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ABSTRACT

Twice-monthly AVHRR-derived NDVI were used to estimate growing 

season length across Alaska, north of the Alaska Range. An algorithm, based on 

the ratio of NDVI to annual maximum NDVI for each pixel, was used to represent 

percent of maximum greenness for each composite period. Greenup and 

senescence commenced when NDVI values rose above and fell below a 

selected percent of maximum greenness. Six different percent of maximum 

greenness thresholds, ranging from 25 to 50 percent, were evaluated. This 

algorithm eliminates complications of landscape-specific NDVI thresholds and

year-to-year variability.
The algorithm was tested against 1) air temperature data from 23 weather 

stations located in northern Alaska from 1991 to 1997, 2) observed greenup at 

two sites in Fairbanks, Alaska, from 1991 to 1997, and 3) phenology 

observations on the Seward Peninsula during the 1996-1997 growing seasons. 

Best results were obtained with NDVI values at 30% and 40% of maximum NDVI.
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1. INTRODUCTION

Recent and future climate warming in the northern latitudes is apparent 

(Jacoby and D’Arrigo 1995, Chapman and Walsh 1993, Jacoby et al. 1985).

Arctic vegetation is particularly sensitive to slight increases in climate (Chapin 

and Shaver 1996, Kauppi and Posch 1985, Hopkins 1959). Climate warming 

may have several important effects in arctic and sub arctic Alaska. First, an 

increase in air temperature (and resulting soil temperature) may induce longer 

growing seasons, with plants greening up earlier and continuing to 

photosynthesize for a longer period of time. Second, global warming will likely 

promote an advancement of taiga (boreal forest) vegetation into tundra zones. 

Ecosystem changes such as this effect ecosystem productivity, forest resources, 

herbivore habitat, and global carbon cycling (C02 enrichment of the atmosphere). 

The boreal forest regions worldwide contains over 37% of the total terrestrial 

carbon pool (Smith et al. 1993); events such as forest fires and changes in 

vegetation patterns in the boreal forest play an important role in the global carbon 

budget.
Climate-vegetation interactions are difficult to study across the Alaskan 

landscape because weather stations are sparsely distributed relative to the large 

area of Alaska; weather stations are located mostly in the floodplains and coastal 

areas and do not adequately represent the mountainous and interior regions. 

Comprehensive field observations of phenological patterns of arctic and sub 

arctic Alaska are difficult to conduct because of the large size of the region and 

because most areas of the state are relatively inaccessible, except by aircraft. 

Satellites, however, have become an important source of phenological data. The 

Normalized Difference Vegetation Index (NDVI), derived from NOAA Advanced 

Very High Resolution Radiometer (AVHRR) satellite data, provides synoptic 

greenness index values for the entire state.
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The NOAA series of polar-orbiting satellites carrying the AVHRR sensor 

has been operational since 1980 and provides daily repeat observations (up to 

10 passes per day) of Alaska. The NDVI derived from the red and near-infrared 

bands (channels 1 and 2) of the AVHRR is directly related to photosynthetically 

active radiation of vegetation. Utilization of this resource allows researchers to 

observe long-term, continuous coverage of phenological events in Alaska and to 

therefore monitor year-to-year variations in vegetation growth patterns. A major 

challenge in evaluating growing season length using satellite data is the 

determination of a threshold NDVI value, above which the “growing season” and 

associated photosynthesis is believed to occur. NDVI values range widely in 

different regions for any given time in northern Alaska. It is unreasonable to 

expect that a single absolute threshold value will indicate growing season 

throughout the study area for all vegetation types. Therefore, a greenup and 

senescence detection method is evaluated based upon percentage of the 

maximum NDVI for each 1-km pixel, regardless of vegetation type.
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1.1 STUDY OBJECTIVES

1. Quantify the ability of bi-weekly AVHRR NDVI to predict greenup and 

senescence/ length of growing season in northern Alaska

2. Test a percent of maximum greenness algorithm adapted from White et al. 

(1997)

1.2 STUDY AREA

The study area is arctic and sub arctic Alaska north of 63° (figure 1). 

Phenology observation locations are Fairbanks, Alaska and the Seward 

Peninsula, Alaska. These two locations represent large but contrasting 

ecoregions of Alaska: Fairbanks is an interior forested site while the Seward 

Peninsula is a maritime tundra-dominated region.

1.2.1 TEMPERATURE AND PRECIPITATION

Average daily minimum winter (October to March) temperatures in the 

northern part of the state range from -35°C to -25°C. Average daily maximum 

winter temperatures range from -24°C to -3°C. Average daily minimum summer 

temperatures range from 0°C to 8°C and average daily maximum summer 

temperatures range from 8°C to 22°C. Mean annual precipitation varies greatly 

throughout northern Alaska, ranging from 140 mm in the lowlands to 2030 mm at 

higher elevations in the Alaska Range (Gallant et al. 1995).

1.2.2 PERMAFROST

Permafrost underlies much of northern Alaska and is associated with cold 

soil temperatures. Permafrost occurs when soil temperatures remain below 0°C
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for a minimum of two years. Low soil temperatures and permafrost hinder 

infiltration, resulting in high soil moisture content throughout the growing season. 

Low soil temperatures may inhibit water uptake by plant roots. Permafrost 

influences forest productivity by restricting nutrient availability. Permafrost zones 

also influences forest-tundra boundaries (northern tree lines). Air temperature 

plays a primary role in the distribution of permafrost; other factors influencing 

distribution include solar radiation, vegetation, snow cover, and soil 

characteristics (Bonan and Shugart 1989).

1.2.3 VEGETATION

The U.S. Geological Survey (USGS) and the U.S. Environmental 

Protection Agency, in a cooperative project, have developed an ecoregions map 

of Alaska (Figure 1) as a framework for organizing and interpreting environmental 

data for state, national, and international inventory, monitoring, and research 

efforts (Gallant et al. 1995). This map of ecoregions of Alaska and 

corresponding Alaska Land Characteristics Data set was included because it is a 

product of diverse areas of research and not derived from satellite data. The map 

of ecoregions is also scaled moderately, providing a general idea of all 

vegetation types in Alaska without excessive detail. The 20 ecological regions 

described in the map were derived from climate, terrain (physiography, 

geography, glaciation, permafrost, and hydrologic features), soils, and vegetation 

data. The study area covers eleven of the twenty ecoregions described by this 

map. Brief descriptions of the dominant vegetation of pertinent ecoregions are 

provided. Detailed descriptions of each ecoregion are provided in the Alaska 

Land Characteristics Data set at:
http://www-eros-afo.wr.usqs.Qov/ecorea/ecoreglist.html

http://www-eros-afo.wr.usqs.Qov/ecorea/ecoreglist.html
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Figure 1. Alaska Land Characteristics Data Set Ecoregions Map. Courtesy of 
U.S. Geological Survey - National Mapping Information - EROS Data Center - 
Alaska Field Office

Ecoregion Descriptions:

101. Arctic Coastal Plain: Wet graminoid herbaceous communities: Sedges 

(e.g., Carex aquatilis and Eriophorum angustifolium), mosses (usually 

Scorpidium spp., Drepanocladus spp.) and grasses (e.g., Dupontia fischeri, 

Alopecurus alpinus and Arctophila fulva) are common.
102. Arctic Foothills: Mesic graminoid herbaceous communities: Tussock- 

forming sedges (e.g., Eriophorum vaginatum and Carex bigelowii), low shrubs 

(Betula nana), mosses (e.g., Hylocomium splendens and Sphagnum spp.) and 

lichens (e.g., Cetraha cucullata, Cladonia spp., and Cladina rangiferina) are 

common
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103. Brooks Range: dwarf scrub communities (e.g., alpina, A.

rubra, Vaccinium spp., Ledum decumbens, Empetrum nigrum, Cassiope

tetragona, Dryas octopetala , D. integrifolia, and Salix spp.) mesic graminoid 

herbaceous communities
104. Interior Forested Lowlands and Uplands: spruce and hardwood 

species: White spruce ( Piceaglauca) and black spruce mariana), paper

birch ( Betulanana) and quaking aspen ( Ptremuloides) are common

spruce and hardwood species. Tall and low shrub communities often contain 

resin birch ( Betulaglandulosa), prickly rose ( acicularis), alder {Alnus spp.) 

and willow (e.g., Salix spp.). Bogs and mesic forb/herbaceous communities are 

also prevalent.
105. Interior Highlands: dwarf scrub communities ( spp., Carex spp., 

Alectoria spp., Cetraria spp., Cladina spp., Arctostaphylos alpina or A. rubra, 

Vaccinium spp) open spruce forests and woodlands, mesic graminoid 

herbaceous communities
106. Interior Bottomlands: spruce, broadleaf/hardwood, and mixed forest 

stands, tall scrub communities containing willow (e.g., Salix alaxensis and S. 

glauca and alder ( Alnuscrispa or A. tennifolium) and wetlands containing 

horsetail ( Equisetumfluviatile) are common
107. Yukon Flats: spruce (Piceaspp.), broadleaf/hardwood containing 

quaking aspen ( Populus tremuloides) and balsam poplar (Populus balsamifera), 

and mixed forest stands, tall scrub communities and wet graminoid herbaceous 

communities
108. Ogilvie Mountains: mesic graminoid herbaceous communities (e.g., 

Eriophorum vaginatum, Carex bigelowii, Drepanocladus spp. Sphagnum spp.) 

tall scrub communities (e.g., Betula glandulosa and Salix spp.) and spruce, 

broadleaf and mixed forest stands
109. Subarctic Coastal Plains: wet graminoid herbaceous communities (e.g., 

Eriophorum angustifolium , Carex spp., Sphagnum spp., Empetrum nigrum,
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Ledum decumbens, Loiseleuria procumbens, Vaccinium vitis-idaea, Andromeda 

polifolia).
110. Seward Peninsula: mesic graminoid herbaceous species (e.g., 

Eriophorum vaginatum and Carex bigelowii) and low scrub communities (e.g., 

mountain-avens ( Dryasoctopetala and Dryas integrifolia) and sedges ( 

spp-))
116. Alaska Range: dwarf scrub communities (e.g., Dryas spp., Vaccinium 

vitis-idaea, Vaccinium uliginosum, Cassiope tetragona, Arctostaphylos alpina and 

A. rubra)
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1.3 THE SEWARD PENINSULA

1.3.1 SITE DESCRIPTION

The Seward Peninsula is a predominantly treeless region on the western 

coast of Alaska. The peninsula is strongly influenced by its proximity to the 

Bering Sea and the Arctic Ocean. Mesic graminoid herbaceous communities 

and low scrub communities dominate the region. The study sites on the Seward 

Peninsula are in both maritime and transitional type (maritime/continental) 

climates. Most of the study sites are located at lower elevations, where mean 

annual precipitation ranges from 250 mm to 510 mm, with snowfall measuring 

100 cm to 190 cm. Mean daily minimum winter temperatures (from 

approximately September to March) range from -24° C to -19° C and mean daily 

maximum winter temperatures ranges from -16° C to -11° C. Mean daily 

minimum summer temperatures (from approximately April to August) range from 

1° C to 6° C and mean daily maximum summer temperatures range from 13° C 

to 17° C (Gallant et al. 1995).

1.3.2 VEGETATION DESCRIPTION

Mesic graminoid herbaceous communities, dominated by tussock-forming 

sedges (Eriophorum vaginatum and Carex ) and low scrub communities

(including dwarf birch ( Betula nana), resin birch (S. glandulosa), mountain- 

cranberry ( Vacciniumvitis-idaea), bog blueberry (V. uliginosum), diamondleaf

willow ( Salixplanifolia), netleaf willow (S. reticulata), and crowberry (Empetrum 

nigrumj)are prevalent on the lower mountain slopes and hillsides of the Seward 

Peninsula. Mosses (e.g., Pleurozium schreberi, Hylocomium splendens, 

Aulacomnium spp., and Sphagnum spp.) and lichens (e.g., Cetraria cucullata, C. 

islandica, Cladonia spp., Cladina rangiferina, and Thamnolia subuliformis) are
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also common. Woody species in scrub communities are often found colonizing 

in areas between tussocks. Dwarf scrub communities of low shrubs (e.g. Dryas 

octopetala, D. integrifolia, Carex scirpoidea, C. misandra, and C. bigelowii), 

grasses (e.g., Calamagrostis canadensis and Arctophila fulva) and lichens 

inhabit high elevation areas. Tall scrub vegetation including willow (e.g., Salix 

alaxensis, S. glauca, S. planifolia, and S. ) and birch (e.g., Betula nana)

(with mosses) occurs on floodplains and along streams. Wet graminoid 

herbaceous communities consisting of sedges (e.g., Carex aquatilis, C. 

lyngbyaei, C. rostrata, C. saxatilis, C. sitchensis, and Eriophorum angustifolium) 

and grasses (e.g., Calamagrostis canadensis and Arctophila fulva) occupy lower 

lying, wetter lands (Gallant et al. 1995).

1.3.3 WHY IS PHENOLOGY IMPORTANT TO REINDEER POPULATION?

Sedges, willows, and forbs are primary forage species during the spring, 

summer, and fall on the Seward Peninsula. These species maximize digestibility 

and intake of essential proteins and minerals required for reindeer body and 

antler growth (Finstad 1997). Climate variables, which in turn influence plant 

phenology, forage quality, and biomass production, affect habitat carrying 

capacity, weight gain, and age of first reproduction in red deer, another ungulate 

(Langvatn et al. 1996). Langvatn et al. (1996) found a negative relationship 

between age of red deer reproductive maturation and May-June degree-days. 

Fewer degree-days in the spring retard plant development; plant parts therefore 

remain digestible further into summer.

Palatability of reindeer diet is measured by nitrogen content, fiber, and 

total non-structural carbohydrate (TNC) (Skogland 1984). TNC levels are 

greatest during plant leaf-out and declined at flowering time. The greatest levels 

of nitrogen and low levels of fiber (which have low digestive value) are found 

concurrently. Therefore, the reindeer tend to follow eariy-season plant growth
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across the landscape to maximize consumption of high-quality food. Reindeer 

favor a diet of lichens during the winter (snow) season and can broaden their diet 

to vascular plants following snowmelt.
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2. REMOTE SENSING WITH AVHRR

2.1 HISTORY

National Oceanic and Atmospheric Administration (NOAA) satellites 

(Figure 2) carry the Advanced Very High Resolution Radiometer (AVHRR) 

sensor. The NOAA series of meteorological polar-orbiting satellites began with 

the TIROS series of satellites (Cracknell 1997). The TIROS-1 was launched in 

1960. TIROS satellites were considered research and development satellites. 

NOAA launched the Improved TIROS Operational System (ITOS-1) in 1970, 

followed by the NOAA-1 through NOAA-5 satellites. ITOS-1 and NOAA-1 carried 

an Advanced Vidicon Camera System (AVCS) and a Scanning Radiometer (SR). 

NOAA-2 through NOAA-5 satellites carried a Vertical Temperature Profile 

Radiometer (VTPR) and a Very High Resolution Radiometer (VHRR). The 

VHRR provided two channels of information, visible band and infrared band data, 

at approximately 1-km resolution. In October 1978, NOAA launched the TIROS- 

N satellite, the first of the present series of polar-orbiting satellites. The AVHRR, 

a better version of the SR and the VHRR, is flown on board the present 

generation of NOAA satellites. TIROS-N was followed by the NOAA-6 through 

NOAA-14 satellites. NOAA-15, a Polar-orbiting Operational Environmental 

Satellite (POES), was launched on May 13, 1998 and replaced NOAA-12, 

launched in 1991. NOAA-15 will provide improved atmospheric temperature and 

moisture data. It is the first of five POES satellites to be launched. Currently, 

NOAA-14 and NOAA-15 are NOAA’s two operational polar-orbiting satellites 

(Kidwell 1999).
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Figure 2. NOAA KLM spacecraft with AVHRR. Adapted from NOAA KLM 
User’s Guide http://www2.ncdc.noaa.gov/docs/klm/html/c1/sec12-1 .htm

The satellites operate in a sun-synchronous orbit at an altitude of 833 km 

(NOAA-6, -8, -10, -12, and -15) or 870 km (NOAA-7, -9, -11, -13, and -14) and an 

orbital period of 102 minutes, yielding 14.1 orbits each day. With two satellites in 

orbit, global coverage is achieved once every 12 hours at the equator (once in 

the morning and once in the evening) and more frequently at high latitudes due 

to overlap of the scan swaths (Figure 3). The sun-synchronous orbit serves to 

standardize the sun-satellite geometry, provide consistent solar ground 

illumination, and simplify the satellite cooling system design (Emery et al. 1989).

http://www2.ncdc.noaa.gov/docs/klm/html/c1/sec12-1
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Figure 3. Seven (of 14) consecutive overpasses of the polar-orbiting satellite. 
The transparent overlay identifies the 2800 km width. Adapted from NCAR. 
http://www.ncar.ucar.edu/

The satellite crosses the equatorial plane at a fixed time every day: 

approximately 1500 hours or 1930 hours (local time) in ascending node and 

approximately 0300 hours or 0730 hours (local time) in descending node 

(Cracknell 1997). Equatorial crossing times differ by satellite.

The AVHRR, built by ITT Aerospace, was developed as an imaging 

radiometer for meteorological applications (e.g. monitoring cloud patterns and 

atmospheric dynamics), but its calibration was arranged to enable terrestrial and 

marine applications. The TIROS-N carried a four-channel version of the AVHRR, 

as did NOAA-6, NOAA-9 and NOAA-12. A five-channel version of the AVHRR 

was carried on NOAA-7, NOAA-8, NOAA-10 and NOAA-11 (Table 1). 
Bandwidths represent the portions of the electromagnetic spectrum each channel

http://www.ncar.ucar.edu/
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responds to; bandwidths are measured in pm (1 x 10s meters). NOAA-15 carries 

the new AVHRR/3 sensor. The AVHRR/3 is a six-channel scanning radiometer. 

Channel 3A detects near-infrared reflected energy at 1.6 microns for improved 

snow and ice discrimination (Kidwell 1999). The nominal bandwidths established 

for each channel on the AVHRR represent ideal spectral response; spectral 

response for any channel of the AVHRR can differ between different AVHRR’s, 

for example NOAA-11 versus NOAA-12 (Cracknel! 1997).

Table 1. The NOAA series of polar-orbiting satellites carrying the AVHRR 
sensor. The NOAA-11 satellite provided the 1991-1994 data and the NOAA-14 
satellite provided the 1995-1997 data used for the Alaska AVHRR Bi-Weekly
Composites. ............................... .............. ....— — — ---------- -------

Bandwidths (pm)

Channel TIROS-N NOAA-6, -8, 

-10

NOAA-7, -9, -11, 

-12, -14

NOAA-15

1 0.59-0.90 0.58 -  0.68 0.58 -  0.68 0.58 - 0.68

2 0.725-1.10 0.725-1.10 0.725-1.10 0.725-1.0

3A N/A N/A N/A 1.58-1.64

3(B) 3.55 -  3.93 3.55 -  3.93 3.55 -  3.93 3.55 - 3.93

4 10.50-11.5 10.5-11.5 10.30-11.30 10.30-11.30

5 N/A 10.5-11.5 11.5-12.5 11.5-12.5
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2.2 THE INSTRUMENT

The AVHRR system is a “passive” satellite sensor system; it senses 

naturally available energy radiating from a target (e.g. reflected sunlight, or 

thermal IR and microwave emissions). The term “active” applies to sensors such 

as radar and sonar that supply their own energy to a target and record the 

reflected energy (Avery and Berlin 1992, Lillesand and Kiefer 1994).
The AVHRR uses a rotating scan mirror fixed at a 45-degree angle with 

respect to the Earth and the axis of the optical telescope. The sensor scans east 

to west, up to 55.4 degrees off-nadir, resulting in a 68-degree look zenith angle 

relative to the earth’s surface (Figure 4). This geometry creates a wider swath 

(110 degrees) than other remote sensing systems such as Landsat MSS,

Landsat TM, and SPOT HRV. The mirror rotation rate is set so that consecutive 

scan lines are spaced one pixel apart at nadir (Emery et al. 1989). The AVHRR 

sensor spatial resolution is 1.1 km at nadir. However, the 55.4 degree off-nadir 

viewing causes changes in spatial resolution; at maximum off-nadir position, 

effective ground resolution is over 2.4 km by 6.5 km (Figure 5). Significant 

overlap occurs between adjacent off-nadir pixels. Off-nadir viewing also causes 

the sensor to observe aspects of directional reflected radiance not recorded by 

near-nadir viewing sensors (Goward et al. 1991). The north-south component of 

the scan pattern is achieved as the satellite proceeds along its orbit track.
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Various Satellite Angles

Figure 4. Various satellite view angles. Adapted from NOAA POD guide. 
http://www2.ncdc.noaa.gov/docs/podug/html/c1 /sed -1 .htm

http://www2.ncdc.noaa.gov/docs/podug/html/c1


AVHRR Receiving Station, Fairbanks, Alaska
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2.3 RADIOMETRIC PRECISION

Radiometric resolution is the ability of an imaging system to record 

multiple levels of radiant energy. Satellite radiometers measure the incident 

radiance at the sensor and digitize that radiance for storage and transmission to 

a ground receiving station. The precision of the digitization is known as the 

quantization interval. Sensitivity range determines the quantization interval of a 

sensor and the number of levels used for quantization. Levels vary from 6 bit (64 

levels) for Landsat MSS to 8 bit (256 levels) for Landsat TM and SPOT to 10 bit 

(1024 levels) for the AVHRR (Roderick et al. 1996). The AVHRR has relatively 

high radiometric resolution (Verbyla and Chang 1997). Further, the observational 

precision determined by the quantization process sets an absolute limit on the 

precision of any data derived from the AVHRR instrument (Roderick et al. 1996).

AVHRR detectors respond to filtered radiation that is amplified and then 

applied to a 10-bit AID (analog-to-digital) converter. The analog-to-digital process 

converts the original continuous electrical signal from the AVHRR sensor to a 

discrete digital number (DN) by sampling the signal at a specified interval (Avery 

and Berlin 1992, Lillesand and Kiefer 1994). The converter samples all five 

channels simultaneously every 25 ps and provides for six input channels: five 

data channels and a sixth channel that switches in telemetry data (locational 

data) at appropriate times in the scan line. The 10-bit resolution digital data is 

processed by the satellite’s Manipulated Information Rate Processor (MIRP) to 

produce four AVHRR products:
• High Resolution Picture Transmission (HRPT) -  approximately 1.1 km ground 

resolution at nadir; direct real-time readout to ground stations worldwide, 

including the HRPT station at the University of Alaska Fairbanks 

http://www.gi.alaska.edu/AVHRR/index.html

• Automatic Picture Transmission (APT) -  approximately 1.1 km by 4 km 

ground resolution at nadir; direct real-time readout to ground stations

http://www.gi.alaska.edu/AVHRR/index.html


19

worldwide; uses one out of every three scan lines and averages the data 

along the scan line to reduce resolution and correct the geometric distortion in

raw data
• Global Area Coverage (GAC) -  approximately 1.1 km by 4 km ground 

resolution at nadir; data from an entire orbit that is stored on a digital tape 

recorder on board the satellite for transmission to a central processing station; 

uses one out of every three scan lines and averages four adjacent samples to

produce one data point 
.  Local Area Coverage (LAC) -  approximately 1.1 km ground resolution at 

nadir; similar to HRPT data but recorded for around 10 minutes anywhere in 

selected portions of each orbit for transmission to a central processing station

(Cracknell 1997)

2.4 PROCESSING THE DATA

The data from the AVHRR and the other instruments is transmitted in real 

time to ground stations and archived in a raw form by NOAA after a minimum of 

pre-processing. This data is used in the routine generation of products such as 

sea surface temperatures and vegetation indexes. The AVHRR has no built-in 

error detection or error correction procedure for its data because the AVHRR was 

intended to be an imaging device. Overall appearance of the image (most 

features contain many pixels) is minimally affected if one pixel in the image has 

an erroneous intensity value. Also, the quantity of AVHRR data is large and error 

detection or correction would increase the amount of data to be transmitted, 

stored and processed (Cracknell 1997).
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2.5 CALIBRATION

The AVHRR has an inherent radiometric measurement precision, in terms 

of reflectance per unit count, which exceeds previous land satellite sensor 

systems. However, there is poor preflight calibration and no on-board calibration 

standards for channels 1 and 2 of the AVHRR (Goward et al. 1991, Holben et al. 

1990). The calibration coefficients for the AVHRR thermal channels 3, 4, and 5 

are derived onboard the satellite using a view of a stable black body and deep 

space as a reference (Kidwell 1991). Goward (1991) found deterioration of data 

derived from the AVHRR, especially the normalized difference vegetation index 

(NDVI), which is computed from channels 1 and 2.
Kaufman and Holben (1993) showed sensor gain decreased 

approximately 10% between pre- and post-launch for NOAA-7 and NOAA-9. 

Following launch, gain continued to decrease at a rate of approximately 3% per 

year until sensor operation terminated. NOAA-11 shows a larger apparent 

decrease in gain of 22% for the visible sensor and 32% for the near-infrared 

sensor (Holben et al. 1990).

2.6 GEOREFERENCING AND IMAGE NAVIGATION

AVHRR images have geographical coordinates; a pixel is referenced by 

row or scan line and its position in a column (Cracknell 1997). Images are 

corrected and resampled to fit a desired geographic map projection. This “image 

navigation” will correct the image and transform it into a map projection. There 

are two approaches to the problem of polar orbiter image navigation. The first 

assumes a basic knowledge of the satellite orbit and relies on ground control 

points that are clearly visible in the images. The second uses satellite ephemeris 

data (orbital parameters) to locate the satellite as a function of time and requires 

ground control points to correct for possible timing errors and satellite altitude
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(Emery et al. 1989). Possible causes of image distortion include the earth’s 

oblateness, gravitational force, changes in orbit, geometrical distance variations, 

altitude variation, aerodynamical force, and orbit ellipse (Cracknell 1997).

2.7 NADIR AND OFF-NADIR VIEWING

When the satellite sensor is directly above the viewing target, the satellite 

is at nadir. A view at any angle not directly below the satellite is an off-nadir 

view. The ± 55.4-degree off-nadir viewing of the AVHRR results in a 2800 km 

image swath width. Many researchers have chosen to restrict off-nadir view 

angles and solar zenith angles to maximize the geometric and radiometric quality 

of the AVHRR data. Goward et al. (1991) suggested that extremely off-nadir 

view angles result in exponentially increasing footprints and severe reflectance 

and anisotropy difficulties and suggested limiting observations to ± 50° off-nadir. 

NOAA indicates that beyond 15°, image distortion becomes large (NOAA 1986). 

Kirchner et al. (1981) showed that off-nadir effects are more pronounced in the 

red wavelengths than in the near-infrared (NIR) wavelengths, but that ratioing 

minimizes much of the variability. Restricting off-nadir views will reduce temporal 

resolution, however. Additionally, Holben (1986) found that high NDVI values 

associated with very low red and near-infrared values are often due to solar 

zenith angles greater than 80°.

The AVHRR scanner looks in both the forward- and back- scatter 

direction. The scattering properties of the atmosphere are strongly directional; 

views into and away from the sun observe different magnitudes of atmospheric 

scattering (Slater 1980). Viewing in the backscatter direction has a more 

constant radiance response than viewing in the forward scatter direction. The 

atmosphere increases off-nadir responses relative to ground level responses, 

particularly in the forward scattering direction. Near-nadir views help to minimize 

the affects of anisotropic scattering from the atmosphere (Holben et al. 1986).
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2.8 CLOUD DETECTION

Clouds reduce temporal resolution of AVHHR satellite data for terrestrial 

applications. It is important first to identify areas of cloud cover and eliminate 

these areas from the data. Two approaches address the problem of cloud- 

obscured pixels: cloud screening and image compositing.
Cloud presence may be detected by high brightness, low temperature, 

and visual image interpretation (Goward et al. 1991). It is difficult to consistently 

identify all cloud types and cloud shadows. Cirrus clouds are particularly difficult 

to detect because of their translucence and will cause a decrease in NDVI 

(Goward and Hope 1989). A thermal mask is useful for detecting cold clouds 

such as thin cirrus and cumulus clouds; a visible mask is useful for warm, low- 

level clouds (Holben 1986). Nixon et al. (1982) found that using a ratio of visible 

to thermal infrared reflectance as a threshold ratio to screen for clouds worked 

well because clouds are the brightest scene components in the reflective channel 

(excluding snow) and they are usually colder than land features in the emissive 

bands. Therefore, visible/thermal infrared ratios resulted in a distinctive contrast 

between clouds and other scene components. Goward et al. (1991) state that 

while it is theoretically possible to maintain daily temporal resolution through the 

use of cloud screening, the resulting data sets have two undesirable features: 

first, screening tends to miss partially contaminated observations and second, 

cloud-screened data sets have significant geographic regions of “missing" 

observations where pixels were eliminated due to cloud presence. More 

geographically complete data sets may be produced using a method referred to 

as image compositing (Goward et al. 1991).
Georeferenced data sets are compiled for a sequential time period (two 

weeks or one month, for example) to create a composite image. For each pixel, 

the maximum NDVI value during that composite period is retained. The resulting 

composite image data set represents conditions during the composite period
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(Goward et al. 1991). The least cloud-contaminated observations, collected at 

near-nadir views, are most likely to be selected for a composite (Holben 1986). 

This method is useful in reducing cloud-contaminated pixels for most of the earth 

if enough daily scenes are available. However, compositing techniques reduce 

temporal resolution and are not a guaranteed method of obtaining cloud-free 

data.
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3. THE NORMALIZED DIFFERENCE VEGETATION INDEX (NDVI)

The Normalized Difference Vegetation Index (NDVI) is a ratio calculated 

from the visible red (channel 1) and near infrared (channel 2) bands of the 

AVHRR sensor. NDVI is best derived from calibrated reflectance values instead 

of digital number or radiance values (Goward et al. 1991).

NDVI = (Channel 2 -  Channel 1)/(Channel 2 + Channel 1)

Channel 1 ranges from approximately 0.58 to 0.68 //m; channel 2 ranges from 

approximately 0.72 to 1.1 //m (Figure 6). Initially, NDVI data were intended to 

map regional and global land cover and follow seasonal changes in greenness 

(Tucker et al. 1985, Justice et al. 1985). In addition to vegetation characteristics, 

NDVI values vary with off-nadir viewing of the satellite sensor, satellite sensor 

changes, solar zenith angle, cloud cover and atmospheric attenuation (Goward 

et al. 1991). At either end of the growing season, low sun angles will result in 

unreliable NDVI values (Goward et al. 1991). NDVI values for all cover types are 

at a maximum near nadir and in the forward scatter direction (Holben 1986).

Figure 6. The Electromagnetic Spectrum. AVHRR Channel 1 ranges from 
approximately 0.58 to 0.68 //m; channel 2 ranges from approximately 0.72 to 1.1
jum.
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3.1 LAND COVER CHARACTERISTICS

Holben (1986) used NDVI to stratify a variety of cover types and separate 

the vegetation from other scene components such as bare soil, rocks, clouds, 

and surface water. NDVI values were highest for green vegetation, then bare 

soil, opaque clouds, snow and ice, and lowest for water. No absolute values 

have been established for each cover type, but snow, inland water bodies, 

deserts, and exposed soils generally correspond to NDVI values between -0.20 

and 0.05 (or between 80 and 105 using NDVI rescaled to 0 - 200). Green 

vegetation NDVI will range from 0.05 to 0.70 (or from 105 to 170 rescaled NDVI) 

(Tucker et al. 1986). Wintertime NDVI in northern latitudes is close to zero (100 

rescaled NDVI) (Myneni et al. 1997).

3.2 REFLECTANCE AND PHOTOSYNTHESIS

NDVI values are strongly correlated with the photosynthetic activity of 

vegetation canopies (Myneni et al. 1995, Tucker et al. 1986). The reflection, 

absorption, and transmission of light energy by a leaf are closely related to 

photosynthesis, stomatal resistance, evapotranspiration, and leaf area index 

(LAI) (Markon et al. 1995, Tucker and Sellers 1986). Leaf absorption of visible 

red radiation (corresponding to AVHRR channel 1) is due mainly to chlorophyll 

absorption which drives photosynthesis. Leaf reflectance of near infrared 

radiation (corresponding to AVHRR channel 2) is due mainly to the cell/water 

interface within the spongy mesophyll layer of a leaf. Low absorption of radiation 

in the far-red and near-infrared region is controlled by leaf area, leaf structure, 

and water content. NDVI represents the contrast between the responses of the 

two bands, which has been correlated with chlorophyll density, green-leaf area, 

net primary productivity (NPP), and transpiration rates (Potter and Brooks 1998,
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Markon et al. 1995, Running and Nemani 1988). There is a high correlation 

between the NDVI and the percentage of photosynthetically active radiation 

(PAR) absorbed by the vegetation canopy (Goward and Huemmrich 1992, 

Goward and Dye 1987).

3.3 ATMOSPHERE

AVHRR NDVI values can increase or decrease depending on the effect of 

atmospheric attenuation in each channel. Atmospheric attenuation is the 

scattering and absorption of light energy due to atmospheric constituents. NDVI 

values recorded by the AVHRR can be up to 30% lower than equivalent ground 

observations if satellite measurements are not adjusted for atmospheric 

attenuation (Goward et al. 1991). Scattering can increase or decrease a channel 

signal, whereas absorption can only decrease the signal (Holben 1986). The 

AVHRR sensor is significantly more sensitive to water vapor attenuation in the 

NIR region than other land observing sensors such as Landsat MSS and TM and 

SPOT (Goward et al. 1991). NDVI data are affected by air molecules (which 

cause Rayleigh scattering), oxygen, ozone, other trace gases, water vapor 

(which cause absorption), and aerosols (which cause scattering and absorption) 

in a cloudless atmosphere (Holben 1986). Water vapor and aerosols, which vary 

over time and space, cause the greatest variation in AVHRR NDVI data. Water 

vapor in the atmosphere decreases the NIR (channel 2) response. Simulations 

conducted by Holben (1986) show that water vapor decreases NIR surface 

reflectance by 3% to 5%, subsequently decreasing NDVI by 0.02 units. The 

compositing process, however, may minimize the effects of water vapor and 

aerosols. Additionally, clear water has a low reflectance in the NIR (channel 2) 

band, which usually results in an NDVI value much lower than other cover types 

under the same conditions; thus NDVI is reduced as aerosols increase for all 

cover types except clear water.
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3.4 NDVI-VEGETATION RELATIONSHIPS

NDVI appears to be strongly related to actual evapotranspiration, leaf area 

index, and primary production (or productivity) (Markon et al. 1995). NDVI data 

from the far-red and near-infrared region have been used to infer biophysical 

properties of plant canopies, (e.g. chlorophyll density) to provide information 

about photosynthesis and evapotranspiration (Tucker and Sellers 1986).

Goward et al. (1985) and Goward and Dye (1987) used the seasonal integration 

of NDVI as an estimate of annual net primary production (NPP) in North 

American natural vegetation. Tucker et al. (1986) and Fung et al. (1987) have 

related the seasonal trend of global NDVI to the annual oscillation of global 

atmospheric CO2 concentration.
Box et al. (1989), however, stated that NDVI does not appear to be 

consistently related to net ecosystem production (CO2 flux) across different 

biomes world-wide due to sensitivity of the net CO2 balance and seasonality 

effects. NDVI did not capture much of the geographic pattern of net C02flux.

For example, a net CO2 source region occurred in south-central United States, 

while a weak CO2 sink or near balance occurred in the eastern United States 

deciduous forest, but this pattern was not seen by looking at the NDVI (Box et. al 

1989). Correlation of NDVI to net C02 balance for the Northern and Southern 

hemispheres should be considered separately because of opposing seasonal 

patterns. There was no significant relationship, across different vegetation 

structures, between standing biomass and annually integrated NDVI. Low 

biomass landscapes such as grasslands can appear very green (high annual 

NDVI) while moderately high biomass landscapes such as deciduous forests and 

high-latitude regions have only moderate annual NDVI. In addition, standing 

biomass may increase due to accumulation of woody matter, but this will not 

result in higher NDVI values. The researchers also noted that sites with
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evergreen vegetation, particularly tall evergreen conifer forests, have higher 

NDVI values than deciduous sites; this creates a bias due to vegetation 

composition. Box et al. (1989) found no significant relationship between 

aboveground and belowground biomass components, their shoot-root ratios, 

seasonal maximum leaf area index (LAI), and annual NDVI. However, Running 

and Nemani (1988) claim that the best interpretation of integrated NDVI is related 

to Leaf Area Duration (LAI x growing season length); LAD provides an estimate 

of annual productivity that can be used to compare deciduous and coniferous 

forests.

3.5 CHALLENGES

3.5.1 MEASUREMENT FREQUENCY/RESPONSIVENESS

According to Goward et al. (1991), productivity estimates may be 

inaccurate if NDVI data are not acquired frequently enough at the beginning or 

end of the growing season. There is normally a lag period between onset of 

greenness and greenness recorded by the AVHRR sensor (Reed et al. 1994, 

Justice et al. 1986) that further complicates estimation of growing season. This 

is partially due to the 1.1 km resolution of the sensor. The amount of green 

vegetation is significantly less than non-green plant material at the onset of 

greenup, especially in tundra regions like the Arctic coastal plain. In this area, a 

large amount of dead plant matter is present from previous years; this can 

effectively mask live green plant matter (Markon et al. 1995).
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3.5.2 ANOMALIES

Leaf area may be closely related to height in very tall, straight-growing 

trees. Tall conifers, for example, may have high leaf-area and high annual NDVI 

values, resulting in high greenness relative to productivity. Coastal fjord and 

narrow valley sites often show erratic NDVI values due topographic shading. 

Lakeshore, river-valley, saltflat sites in dry climates, and irrigated lands have 

consistently higher NDVI values than their climate would suggest. Such sites 

should not be used for calibration of NDVI values relative to climatic and 

biological measurements (Box et al. 1989).

3.5.3 HIGH LATITUDES

The ‘terminator effect’ is a potential obstacle to the seasonal use of NDVI. 

The terminator effect is the interruption of AVHRR signals in winter at high 

latitudes due to low light levels and low sun angles (Holben 1986). Hence, 

greenness (such as in evergreen boreal conifer forests) cannot be accurately 

detected with NDVI values in winter. In high latitude maritime areas, dormancy 

may be broken earlier due to less extreme cold, but light levels will still hinder 

significant net production. Different primary producers may exhibit peak 

production at different light intensities (determined by plant CO2 compensation 

point). For example, C3 plants are more efficient at low light intensities while C4 

plants are more efficient at high light intensities. Therefore, some plants may be 

photosynthesizing at low light levels but this activity will not be detected by NDVI 

due to low light levels. There are very few C4 plants at high latitudes, however.
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3.5.4 SNOW AND NDVI IN THE HIGH LATITUDES

The presence of snow and resulting meltwater in the spring is a major 

hindrance in estimating phonological events in the northern latitudes. Negative 

NDVI values in the spring indicate that snow cover instead of vegetation controls 

NDVI values. Ludeke et al. (1996) found bad agreement of vegetation phenology 

model-predicted and NDVI-deduced shooting periods in cold deciduous 

shrublands and tundra ecosystems. Delayed rise of NDVI signal due to 

simultaneous occurrence of melting snow and green vegetation in springtime, 

even where NDVI values stayed positive the whole year. This problem is 

particularly evident in northern regions where tree stands are very open (Royer 

et al. 1997). In the case of sparse vegetation cover, NDVI minimum may occur 

during the vegetation period due to the reflectances of persistent snow water 

(Ludeke et al. 1996). Low or negative NDVI values resulting from snow- 

contaminated pixels cannot be used in analysis. This is not a problem for 

annually integrated NDVI except in the arctic regions, where growing season is 

short and cloud cover often obscures the satellite view of land (Royer et al.

1997, Ludeke et al. 1996, Box et al. 1989).

3.5.5 CONIFEROUS FORESTS

The strong seasonal variation in NDVI of northern coniferous tree species 

is often due to the presence of snow and the phenology of understory or co

dominant deciduous species (Kasischke and French 1995). According to White 

et al. (1997), satellite detection of seasonality in western pines areas is 

commonly related to snowmelt and deciduous understory dynamics, not to the 

seasonality of the coniferous vegetation. Ludeke et al. (1996) found (in 

comparing satellite-derived leaf shooting dates with ground observations in 

temperate deciduous forest ecosystems) that the AVHRR detected first leaf
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emergence of the herbaceous layer and not the shooting dates of the dominant 

woody species. In Alaska, deciduous trees such as quaking aspen, balsam 

poplar, and paper birch can be interspersed with white and black spruce to form 

mixed forests. Many black spruce forests in Alaska do not form closed canopies 

and can form open woodlands. Numerous species of deciduous shrubs are 

found in these woodlands. NDVI time courses will often be influenced by these 

deciduous trees (Kasischke and French 1995).
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4. LITERATURE REVIEW

4.1 GROWING SEASON VARIABLES

The term ‘growing season’ can be interpreted in many ways. While 

growing season is generally defined as the number of days in a year a plant can 

grow (Wang 1963), the means of measuring this period vary. Growing season is 

often bounded by the last frost in spring and the first frost in fall (Pielke et al. 

1979, Wang 1963). This traditional agricultural definition of growing season is 

not always useful. The ‘killing temperature’ varies with plant species, stage of 

development, and duration and rate of freezing (Wang 1963). The National 

Climatic Data Center now reports the last and first dates of certain minimum 

temperatures (e.g. -4.4° C, -2.2° C, and 0° C); the period between these 

minimum temperatures is considered the ‘freeze-free season’ (Brinkmann 1979). 

Levesque et al. (1997) used the interval between the last and first occurrence of 

mean soil surface temperature 0° C to define growing season length. Cytokinins, 

produced by fine roots and required for leaf expansion, cannot be produced until 

the soil is thawed (White et al. 1997). Soil temperature data, however, are often 

unavailable.
Minimum temperatures are often controlled by local conditions, may not 

be an accurate representation of regional climate, and may create inter-station 

variability at local and regional spatial scales (Skaggs and Baker 1985). 
Brinkmann (1979) found that minimum temperatures are sensitive to small local 

differences and have a more variable horizontal distribution than maximum 

temperature. The use of the daily minimum temperature and a single threshold 

value as criteria for growing season can therefore result in variability in the length 

of the growing season between neighboring stations.

Air temperature is the dominant factor restricting photosynthesis to a 

relatively short growing season in the high latitudes. Levesque et al. (1997)
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found that early season temperatures have the strongest impact on the timing of 

first flower of a circumpolar forb, but warmer summers did not necessarily lead to 

longer growing season. Short days induce dormancy, cessation of height 

growth, development of cold hardiness, and abscission. Critical day length 

varies with latitude; northern populations often become dormant while days are 

still relatively long, whereas more southern populations tend to grow well into 

shorter day lengths (Oleksyn et al. 1992, Haninen et al. 1990, Heide 1974).

Warm temperatures often prolong the growing season while unseasonably cold 

temperatures induce senescence. No single measure of environmental 

conditions is sufficient to predict senescence.
The effective temperature sum (degree days) has been widely used for 

describing the regional variability in the productivity of boreal ecosystems. This 

system takes into account two factors: length of the growing season and day-to- 

day level of ecosystem activity (Kauppi and Posch 1985). The effective 

temperature sum is the cumulative total of the daily mean temperature values 

that exceed a specified threshold value (such as 0° C). In ecosystem simulation 

modeling, combined radiation data and temperature summation improve 

precision of results when compared to mean temperature data or temperature 

summation alone (White et al. 1997).

4.2 CLIMATE WARMING

The effects of a warming climate on vegetation phenology will vary by 

species. Leaf traits may respond to environmental changes more rapidly, while 

species composition of tundra vegetation would change more slowly (Chapin and 

Shaver 1996, Chapin et al. 1986, Shaver et al. 1986). The effects of climate 

warming may influence the level of biospheric activity, atmospheric CO2 level, 

extent of boreal forest and herbivore abundance, and management of vegetative 

resources and agricultural practices (Justice et al. 1985).
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The amplitude and timing of the seasonal cycle of CO2, which is driven by 

photosynthetic activity, primary production, and respiration, is correlated with 

surface air temperature (Keeling et al. 1996). The photosynthetic fixation of CO2 

by terrestrial vegetation is a major component of the global carbon budget 

(Emmanuel et al. 1984). Monthly CO2 flux is typically positive (net uptake by 

vegetation) during the main growing season and negative (net CO2 release) 

outside the growing season (Box et al. 1989). Carbon and water exchange rates 

of terrestrial vegetation may react to global climate change. Keeling et al. (1996) 

found a 40% increase in the amplitude of the seasonal cycle of atmospheric CO2 

in the arctic since the early 1960’s. Changes in the timing of the seasonal cycle 

of CO2 and amplitude increases may be caused by an increase in growing 

season length.

4.3 MORE EVIDENCE OF CLIMATE CHANGE

4.3.1 SEA ICE ANALYSIS

Chapman and Walsh (1993) studied arctic sea-ice variations since the 

1950’s and found that these variations are compatible with corresponding air 

temperature changes. They showed a distinct warming that is strongest over the 

northern land areas during the winter and spring. Polar areas are particularly 

sensitive to enhanced greenhouse (CO2) forcing. Warming was greatest where 

snow and ice retreat. There were indications in arctic data that sea ice is 

becoming significantly less extensive during the summer, with rates of decrease 

largest in the winter and spring. They conclude that seasonal and geographic 

changes of air temperature and sea ice coverage are consistent with coupled 

atmospheric-ocean modeling.
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4.3.2 TREE RING ANALYSIS

Jacoby and D’Arrigio (1995) studied tree ring width and density of white 

spruce ( Picea glauca) in central and northern Alaska and found that annual

temperatures have increased over the past century, peaked in the 1940’s, and 

remain at the highest level in the past three centuries. Variations in latewood 

density show that summer temperatures do not exceed some earlier levels, 

however. They note that standard temperature measurements are not adequate 

to represent a tree’s thermal environment. Soil temperatures are important in 

tree growth, especially in northern boreal forests. Moisture stress may preclude 

increased rates of tree growth and encroachment of taiga into tundra regions 

where warmer temperature trends have occurred in Alaska. Most of the sample 

sites were within the interior boreal forests and may be less influenced by annual 

temperature trends than forest-tundra transition zones.

Jacoby et al. (1985) reconstructed degree-day data back to AD 1524 

using tree ring radial growth analysis. This degree-day reconstruction exhibits 

much year-to-year variation. Extended warming and cooling trends include a 

general warming trend from about 1840 to 1960 with superimposed cooling 

periods lasting several years. The degree-day data used baselines of 5° C and 

10° C for the months of May through August and were calculated using daily 

temperatures for each month. Other factors (such as water availability, insects, 

and changes in forest dynamics and competition) influence radial growth in 

addition to summer heat sums, and one should not infer hemispheric changes 

from a single regional reconstruction (Jacoby and D’Arrigo 1995, Jacoby et al. 

1985).
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4.3.3 TEMPERATURE DATA ANALYSIS

Analysis of Alaskan temperature station data from 1961 to 1990 by 

Chapman and Walsh (1993) indicate significant warming over large areas in 

Alaska, northwestern Canada and northern Eurasia. They also found the 

greatest warming (up to 4° C) occurred in winter. Slightly less warming occurred 

in the same regions in spring, even less warming occurred in summer, and the 

least warming occurred in autumn. At high latitudes, increased temperatures 

were associated with about 10% reduction in annual snow cover from 1973 to 

1992 (Groisman et al. 1994). Myneni et al. (1997) claimed that where snow lines 

have retreated earlier due to enhanced warming, they expect an early start of the 

active growing season.

Sharratt (1992) analyzed Alaska Climatological Data from 1917 to 1989 

for eight climate stations in Alaska: Annex Creek, Barrow, Bethel, Fairbanks, 

Juneau, Ketchikan, Sitka, and Talkeetna. Progressively earlier dates of the last 

spring freeze and first fall freeze occurred at Barrow and Ketchikan from 1924 to

1989. Sharratt found the increase in growing season length in Bethel was due to 

later freeze in the fall. Growing season length increased in Talkeetna due to 

earlier spring and later fall freezes. Later fall freezes were found at Annex Creek 

and Fairbanks, but no trends in the growing season length fluctuation were 

found. Growing season length decreased for all stations from 1940 to 1970 

except Talkeetna. These decreases resulted from later occurrence of last spring 

freeze. Sharratt concluded that although the growing season has lengthened at 

several Alaskan stations during the last 65 years, regional trends were 

inconclusive.
Singh and Powell (1986) studied temperature and precipitation climate of 

three subregions of boreal forest in western Canada using precipitation and 

temperature records from the 1870’s to 1981. All three forest types 

(predominantly forest, forest grassland, and forest tundra) showed significant (P
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< .05) warming trends from 1972 to 1981. The average change in mean annual 

temperature was very small, however.

Skaggs and Baker (1985) found an increase in growing season 

length using temperature data in Minnesota from 1899 to 1982. They note minor 

changes in the dates of last and first freezes can translate to a change in growing 

season length. Fluctuations in the length of growing season for several climate 

stations in a region may vary due to differing characteristics at the regional and 

local spatial scales; minimum temperatures are especially sensitive to local site 

characteristics and do not always represent regional climate patterns (Skaggs 

and Baker 1985, Brinkmann 1979). Skagg’s and Baker’s results agree well with 

those of Brinkmann based on a 0° C minimum temperature criterion. Brinkmann 

found a lengthening of the growing season in Wisconsin based on a maximum 

temperature criteria and a shortening of the growing season using a 0° C 

minimum temperature criterion for determining the season length.

In the late 1970’s, there was a regime shift in the North Pacific climate that 

has had broad consequences for marine ecosystems of the North Pacific. Hare 

and Mantua (in press) assembled 100 indices of climate and biological variability 

from 1965-1997 (e.g., Alaska salmon catches, Bering Sea groundfish 

recruitment, air temperature, streamflows, atmospheric indices). Their analysis 

of ecological and climate records reproduces previously identified characteristics 

of the 1977 regime shift and lends additional support for a 1989 regime shift. 

They found the 1989 changes to be less widespread and not a simple reversal to 

pre-1977 Pacific climate and ecology. The arctic vortex was found to be 

persistently more intense, Northeast Pacific and Bering Sea sea surface 

temperatures to be warmer (particularly in summer), and winter Aleutian Low 

circulation weaker than in the 1977-1988 period (Hare and Mantua, in press).



38

4.3.4 REMOTE SENSING ESTIMATES OF GROWING SEASON

It is difficult to define an absolute beginning and end of the growing 

season from satellite observations objectively (White et al. 1997). Satellite 

observations generally do not include ground-level field measurements of 

phenological stages (such as budburst or leaf elongation) with which to correlate 

NDVI data, especially in the arctic. In addition, the limited number of years of 

data available from satellite measurements is not sufficient to make conclusions 

about long-term trends in global climate.

Myneni et al. (1997) studied monthly NDVI data from 1981 through 1991 

and found an increase in the seasonal amplitude, or changes the seasonal cycle 

of NDVI, in northern latitudes, from 7 -14 % (depending on latitude and data set). 

The original AVHRR Pathfinder and Global Inventory Monitoring and Modeling 

Studies (GIMMS) data sets were spatially averaged to 0.25 x 0.25-degree pixels 

with 10-day temporal resolution. The rise in NDVI from 45° N to the northern 

limits of the data came progressively earlier in the season between 1982 and

1990. NDVI data also showed a prolonged declining phase of the active growing 

season for 1982-1983 and 1989-1990. Growing season lengthened by 12 ± 4 

days over the 1980’s. However, the coarse spatial and temporal resolution and 

residual atmospheric effects of the data must be emphasized. Myneni et al. 

(1997) found the greatest increases in NDVI are inland from the oceans, except 

in the arctic, and are north of 50° N. Most of the areas where changes in NDVI 

amplitude and seasonality were observed are areas of significant vegetation 

density, except in several arctic regions in Eurasia, where NDVI rose significantly 

from low initial values.

Royer et al. (1997) studied seven years of weekly NDVI data from 1985 to 

1991 at boreal forest sites in Eastern Canada, Alaska, Siberia, and Finland.

They found a pronounced temperature increase in the arctic region since the
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1980’s. This has not resulted in a significant increase in NDVI (from mid-April to 

the end of October) across the global boreal forest regions, however.

4.4 USING NDVI TO ESTIMATE GROWING SEASON IN THE NORTHERN 

LATITUDES

Potter and Brooks (1998) found that their algorithms to predict NDVI 

seasonal profiles from annual climate indexes were less accurate at high 

latitudes (Bonanza Creek and Toolik Lake, Alaska sites). Climate-model based 

predictions underestimated observed maximum FAS-NDVI mostly north of 50°N. 

FAS-NDVI is NDVI corrected with Fourier smoothing algorithms for clouds and 

atmosphere (FA) and for solar zenith angle (S). Approximately 10% of the high 

latitude areas with underestimated FAS-NDVI values were mapped as wetlands 

with greater than 25% inundated coverage (Matthews and Fung 1987). In these 

areas, approximately 200 FAS-NDVI units were added to offset the effect of local 

inundation patterns on peak seasonal FAS-NDVI. For the non-wetland cells, 

Potter and Brooks offered the following possible explanations:

• Extensive soil permafrost, near-saturated surface soil moisture, and nutrient 

interactions affect plant phenology and production.

• The remote location from the nearest climate stations result in inaccurate 

monthly gridded climate data sets. Accurate calibration data from 

interpolation of climate station records are hindered in areas of tundra and 

taiga because of poor spatial coverage. Dai and Fung (1993) report errors of 

up to 10% may exist at high latitudes.

• Scattered understory, surface, or bare soil reflectance affect plant greenness 

signal.

• Solar zenith angle effects.

• Annual precipitation total could limit the vegetation index values in very high 

latitude areas such as polar deserts.
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• Topographic position: Potter and Brooks (1998) found at their northernmost 

sites (Toolik Lake and Bonanza Creek, Alaska), the maximum annual FAS- 

NDVI may be underestimated by climate-based predictors for tundra and 

taiga regions. Hill slopes and aspects, valley bottoms, organic-rich lowlands, 

and floodplains affect permafrost distribution, soil temperature and moisture, 

fire history, and plant production patterns (Van Cleve and Yarie 1986).

Royer et al. (1997) investigated the period (e.g. the start and end of the 

growing season), duration of growing season, and intensity of photosynthetic 

activity of the boreal forest using the Global Vegetation Index (GVI). GVI’s are 

weekly composite images derived from NOAA/AVHRR Global Area Coverage 

(GAC) data, which are obtained on a daily basis. Growth period was defined as 

the date of transition in the GVI curve between high summer values and low 

winter values. Royer et al. analyzed the relationship between GVI and growing 

degree-days (GDD), using a threshold value of 5° C, for boreal forest regions in 

Eastern Canada, Alaska, Siberia, and Finland from 1985 to 1991. They found no 

significant increase in growing season, but noted differences in temporal NDVI 

curves from one region to another. The 5° C threshold value used by Royer et 

al. (1997) is widely used but contrasts with some other researchers’ estimates of 

growing season length. At higher latitudes, a threshold of 0° C may be a better 

indicator of growing season length (Levesque et al. 1997, Brinkmann 1979, 

Skaggs and Baker 1985).

The researchers found a significant latitudinal gradient in the response of 

the GVI curve to climate parameters. The mean GVI doubled between northern 

and southern sites and the mean duration of the growing season increased by 

more than 70% (from 19 to 33 weeks). Mean weekly GVI curves and weekly 

GDD data for two of the sites showed a correlation at the beginning and the end 

of the growing season. They estimated a growing factor index that accounted for 

heat requirements (GDD) scaled by moisture requirements (evapotranspiration)
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to account for water availability. Differences from one site to another for the 

same GDD values were explained by water availability (Royer et al. 1997).

4.5 ESTIMATING GROWING SEASON WITH AVHRR

4.5.1 ESTIMATING GROWING SEASON WITH A FLAT THRESHOLD

Markon et al. (1995) used twice-monthly NDVI composites during the 

1991 growing season to map vegetation characteristics of the Alaskan 

landscape. They also used the composites to produce onset, peak, and duration 

of greenness maps. Onset of greenness was defined as the period in which 

NDVI first rose above a threshold value of 0.09 (109 when rescaled to 0-200 

NDVI) and duration of greenness was defined as the number of days in which 

NDVI values were above 0.09. The researchers note a lag period between 

actual onset of greenness and greenness detected by the AVHRR sensor. The 

non-green plant material can mask green matter present during the initial stages 

of greenup, particularly in grassland environments such as the Arctic coastal 

plain (Markon et al. 1995).

The researchers chose the 0.09 NDVI threshold to indicate growing 

season, referring to the research of Justice et al. (1986) and Loveland et al.

(1991). The Justice paper monitored vegetation in East Africa and the Loveland 

paper characterized land cover in the coterminous United States. Both 

landscapes are quite different than the Alaskan landscape. Markon et al. (1995) 

stated that no field surveys were conducted in their study; accuracy is difficult to 

assess without ground observations.

Lloyd (1990), in his phenological classification of global vegetation, stated 

a growing period is unlikely to begin while NDVI values are lower than 0.10 (110 

rescaled NDVI), but conceded that this threshold value needed testing for a 

range of ecological zones. The 0.10 threshold was based on an Ethiopian
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vegetation study (Henricksen and Durkin 1986). Justice et al. (1986) found 

similar results for the Kenyan bushland; the period immediately before the onset 

of growing season was estimated at 0.099 (109.9 rescaled NDVI).

DeFries and Townshend (1994) distinguished 11 cover types representing 

the major biomes of the world using maximum likelihood classification, based on 

NDVI temporal profiles. Vegetation classification was based upon characteristics 

of the temporal NDVI profiles instead of the NDVI values themselves. This 

provided a method to account for differences in NDVI due to latitudinal gradient. 

Lloyd (1990) also used this approach. Total greenness, seasonality, and rapidity 

of “brownoff” characterized profiles of each cover type. Total greenness was 

measured by integrated NDVI throughout the year above a threshold value, 

which was not provided. The amplitude of the NDVI profile (difference between 

the annual maximum and minimum NDVI) measured seasonality. Examples of 

seasonality categories (defined by UNESCO) were evergreen, deciduous, 

evergreen and drought-deciduous and cold- deciduous forests. The maximum 

negative slope in the profile measured rapidity of “brownoff’; this figure was also 

not provided. High latitude forests and woodlands had the highest reported 

amplitude in NDVI temporal profiles. The aerial extent of tundra was slightly 

greater than estimates from other classifications, as the broad forest-tundra 

transition zone in northern Asia was classified as tundra. Discrimination between 

boreal forest and tundra (and tropical dry forests and savannas or grasslands 

and cultivated lands -  different “transition ecosystem types”) is problematic to 

resolve based on NDVI alone (Defries and Townshend 1994).
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4.5.2 SOLVING THE THRESHOLD PROBLEM; ALTERNATIVE TO USING 

FLAT THRESHOLD VALUES

White et al. (1997) utilized a method to detect onset of greenness in the 

spring and offset of greenness in the fall using NDVI while avoiding the problems 

of choosing land cover-specific threshold values. Growing season length 

estimates of a deciduous broadleaf forest and a grassland biome of the 

temperate midlatitudes were derived from daily NDVI observations normalized by 

the BISE (Best Index Slope Extraction) method. The BISE method is an 

alternative to the MVC (maximum value composite method) developed by Holben 

(1986). Based upon annually redefined NDVI minimum and maximum values, 

the NDVIratio method was defined as follows:

NDVIratio = (NDVI -  NDVImin)/ (NDVImax -  NDVImin) 

where NDVIratio = fraction of maximum greenness attained by land cover at 2- 

week intervals

NDVI = observed NDVI value for a two-week composite period 

NDVImin = minimum annual observed NDVI 

NDVImax = maximum annual observed NDVI 

An NDVIratio of 0.25 indicates a site has attained 25% of its maximum 

greenness regardless of land cover (White et al. 1997). A threshold of 0.5 

usually occurred at the point of greatest slope in NDVI values, indicating that the 

increase and decrease in greenness is most rapid at the 0.5 threshold. White et 

al.’s NDVIratio method is based on the work of Kogan (1995) and Burgan and 

Hartford (1993).

Kogan (1995) employed multiple year maximum and minimum NDVI for 

drought monitoring purposes from 1985-1990. The resulting Vegetation Condition 

Index (VCI) corresponded to vegetation conditions from extremely unfavorable 

(low VCI) to optimal (high VCI):

VCI = 100(NDVI — NDVImjnimum)/(NDVImaximum — NDVIminimum)
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Where NDVI, NDVImaximum, and NDVIminimum are the smoothed weekly NDVI and 

its multiple year maximum and minimum calculated for each pixel (Kogan 1995). 

White et al. (1997) improved upon this algorithm by annually redefining maximum 

and minimum NDVI for application to growing season length estimation.

Similar to the VCI of Kogan (1995), Burgan and Hartford (1993) used a 

relative greenness (RG) index to express how green each pixel is presently in 

relation to historical minimum and maximum NDVI for a study period.

RG = (ND0 -  NDmn)/(NDmx -  NDmn)*100 

NDo=observed NDVI value for a given 2-week period 

NDmn = minimum NDVI value observed historically for that pixel 

NDmx = maximum NDVI value observed historically for that pixel 

Again, since NDVI maximum and minimum are not annually redefined, this 

method is useful in comparing vegetative condition between years. RG values 

are useful in tracking range condition, wildfire potential, snow cover, prescribed 

burning area potential, pest management, and drought assessment (Burgan and 

Hartford 1993).

White et al. (1997) compared satellite estimates of greenup and 

senescence with a microclimate simulation model and two field sites in New 

England. At the Harvard site, satellite observations of onset of greenness 

coincide with an average 30% leaf expansion; observation of offset coincide with 

an average 15% leaf drop in the fall. At the Hubbard Brook site, satellite 

observations of greenup coincide with leaf expansion of approximately 1.0 cm 

and observation of offset with average 30% leaf drop. White et al. (1997) 

removed evergreen tree sites from analysis, despite the fact that significant 

seasonality can exist in evergreens. While satellite detection of seasonality in 

western pines is common, it is usually related to snowmelt and deciduous 

understory dynamics rather than to seasonality of the dominant land cover.
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4.5.3 DETERMINING GREENUP AND SENESCENCE WITHOUT USING 

THRESHOLD VALUES

Duchemin et al. (1999) monitored budburst and senescence in three 

temperate deciduous forest ecosystems in France from 1989 to 1994 using daily 

AVHRR NDVI data. They modeled the effect of budburst on NDVI using a line 

segment with slope of 0.013 NDVI/day. Temporal variation of NDVI during 

budburst was nearly linear (from 0.35 -  0.75) (135 to 175 rescaled NDVI) during 

a 30-day period:

(0.75-0.35)/30 = 0.013 

They modeled senescence in a similar manner: a linear decrease in NDVI 

occurred from 0.7 to 0.4 in 50 days (170 to 140 rescaled NDVI), with the slope of 

the line = -.006 NDVI/day. Satellite-derived phenology was validated by 1) 

analysis of spatio-temporal variability of the three forest sites during the study, 2) 

comparison with ground phenological observations and 3) comparison with 

climate data-predicted budburst.

Results showed 1) longer phenological cycles for oaks in southern France 

than northern France 2) beech trees budded earlier than oak trees by 5.6 days,

3) interannual variability of budburst was much lower for beech trees than oak 

trees, and 4) a strong correlation between satellite-derived budburst and climate- 

predicted budburst using thermal time models.

Yang et al. (1998) determined onset of greenness with time-integrated (Tl) 

NDVI in the grasslands of the U.S. central and northern Great Plains. Onset of 

greenness was the period when the value of smoothed NDVI data exceeded the 

value of the moving average. Data were smoothed with an upwardly biased 

compound-running-median line-smoothing technique. The smoothed data were 

compared to a moving average of the original NDVI time series to find identify 

two crossover points between the two data sets. These crossover points show 

departure of the observed NDVI data from a trend established by the moving
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average. Senescence occurred when the moving average was applied to the 

NDVI time series in reverse chronological order (Yang et al. 1998). Tl NDVI was 

computed as the sum of the NDVI from each biweekly composite from onset of 

greenness to the time of senescence. For all grassland classes, Tl NDVI 

showed a positive correlation with accumulated spring and summer precipitation 

and a negative correlation with spring potential evapotranspiration. The Tl NDVI- 

climate relationship varied by grassland cover types; this may be due to differing 

characteristics of C3 and C4 plants (Yang et al. 1998).

Fischer (1994) derived time profiles for French crop areas with seasonal 

variation in NDVI. Inflection points in the time profiles represent crop greenup. 

Differences were found in modeled NDVI response to individual crops, NDVI 

responses to multiple crop cycles at the mixed pixel scale, and NDVI responses 

to crop cycles at the regional scale due low spatial resolution. A priori knowledge 

of NDVI asymptotic values for individual crops would be helpful in modeling crop 

response at the regional scale. Modeling the natural landscape is more complex, 

but Fischer (1994) showed that NDVI is robust in estimating crop condition.

4.5.4 COMPARING NDVI SEASONAL PROFILES TO CLIMATOLOGY

SIMULTION MODELS

Schwartz and Reed (1999) used bi-weekly AVHRR NDVI data (1.1 km 

resolution at nadir) to estimate start of season (SOS) dates across the eastern 

United States. Satellite-based phenology estimates for 33 species were 

compared to 1 ) a climate-based phenology model and 2 ) phenology data from 

the Harvard Forest, Massachusetts and Konza Prairie, Kansas. The average 

correlation between satellite-based SOS dates and climate-based first leaf and 

first bloom dates for all land cover types was 0.61. They found that all satellite- 

based SOS dates were 1 to 2 weeks earlier than the first leaf dates and 6 weeks 

earlier than the first bloom dates projected by the climate-based model.
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Additionally, results from Harvard Forest indicate that the satellite sensor detects 

the understory SOS instead of the dominant tree species in forested areas.

The Frankfurt Biosphere Model (FBM) was evaluated against NDVI-based 

algorithms to test its ability detect phenological events in deciduous vegetation 

worldwide (Ludeke et al. 1996). The FBM is a global model for calculating the 

seasonal pattern of release and uptake of CO2 by soil and vegetation.

Algorithms were based on modified second derivatives of the NDVI time course 

to detect leaf shooting or leaf abscission. Predicted leaf shooting dates of the 

FBM were shown to lie within ±30 days of the NDVI-derived dates for 75% of the 

study area. The NDVI-based algorithms were compared to ground phenological 

observations in Europe and the United States; mean shooting dates fell within 

the period of “mainly increasing NDVI.” Poor agreement between the FBM- 

predictions and the NDVI-based leaf shooting periods occurred in cold deciduous 

shrublands and tundra ecosystems. Presence of snow in the spring, which 

contaminates the pixel, may cause the delayed rise in NDVI signal in northern 

areas. Ground observations in temperate deciduous forests indicated that the 

satellite-derived shooting dates estimates detected the first leaf emergence of 

herbaceous understory rather than the dominant overstory. The FBM predictions 

of leaf abscission (calculated total discoloration) fell about two weeks later than 

NDVI-derived values. Leaf abscission is a continuous process that ends with the 

complete discoloration of the leaves of some species and is therefore difficult to 

detect through NDVI signals (Ludeke et al. 1996).

Running and Nemani (1988) compared seasonal patterns of NDVI with 

simulated photosynthesis and transpiration of forests in different climates. The 

Fairbanks study site showed strong correspondence in timing of spring and fall 

weekly NDVI and photosynthesis patterns, which showed that NDVI excels at 

defining the growing season length. The NDVI may preferentially respond to the 

phenology of grasses and broadleaf species instead of directly sensing 

photosynthetic activity. Coniferous forests do not exhibit as great a change in
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LAI (leaf area index) as do deciduous forests or grasslands. Hence, estimates of 

evergreen leaf photosynthetic activity may be truncated. The best interpretation 

of integrated NDVI was through its relationship to Leaf Area Duration (LAI x 

growing season length), which is a simple measure of annual productivity. 

Minimum temperature threshold values defined the growing season length, 

because freezing temperatures control the phenology of the deciduous leaves 

favorably imaged in the vegetation index.

Justice et al. (1985) analyzed global vegetation phenology using 

NDVI. Three- and four-week composites were used to study global trends in 

NDVI of various land cover types. The study provided a basis for interannual and 

global comparison of phenological trends and behavior of different vegetation 

types with different climate parameters. However, due to the coarse temporal 

resolution of the composites, results were more suitable for relative comparisons 

than establishing absolute dates for phenological events, especially in the high 

latitudes where these events occur quickly.

4.5.5 ALTERNATIVE TO NDVI

Shibayama et al. (1999) evaluated the ability of reflectance in four 

wavelengths to indicate phenological changes in sub arctic shrub canopies in 

Finland. These reflectances (green, red, near-infrared, and mid-infrared) were 

measured by a boom-mounted spectroradiometer. Eight different vegetation 

indices were evaluated for phenology detection. The GRVI (green band/red 

band index) sensed some phenophases (e.g. termination of evergreen 

undergrowth and black crowberry growth), which were not detected by NDVI. 

However, GRVI has not been applied to vegetation applications of remote 

sensing as often as NDVI. The reflected energy level detected by satellite 

sensors in two visible bands (green and red) is not sufficient to widely use the 

GRVI, and the green band is not available in AVHRR. NDVI and GRVI indices
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were effective in clarifying and stabilizing estimation of phenological turning point 

dates, initiation of growth, and maximum leaf area. NDVI also efficiently detected 

initiation and completion of senescence of birch canopies.
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5. METHODS OVERVIEW

An algorithm, based on the ratio of NDVI to annual maximum NDVI from 

AVHRR composite data, was developed to represent greenup and senescence 

of native vegetation. This algorithm was developed to eliminate complications of 

fixed, arbitrary NDVI thresholds and year-to-year variability.

Prior to testing the algorithm, a relationship was established between air 

temperature and greenup in Fairbanks, Alaska. The algorithm was then tested 

against 1) Climate data from 24 weather stations located in northern Alaska from 

1991 to 1997, 2) observed greenup at two sites in Fairbanks, Alaska, from 1991 

to 1997 and 3) Phenology observations on the Seward Peninsula during the 

1996-1997 growing seasons.

5.1 THE SATELLITE DATA

The satellite data were obtained from the 1991 through 1997 Alaska 

Advanced Very High Resolution Radiometer Twice-Monthly Composites, 

compiled by the USGS and EROS Data Center (EDC). The EDC used NOAA 

satellite AVHRR 1-km resolution daily observations acquired from the Gilmore 

Creek, Alaska receiving station and transferred to the EDC for processing to 

produce the twice-monthly NDVI composites for Alaska. These composites 

provide a data set of calibrated, georegistered reflectance values for growing 

seasons in Alaska compiled using the MVC composite procedure described by 

Holben (1986). The NOAA-11 satellite provided data for 1991 through 1994, and 

the NOAA-14 satellite provided data for 1995 through 1997 (USGS 1997).

The data sets for each year are composed of 14 maximum NDVI 

composites, created from an average of 12 to 18 images per composite period. 

Table 2 contains composite period information. Each daily observation includes 

9 bands of information: AVHRR channels 1 -5 ,  NDVI, satellite zenith angle,
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solar zenith angle, and relative azimuth. These data were calibrated to 

reflectance, scaled to byte data, and geometrically registered to the Albers 

Equal-Area Conic map projection for Alaska. Pixels were resampled to 1-km2. 

The Defense Mapping Agency’s (DMA) World Data Bank II data set was also 

transformed to the Albers Equal-Area Conic map projection to provide a base 

image of Alaska for correlation. Near-nadir, cloud-free segments of NOAA-11 

channel 2 daily observations from the 1992 growing season were manually 

registered to the DMA World Data Bank II data set and verified for accuracy, with 

the root mean squared error (RMSE) < 1 pixel. These segments formed a digital 

mosaic, providing a single base image of Alaska used to register other years of 

growing season data (RMSE < 1 pixel). A 10th band of information is included in 

the composite; this band identifies which daily observation scene was used to 

represent maximum NDVI for each pixel in the composite image. Some bad data 

lines exist in the thermal channels, which result from an interruption in the 

transmission of in-flight calibration target data. The image dimensions of each 

band are 1992 lines by 2512 samples (13 megabytes). All image processing was 

conducted using LAS software (Ailts et al 1990).
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Table 2. 1995 Composite Periods. NDVI composites were created from an

Composite # Calendar Date Julian Date

1 04/01 -04/14 91-104

2 04/14-04/28 105-118

3 04/29-05/12 119-132

4 05/13-05/26 133-146

5 05/27 -  06/09 147-160

6 06/10-06/23 161-174

7 06/24 -  07/07 175-188

8 07/08 -  07/21 188-202

9 07/22 -  08/04 203-216

10 08/05-08/18 217-230

11 08/19-09/01 231-244

12 09/02-09/15 245-258

13 09/16-09/29 259-272

14 09/30-10/13 273-286

There is poor preflight calibration, no onboard calibration, and difficulty 

with in-flight calibration of the AVHRR sensor. Therefore, radiometric calibration 

of AVHRR channels 1 and 2 is unreliable. Preflight calibration coefficients can 

change while the instrument is in storage or after launch due to the space 

environment. Additionally, the pre-launch coefficients provided by NOAA were 

not useful and changes in the response of channel 1 are evident after launch 

(Goward et al. 1991, USGS 1997).
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The EDC’s ADAPS processing system converts raw digital counts to 

percent surface reflectance:

R = (d*d/z)*kb (c-C)

R = Reflectance

d = earth-sun distance in astronomical units 

z = cosine of the solar zenith angle

k = inverse of the mean solar flux through the bandpass x 100. Units are 

square meters microns per watts (the factor of 100 converts the 

reflectance to % reflectance

b = the channel’s gain coefficient. Units are watts per square meter per 

micron per digital count 

c = the deep space digital count

The reflectance values for channels 1 and 2 were converted to byte data, where 

the range of 0-254 represents 0 to 63.5% reflectance. The value 255 

corresponds to reflectance greater than 63.5 percent. Any feature with >63% 

reflectance is considered to be bright and non-vegetative (USGS 1997).

The Normalized Difference Vegetation Index is calculated as follows:

NDVI = Channel 2 -  Channel 1 1 Channel 2 + Channel 1
(or)

NDVI = near-IR band -  visible band / near-IR band + visible band.

NDVI values (scaled to byte data) range from -1.0 to 1.0, with negative 

values usually representing clouds, snow, water, and non-vegetated surfaces. 

These NDVI values were rescaled from 0 to 200; the computed -1.0 = 0, 

computed 0 = 100, and computed 1.0 = 200. Therefore, values <100 represent
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clouds, snow, water, and non-vegetated surfaces. The rescaled NDVI values will 

be referred to throughout the rest of this paper as NDVI values.

5.2 SCENE SELECTION

There are usually four ascending and four descending AVHRR 

observations of Alaska each day (USGS EDC 1997). Most passes are at least 

partially cloud-contaminated. The compositing process hopefully produces 

relatively cloud-free, continuous coverage of an area large enough to study 

vegetation dynamics (Holben 1986). Every image that provided a clear 

observation of a large ground surface at 55° off-nadir or less was included in the 

composite. Approximately 18 daily observations are included in each composite 

(USGS EDC 1997). The ‘date of acquisition’ band indicates which daily 

observation was used for each pixel in the composite image. While the 

compositing process effectively maximizes spatial resolution, some temporal 

resolution is inevitably lost.

Each daily overpass must be registered to a common map projection with 

precise geometric registration for the compositing process. This ensures that 

each 1-km pixel represents nearly the same ground location from day to day. 

Albers Equal-Area Conic Map Projection enables consistent measurement 

across the image (USGS EDC 1997). Refer to Appendix A. for projection 

parameters.

Viewing geometry information is provided by the EDC for studies of off- 

nadir viewing and for data correction techniques. The satellite zenith angle is 

computed in degrees where nadir is represented as 90°. Satellite zenith angles 

less than 90° represent look angles in the negative or westerly direction; satellite 

zenith angles greater than 90° represent look angles in the positive or easterly 

direction.
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Climate data were obtained from the Alaska Climatological Data provided 

by the National Weather Service. This data provided daily maximum and 

minimum temperature observations for the stations used to estimate growing 

season (Figure 7). Fifteen to twenty-three weather station sites were included, 

depending upon the availability of temperature data each year. These stations 

represent the varying vegetation and topography across the northern Alaskan 

landscape. Refer to Appendix B. for weather station information. Temperature is 

the dominant factor controlling growing season in Alaska; temperature data are 

therefore one of the few sources available to correlate with NDVI-based growing 

season estimations.

5.3 CLIMATE DATA

Figure 7. Alaska climate data stations. Temperature data from 14 to 23 climate 
data stations were used to approximate growing season in Alaska.
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5.4 FAIRBANKS GREENUP OBSERVATIONS

Observations of spring greenup (visible leaf flush) were available from two 

locations in Fairbanks, Alaska (Figure 8): one largely populated with birch 

(Chena hillside as viewed from West Ridge at the University of Alaska 

Fairbanks), and the other dominated by spruce (Farmer’s Loop area, as viewed 

from the Institute of Northern Forestry building, University of Alaska Fairbanks) 

(Adams and Alden, personal communication, 1997). Estimated dates of greenup 

differed slightly between sites for some years (Table 3). Temperature data from 

the nearby College Observatory weather station (Figure 8) were used to 

calculate growing degree units, starting January 1 each year. A growing degree 

unit was based on mean temperature above a threshold of 0°C; therefore a day 

with mean temperature of 10°C would accumulate 10 growing degree units.
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Figure 8. Fairbanks area greenup observation sights and weather station. 
Temperature data from the College Observatory climate data station was used to 
calculate growing degree units to observed greenup. Map is not to scale.

Table 3. Fairbanks observed greenup. Dates of observed greenup differ slightly 
between the Farmer’s Loop spruce forest and the Chena hills birch forest.

Year Julian Date of Observed Greenup
Farmer’s Loop Area Chena Hills Area

1991 124 128
1992 147 147
1993 Not available 120
1994 124 123
1995 121 121
1996 133 133
1997 130 128
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5.5 SEWARD PENINSULA PHENOLOGY DATABASE

Greg Finstad and Maria Berger of the University of Alaska Reindeer 

Research Program compiled the phenology database for the 1996-1997 growing 

seasons on the Seward Peninsula. The researchers recorded thaw depth, 

vegetation phenology (Table 4), reproductive phenology, and the part of the plant 

sampled for thirty-one species. These species included representative 

graminoids, forbs, shrubs, dwarf willow, and lichens (Appendix C). Observations 

were made at several sites in three different ranges, or close grouping of sites. 

Ranges included in the analysis were the following: Gray (1996 and 1997- four 

sites), Davis (1997- four sites), and Olanna (1996 - three sites) (Figure 9). Refer 

to Table 5 for site characteristics. Some species were not included in analysis of 

phenology versus NDVI because of insufficient vegetative phenology information.

Table 4. Phenophases noted in the Seward Peninsula Phenology Database.
This database includes vegetation phenology, reproductive phenology and thaw 
depth for thirty-one species sampled on the Peninsula during the 1996 and 1997 
growing seasons. Courtesy of Greg Finstad, Reindeer Research Program,
University of Alaska Fairbanks.______________________ _________________
Stage Description

0 Dormant, no new (current year) growth

1 Current year culms, stems or leaves elongating and greening or leaf 

buds swelling, opening, greening
2 Leaves, culms or stems continuing to open or elongate

3 Full leaf/stem expansion

4 Leaves, shoots deteriorating, yellowing

5 Plant senescent
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Figure 9. Seward Peninsula phenology sites. A total of 11 different sites were 
included in the analysis of NDVI data for the 1996-1997 growing seasons.

^  Phenology sites 
Elevation (meters)

0
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Table 5. Seward Peninsula phenology site characteristics: elevation, slope and

Site Name Elevation (m) Slope Aspect

Olannal 8 0.14 225 (SW)

Olanna2 33 2.33 229.97 (SW)

Olanna4 57 2.11 273.65 (W)

Grayl 0 0

Gray2 3 0.31 38.65 (NE)

Gray3 3 0.24 135 (SE)

Gray4 0 0

Davisl 0 0
Davis2 55 2.18 265.6 (W)

Davis3 329 8.84 175.7 (S)

Davis4 373 8.08 110.14 (SE)

The database was subsampled to analyze three sedges, two shrubs and one 

forb to provide a comparison between sites:

Sedges Carex aquatilus (water sedge)

Carex Bigelowii (Bigelow’s sedge)

Eriophorum angustifolum (tall cottongrass -also a sedge) 

Shrubs: Potentilla palustris (marsh cinquefoil)

Salix pulchra (diamondleaf willow)

Forb: Equisetum arvense (field horsetail)
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5.6 THE ALGORITHM

Many satellite phenology studies have used a fixed NDVI threshold, 

above which the growing season is assumed to begin. Examples of such 

thresholds include 0.09 (= 109 when NDVI is scaled from 0 -  200) (Markon et al. 

1995) and 0.099 (Lloyd 1990). However, choosing one threshold to represent 

growing season across the Alaskan landscape does not take into consideration 

the difference in reflective properties of different vegetation types (e.g. taiga 

versus tundra, deciduous versus coniferous forest) and interannual variability in 

climate. For example, 1995 NDVI values (scaled from 0 to 200, with values less 

than 100 representing non-vegetated pixels) for the growing season of a mixed 

spruce/hardwood stand in Fairbanks may range from 100 to 154, but values for a 

tundra site on the Seward Peninsula may range from 100 to 127. Base NDVI is 

always set at 100 on the 0 -  200 NDVI scale in this study. While the 

spruce/hardwood stand may green up at an NDVI value of about 125, the tundra 

will probably green up at a much lower value.

This study uses a method similar to White et al. (1997), based upon the 

work of Kogan (1995) and Burgan and Hartford (1993). An NDVI ratio is 

computed for each pixel based on the range of minimum to maximum NDVI for 

each growing season:

NDVIratio = NDVI -  NDVImin / NDVImax - NDVImin

NDVI represents the daily observed NDVI, NDVImjn is the annual minimum 

NDVI and NDVImax is the annual maximum NDVI. The NDVIratio ranges from 0 -  

1. Zero represents annual minimum NDVI of vegetated pixels and 1 represents 

annual maximum NDVI. An NDVIrati0of 0.30, for example, means the vegetation 

of a pixel has attained 30% of its maximum greenness for that growing season, 

regardless of land cover. White et al. (1997) found the increase or decrease in
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NDVI (greenness) was most rapid at a ratio of 0.50 for the continental United 

States. For ecological models using only one date to trigger photosynthetic 

activity, the period of most rapid growth (not first leaf or budburst) is the most 

ecologically relevant trigger, but only within a landscape unit. Growing season 

estimates are therefore not land cover-specific; they are based upon the range of 

NDVI values for each pixel. This minimizes the problem of different NDVI values 

representing greenup for different vegetation types. Additionally, the minimum 

and maximum NDVI values are considered separately for each year, eliminating 

concerns that minimum and maximum NDVI are unstable over time.

Extreme off-nadir viewing angles often result in image distortion and 

unreliable NDVI values (Goward et al. 1991). Each composite image was 

screened to remove observations greater than 50° off-nadir. Pixels with values 

less than 100 were removed, as they generally do not represent vegetated 

surfaces. The maximum NDVI (NDVImax) was determined from the entire 

growing season for each pixel. Pixels with NDVImax less than 110 were 

eliminated, because ocean pixels often have a maximum NDVI between 106 and 

108. These pixels therefore may not represent valid vegetated pixels. Minimum 

NDVI (NDVImin) for all pixels was set at 100, as this value would represent the 

reflectance of non-photosynthesizing vegetation. The NDVIrati0 method was then 

applied to each pixel for each composite period (Figure 10). For example, the 

value for composite period 5 at the Galena weather station site had an NDVI of 

117. The NDVImax of that pixel for the entire growing season was 145. The 

NDVIratiofor that composite period was .38 (38% of maximum greenup for that 

growing season) and was computed as follows:

NDVIralio5 = ( 1 1 7 -  100)/(145 -  100)

N DVU o 5 = 0.38
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Example NDVI Profiles
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Figure 10. Example NDVI profiles for Barrow and Galena, Alaska. NDVImjn (0), 
NDVImax (145) and NDVI for composite period 4 (117) are given to demonstrate 
the use of the NDVIratio method.

The NDVIratio method was used to compute the percent of maximum 

greenness for each pixel in each composite period. Estimated dates of greenup 

and senescence were based on the date that the NDVIratio value exceeded 25,

30, 35, 40, 45 and 50% of maximum greenness (greenup) and the date that the 

NDVIratio value fell below the aforementioned threshold values (senescence). 

Missing values (due to eliminated pixels) were replaced by averaging the 

surrounding grid of 5x5 pixels (25 km2) and then substituting these averaged 

values for the missing data. Growing season length was determined by 

calculating the number of days between estimated greenup and senescence
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dates for each pixel for each threshold value (from 25 to 50%). Resulting 

datasets were averaged to 3x3 (9 km2) grids to smooth the data and compensate 

for missing pixels. Estimates of greenup and senescence maintain a 1-km2 

resolution, while images used to estimate growing season length have a 9-km2 

resolution.

5.7 TESTING THE ALGORITHM

5.7.1 ALASKA CLIMATE DATA STATIONS

For the Alaska Climate Data Station locations, the number of days where 

minimum and mean temperatures exceeded 0° C were calculated, as above

freezing temperatures control growing season in the circumpolar regions. 

Comparing trends among stations is difficult because minimum temperatures are 

sensitive to local site characteristics and are not representative of regional 

climate patterns (Brinkmann 1979). Therefore, both minimum and mean 

temperatures greater than 0°C were evaluated as a basis for determining 

growing season (Skaggs and Baker 1985, Brinkmann 1979). NDVI-based 

growing season estimates were plotted against both the minimum and mean 

temperature-based growing season estimates (number of days where min. and 

mean temperatures > 0°C). Other growing season estimates (based on number 

of days where the minimum or mean temperature was greater than a specified 

below-zero temperature) may have been useful in analysis of arctic vegetation 

phenology, but were not included in this study. Arctic vegetation often begins 

new growth at sub-zero temperatures (Brinkmann 1979). The regression 

equation and resulting R2 values determine the optimum NDVIratio threshold value 

(e.g. 25, 30, 35, 40, 45, and 50% maximum greenness) to represent growing 

season in northern Alaska.
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5.7.2 FAIRBANKS

First, the relationship between temperature at the Chena Hills site and 

greenup was established. Then, the dates of observed greenup at the Chena 

Hills and Farmer’s Loop sites were compared to the NDVI recorded closest to the 

date of observed greenup each year. Lastly, observed greenup for the Chena 

Hills and Farmer’s Loop sites were compared with NDVI-based phenology 

measurements to determine the optimum NDVIratk> threshold value (e.g. 

25,30,35,40,45, and 50% of maximum greenness) to represent greenup.

5.7.3 THE SEWARD PENINSULA

Phenology and NDVI data were compared with an all-species average 

(entire database) and by individual species averages for each site. NDVI-based 

greenup and senescence estimates were generated with the NDVIratio method for 

each site. Observed vegetation phenology stages were compared with NDVI- 

based phenology measurements to determine the optimum NDVIrati0 threshold 

value (e.g. 25,30,35,40,45, and 50% of maximum greenness) to represent 

greenup and senescence. Average NDVI was found for each phenostage. 

Observed phenology (stage 2 for greenup and stage 4 for senescence) and 

NDVI-based greenup and senescence estimates (at 25 and 50% of maximum 

greenness) were plotted against elevation of each site to determine the effects of 

elevation on greenup and senescence.
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6. RESULTS AND DISCUSSION

6.1 ALASKA CLIMATE DATA STATIONS

Two growing season length estimates were calculated from temperature 

data for each weather station; estimates were based on 1) number of days 

minimum temperature exceeded 0° C and 2) number of days mean temperature 

exceeded 0° C. The National Weather Service provides Alaska Climatological 

Data daily temperatures in degrees Fahrenheit. These growing season 

estimates were regressed against NDVIratio-predicted growing season lengths at 

several threshold levels for the weather stations (Table 6). The correlation 

between temperature-derived growing season estimates and satellite-derived 

growing season estimates is represented by R2 values for the 1991 through 1997 

growing seasons. Initial results showed that the mean temperature estimates 

were better correlated to temperature-derived growing season estimates than 

minimum temperature estimates. Therefore, only results of the mean 

temperature growing season estimates are provided here. Temperature data 

was missing or contained large omissions at some stations for some years. 

Therefore, growing season could not be estimated in these situations. Actual 

number of stations used to plot growing season varied from 14 to 23 stations, 

depending on data availability. Results vary widely from year to year. For the 

entire study period, the NDVIratio threshold that correlated best with temperature- 

derived growing season estimates was 0.40.



Table 6. Satellite-derived vs. climate-derived growing season correlations 
Number of days with mean temperature > 0° C was regressed against satellite- 
derived growing season estimates based on % maximum greenness to obtain R2 
values. Results were maximized at the .40 level.

% Max 1991 1992 1993 1994 1995 1996 1997 Avg.
NDVI N=19 N=23 N=17 N=16 N=15 N=14 N=15

~25~ 0.6442 0.3852 0.6819 0.2746 0.8313 0.5606 0.4686 0.5495

.30 0.6602 0.3253 0.6965 0.5286 0.8934 0.5141 0.3773 0.5708

.35 0.7248 0.3092 0.7385 0.5116 0.8882 0.7012 0.3298 0.6005

.40 0.6841 0.4786 0.6554 0.4693 0.8881 0.6397 0.6941 0.6442

.45 0.7004 0.5864 0.6516 0.4262 0.7762 0.6237 0.697 0.6374

.50 0.5703 0.6037 0.4898 0.4874 0.7252 0.6586 0.7096 0.6064

Weather stations were subdivided into taiga and tundra categories 

(Appendix B.), and the temperature-derived growing season estimates (based on 

number of days mean temperature exceeded 0° C) were regressed against 

NDVIratio-predicted growing season lengths, similar to the method used for all 

weather stations. Preliminary comparisons again showed that growing season 

length estimates using number of days mean temperature exceeded 0° C was 

better correlated with temperature-derived growing season than number of days 

minimum temperature exceeded 0° C. Results of the regressions show that 

results do not improve for separate taiga and tundra sites. R2 values are higher 

(on average) for tundra sites than taiga sites (Table 7 and Table 8). While R2 

values are not very high, the results do show that better correlations for taiga 

sites at lower threshold values and better correlations for tundra sites at higher 

threshold values, reinforcing the idea that different landscape and vegetation 

types (e.g., taiga vs. tundra, coniferous vs. deciduous, grasslands vs. 

shrublands) will green up and senesce at different percents of maximum NDVI as 

detected by satellite sensor.

67
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Table7. Taiga Stations. Number of days where mean temperature exceeded 
0° C was regressed against satellite-derived growing season estimates to obtain 
R2 values. Correlation results are slightly stronger (on average) at lower

% Max 
NDVI 1991 1992 1993 1994 1995 1996 1997 Avg.

.25 0.4284 0.1848 0.4569 0.1135 0.0589 0.6892 0.5459 0.3539

.30 0.3901 0.2809 0.3926 0.0735 0.1274 0.7376 0.2024 0.3149

.35 0.2885 0.0787 0.4388 0.0375 0.0043 0.4555 0.1327 0.2051

.40 0.0316 0.1168 0.3195 0.0264 0.0012 0.5566 0.0938 0.1637

.45 0.1881 0.4876 0.3072 0.0249 0.3649 0.4093 0.0428 0.2606

.50 0.0967 0.3334 0.2278 0.1044 0.4437 0.1761 0.0358 0.2025

Table8. Tundra Stations. Number of days where mean temperature exceeded 
0° C was regressed against satellite-derived growing season estimates. 
Correlations were stronger for tundra sites than tundra sites, and R2 values are 
hiaher (on average) at higher thresholds for tundra sites.

% Max 
NDVI 1991 1992 1993 1994 1995 1996 1997 Avg.

.25 0.3751 0.0003 0.7658 0.0042 0.9705 0.1401 0.2487 0.3578

.30 0.4087 0.0182 0.7716 0.0815 0.9169 0.0322 0.2116 0.3486

.35 0.5407 0.0027 0.7394 0.0641 0.9501 0.7427 0.1843 0.4605

.40 0.629 0.1285 0.632 0.0354 0.932 0.4088 0.5911 0.4795

.45 0.6959 0.4128 0.6283 0.0222 0.6313 0.5575 0.5755 0.5033

.50 0.4948 0.4776 0.3252 0.0403 0.6794 0.7389 0.5923 0.4783
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6.2 FAIRBANKS

6.2.1 IS SPRING BUDBURST RELATED TO TEMPERATURE?

Spring budburst of the Chena hillside occurred at an average of 153 

growing degree units (Figure 11 and Table 9). Observed greenup dates for the 

Farmer’s Loop area are available from 1980 to 1997 (Appendix D).

Observed Greenup vs. Growing Degree Units 
Fairbanks, Alaska 1987-1997

300.0w
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o 50.0 
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1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997

Year

Figure 11. Observed greenup vs. growing degree units Fairbanks, Alaska 1987- 
1997. Spring budburst of the Chena hillside occurred at an average of 153 
growing degree units (accumulated since January 1). The unusually high value 
for 1988 is apparently due to a cold ‘87-88 winter with little insulating snowfall 
prior to the 1988 growing season.
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A significantly greater number of growing degree units was accumulated 

before observed greenup in 1988 compared to other study years. The 1987-88 

winter was relatively cold with little early season insulating snow. Therefore, a 

greater amount of heat was needed in the spring to warm the ground and permit 

vegetation growth.

Table 9. Fairbanks greenup dates and growing degree units for Chena Hills
Year Julian Date of 

Greenup
Calendar Date of 

Greenup
Growing Degree 

Units
1987 130 May 10 146.0
1988 138 May 17 269.0
1989 130 May 10 149.0
1990 126 May 6 139.0
1991 128 May 8 143.0
1992 147 May 26 141.0
1993 120 April 30 131.0
1994 123 May 3 136.0
1995 121 May 1 136.0
1996 133 May 12 138.0
1997 128 May 8 156.0

6.2.2 FAIRBANKS GREENUP VERSUS NDVI

NDVI values at the time of observed forest greenup varied between the 

two sites (Table 10). The NDVI (scaled from 100 to 200) ranged from 112 to 124 

for the Farmer’s loop spruce site and between 109 and 131 for the Chena Hills 

birch site. The R2 values indicate the strength of the relationship between spring 

greenup and NDVI values. Therefore, it is not likely that one NDVI value or 

threshold can indicate greenup. NDVI values were consistently higher for the 

birch site compared to the spruce site. Differences in canopy structure and LAI 

of evergreen and deciduous sites are most likely the cause of the difference in 

NDVI upon greenup, although the effect of snow is also a consideration. Open
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spruce stands with a groundcover of snow will cause lower NDVI values (Royer 

et al. 1997).

Table 10. NDVI closest to the date of observed greenup in Fairbanks, Alaska. 
NDVI value was recorded within 7 days of observed greenup. The spruce site 
(Farmer’s Loop) had consistently lower NDVI values at the time of greenup than

Spruce Site Aspen/Birch Site

Date of NDVI Date of NDVI

Year observed and date observed and date

greenup recorded greenup recorded

1991 May 4 112 (May 8) May 8 117 (May 8)

1992 May 26 118 (May 24) May 26 119 (May 28)

1993 Not recorded April 30 109 (April 26)

1994 May 4 116 (April 27) May 3 118 (April 27)

1995 May 1 122 (April 29) May 1* 131 (May 9)*

1996 May 12 114 (May 11) May 12 119 (May 7)

1997 May 10 124 (May 8) May 8 128 (May 8)

R2 = 0.3881 R2 = 0.3367

* Date of NDVI recorded 8 days after observed greenup
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6.2.3 FAIRBANKS GREENUP VERSUS NDVIratio-PREDICTED GREENUP

Table 11 illustrates the date of observed greenup versus the date of 

greenup predicted by the NDVIratio method. Estimation of greenup date was 

maximized at a threshold of .30, predicting greenup at both sites an average of 5 

days from the time of observed greenup. For these study sites, observed 

greenup most closely correlates with satellite-predicted greenup when the NDVI 

reaches 30% of maximum NDVI for that growing season. Satellite prediction of 

greenup dates exactly matched observed greenup 23% (3 of 13 trials) at the .30 

threshold. Not surprisingly, at the lower threshold values, satellite prediction of 

greenup tended to be underestimated, or predicted before observed greenup. At 

higher threshold values, satellite prediction of greenup tended to be 

overestimated, or predicted after observed greenup.
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Table 11. Julian dates of observed and predicted greenup. Success of satellite 
estimation of greenup was maximized at a threshold of .30; average error in 
greenup estimates was 5 days when NDVI was at 30% of maximum NDVI. 
Frequencies of NDVI under- and over-estimation of the timing of greenup are 
given. Average error from observed greenup is the difference in number of days 
(on average for all years) between observed greenup and that predicted with the
NDVIratio algorithms. _________ ________________ _
Year Observed Predicted Greenup at Selected NDVIratio Thresholds

Greenup

0.25 0.3 0.35 0.4 0.45 0.5
Farmer’s Loop

1991 124 128 128 141 141 141 141

1992 146 145 145 145 159 159 159

1994 122 104 117 117 135 135 182

1995 119 119 119 119 119 119 119

1996 132 116 116 132 143 143 143

1997 130 111 128 128 128 128 128

Chena Hills
1991 128 128 128 142 142 142 142

1992 146 149 149 160 160 160 160

1993 120 125 125 125 125 125 125

1994 123 117 117 135 135 135 135

1995 121 129 129 129 129 129 129

1996 132 117 117 128 143 143 143

1997 128 117 128 128 128 128 128

Frequency of NDVI under- and over-estimation of greenup timing:
Underestimate 54% 46% 31% 8% 8% 8%

Overestimate 31% 31% 46% 77% 77% 77%

Average error
from observed 

greenup (days)
8.2 5.0 6.3 9.2 9.2 12.8
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6.3 SEWARD PENINSULA

6.3.1 AVERAGE NDVI FOR EACH PHENOLOGY STAGE

NDVI was recorded for phenology stages 1 through 5 (for all species at all 

sites and then for selected species at sites where those species were found) for 

the 1996 and 1997 growing seasons. Results are not weighted by percent cover 

of plant species represented in the database; more meaningful results would be 

obtained by weighing phenology data by percent cover. Each growing season 

was considered separately. For each phenology stage, NDVI for all species was 

averaged for each year (Table 12). Although the average NDVI results for 1997 

were consistently higher than the 1996 results, the vegetation samples were not 

the same for both years. Olanna and Gray sites were sampled for 1996 and 

Davis and Gray sites were sampled for 1997. Not enough early-season 

phenology data were available to estimate average NDVI for Phenology stage 0.

Table 12. Average NDVI recorded for all sites on Seward Peninsula. All plants 
for each phenostage are included. Stages: 0=dormant, no new growth,
1 =current year culms, stems, or leaves elongating and greening or leaf buds 
swelling, opening, greening, 2=leaves, culms or stems continuing to open or 
elongate, 3=full leaf/stem expansion, 4=leaves, shoots deteriorating, yellowing,

Phenology Stage Average NDVI for 1996 Average NDVI for 1997

1 115 119

2 132 134

3 142 144

4 115 136

5 117 120

The phenology database was subsampled to select species that appeared 

at several sites (Table 13). Erratic results may be due to the coarse temporal
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scale of the satellite data compared to rapid changes in phenology, the difference 

in phenology stages for each plant sampled, or difference in site characteristics. 

The wet coastal Seward Peninsula region is also likely to contain mixed pixels 

(containing water or snow), which can cause erroneous NDVI results (Box et al. 

1989). Ideally, NDVI should be at a maximum at phenology stage 3 (full 

leaf/stem expansion), but results of Table 13 show this is not always true.

Results can vary greatly for the same species between 1996 and 1997, and 

between species types at different stages. Instances where insufficient 

phenology data was available are indicated with an asterisk (*).

Table 13. Average NDVI for each phenology stage for selected species.
Cabi =Carexbigelowii, Caaq =Carexaquatilis, Eqar arvense, 
Eran=Eriophorum angustifolum, Popa-Potentilla palustris, Sapu= pulchra

Average NDVI for Each Species

Phenology Cabi Caaq Eqar Eran Popa Sapu

Stage ‘97 ‘96 ‘97 ‘96 ‘97 ‘96 ‘97 ‘96 ‘97 ‘96 ‘97

1 * * * * * 103 * * * 116 120

2 135 114 119 138 144 122 130 139 128 127 132

3 143 131 136 146 140 141 141 145 143 141 141

4 138 139 139 * 128 * 122 * 125 121 140

5 128 122 122 * 122 ★ ★ ★ * * 128

6.3.2 SEWARD PENINSULA PHENOLOGY VERSUS NDVIratio-PREDICTED  

PHENOLOGY

Satellite-predicted dates of greenup and senescence at different 

thresholds (different percentages of maximum NDVI) were recorded for each 

study site. The phenology stage recorded closest to the estimated dates of 

greenup and senescence (+/- 7 days) were analyzed to see how accurately the
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satellite could detect greenup and senescence and to see which threshold was 

best at detecting greenup and senescence. Phenology data were recorded to 

one decimal place, indicating how close the plant was to reaching the next stage 

of development. Results were averaged for the entire database and for each 

species for the 1996 and 1997 growing seasons (Table 14 and Table 15). Some 

variation in results is due to the variation of samples. For example, not all 

species of Eriophorum angustifolum (Eran) are observed at phenology stage 2 at 

the same time, nor are all samples of Eran included in every phenology sampling 

record. Dates of satellite-predicted greenup and senescence often fell outside of 

the phenology data recording period for many species, so it is difficult to tell 

whether the algorithm underestimated, overestimated, or correctly estimated 

dates of greenup and senescence. Lack of phenology data during the satellite- 

predicted greenup and senescence dates is indicated with an asterisk (*).

A significant rise in NDVI values probably occurred between the dates 

indicated for phenology stage 1 (current year culms, stems, or leaves elongating 

and greening or leaf buds swelling, opening, greening) and phenology stage 2 

(leaves, stems, culms continuing to open or elongate). Satellite-predicted 

greenup dates occur at or near stage 2 in 1996, while the estimated greenup 

dates fall between stage 1 and stage 2 in 1997. Little deviation in phenology 

stage occurred through the range of thresholds; the greenup date predicted at 

25% of maximum greenness was usually the same as the date predicted at 50% 

of maximum greenness. These results indicate that the change in NDVI profile 

over time due to greenup is large and rapid (in relation to the composite period of 

two weeks). Duchemin et al. (1999) found similar magnitude and speed of 

greenup in the spring.
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Table 14. Average Phenology Stage at Date of Satellite-Estimated Greenup.
Various % Maximum Greenness were tested.
Greenup Average Phenology Stage at Different % Maximum Greenness

% max -> .25 .3 .35 .4 .45 .5

‘96 ‘97 ‘96 ‘97 ‘96 ‘97 ‘96 ‘97 ‘96 ‘97 ‘96 ‘97

All Plants 1.7 1.1 1.8 1.3 1.8 1.3 2.2 1.5 2.1 1.6 2.1 1.6

Caaq 2 .9 2 .9 2 .9 2 1.1 2 1.4 2 1.4

Eran 2 1.5 2 1.5 2 1.5 2 1.5 2 1.5 2 1.5

Eqar * * * * * * 2 * 2 * 2 *

Popa 2 * 2 it 2 * 2 * 2 1 2 1

Sapu 1.7 .9 1.7 1.2 1.7 1.2 2.6 1.5 2.5 1.7 2.4 1.7

Estimation of senescence should center on the date indicated for 

phenology stage 4 (leaves, shoots deteriorating, yellowing). Less variance 

between 1996 and 1997 occurred for phenology stages at satellite-predicted 

senescence dates than at satellite-predicted greenup dates. Additionally, as the 

percent of maximum greenness fell from 50% to 25%, the phenology stage 

indicated by satellite-predicted senescence advanced from an earlier stage of 

senescence (stage 3+) on toward a later stage of senescence (stage 5) for most 

species of plants. These results support the idea that senescence is a slower 

process than greenup (Duchemin et al. 1999) in the higher latitudes. Phenology 

stages varied more between species for senescence than greenup. For all 

plants in the database, satellite-predicted date of senescence is linked closest to 

phenology stage 4 at the .4 level, indicating that senescence was reached when 

pixels are at or below 40% of maximum greenness.
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Table 15. Average Phenology Stage at Date of Satellite-Estimated Senescence.
Various % Maximum Greenness were tested._______  ____
Senescence Average Phenology Stage at Different % Maximum

Greenness

% max -» .25

‘96 ‘97 ‘96

.3

‘97 ‘96

35

‘97 ‘96

.4

‘97

.45

‘96 ‘97 ‘96

.5

‘97

All Plants 4.2 4.6 4.3 4.6 4.3 4.2 4.1 4 3.8 3.8 3.3 3.8

Caaq 4.2 4.3 4.2 4.4 4.2 3.9 4 3.9 3.8 3.9 3.3 3.9

Eran 3.5 5 3.5 5 3.5 4.5 3.5 4.4 3.5 4.4 3.7 4.4

Eqar 4.5 4 4.5 4 4.5 4 4.5 4 * 4 ★ 4

Popa 4 5 4 5 4 3.7 4 3 3.5 3 3.5 3

Sapu 4.3 4.7 4.3 4.7 4.3 4.3 4.2 4.2 3.9 4 3.5 4

6.3.3 DIFFERENCES BETWEEN SITES

Does greenup occur later at higher elevations? Does senescence occur 

earlier at higher elevations? Spring migration of reindeer and caribou often 

coincide with the timing of greenup, and remote sensing is a potential tool for 

range managers to monitor range condition. No correlation between phenology 

and elevation was found using NDVI-predicted greenup and senescence dates 

(at both the 25% and 50% of maximum greenness) estimates (Table 16). 

Similarly, no correlation between phenology and elevation was found using 

observed greenup dates (stage 2- leaves, culms, stems continuing to open or 

elongate) and senescence (stage 4- leaves, shoots deteriorating, yellowing) 

(Table 17). These are surprising results, as satellite images often show greenup 

occurs later and senescence occurs earlier at higher elevations. Most study sites 

are at lower elevations. Davis 3 and Davis 4 are at 329 m and 373 m, 

respectively, but do not exhibit effects of higher elevation on vegetation. 

Additionally, the aspect (or direction of slope) of each site was compared to
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average greenup and senescence dates (both NDVI-derived and observed); it 

was expected that southern-facing sites would green up earlier and senesce 

later, but this pattern was not evident in the data.

Table 16. Greenup Dates vs. Elevation. No correlation was found between 
elevation of phenology sites and various dates of estimated greenup. Data from 
all plant species in the database were included._________________________

Average Greenup Dates vs. Elevation (Julian Dates)

Site
Elev.
(m)

25% max 

greenness
50% max Stage 2 (leaves 

greenness opening/elongating)

‘96 ‘97 ‘96 ‘97 ‘96 ‘97

Olanna 1 8 188 - 188 - 171 -

Olanna 2 33 132 - 135 - 169 -

Olanna 4 57 135 - 173 - 171 -

Gray 1 0 156 146 174 152 161 157

Gray 2 3 142 146 142 146 162 153
Gray 3 3 142 146 174 146 162 153

Gray 4 0 137 146 174 160 159 154
Davis 1 0 - 146 - 146 - 160
Davis 2 55 - 146 - 160 - 154
Davis 3 329 - 146 - 159 - 150

Davis 4 373 - 160 - 160 - 161
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Table 17. Senescence Dates vs. Elevation. No correlation was found between 
elevation of phenology sites and various dates of estimated senescence. Data
from all plant species in the database were included.______________________

Average Senescence Dates vs. Elevation (Julian Dates)

Elev. 25% max 50% max Stage 4 (leaves
(m) greenness greenness declining/yellowing)

‘96 ‘97 ‘96 ‘97 ‘96 ‘97

Olanna 1 8 234 - 234 - 233-272* -

Olanna 2 33 276 - 249 - -

Olanna 4 57 276 - 248 - 272 -

Gray 1 0 275 284 248 219 228 234

Gray 2 3 275 286 248 286 231-271* 234

Gray 3 3 275 286 253 286 239 234

Gray 4 0 275 284 256 219 231-270* 234

Davis 1 0 - 284 - 284 - 231

Davis 2 55 - 274 - 250 - 233

Davis 3 329 - 286 - 244 - 233

Davis 4 373 274 _ 250 - 233

* Two or fewer recorded observations of stage 4 in database; dates are 
estimated
** Phenology data at Olanna 2 site terminates at stage 3.5 ______
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Figure 12 shows a visual representation of estimated greenup and 

senescence on the Seward Peninsula for the 1996 and 1997 growing seasons. 

While 1996 estimates are quite different from 1997 estimates in some areas, 

similar patterns may be seen in each map. For example, it appears that the 

higher elevation areas north of the Davis sites green up later and senesce earlier 

than the surrounding lower elevation areas. Phenology maps such as these 

may help reindeer scientists and range managers in planning and managing 

habitat.

1996 Greenup mm 03/31-04/12 
i i  04/13-04/25 
SB 04/26-05/07 
2 1  05/08-05/19 

05/20-06/01 
06/02-06/13 
06/14-06/25 
06/26-07/08 
07/09-07/20 
No Data

1997 GreenupS 04/01-04/13 
04/14-04/26 
04/27-05/08 
05/09-05/20 
05/21-06/02

  06/03-06/14
— 106/1546/26
  06/27-07/09
  07/10-07/21
 No Data

1996 Senescence

08/04-06/14 
08/15-08/26 
08/27-09/07 
09/08-09/19 
09/20-09/30 
09/31-10/12 
No Data

Figure 12. Satellite estimation of Seward Peninsula greenup and senescence. 
1996-1997 growing seasons are represented. These images represent the area 
at 40% maximum greenness, the threshold at which phenology observations of 
greenup and senescence were most closely related to satellite-derived 
estimations. Dates differ for 1996 and 1997 legends due to a leap year.
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6.4 CLIMATE CHANGE AND GROWING SEASON

Trends in global climate change cannot be determined from short-term 

estimates of growing season. Figure 13 presents estimated growing season, 

based on a 40% of maximum greenness algorithm, for the years 1991 to 1997. 

This figure demonstrates the great variability in greenness from year to year, as 

detected by satellite. These seven years of growing season estimates do not 

support increased length of growing season. However, they do provide a basis 

for comparison from year to year and background information for future studies.

While satellite-estimated growing season was maximized at the 40% of 

maximum greenness level when tested against climate data from northern 

Alaska and phenology data from the Seward Peninsula, this is not necessarily 

the best measure of growing season for the entire state. The 1991 and 1995 

growing season depictions in Figure 13, for example, show many areas north of 

the Arctic Circle with growing seasons over five months long, though this is 

clearly not the case. Misrepresentation of growing season could occur for 

various reasons, including the low temporal resolution of the satellite data, 

influence of snow, water, or non-green plant material on the NDVI of a pixel, or 

inaccurate definition of growing season. A good example of this 

misrepresentation can be seen by the differences in Fairbanks and Seward 

Peninsula growing season designations. Observed greenup in Fairbanks (based 

on two sites) correlated excellently with the 30% of maximum greenness 

threshold, while greenup on the Seward Peninsula (based on eleven sites) 

seemed to occur too quickly to be assessed accurately by the twice-monthly 

satellite composites.
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Figure 13. 1991 -1997 Satellite-estimated growing season length.
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7. CONCLUSIONS

1) NDVI values at the time of observed forest greenup varied between the 

birch and spruce sites. Values were consistently higher for the Chena Hills birch 

site compared to the Farmer’s Loop spruce site. Observed greenup most closely 

correlated with satellite-predicted greenup when the NDVI reached 30% of 

maximum NDVI for that growing season. Satellite-predicted greenup at both 

sites was predicted an average of 5 days from the time of observed greenup.

The predictions were based on twice-monthly composite NDVI data, not daily 

NDVI data. Analysis of daily or weekly NDVI data could improve the precision of 

results.

2) The number of days when mean temperature exceeded 0° C (based on 

climate station data) was plotted against satellite-derived growing season 

estimates across northern Alaska. Temperature-derived growing season 

estimates showed the strongest average correlation with the period that NDVI 

values exceed 40% of maximum NDVI (defining that growing season length). 

However, the modal value for strongest correlation each year falls at 35 percent 

of maximum NDVI. The two-week AVHRR NDVI composite data provides 

relatively coarse temporal resolution, however. Soil temperature usually lags 

behind air temperature, and therefore a discrepancy will usually occur between 

timing of greenup and senescence and timing of air temperature rise and fall. 

With finer resolution satellite data, estimated dates of greenup and senescence 

could be more precise. Furthermore, it is plausible that greenup and 

senescence occur at different thresholds, but this is difficult to tell with air 

temperature data alone.

3) On the Seward Peninsula, the greenup date predicted at 25% of maximum 

greenness was usually the same as the date predicted at 50% of maximum
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greenness. For all plants in the database, satellite-predicted date of senescence 

is correlated best with phenology stage 4 (leaves, shoots deteriorating, 

yellowing), at the .4 level. Therefore, senescence was reached when pixels were 

at or below 40% of maximum greenness. Surprisingly, neither ground 

observations nor satellite estimation of phenology showed a significant elevation 

effect.

The percent of maximum greenness algorithm will detect onset and offset 

of growing season using NDVI while avoiding land cover-specific threshold 

values. Differences in canopy structure, LAI of evergreen vs. deciduous sites, 

inter- and intra-species variability, effects of snow and water on a pixel, and 

definition of growing season affect satellite-predicted growing season estimates. 

Finer sensor spatial resolution would help to eliminate some snow patches, 

which could improve NDVI results early in the growing season. Erratic greenup 

estimates for the Seward Peninsula were attributed to coarse temporal scale of 

the satellite data compared to rapid changes in phenology, the difference in 

phenology stages for each plant sampled, or difference in site characteristics. 

While the 1991-1997 growing season estimates do not support increased length 

of growing season, they do provide a year-to-year comparison and background 

information for future studies. Refinement of temporal resolution is particularly 

important at high latitudes where greenup and senescence occur rapidly.

Systematically collected and widely available phenology data for arctic 

and sub arctic regions would aid the study of phenology by satellite sensor. 

Programs such as the GLOBE program (Global Learning and Observations to 

Benefit the Environment) are beginning to implement budburst, greenup, and 

senescence protocols across the globe. These protocols involve taking leaf 

growth measurements, designating leaf color in the fall, and reporting related 

environmental data such as temperature, location by GPS, and depth of snow. 

Students make measurements at least twice per week or as needed. Students in 

the GLOBE program make environmental observations at or near their schools
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and report their data through the Internet. Scientists, students, and others may 

access this data for research and education. The GLOBE program 

encompasses over 8,000 schools in 85 countries and continues to grow; large 

amounts of data from the new budburst, greenup, and senescence protocols will 

soon be available. GLOBE pilot schools in various Alaska locations are 

participating in greenup and senescence protocols at this time.

Imaging radar, with its cloud-penetrating ability, offers an alternative to 

passive satellite sensors such as AVHRR for vegetation studies in frequently 

cloud-covered Polar Regions. Synthetic Aperture Radar (SAR) has been used 

for ecosystem classification of boreal forests and tundra habitats (including 

observation of phenological changes). Additionally, SAR offers the first means of 

estimating the length of the boreal forest's growing season (including yearly 

latitudinal changes in the growing season) using observations of the freeze-thaw 

cycles (refer to Alaska SAR Facility at http://southport.jpl.nasa.gov/). Spatial and 

temporal resolution of spaceborne SAR datasets vary from system to system. 

Obstacles encountered by the AVHRR such as low solar angle (often 

problematic at high latitudes), atmospheric dust and clouds are avoided with the 

SARs.

Global change scientists are looking at MODIS (Moderate Resolution 

Imaging Spectrometer) for improved monitoring of the earth’s surface. MODIS 

was launched on EOS (Earth Observing System) satellites in 1999 and views the 

entire Earth’s surface every 1 to 2 days. The MODIS instrument provides high 

radiometric resolution in 36 bands and spatial resolutions ranging from 250 m to 

1 km at nadir. MODIS will monitor daily vegetation dynamics with seven narrow, 

specialized channels and is expected to generate better data on vegetation 

dynamics than previous satellite data records. Combined AVHRR NDVI and 

MODIS data produce time-continuous data sets without an inadvertent shift in 

NDVI (Gitelson et al. 1998). MODIS vegetation index products will be less 

susceptible to atmospheric effects and canopy background for more precise

http://southport.jpl.nasa.gov/
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vegetation monitoring. Temporal resolution of MODIS vegetation index data 

sets does not change significantly from AVHRR NDVI data sets; 16-day and 

monthly gridded composite data sets will be available. Refer to the MODIS Web 

for more information: http://modis.gsfc.nasa.gov/MODIS/

http://modis.gsfc.nasa.gov/MODIS/
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APPENDIX A.
Projection Parameters for Alaska AVHRR Composite Data Sets:

Albers Equal-Area Conic

First standard parallel 

Second standard parallel 

Longitude of central meridian 

Latitude of origin

False easting 

False northing 

Units of measure 

Pixel size

Center of pixel (1,1) 

Number of lines 

Number of samples

55 00 00 N 

65 00 00 N 

-154 00 00 W 

50 00 00 N 

0 

0

meters 

1000 meters 

(-977000, 2422000) 

1992 

2512

Albers meters for minimum bounding rectangle:

Lower Left 

Upper Left 

Upper Right 

Lower Right 

Geographic decimal degrees:

Lower Left 

Upper Left 

Upper Right 

Lower Right 

Geographic degrees, minutes and seconds

Lower Left (-168 35’ 49”

Upper Left (-179 50’ 51”

Upper Right (-116 00’ 21”

Lower Right (-131 35’ 43”

(-977000, 431000) 

(-977000, 2422000) 

(1534000, 2422000) 

(1534000, 431000)

(-168.5970, 52.9222) 

(-179.8476, 70.0416) 

(-116.0057, 67.6962) 

(-131.5953, 51.5372)

52 55’ 20”) 

70 02’30”) 

67 41’ 46”) 

67 32’ 14”)
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APPENDIX B.
Alaska Climate Data Stations

Station Dominant 

Veg. Type

Latitude Longitude Elevation

(m)

Arctic Village Taiga 68 07 N 145 32W 634
Barrow Tundra 71 18 N 134 38W 13
Betties Taiga 66 55 N 151 31W 196

Big Delta Taiga 64 ON 145 44W 386
Cantwell Tundra 63 24 N 148 54W 655

College Taiga 64 52 N 147 50W 189
College 5 NW Taiga 64 56 N 147 50W 290

Eagle Taiga 64 47 N 141 12 W 259
Eielson Field Taiga 64 40 N 147 6 W 167

Airport Taiga 64 49 N 147 52W 133
Galena Taiga 64 44 N 156 56W 37

Healy Taiga 63 53 N 149 1 W 454
Kotzebue 25 N Tundra 67 15 N 162 38W 9
Kotzebue WSO Tundra 66 52 N 162 38W 3

Manley Taiga 65 ON 150 39W 84
McKinley Tundra 63 43 N 148 58W 631
Nenana Taiga 64 33 N 149 5 W 109
Nome Tundra 64 30 N 165 26W 4

North Pole Taiga 64 45 N 147 20W 475
Paxson Taiga 63 2 N 145 30W 2701

Port Clarence Tundra 65 15 N 166 52W 12
Prudhoe Bay Tundra 70 15 N 148 20W 75

Tanana Taiga 65 10 N 152 6 W 232
Umiat Tundra 69 22 N 152 8 W 266

Unalakleet Tundra 63 53 N 160 48W 15
Wales Tundra 65 37 N 168 3 W 9
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APPENDIX C
Species Described in Seward Peninsula Phenology Database. Compiled by

Growth Form Latin Name Common Name
Graminoids Arctophilia fulva Pendent grass

Elymus arenarius Rye grass
Eriophorum vaginatum Tussock cottongrass (a sedge)

Eriophorum Tall cottongrass (a sedge)
Carex aquatilus Water sedge
Carex Bigelowii Bigelow’s sedge
Carex ramenskii Ramenski’s sedge
Carex Lynbgyaei Lyngbyaei’s sedge
Luzula tundricola Tundra woodrush

Luzula arctica Arctic woodrush
Forbs Caltha palustris Marsh marigold

Rananculus Pallasii Pallas’ buttercup
Epilobium angustifolium Tall fireweed

Epilobium latifolium Dwarf fireweed, river beauty
Hedysarum albinum Eskimo Potato

Pedicularis kanei Woolly lousewort
Artemisia tilesii Stinkweed, a sage

Petasites frigidus Coltsfoot
Equisetum fluviatile Marsh horsetail
Equisetum arvense Field horsetail

Hippuris vulgaris Mare’s tail
Shrubs Salix pulchra Diamondleaf willow

Salix alaxensis Feltleaf willow
Salix lanata Richardson’s willow

Potentilla palustris Marsh ciquefoil
Dwarf Willow Salix fuscescens Bog willow

Salix ovalifolia Oval leaf willow
Lichens Cladina mitis/arbuscula Reindeer lichens

Cladina rangiferina Reindeer lichen
Cetraria islandica Iceland lichen
Cetraria cucullata A lichen
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APPENDIX D.
Greenup at Farmer’s Loop, 1980-1997. Courtesy of John Alden, University of 
Alaska Fairbanks
Year Date of Observed Greenup Comments
1980 May 12 ±8 days
1981 May 6
1982 May 20
1983 May 12
1984 May 17
1985 Not available
1986 Not available
1987 May 7-10
1988 Not available

Hills green on 12th, but birch bud 
at INF started to leaf out on May 5

1989 May 11

1990 Not available
1991 May 4
1992 May 26
1993 Not available
1994 May 2
1995 May 1 Probably really started to leaf out 

April 28-29
1996 May 12
1997 May 10
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Appendix E.
Table of Acronyms

Ar.ronvm Meanina
APT Automatic Picture Transmission

AVHRR Advanced Very Hioh Resolution Radiometer
BISE Best Index Slope Extraction
DEM Digital Elevation Model
DMA Defense Mapping Agencv
EDC Environmental Data Center
ET Evapotranspiration

FAS-NDVI Fourier Algorithm and Solar Zenith Angle Smoothed NDVI
FBM Frankfurt Biosphere Model
GAC Global Area Coverage
GDD Growing Degree Days
GDU Growing Degree Units

GIMMS Global Inventory Monitoring and Modeling Studies
GLOBE Global Learning and Observations to Benefit the Environment

GPS Global Positioning System
GRVI Green Band/Red Band Index
GVI Global Vegetation Index

HRPT High Resolution Picture Transmission
ITOS Improved TIROS Operational System
LAC Local Area Coverage
LAD Leaf Area Duration
LAI Leaf Area Index

Landsat MSS Landsat Multispectral Scanner
Landsat TM Landsat Thematic Mapper

MODIS Moderate Resolution Imaging Spectrometer
MVC Maximum Value Composite
NDVI Normalized Difference Vegetation Index
NIR Near Infrared

NOAA National Oceanic and Atmospheric Administration
NPP Net Primary Productivity
POD Polar Orbiter Data
RG Relative Greenness

RMSE Root Mean Sguare Error
SAR Synthetic Aperature Radar
SOS Start of Season

SPOT Satellite Pour I’Observation de la Terre (French Satellite)
TI-NDVI Time-Integrated NDVI
TIROS Advanced Television Infrared Observation Satellite
TNC Total Non-Structural Carbohydrate

USGS United States Geological Survey
VCI Vegetation Condition Index

VHRR Very High Resolution Radiometer
VTPR Vertical Temperature Profile Radiometer


