer warmth) affect
vegetation growth and carbon
sequestration?

(g) Use phenomenological models to
relate seasonal NDVI to carbon gains;
modify ArcVeg vegetation change
model to be a daily time step model
and run a suite of simulations to
examine effects of climate change on
plant-functional-type production.

The next step is to examine the details of the trends, relationships to each other, and atmosphere /
ocean linkages. It is evident that the trends in sea ice are generally larger during the transitions
seasons (See red bars in Fig. 7), particularly in the Beaufort and W. Kara regions. A circumpolar
geographic information system will be used to examine the inter-relationships between NDVI
seasonality vegetation type, soil type, glacial history, and regional lake abundance using methods

developed in earlier work (Raynolds et al. 2006b, Raynolds and Walker 2008).




To characterize the nature of the ocean connections, the analysis will employ the 25 km
resolution Special Sensor Microwave Imager (SSMI) estimates of sea-ice concentration, based
on a bootstrap algorithm (Comiso et al. 2008), and AVHRR radiometric surface temperature
(Comiso 2003, 2006), both covering the period from January 1982 to present. The surface
temperature data have recently been enhanced by applying more effective cloud masking
techniques and an improved consistency in calibration through the utilization of in situ surface
temperature data. We will also use daily sea-ice thickness model output available to us via a
numerical sea ice-ocean model (Zhang 2005) which assimilates observed ice concentration
following Lindsay and Zhang (2006) and is forced by NCEP/NCAR reanalysis data. Where
available, satellite, aircraft-based, and drifting buoy data on ice thickness will be used to
supplement the model ice thickness output. Also, the satellite sea surface temperature data will
be supplemented by vertically integrated upper ocean heat content (over the upper 50 m)
available from the model and from drifting buoys, which provide an understanding of sub-
surface heat that might be available to the surface under strong mixing conditions such as during
coastally-trapped storms (Serreze et al. 2001). We will use the NASA GIMMS maximum NDVI
to represent tundra greenness but expect to switch to a new NDVI data set, which will be
calibrated using Greenland and use a polar projection when it becomes available (J. Comiso,
personal communication). We will also analyze smow cover, using the NSIDC Northern
Hemisphere EASE-Grid Weekly Snow Cover because the green up of plants begins when the
snow melts. Our preliminary analysis with this data set suggests no discernible snow trend in the
Beaufort region. This could be attributed to the weekly resolution of the data set but an analysis
of daily in situ snow measurements from Kuparuk also do not suggest an earlier snow melt
(Cherry et al. 2008 submitted).

Component 2: Atmosphere and ocean controls of terrestrial seasonality (Bhatt, Steele,
Walker, Raynolds, Atmospheric science student, Comiso)

Our research will focus on analyzing the seasonal NDVI patterns in relation to characteristics of
the near-shore ocean and sea-ice environment, atmospheric circulation, regional winds, and land
characteristics. We will devote particular attention to the climate mechanisms behind the striking
contrast between the vegetation response to declining sea ice in Berengia and west-central
Eurasia by examining the seasonality of the atmosphere and marine systems in the 50-km coastal
zone in these regions (Fig. 4).

The large-scale climate and local atmospheric circulations both play a role in the state of the 50-
km coastal domain sea ice (Bhatt et al. 2008 in prep.-a) and land surface temperatures at
interannual time scales. Arctic sea-ice decline in the 1990’s is associated with the positive phase
of the North Atlantic Oscillation (NAO) (Deser et al. 2000), which is characterized by enhanced
storminess and warm moist air penetration into the Arctic. The NAO has approached more
neutral values since 2000 yet the ice melt has accelerated, suggesting several mechanisms are in
play. Maslanik et al. (2007) demonstrate that the net local atmospheric circulation in the Arctic is
consistent with continued ice reduction. This analysis will build on these past studies that
examine the general Arctic ice decline but will focus on the changes in the 50-km ocean-land
coastal domain that are important for tundra vegetation. This will require an analysis of both the
large-scale and regional-scale circulation patterns.



Atmospheric circulation will be analyzed using the NCEP/NCAR Reanalysis and North
American Regional Reanalysis (NARR) data sets. The climatology, variability, and trends of
summer atmospheric circulations in the circumpolar Arctic regions will be documented. This
analysis will help to develop better estimates of the large-scale versus local forcing of coastal
tundra NDVI and LST anomalies. In addition, Zhang et al. (2008a) have performed a suite of
regional model (WRF) simulations for the Northern Alaska-Beaufort regions, which documents
the strong influence of summer sea breezes on coastal land surface temperatures. Their
simulations as well as other dynamically downscaled model results over Alaska are available to
us for this project to study mechanisms. The atmospheric reanalysis data sets will be analyzed
regionally to evaluate local atmospheric circulation and relate it to land and ocean surface
temperature trends and variability. For example, we expect that coastal tundra ecosystems may
be highly sensitive to an early summer sea-ice retreat (possibly in response to anomalous winds
such as in the East Siberian Sea in June 2007) that comes at the height of the growth season,
relative to a late summer ice retreat (forced perhaps by thermodynamic ice-albedo feedback) that
arrives as terrestrial ecosystems are moving into senescence. We will also compare LST with
SST and ocean heat content data to understand better the changing seasonal relationships
between how heat is absorbed and transferred between marine and terrestrial regimes. For
example, we expect that LST may last longer into the fall near marine areas with high sea-ice
melt-back and resulting ocean warming. However, this may not be the case in certain areas
where warm ocean currents have been re-directed by changing surface stresses over the summer
as sea ice retreats (Figure 4d).

Component 3: Land energy and carbon linkages (Epstein, Jia, Environmental Sciences
Student)

One method for assessing the effects of changing vegetation seasonality on carbon budgets is to
use phenomenological relationships that exist between remotely-sensed indices of vegetation and
field observations of aboveground biomass. Published relationships exist between the
normalized difference vegetation index (NDVI) and the biomass of aboveground vegetation (or
some components of aboveground vegetation) for arctic tundra ecosystems (Hope et al. 1993,
Boelman et al 2003, 2005, Reidel et al. 2005). Epstein additionally has an extensive dataset of
NDVI and aboveground vegetation biomass (manuscript in prep.) collected from sites throughout
the Arctic of both North America (Epstein et al. 2008) and Russia, including data from all five of
the arctic bioclimate subzones (Subzones A-E; sensu Walker et al. 2005). Growing season
curves of the NDVI generated from satellite data (Component I) could thus be translated into
growing season aboveground biomass curves, and the accumulation of carbon in aboveground
tissue could be estimated. For an additional whole-season approach, the temporally-integrated
(within a growing season) NDVI (TI-NDVI) has been related to the peak season aboveground
biomass (Jia et al. 2006), and these relationships could be used to assess interannual changes in
the stocks of aboveground carbon.

Using phenomenological relationships is a strictly empirical approach to estimating vegetation
carbon. For a somewhat more mechanistic approach, and to identify other carbon pools in
addition to those in aboveground vegetation, simulation modeling will be used. ArcVeg is an
arctic tundra vegetation dynamics model that was developed to examine the controls of climate
and grazing on the temporal aspects of tundra plant communities (Epstein et al. 2000, Epstein et
al. 2001, Epstein et al. 2004, Epstein et al. 2007). The model presently runs on an annual time
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step, although the growing season is partitioned into a maximum of five growth periods
dependent on climate and interannual stochastic weather. The driving factors in ArcVeg are the
climate regime, the grazing regime, and the soil organic matter, which exerts a control on the
nitrogen available for plant growth. In the most recent version of ArcVeg, twelve plant
functional types are simulated, ranging from non-vascular vegetation (mosses and lichens) to
various types of herbaceous plants (e.g. forbs, graminoids) and various types of shrubs (e.g.
deciduous, evergreen, erect, prostrate). Plant functional types compete for available soil nitrogen
and grow depending on nitrogen uptake and retranslocation, and their efficiencies for converting
nitrogen to biomass. The use of ArcVeg will therefore allow us to examine the effects of
seasonality changes on the carbon accumulated by different plant functional types (and in
different plant tissues, i.e. foliage, wood, roots), not just the vegetation biomass as a whole.

Our approach will be to modify ArcVeg to be a daily time step model. Since the growing season
in ArcVeg is already partitioned, albeit not daily, the structure for this change is already in place
in the code. The new model will be driven by the seasonality of land surface temperatures
generated in Component I. The ArcVeg model could therefore project changes in plant
community composition, plant functional type biomass, and carbon accumulation for the
different tundra regions based on observed changes in temperature seasonality. In addition to
these projections, the ArcVeg model would be used “experimentally” to gain insight into the
following questions: 1) What are the effects of an earlier start to the growing season (without an
increase in total summer warmth) on arctic tundra plant communities and carbon accumulation?
2) What are the effects of increased summer warmth (without an increase in the length of the
growing season) on arctic tundra plant communities and carbon accumulation? 3) How do the
two effects of increased growing season length and increased total summer warmth combine to
influence plant community composition and carbon accumulation in arctic tundra ecosystems?
The modeling analyses will be conducted for each arctic bioclimate subzone (Subzones A-E)
along both a North American and a Russian (Yamal Peninsula) transect, where field data exist
for model parameterization (Epstein et al. 2008, Walker et al. 2008a, Walker et al. 2008
submitted,).

Links with land- and sea-based observation programs

It is critical that these studies be linked to ground-based measurements wherever possible. While
this proposal does not include a component for field observations, such data will be used in this
project. The proposed work is an interaction of several International Polar Year (IPY) initiatives.
The Greening of the Arctic (GOA) initiative is investigating changes to plant biomass, NDVI,
and other site variables in the circumpolar Arctic and has conducted ground-based observations
at a variety of sites, primarily along transects in North America and Eurasia. Where relevant we
will use the data from these earlier and ongoing studies to help in calibration of the data obtained
from space-based sensors. The North American Arctic Transect (NAAT) traverses all five Arctic
bioclimate subzones in Alaska and Canada (Walker et al. 2008a), and the Yamal Transect
traverses five bioclimate subzones in Russia (Walker et al. 2008 submitted,). A major focus of
both transects is to monitor vegetation (biomass, species composition, NDVI, LAI), soils, active
layer, and permafrost temperatures on zonal sites at representative locations along the complete
bioclimate gradient. Both projects are working collaboratively with other IPY initiatives to
develop a suite of key circumpolar measurements, including the Circumpolar Biodiversity
Monitoring Programme (CBMP), International Tundra Experiment (ITEX), the circumpolar
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Active Layer Monitoring (CALM) project, the Thermal State of Permafrost (TSP), and fungal
genomic dynamics at extreme cold temperatures. A proposal has just been submitted to NASA to
continue ground observations along the Yamal Peninsula in Russia, and an Arctic Observatory
Network (AON) proposal has just been submitted to NSF to evaluate the feasibility of
establishing permanent terrestrial ecosystem observation capabilities in the extreme High Arctic
of Canada at Isachsen, Mould Bay, and Green Cabin (all of which are part of the NAAT).

In situ marine data collected as part of AON will also be used in this project, for example from
summer hydrographic surveys in the Beaufort Gyre (A. Proshutinsky, PI) and the central/western
Russian arctic seas (I. Polyakov, PI). Also, drifting buoys will provide ice thickness (D.
Perovich, PI), SST, and ocean heat content (I. Rigor and J. Toole, PIs). Further, a new proposal
to AON has just been submitted by co-PI Steele to deploy specialized ocean thermistor string
buoys to better determine the upper ocean warming of the seasonally ice-free margins of the
Arctic Ocean.

PROJECT MANAGEMENT

This is a collaborative effort of three Principal Investigators from three institutions: Uma Bhatt
from the Department of Atmospheric Sciences and Geophysical Institute at the University of
Alaska Fairbanks; Howard Epstein in the Department of Environmental Sciences at the
University of Virginia; and Mike Steele from Polar Science Center, University of Washington.

Dr. Bhatt will lead the effort on analyzing the changing seasonality of circumpolar sea-ice. A
graduate student, supervised by Bhatt in Atmospheric Sciences will analyze the atmospheric
circulation associated with the tundra zone. Analyzing the circumpolar dynamics of vegetation
and snow seasonality will be a collaborative effort among Drs. Bhatt and Epstein, assisted by
Co-PI Dr. Skip Walker, collaborator Martha Raynolds (University of Alaska Fairbanks), and
data consultants Dr. Jiong Jia from the Chinese Academy of Sciences and Dr. Joey Comiso from
NASA Goddard. Dr. Steele will analyze the heat budget implications of changing seasonality in
the arctic marine and (with other PIs) the terrestrial regimes. Dr. Epstein will lead the modeling
effort to examine the effects of changes in land surface temperatures and vegetation seasonality
on tundra plant community dynamics and carbon accumulation by the vegetation.

BROADER IMPACTS

A major goal of this proposal is to provide significant research opportunities for undergraduate
students at the participating universities. Two undergraduate students will conduct summer
research under the guidance of PI Howard Epstein and his graduate students. The undergraduates
will be carefully selected among rising third- and fourth-year students at the University of
Virginia (UVA), with one student from the PI's department, Environmental Sciences. In order to
broaden participation to students in other fields, providing the kind of experience not otherwise
available, a second student will come from another department or college (e.g., chemistry,
engineering). The Center for Undergraduate Excellence at UVA will publicize this opportunity.
Undergraduates will benefit from the opportunity to participate in a vibrant research program,
potentially meeting researchers from throughout the world, with attendance at an international
meeting. As important members of the research team, these students will be intimately involved
in data processing and analysis. They will develop the remote sensing and simulation modeling
skills that are being practiced by the PIs and their graduate students. In addition to providing
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research assistance, each student will take on an independent research project that could form the
basis for a distinguished major's thesis or a proposal for further independent work.

All of the students participating in this project will be contributing to meaningful research on
global change, in a very dynamic region. They will also be a part of a growing community of
undergraduate researchers at the University of Virginia. Evidence of the strength of U.Va.'s
undergraduate research in the sciences is provided by the fact that two U.Va. students received
the Barry M. Goldwater Scholarship in 2008, and three students did so in 2007. Students created
the Undergraduate Research Network as a way of spreading the excitement of research
throughout the undergraduate population. This student group, sponsored by the Center for
Undergraduate Excellence, holds two research symposia each year; convenes numerous
workshops on such topics as “How to Get Involved in Research” and “How to Give an Effective
Research Presentation”; and publishes a journal of undergraduate research, The Oculus. The
Center for Undergraduate Excellence will advise the students funded by this grant about
additional opportunities to conduct research, such as through the Harrison Undergraduate
Research Award program; opportunities to present their research nationally or internationally
(e.g., at the Atlantic Coast Conference's Meeting of the Minds or the Universitas 21
undergraduate research conference); and how to apply for nationally competitive scholarships
such as the Fulbright or Rhodes scholarships, for which this research experience will be an asset.

The University of Washington has a strong program of community outreach at the Polar
Science Center. M. Steele lectures and gives demonstrations about the arctic, climate change,
and oceanography to pre-K through high school students, to a quarterly General Environmental
Science class at the Art Institute of Seattle, to minority and low-income outreach organizations
such as GEAR-UP = Gaining Early Awareness and Readiness for Undergraduate Programs and
REACH = Resource for Enhancing Academic and Community Help, and as part of the annual
science fair at the Jewish Day School of Seattle. These outreach efforts will continue in the
coming years, and will incorporate the results of the present project. M. Steele also actively
participates in the annual 4-day Polar Science Weekend (PSW), which has drawn 5000, 10,000,
and 7600 attendees in 2006, 2007, and 2008. For PSW, Steele has developed an interactive
activity called the “Salinity Taste Test” in which visitors learn about ocean salinity by tasting 3-6
samples of water with varying salinity, thereby also learning how sensitive a “salinometer” their
tongues are. The exhibit is staffed in part by grade school kids who have been recruited by visits
to their classrooms in the previous few months, where the concepts of salinity and the hydrologic
cycle are introduced. Steele has also developed a show for PSW called “Extreme Cold” in which
he uses a variety of materials, including liquid nitrogen, to discuss the arctic, climate change, and
the difference between fresh and salty ice. Attendance at the 5-7 shows given over the weekend
is typically over 1000. PSW 2009 is scheduled for February 26 — March 1. For more
information, visit http:// psc.apl.washington.edu/ psw/ or attend the fall AGU talk “PSW: A
university / science center collaboration” in session ED03.

The results of the project will also be incorporated into graduate atmospheric science classes
taught at UAF by Bhatt such as Climate and Climate Change. Bhatt has organized a one-credit
seminar class Climate Journal Club, which has met weekly for the past 5 years to discuss climate
related topics with an emphasis on interdisciplinary scientific exchanges. This endeavor has been
a success with typically 6-12 faculty, postdocs, and students participating each week. The
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attendees are specialists in climate sciences, oceanography, geology, biology, statistics,
hydrology, political science, natural resources management and other fields. In addition, the
results will be made available to K-12 teachers throughout Alaska through the UAF Science
Educational Outreach Center. This new center provides a comprehensive list of programs and
activities that facilitates access to cutting-edge science research results for educators. All of these
educational activities aim to provide students with a skill set, preparing them to apply their
knowledge to unsolved problems, and to entrain currently underrepresented groups in the
physical sciences. The project will also have a web site at the Alaska Geobotany Center with a
virtual tour of the NAAT transect and patterns of greening that are occurring across the Arctic.

CONCLUSION

The seasonal progression of arctic terrestrial biomass, and the timing and magnitude of peak
biomass are changing. This change is not consistent across all tundra ecosystems, for reasons that
are still unclear. Preliminary research indicates a potential link with the seasonality of nearby
marine surface conditions, i.e., sea ice and upper ocean properties. We propose to perform both
statistical and model-based analyses to better understand these important linkages. We follow
this with a modeling analysis of the effects of changing vegetation seasonality on plant
functional type composition and arctic terrestrial carbon accumulation (or loss). The results will
be a synthetic view of changing seasonality across the land/ocean boundary of the Arctic Ocean.

RESULTS OF PRIOR NSF SUPPORT

1. Biocomplexity associated with biogeochemical cycles in frost boil ecosystems. OPP-
0120736, $2,750,421, 10/1/01-9/30/07, D.A. Walker, PI, H.E. Epstein, W.A. Gould, W.B.
Krantz, R. Peterson, C.L. Ping, V.E. Romanovsky, Co-Pls. This study is relevant to the proposed
work because it established the North American Arctic Transect where ground information for
climate, soil, vegetation, and geomorphological information were collected along the complete
arctic bioclimate gradient. Publications to date have included an overview of the project and a
conceptual model of how vegetation affects the morphology of patterned ground forms with
results from the Low Arctic potion of the gradient (Walker et al. 2003, Walker et al. 2004)
descriptions of the differential frost heave model, a physically based model of self-organization
of frost boils and earth mounds (Peterson and Krantz 2003, Peterson et al. 2003),
characterization of the vegetation and its effect on the thermal properties of the soil (Kade et al.
2005, Kade 2006, Kade et al. 2006, Kade and Walker 2008), descriptions of the soil processes in
frost boils (Michaelson et al. 2002, Ping et al. 2005), the active layer (Kelley et al. 2004), the
hydrological system (Daanen et al. 2007), and the educational component of the project (Gould
et al. 2003). A synthesis of the project has been published in a special section of Journal of
Geophysical Research; nine papers describe the vegetation, soils, biomass, spectral properties,
and the models used along the North American Arctic Transect (Daanen et al. 2008b, Epstein et
al. 2008, Michaelson et al. 2008, Nicolsky et al. 2008a, Peterson and Krantz 2008, Ping et al.
2008, Raynolds et al. 2008c, Walker et al. 2008a, Walker et al. 2008b). Additional papers
published elsewhere or in preparation further describe the models (Daanen et al. 2008a, Nicolsky
et al. 2008b, Peterson 2008), measurements of frost heave (Daanen et al. 2007, Romanovsky et
al. 2008); the special characteristics of bioclimate subzone A (Walker et al. 2008c), vegetation in
the High Arctic (Vonlanthen et al. 2008 (in press)), carbon sequestration (Ping et al. 2008 in
press), and a synthesis of the zonal vegetation along the transect (Kuss et al. 2008 in prep.).
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Several hard-copy data reports are also available on line at
http://www.geobotany.uaf.edu/library/reports/#bc_reports (Raynolds and Walker 2003, Munger
et al. 2004, Raynolds et al. 2004, Raynolds 2005, Barreda et al. 2006, Vonlanthen et al. 2006).

2. Greening of the Arctic: Synthesis and models to examine the effects of climate, sea-ice,
and terrain on circumpolar vegetation change. NSF ARC-0531180, $481,765 to UAF and
$406,603 to University of Virginia, 2005-2007. 1/1/06-12/31/08. D.A. Walker and H.E. Epstein,
Co-PIs. The Greening of the Arctic initiative examines the sea-ice, climate and vegetation
interrelationships and the relevance to people living in the Arctic. This project is very relevant to
the work proposed here because of its focus on the inter-relationships between sea-ice, land-
surface temperatures, and vegetation greenness. The results of this project offer a fresh
perspective to view and study changes to the vegetation of the whole Arctic. One often
overlooked, feature of the Arctic tundra is its intimate relationship with the Arctic Ocean and sea
ice. Eighty percent of the Arctic tundra (3.2 million km?) is within 100 km of at least seasonally
frozen seawaters that provide the cool summer temperatures necessary for tundra’s presence.
Publications to date have focused on a summary of the modeling results (Epstein et al. 2007)
(Epstein et al. 2007), summaries of the NDVI relationships in Canada (Jia 2008 submitted)
relationships of circumpolar NDVI to patterns of biomass (Raynolds et al. 2006b), land surface
temperatures (Raynolds et al. 2008a), glacial geology (Raynolds and Walker 2008 in press), and
permafrost (Raynolds and Walker 2008); and the influence of sea ice on land-surface
temperatures, and NDVI (Bhatt et al. 2007, Bhatt et al. 2008, Bhatt et al. 2008 in prep.-a).

3. A Heat Budget Analysis of the Arctic Climate System. NSF ARC-0531103, $204,799,
10/05-9/09, M. Steele. In this project we have provided a first-ever coordinated view of the arctic
climate system’s energy budget (Serreze et al. 2007). A key finding was that over the entire
Arctic Ocean, atmospheric warming is more important to ocean warming than lateral heat flux
convergence in ocean currents. We are recently looking again at this partition for the energy
budget over open water areas during recent summers (Steele et al. 2008b), and finding a similar
result, although northward advection of Pacific-origin waters does play a strong regional role
(Zhang et al., 2008a). These latest studies were motivated by our research into the incredible
warming of the upper Arctic Ocean in summer 2007, set in an historical context using archived
data from the past 100 years (Steele et al., 2008a). The relative roles of ocean, atmosphere, and
pre-conditioning in the amazing sea-ice retreat of 2007 and attempts to predict future conditions
have been the subject of several studies partly funded by this project (Lindsay et al. 2008a,
Lindsay et al. 2008b, Schweiger et al. 2008b, Zhang et al. 2008b, Zhang et al. 2008c).

15



B. REFERENCES

Barreda, J. E., J. Knudson, D. A. Walker, M. K. Raynolds, A. Kade, and C. Munger. 2006.
Biocomplexity of Patterned Ground Data Report, Dalton Highway, 2001-2005. Alaska
Geobotany Center, Institute of Arctic Biology, University of Alaska Fairbanks,
Fairbanks.

Bhatt, U. S., D. A. Walker, M. Raynolds, and J. Comiso. 2007. The relationship between sea ice
variability and arctic tundra on the pan-Arctic, regional, and site scales. Eos Trans. AGU,
88(52), Fall Meet. Suppl. Abstract U41C-0612.

Bhatt, U. S., D. A. Walker, M. K. Raynolds, and J. Comiso. 2008. Circumpolar and regional
analysis of the relationship between sea-ice variability, summer land-surface
temperatures, Arctic tundra greenness and large-scale climate drivers. Talk given at the
LCLUC Sience Team Meeting, NASA Carbon Cycle and Ecosystems Joint Science
Workshop, Adelphi, Maryland, 1-2 May 2008. Abstract 363.

Bhatt, U. S., D. A. Walker, M. K. Raynolds, J. Comiso, and H. E. Epstein. 2008 in prep.-a.
Panarctic trend and variability in the land-ocean margins of sea-ice concentrations, land-
surface temperatures, and tundra vegetation greenness. Earth Interactions.

Bhatt, U. S., D. A. Walker, M. K. Raynolds, J. Comiso, and H. E. Epstein. 2008 in prep.-b. Role
of atmospheric processes in trends and variability of sea-ice, land-surface temperatures,
and tundra vegetation greenness in Alaska. Atmospheric Research.

Boelman, N.T., Rueth, H.M., Sommerkorn, M., Stieglitz, M., Griffin, K.L., Shaver, G.R.., and
Gamon, J.A. 2003. Response of NDVI, biomass, and ecosystem gas exchange to long-
term warming and fertilization in wet sedge tundra. Oecologia 135: 414-421.

Boelman, N.T., Stieglitz, M., Griffin, K.L., and Shaver, G.R.. 2005. Inter-annual variability of
NDVI in response to long-term warming and fertilization in wet sedge and tussock
tundra. Oecologia 143: 588-597.

Bunn, A. G., S.J. Goetz, J. S. Kimball, and K. Zhang. 2007. Northern high-latitude ecosystems
respond to climate change. Eos 88:333-334.

Chapin, F. S. 1., M. Sturm, M. C. Serreze, J. P. McFadden, J. R. Key, A. H. Lloyd, A. D.
McGuire, T. S. Rupp, A. H. Lynch, J. P. Schimel, J. Beringer, W. L. Chapman, H. E.
Epstein, E. S. Euskirchen, L. D. Hinzman, G. Jia, C.-L. Ping, K. D. Tape, C. D. C.
Thompson, D. A. Walker, and J. M. Welker. 2005. Role of land-surface changes in Arctic
summer warming. Science 310:657-660.

Cherry, J., S. J. Déry, and M. Stieglitz. 2008 submitted. Climate and hydrology of the Toolik
Field Station and its context. in J. Hobbie, editor. Toolilk Lake Long Term Ecological
Research Station.

Comiso, J. C. 2003. Warming trends in the Arctic from clear sky satellite observations. Journal
of Climate 16:3498-3510.

Comiso, J. C. 2006. Arctic warming signals from satellite observations. Weather 61:70-76.

Comiso, J. C., C. L. Parkinson, R. Gersten, and L. Stock. 2008. Accelerated decline in the Arctic
sea ice cover. Geophysical Research Letters 35:L.01703,
do1:01710.01029/02007GL031972.

Daanen, R., V. Romanovsky, D. Walker, and M. LaDouceur. 2008a. High resolution surface and
subsurface survey of a non-sorted circle system. Pages 321-326 in D. I. Kane and K. M.
Hinkel, editors. Ninth International Conference on Permafrost. Institute of Northern
Engineering, University of Alaska Fairbanks, Fairbanks.

16



Daanen, R. P., D. Misra, H. Epstein, D. Walker, and Romanovsky. 2008b. Simulating nonsorted
circle development in arctic tundra ecosystems. Journal of Geophysical Research -
Biogeosciences 113, G03S06, doi:10.1029/2008JG000682.

Daanen, R. P., D. Misra, and H. E. Epstein. 2007. Active-layer hydrology in non-sorted circle
ecosystems of the Arctic tundra. Vadose Zone Journal 6:694-704.

Deser, C., J. E. Walsh, and M. Timlin. 2000. Arctic sea ice variability in the context of recent
atmospheric circulation trends. Journal of Climate 13:617-633.

Epstein, H.E., F.S. Chapin III, M.D. Walker and A.M Starfield. 2001. Analyzing the functional
type concept in arctic plants using a dynamic vegetation model. Oikos 95:239-252.

Epstein, H. E., M. P. Calef, M. D. Walker, F. S. I. Chapin, and A. M. Starfield. 2004. Detecting
changes in arctic tundra plant communities in response to warming over decadal time
scales. Global Change Biology doi: 10.1111/5.1365-2486.2004.00810.x:1325-1334.

Epstein, H. E., D. A. Walker, M. K. Raynolds, G. J. Jia, and A. M. Kelley. 2008. Phytomass
patterns across a temperature gradient of the North American arctic tundra. Journal of
Geophysical Research - Biogeosciences 113, G03S02, doi:10.1029/2007JG000555.

Epstein, H. E., M. D. Walker, F. S. I. Chapin, and A. M. Starfield. 2000. A transient, nutrient-
based model of arctic plant community response to climate warming. Ecological
Applications, 10:824-841.

Epstein, H. E., Q. Yu, J. O. Kaplan, and H. Lischke. 2007. Simulating future changes in arctic
and subarctic vegetation. Computing in Science and Engineering Jul/Aug:12-23.

Goetz, S.J., A. G. Bunn, G. J. Fiske, and R. A. Houghton. 2005. Satellite-observed
photosynthetic trends across boreal North America associated with climate and fire
disturbance. Proceedings of the National Academy of Science 102:13521-13525.

Gould, W. A, D. A. Walker, and D. Biesboer. 2003. Combining research and education:
Bioclimate zonation along a Canadian Arctic transect. Arctic 56:45-54.

Hibler, W. D. I. 1980. Modeling a variable thickness sea ice cover. Monthly Weather Review
108:1943-1973.

Holland, M. M., C. M. Bitz, and B. Tremblay. 2006. Future abrupt reductions in the summer
Arctic sea ice. Geophysical Research Letters 33, 123503, doi:10.1029/2006GL028024.

Hope, A.S., Kimball, J.S., and D.A. Stow. 1993. The relationship between tussock tundra
spectral reflectance properties and biomass and vegetation composition. International
Journal of Remote Sensing 14:1861-1874.

Jia, G. J. 2008 submitted. Vegetation greening in the Canadian Arctic related to warming and sea
ice decline. Journal of Geophysical Research - Biogeosciences.

Jia, G.J., H.E. Epstein and D.A. Walker. 2006. Spatial heterogeneity of tundra vegetation in
response to recent temperature changes. Global Change Biology 12:42-55.

Jia, G. J.,, H. E. Epstein, and D. A. Walker. 2003. Greening of arctic Alaska, 1981-2001.
Geophysical Research Letters 30:2067, doi:2010.1029/2003GL018268.

Kade, A. 2006. Biocomplexity of nonsorted circles in the Low Arctic, Alaska. University of
Alaska Fairbanks, Fairbanks.

Kade, A., V. E. Romanovsky, and D. A. Walker. 2006. The N-factor of nonsorted circles along a
climate gradient in Arctic Alaska. Permafrost and Periglacial Processes 17:279-289.

Kade, A., and D. A. Walker. 2008. Experimental alteration of vegetation on nonsorted circles:
effects on cryogenic activity and implications for climate change in the Arctic. Arctic
Antarctic and Alpine Research 40:96-103.

17



Kade, A.,D. A. Walker, and M. K. Raynolds. 2005. Plant communities and soils in cryoturbated
tundra along a bioclimate gradient in the Low Arctic, Alaska. Phytocoenologia 35:761-
820.

Kelley, A. M., H. Epstein, and D. A. Walker. 2004. Role of vegetation and climate in permafrost
active layer depth in Arctic Alaska and Canada. Journal of Glaciology and Climatology
26:269-273.

Kuss, H. P., D. A. Walker, A. Kade, C. Vonlanthen, M. K. Raynolds, and N. V. Matveyeva.
2008 in prep. Diversity, structure and thermal properties of zonal patterned-ground
vegetation along the North American Arctic Transect — a synthesis. Journal of Vegetation
Science.

Lawrence, D. M., A. G. Slater, R. A. Tomas, M. M. Holland, and C. Deser. 2008. Accelerated
Arctic land warming and permafrost degradation during rapid sea ice loss. Geophysical
Research Letters 35:L11506, doi:11510.11029/12008GL033985,.

Lindsey, R. W., and R. W. Zhang. 2006. Assimilation of ice concentration in an ice/ocean model. .
Journal of Atmospheric and Oceanic Technology 23:742-749.

Lindsey, R. W.,J. Zhang, A. Schweiger, and M. Steele. 2008. Seasonal predictions of ice extent
in the Arctic Ocean. Journal of Geophysical Research 113, C02023,
do1:10.1029/2007JC004259.

Lindsey, R. W.,J. Zhang, A. Schweiger, M. Steele, and H. Stem. 2008 in press. Arctic sea ice
retreat in 2007 follows thinning trend. Journal of Climate.

Lloyd, A. H. 2005. Ecological histories from Alaskan tree lines provide insight into future
change. Ecology 86:1687-1695.

Lloyd, A. H., and A. G. Bunn. 2007. Responses of the circumpolar boreal forest to 20th century
climate variability. Environmental Research Letters 2, 045013 doi: 10.1088/1748-
9326/2/4/045013.

Masalanik, J., S. Drobot, C. Fowler, W. Emery, and R. Barry. 2007. On the Arctic climate paradox and
the continuing role of atmospheric circulation in affecting sea ice conditions. Geophysical
Research Letters 34, L03711, doi:10.1029/2006GL028269

Michaelson, G. J., C. L. Ping, H. E. Epstein, J. M. Kimble, and D. A. Walker. 2008. Soils and
frost boil ecosystems across the North American arctic Transect. Journal of Geophysical
Research - Biogeosciences 113, GO3S11, doi:10.1029/2007JG000672.

Michaelson, G. J., C. L. Ping, and D. A. Walker. 2002. Biogeochemistry of soils associated with
cryptogamic crusts on frost boils. Eos Transactions, AGU 83:F260, Abstract B212A-
0778.

Munger, C., M. K. Raynolds, and D. A. Walker. 2004. Biocomplexity of Frost-boil Ecosystetms,
July 2003 Banks Island Expedition: Vegetation, biomass, NDVI, soil, thaw layer,
invertebrates, decomposition, biogeochemistry and turf-hummock studies. Data report of
the Alaska Geobotany Center, Institute of Arctic Biology, University of Alaska
Fairbanks.

Nicolsky, D.J., V. E. Romanovsky, G. S. Tipenko, and D. A. Walker. 2008a. Modeling
biogeophysical interactions in non-sorted circles in the Low-Arctic. Journal of
Geophysical Research - Biogeosciences 113:GO3S05, doi:10.1029/2007JG000565.

Nicolsky, D.J., V. E. Romanovsky, G. S. Tipenko, and D. A. Walker. 2008b. Modeling
observed differential frost heave within non-sorted circles in Alaska. Pages 1281-1286 in
D. I. Kane and K. M. Hinkel, editors. Ninth International Conference on Permafrost.
Institute of Northern Engineering, University of Alaska Fairbanks, Fairbanks, AK.

18



Peterson, R. A. 2008. Numerical modeling of differential frost heave. Pages 1399-1404 in D. I.
Kane and K. M. Hinkel, editors. Ninth International Conference on Permafrost. Institute
of Northern Engineering, University of Alaska Fairbanks, Fairbanks.

Peterson, R. A., and W. B. Krantz. 2003. A mechanism for differential frost heave and its
implications for patterned ground formation. Journal of Glaciology 49:69-80.

Peterson, R. A., and W. B. Krantz. 2008. Differential frost heave model of patterned ground
formation: Corroboration with observations along a North American Arctic Transect.
Journal of Geophysical Research - Biogeosciences 113, G03S04,
do1:10.1029/2007JG000559.

Peterson, R. A., D. A. Walker, V. E. Romanovsky, J. A. Knudson, M. K. Raynolds, and W. B.
Krantz. 2003. A differential frost heave model: cryoturbation-vegetation interactions.
Pages 885-890 in M. Phillips, S. M. Springman, and L. U. Arenson, editors. Permafrost:
Proceedings of the Eighth International Conference on Permafrost. A.A. Balkema
Publishers, Zurich, Switzerland.

Ping, C. L., G. Michaelson, J. M. Kimble, V. E. Romanovsky, Y. L. Shur, D. K. Swanson, and
D. A. Walker. 2008. Cryogenesis and soil formation along a bioclimate gradient in Arctic
North America. Journal of Geophysical Research — Biogeosciences 113, GO3S12,
do1:10.1029/2008JG000744.

Ping, C. L., G.J. Michaelson, M. T. Jorgenson, J. M. Kimbel, H. E. Epstein, V. E. Romanovsky,
and D. A. Walker. 2008 in press. High stocks of soil organic carbon in North American
arctic region. Nature Geoscience.

Ping, C. L., G.J. Michaelson, C. Tarnocai, and D. A. Walker. 2005. Cryogenic feature of tundra
soils along a bioclimate gradient in arctic Alaska and Canada. Eos Transactions AGU
86:C24A-05.

Raynolds, M. K. 2005. Addendum to the 2003 Green Cabin, Banks Island Data Report. Alaska
Geobotany Center, University of Alaska Fairbanks, Fairbanks.

Raynolds, M. K., J. C. Comiso, D. A. Walker, and D. Verbyla. 2008a. Relationship between
satellite-derived land surface temperatures, arctic vegetation types, and NDVI. Remote
Sensing of the Environment 112:1884-1894.

Raynolds, M. K., and D. A. Walker. 2003. Banks Island July 2003 Field Report. Alaska
Geobotany Center, University of Alaska Fairbanks, Fairbanks.

Raynolds, M. K., and D. A. Walker. 2008. Circumpolar relationships between permafrost
characteristics, NDVI, and arctic vegetation types. Pages 1469-1474 in D. I. Kane and K.
M. Hinkel, editors. Ninth International Conference on Permafrost. Institute of Northern
Engineering, University of Alaska Fairbanks, Fairbanks.

Raynolds, M. K., and D. A. Walker. 2008 in press. The effects of deglaciation on circumpolar
distribution of arctic vegetation. Remote Sensing Environment.

Raynolds, M. K., D. A. Walker, and J. C. Comiso. 2008b. Spatial patterns of land-surface
temperature and NDVI, and their relation to vegetation distribution on the Yamal
Peninsula, Russia. Poster presented at the Carbon Cycle and Ecosystems Joint Science
Workshop, 1-2 May 2008, Adelphi, MD. Abstract 365. http://cce.nasa.gov/cgi-
bin/meeting 2008/mtg2008 ab search.pl.

Raynolds, M. K., D. A. Walker, A. Kade, C. Vonlanthen, S. G. Vockeroth, C. A. Munger, and P.
Kuss. 2006a. Aboveground phytomass of vegetation communities along an arctic climate
gradient. Eos Trans. AGU, 87(52), Fall Meet. Suppl.:Abstract C51A-0395.

19



Raynolds, M. K., D. A. Walker, and H. A. Maier. 2006b. NDVI patterns and phytomass
distribution in the circumpolar Arctic Remote Sens. Environ. 102:271-281.

Raynolds, M. K., D. A. Walker, and C. R. Martin. 2004. Biocomplexity of frost-boil ecosystems
snow data report, Alaska North Slope, April 2004. Alaska Geobotany Center, University
of Alaska Fairbanks, Fairbanks.

Raynolds, M. K., D. A. Walker, C. A. Munger, C. M. Vonlanthen, and A. N. Kade. 2008c. A
map analysis of patterned-ground along a North American Arctic Transect. Journal of
Geophysical Research—Biogeosciences 113, G03S03, doi:10.1029/2007JG000512.

Riedel, S.M. H.E Epstein and D.A. Walker. 2005. Biotic controls over spectral indices of arctic
tundra vegetation. International Journal of Remote Sensing 26:2391-2405.

Romanovsky, V. E., S. S. Marchenko, R. Daanen, D. O. Sergeev, and D. A. Walker. 2008. Soil
climate and frost heave along the permafrost/ecological North American Arctic transect.
Pages 1519-1524 in D. 1. Kane and K. M. Hinkel, editors. Ninth International Conference
on Permafrost. Institute of Northern Engineering, University of Alaska Fairbanks,
Fairbanks, AK.

Schweiger, A.J.,J. Zhang, R. W. Lindsay, and M. Steele. 2008. Did unusually sunny skies help
drive the record sea ice minimum of 2007? Geophysical Research Letters 35, L10503,
doi:10.1029/2008GL033463.

Serreze, M. C., A. P. Barrett, A. J. Slater, M. Steele, J. Zhang and K. Trenberth, 2007. The

large-scale energy budget of the arctic, J. Geophys. Res., 112, D11122,
doi:10.1029/2006JD008230.

Serreze, M. C., A. H. Lynch, and M. P. Clark. 2001. The Arctic frontal zone as seen in the
NCEP-NCAR reanalysis. Journal of Climate 14:1550-1567.

Smith, N. V., S. S. Saatchi, and J. T. Randerson. 2004. Trends in high northern latitude soil
freeze and thaw cycles from 1988 to 2002. Journal of Geophysical Research 109,
D12101, doi: 10.1029/2003JD004472.

Steele, M., J. Zhang, and W. Ermold, 2008b, Mechanisms of Upper Ocean Warming in the
Arctic and the Effect on Sea Ice Melt, Journal of Geophysical Research, in preparation.
Steele, M., W. Ermold, and J. Zhang. 2008a. Arctic Ocean surface warming trends over the past

100 years. Geophysical Research Letters 35,1.02614, doi:10.1029/2007GL031651.

Stroeve, J., M. Serreze, S. Drobot, S. Gearheard, M. Holland, J. Maslanik, W. Meier, and T.
Scambos. 2008. Arctic sea ice extent plummets in 2007. Eos 89:13-14.

Sturm, M., C. Racine, and K. Tape. 2001. Increasing shrub abundance in Arctic. Nature 411:547-
548.

Tape, K., M. Sturm, and C. Racine. 2006. The evidence for shrub expansion in Northern Alaska
and the Pan-Arctic. Global Change Biology 12:686-702.

Treshnikiv, A. F. e. 1985. Atlas of the Arctic (in Russian). Administrator of Geodesy and Cartography
of the Soviet Ministry, Moscow.

Thorndike, A. S., D. A. Rothrock, G. A. Maykut, and R. Colony. 1975. The thickness
distribution of sea ice. Journal of Geophysical Research 80:4501-4513.

Vonlanthen, C., M. K. Raynolds, C. Munger, A. Kade, and D. A. Walker. 2006. Biocomplexity
of Patterned Ground Isachsen Expedition, July 2005. Data Report, Alaska Geobotany
Center, Univesity of Alaska Fairbanks, Fairbanks.

Vonlanthen, C. M., D. A. Walker, M. K. Raynolds, A. Kade, H. P. Kuss, F.J. A. Daniéls, and N.
V. Matveyeva. 2008 (in press). Patterned-ground plant communities along a bioclimate
gradient in the High Arctic, Canada. Phytocoenologia. 38:23-63.

20



Walker, D. A., H. E. Epstein, W. A. Gould, A. M. Kelley, A. N. Kade, J. A. Knudson, W. B.
Krantz, G. Michaleson, R. A. Peterson, C. L. Ping, M. K. Raynolds, V. E. Romanovsky,
and Y. Shur. 2004. Frost-boil ecosystems: complex interactions between landforms, soils,
vegetation, and climate. Permafrost and Periglacial Processes 15:171-188.

Walker, D. A., H. E. Epstein, V. E. Romanovsky, C. L. Ping, G. J. Michaelson, R. P. Daanen, Y.
Shur, R. A. Peterson, W. B. Krantz, M. K. Raynolds, W. A. Gould, G. Gonzalez, D. J.
Nickolsky, C. M. Vonlanthen, A. N. Kade, P. Kuss, A. M. Kelley, C. A. Munger, C. T.
Tarnocai, N. V. Matveyeva, and F. J. A. Daniéls. 2008a. Arctic patterned-ground
ecosystems: a synthesis of field studies and models along a North American Arctic
Transect. Journal of Geophysical Research - Biogeosciences 113:G03S01,
do110.1029/2007JG000504.

Walker, D. A., H. E. Epstein, and J. M. Welker. 2008b. Introduction to special section on
Biocomplexity of Arctic Tundra Ecosystems. Journal of Geophysical Research —
Biogeosciences 113, G03S00, doi:10.1029/2008JG000740.

Walker, D. A., B. C. Forbes, M. O. Leibman, H. E. Epsteiin, U. S. Bhatt, J. C. Comiso, D. S.
Drozdov, A. A. Gubarkov, G.J. Jia, E. Karlejaérvi, J. O. Kaplan, V. Khumutov, G. P.
Kofinas, T. Kumpula, P. Kuss, N. G. Moskalenko, M. K. Raynolds, V. E. Romanovsky,
F. Stammler, and Q. Yu. 2008 submitted,. Cumulative effects of rapid land-cover and
land-use changes on the Yamal Peninsula, Russia in G. Gutman, P. Groismann, and
Reissel, editors.

Walker, D. A., G.J. Jia, H. E. Epstein, M. A. Raynolds, F. S. Chapin , III, C. D. Copass, L.
Hinzman, J. A. Knudson, H. Maier, G. J. Michaelson, F. Nelson, C. L. Ping, V. E.
Romanovsky, and N. Shiklomanov. 2003. Vegetation-soil-thaw-depth relationships along
a low-arctic bioclimate gradient, Alaska: synthesis of information from the ATLAS
studies. Permafrost and Periglacial Processes 14:103-123.

Walker, D.A., M.K. Raynolds, F.J.A. Daniels, E. Einarsson, A. Elvebakk, W.A. Gould, A E.
Katenin, S.S. Kholod, C.J. Markon, E.S. Melnikov, N.G. Moskalenko, S.S. Talbot, B.A.
Yurtsev, and CAVM Team. 2005. The Circumpolar Arctic vegetation map. Journal of
Vegetation Science 16:267-282.

Walker, D. A., M. K. Raynolds, and W. A. Gould. 2008c. Fred Daniéls, Subzone A, and the
North American Arctic Transect. Abhandlungen aus dem Westfédlischen Museum fiir
Naturkunde 70:387-400.

Walker, M. D., C. H. Wahren, R. D. Hollister, G. H. R. Henry, L. E. Ahlquist, J. M. Alatalo, M.
S. Bret-Harte, M. P. Calef, T. V. Callaghan, M. B. Carroll, H. E. Epstein, I. S. Jonsdottir,
J. A.Klein, B. Magnusson, U. Molau, S. F. Oberbauer, S. P. Rewa, C. H. Robinson, G.
R. Shaver , K. N. Sugding, C. C. Thompson, A. Tolvanen, O. Totland, P. L. Turner, C. E.
Tweedie, P. J. Webber, and P. A. Wookey. 2006. Plant community responses to
experimental warming across the tundra biome. Proceedings of the National Academy of
Science 103:1342-1346.

Zhang, J. 2005. Warming of the arctic ice-ocean system is faster than the global average since
the 1960s. Geophysical Research Letters 32, 1.19602, doi:10.1029/2005GL024216.

Zhang, J., J. Krieger, and D. Morton. 2008a. Beaufort Sea Mesoscale Meteorology Modeling
Evaluation Initial Sensitivity Analysis. MMS report, 77 pp.

Zhang, J., R. Lindsay, M. Steele, and A. Schweiger. 2008b. What drove the dramatic retreat of
arctic sea ice during summer 2007. Geophysical Research Letters 35, L11505,
doi:10.1029/2008GL034005.

21



Zhang, J., and D. A. Rothrock. 2003. Modeling global sea ice with a thickness and enthalpy
distribution model in generalized curvilinear coordinates. Monthly Weather Review
131:681-697.

Zhang, J., M. Steele, R. Lindsay, A. Schweiger, and J. Morison. 2008c. Ensemble one-year
predictions of arctic sea ice for the summer of 2008. Geophysical Research Letters 35,
L08502, doi:10.1029/2008GL033244.

Zhang, J., M. Steele, and R. Woodgate. 2008 submitted. The role of Pacific water in the dramatic
retreat of arctic sea ice during summer 2007. Journal of Polar Science.

22



