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predict crop yields (Lee et al., in review). Wang et al. (in review) found that precipita-
tion is strongly correlated with NDVI in the central Great Plains, when viewed at
an appropriate temporal scale. In particular, total precipitation during a 15-month
period (current growing season plus seven preceding months) was most strongly
correlated with average growing season NDVI. In addition, Wang et al. found a
strong linear relation between 15-month precipitation and growing season NDVI,
except for the � ood year of 1993, when exceptionally high rainfall was associated
with decreased NDVI. Further work is required to understand spatial patterns of
NDVI as it relates to climatic variation at a regional scale.

Many studies have used NDVI to monitor the temporal response of vegetation
to climatic � uctuations in the USA (Di et al. 1994, Yang et al. 1997), in Africa
(Tucker et al. 1983, 1985, Justice et al. 1986, Townshend and Justice 1986, Malo and
Nicholson 1990, Davenport and Nicholson 1993, Nicholson and Farrar 1994,
Anyamba and Eastman 1996), in India (Srivastava et al. 1997), and at a global scale
(Schultz and Halpert 1993); but only a few studies have examined spatial patterns
of NDVI as they relate to climate variation (Tucker et al. 1985, Nicholson et al.
1990, Farrar et al. 1994, Nicholson and Farrar 1994). We examined in� uences of
precipitation and temperature on spatial patterns of NDVI in the state of Kansas
on a biweekly basis over the course of 9 years (1989�1997).

2. Study area
This study was conducted for the state of Kansas, which is in the heart of the

central Great Plains region of North America. The region has a temperate continental
climate with a strong east�west precipitation gradient and a strong north-west�
south-east temperature gradient. Mean annual precipitation ranges from less than
450 mm toward the west to more than 1200 mm toward the south-east; whereas
mean annual temperature varies from less than 11°C toward the north-west to more
than 15°C toward the south-east. Accordingly, vegetation ranges from tall-grass
prairie and gallery forest in the east to short-grass prairie in the west (Kuchler 1974).
Croplands now occupy over half of the land area (Whistler et al. 1996). Year-to-
year variation in rainfall is high, with precipitation of wet years often as much as
four times that of dry years, and the region is highly susceptible to drought (Warrick
1975, Bark 1978, Reed 1993). During the time period of our study, the state of
Kansas experienced successive dry years from 1989 to 1991, and successive wet years
from 1992 to 1997, except 1994, which was a dry year.

3. Data processing
3.1. NDVI and climate data processing

Biweekly digital maps of greenness (NDVI), precipitation and temperature
were constructed for the entire state of Kansas over the course of 9 years (1989�
1997 ) (Wang et al., in review) using ARC/INFO GRID GIS software version 7.1
(Environmental Systems Research Institute, Redlands, CA, USA). Biweekly NDVI
images for the growing seasons (March to October) were derived using National
Atmosphere Administration Advanced Very High Resolution Radiometer (NOAA
AVHRR) satellite imagery. This imagery consists of 1 km Maximum Value Composite
NDVI images, maximum values selected to eliminate cloud contamination, compiled
by the United States Geological Survey (USGS) EROS Data Center, and further
processed to remove cloud contamination and made available by the Kansas Applied
Remote Sensing Program (KARS). Seasonal average NDVI images were generated
by averaging the biweekly NDVI images from March to October. Precipitation maps
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(biweekly and monthly for each entire year) were derived from daily precipitation
data (NOAA National Climate Data Center) from 410 weather stations in and
around the state of Kansas (� gure 1(a)). Biweekly temperature maps�maximum,
minimum, average, and accumulated growing degree day (AGDD, Yang et al. 1997 )�
were constructed using daily maximum and minimum temperature data derived from
17 weather stations (� gure 1(a)). All climate maps used simple distance-weighted
interpolation. Analyses were strati� ed according to the categories of cropland, grass-
land, and forest (� gure 1(b)) in the landcover map for Kansas (Whistler et al. 1996 ).

3.2. Analysis of relations between climatic factors and NDVI
We examined spatial relations between NDVI and each of the climate factors�

precipitation, temperature (maximum, minimum, average and degree days) strati� ed
according to landcover categories (cropland, grassland and forest). Correlation
coeYcients between NDVI and each climate factor were calculated for the state of
Kansas by directly comparing corresponding spatial locations for pairs of NDVI
and climate maps. The primary goal of the analyses was to evaluate the correspond-
ence between NDVI spatial patterns and climate variation. Analyses examined
relations both within growing seasons (within-season) and between seasons (sea-
sonal). Within-season analyses compared diVerent biweekly periods within the
same growing season. Seasonal analyses compared NDVI and precipitation values
between diVerent years. For each year NDVI was averaged through growing season
and precipitation was accumulated for the entire growing season plus 14 preceding
months.

For each biweekly period in the growing season (March to October) , NDVI�
precipitation correlation coeYcients were calculated, with precipitation summed over
14 diVerent time durations (1�14 biweekly periods) and � ve diVerent time lags (zero
to four biweekly period lags), i.e. each biweekly NDVI image was compared with a
total of 70 diVerent precipitation patterns. This resulted in 32, 130 correlation
coeYcient values (17 periods×70 combinations×9 years×3 landcover types). Thus,
we were able to assess the time-scale (duration and lag) of precipitation that most
strongly in� uences NDVI spatial patterns. In addition, to assess the correlation
between NDVI variation and precipitation variation, we performed a similar analysis
based on deviation of NDVI and precipitation from an 8-year average (1989�1997,
excluding 1993, an anomalous � ood year). In this case, NDVI deviation was com-
pared with precipitation deviation for the same 70 diVerent combinations of time
duration and lag. We also calculated the correlation coeYcients between each NDVI
image and the 9-year average precipitation. For each year, within-season correlation
coeYcients between NDVI images and maps of temperature indices (maximum,
minimum, average and AGDD) in the current and immediate preceding biweekly
periods of the same growing season were calculated. Correlation coeYcients for
additional combinations of duration and lag were not calculated because preliminary
analysis of a subset of combinations showed that only the current and preceding
biweekly periods of temperature were signi� cantly related to NDVI.

Correlation coeYcients between growing season average NDVI images of each
year and precipitation maps were calculated. In order to evaluate the time period
over which precipitation most strongly in� uences overall productivity, a series of
analyses were performed using maps of precipitation totalled over diVerent time
intervals, ranging from 8 to 22 months preceding the end the growing season
(October), with a 1-month increment. Correlation coeYcients between average NDVI




