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Road Map for Today

1. Earth’s biomes
and Arctic tundra 101

2. The view from space
3. The view on the ground
4. Observations and concerns of Arctic people



Earth’s Biomes

• Global classification system

• Recurring areas of similar climate and vegetation 

• Ecological equivalents in different parts of the world (though 
species may be different)

• highlights the physical environment’s role in shaping 
ecosystems



Alexander von Humboldt pioneered the study of  
biogeography.

He no9ced recurring pa;erns between local climate 
(temperature, precipita9on) and vegeta9on as he traveled 
up and down the Andes Mountains.



páramo grassland

Humboldt’s figure depicting vegetation on Chimboraza volcano, Ecuador
The Geography of Plants (1807)

elfin forest

subtropical forest

tropical rainforest



Global vegetation map, The Geography of Plants (1807)



Natural Resources Canada 
http://canadaforests.nrcan.gc.ca/images/7608

Boreal forest – or, the “emerald wreath”

18 million square kilometers

Earth’s northern biomes

http://canadaforests.nrcan.gc.ca/images/7608


“The power and enchantment of the taiga lie not in 
giant trees or silence…but in the fact that only birds of 
passage know where it ends.”

- Anton Chekhov, Across Siberia (1890)

G. Frost photoBrooks Range, Alaska



Natural Resources Canada – http://canadaforests.nrcan.gc.ca/images/7608

Arctic tundra

5 million square kilometers

CAVM Team 2003

Earth’s northern biomes

http://canadaforests.nrcan.gc.ca/images/7608


Natural Resources Canada – http://canadaforests.nrcan.gc.ca/images/7608 CAVM Team 2003

Earth’s northern biomes

Average July temperature 10° C / 50° F 

http://canadaforests.nrcan.gc.ca/images/7608


Natural Resources Canada – http://canadaforests.nrcan.gc.ca/images/7608 CAVM Team 2003

Earth’s northern biomes

Average July temp 10° C / 50° F 

Average July temp
1° C / 34° F 

http://canadaforests.nrcan.gc.ca/images/7608


Polar Ural Mountains, Russia

G. Frost photo



G. Frost photo

Lake Iliamna area, Alaska



Yamal Peninsula, Russia

D. Walker photo



Yamal Peninsula, Russia

G. Frost photo



Yamal Peninsula, Russia

D.A. Walker photo



D.A. Walker et al.

Mean July temp  4°C

Mean July temp  8°C

Mean July temp  11°C

Mean July temp  1°C



Arctic ecosystems in transition

National Snow & Ice Data Center 

The dramatic loss of Arctic sea ice has 
received widespread attention…

National Snow & Ice Data Center



….but changes on land are also occurring, 
with implications from local to global 
scales. 

Arctic ecosystems in transition

- “Arctic greening”

- permafrost thaw

- carbon release
NASA - GISS

2015-2019 temperatures compared to 1951-1980

Distribution of Arctic tundra is linked to 
summer temperature and the nearby 
ice-covered ocean. 

Models project the (slow) northward 
movement of boreal forest vegetation. 
But a lot is happening within the tundra 
in the meantime.



“The map is changing”

Permafrost thaw
Frost et al. 2018

Shrub expansion
Frost & Epstein 2014

1966 2012

Sea-ice decline



Vegetation & water



Active layer detachments

• Yamal aerial photo
• Amderma ground photo?
• Citations from Natliya M., etc.

ground-ice exposure at Amderma, Russia (Barents Sea coast)

Permafrost



Geomorphology



patterned-ground at forest-tundra transition, northwestern Siberia

Soils



Sea-ice



Animals and insects



Disturbances



Tundra ecotone near King Salmon, Alaska, 1918.
P. Hagelbarger photo © Naconal Geographic Society.



Today, birch shrubs and spruce are much more extensive. 
G. Frost photo. 



1953

Upper Matanuska Valley, Alaska
(USGS photo)



2007

Is this representative of a broad-scale pattern?

Upper Matanuska Valley, Alaska 
(Frost photo)



Arctic change: the view from space

Launch of Landsat 8, Vandenberg Air Force Base, February 2013



Remote sensing in the Arctic

• Lots of challenges for observation
– short summer
– often cloudy
– permafrost is a critical feature…but subsurface!

• Many legacy tools, and many new ones
– can now monitor change over 50+ year period
– new tools provide monitoring in near real-time



Earth-observing satellites

• AVHRR - 7 km

• MODIS - 240 m

• Landsat - 30 m

• High-res satellites – 1 m

Global

Local



Satellite timeline
• Useful greenness observacons began in 1982
• Each sensor has its own strengths (and weaknesses)
• Some observe encre Earth every day, but with lower 

resolucon
• Others get “close looks,” but not every day

1980 1990 2000 2010 2020

Landsat (2nd generation)

MODIS

Resolu/on

8 km

30 m

250 m

AVHRR



How do we monitor “greenness” from space?



Electromagne_c spectrum



VISIBLE LIGHT

Electromagnetic spectrum



VISIBLE LIGHTUltraviolet

Infrared

Electromagnetic spectrum



VISIBLE LIGHTUltraviolet

Infrared

“NDVI”



VISIBLE LIGHTUltraviolet

Infrared

NDVI =
Normalized Difference Vegetation Index



(NASA Global NDVI animation)



Time-series analysis
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Time-series analysis
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Scenes selected from 4-week period in 
mid-summer, when biomass is at its 
peak

Positive trend indicates 
“greening”



Greenness trends – seasonal peak (1982–2019)

“greening”“browning”

after Bhatt et al. 2010, 2013; Bieniek et al. 2015 



Greenness trends – seasonal peak (1982–2019)

“greening”“browning”

after Bhatt et al. 2010, 2013; Bieniek et al. 2015 

Plant stress or die-back Shrub expansion



Greenness trends – seasonal peak (1982–2019)



Greenness trends – full season (1982–2019)

“greening”“browning”

aGer BhaH et al. 2010, 2013; Bieniek et al. 2015 



Greenness trends – full season (1982–2019)



How do NDVI trends relate to changes on the ground?





Riparian 
shrubs on 
point bar

cutbank erosion



How do satellite records compare?



Comparison of peak greenness, YK Delta
(2000–2018)

Frost, Bhatt et al, in prep.



Frost, Bhatt et al, in prep.

Comparison of peak greenness, YK Delta
(2000–2018)



Frost, Bhatt et al, in prep.

Comparison of peak greenness, YK Delta
(2000–2018)



• More recent sensors suggest Arctic “greening” may be even more widespread than 
the AVHRR record indicates

• High-resolution remote sensing and field studies needed to identify landscape 
drivers 

Comparison of peak greenness, YK Delta
(2000–2018)



1990 2000 2010

IKONOS

QuickBird

WorldView-1

GeoEye

WorldView-2

2020

WorldView-3

WorldView-4

Pléiades-1

Proliferation of commercial 
satellites began in 1999…

High-resolution satellite observation



1970 1980 1990 2000 2010

KH-4B Corona

1960

KH-7 Gambit

IKONOS

QuickBird

WorldView-1

GeoEye

WorldView-2

2020

WorldView-3

WorldView-4

Pléiades-1 & 2

KH-9 Hexagon

But first hi-res Earth-observing 
(spy) satellites were active in 1965!

High-resolution spaceborne observations



Federation of American Scientists 1997

• Cold War-era surveillance heralded beginning 
of modern remote sensing

• worldwide coverage
• high resolution (0.75 – 2 m)
• allows detection of land-cover change over 

last 55 years



Gambit KH-7
19 February 1966
National Airport, 
Washington DC



Gambit KH-7
15 July 1966

Western Taymyr PeninsulaFrost and Epstein 2014, Global Change Biology



GeoEye-1
9 July 2009

Western Taymyr PeninsulaFrost and Epstein 2014, Global Change Biology



Gambit KH-7
15 July 1966

Western Taymyr Peninsula



Corona KH-4B
21 August 1968



IKONOS
9 August 2002



IKONOS
9 August 2002



Corona KH-4B
21 August 1968



Scenes from the field



Crossing the S’ob River



Crossing the S’ob River
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YK Delta region
• 35 villages
• ~30,000 Yup'ik people
• 70% below 30 m elevation
• Bethel mean annual

temp = -2°C
• 19 million acre refuge

• “...the delta is the most important 
shorebird nesting area in the 
country…[and the] most 
important wetland for post-
breeding shorebirds on the west 
coast of North America” - USFWS



73

Vulnerability to Climate Change

Storms and Sea Level Rise Permafrost Thaw

8 Nov 2011 Storm

YKD especially vulnerable to “tipping points” around elevation and temperature 
thresholds.



Communities & Infrastructure

Bethel, AK

Newtok, AK

Kasigluk, AK

Ten villages on Alaska’s Y-K 
Delta face “imminent threat 
from flooding and erosion” 
(GAO 2009)



Yukon River Delta

eolian uplands

central coast



Tall shrub expansion

Tundra fireErosion, permafrost 
degradation



Field Studies: from pixels to plants
Long-term monitoring 
transects (1994, 2005, 2016)

– Vegetation point-intercept
– Surface elevation
– Soils
– Thaw depth

77

1995 2016



Salt-killed dwarf birch after 
2005 storm, later lichen 
expansion

Salt-killed meadow after 
2005 storm, later Carex
ramenskii sedge 
expansion

Bank erosion along the 
Manokinak tidal river

Smothering of halophy9c 
sedges aTer 2005 storm, no 
recovery

Field Studies



Permafrost on the Delta

• Segregation ice in the 
soil raises ground 
surface enough to 
support mesic 
vegetation

• Positive feedback loop 
between elevation, 
vegetation cover, and 
permafrost

• Permafrost creates 
elevated plateaus

after Whitley et al., 2018





permafrostnon-permafrost



permafrost

Topography =



1. Field data collection

2. Extract elevations from 
remote sensing data

3. Make a map!

4. Validate the map using 
the field data.



Probability of permafrost occurrence

Whitley et al. (2018, Remote Sensing)

Use of a 0.9 predicted probability 
threshold yielded a permafrost 
map with 95% accuracy.



Impacts to People

• Berry crop
– Rubus chamaemorus

(Cloudberry)

– Empetrum nigrum

(Crowberry)

• Access to fresh water

• Loss of seasonal camps

• Loss of cultural sites



Impacts on animals

• Bristle-thighed Curlew (Numenius
tahiSensis)

• Enmre global populamon uses YKD 
for staging prior to 6,000 km 
nonstop transpacific migramon

• Stage on YKD permafrost 
plateaus to faoen up on berries



Societal Impacts of Change

NASA YK Delta Knowledge Exchange Meeting, Bethel, AK   16 November 2018



Societal Impacts of Change

“One change doesn’t make things harder. Many together will.”
- James Ayuluk, Chevak

NASA YK Delta Knowledge Exchange Meeting, Bethel, AK   16 November 2018



2 – “Story Maps” and interac_ve 
tools for village science classes

3 - Knowledge exchange 
meetings

Jake Redfox, Emmonak

James Ayuluk, Chevak

1 - Field research with Arctic people





Hi-res maps of permafrost extent & change

Socio-ecological implica9ons of change: Yukon Delta, Alaska

Berry-harvest
opportunities

Infrastructure, seasonal 
camps, cultural sites

Science community

Thawing
permafrost Whitley et al. 2018

Local observations, concerns,
adaptations



Socio-ecological implications of change: Yukon Delta, Alaska

Local observa/ons, concerns,
adapta/ons

Loss of visibility, landmarks, 
“sense of place”

Shrub height mappingHunting opportunities

Tundra
shrub
expansion

Macander & Frost, 
in prep.

Science community



Conclusions
• Arctic greening is an evolving story. Stay tuned!
• Changing environment challenges our concept of 

“what is Arctic.”
– Loss of sea ice
– Loss of permafrost

• None of these distinctions matter for Arctic people. 
Big social, political challenges. 

• Integrity and continuity of satellite and field 
observation are critical

• Arctic residents provide a frame of reference that 
predates the satellite record



StoryMap villagesFuture
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Quyana! Questions...?


