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ABSTRACT

The North American monsoon (NAM) leads to a large increase in summer rainfall and a seasonal change in

vegetation in the southwestern United States and northwestern Mexico. Understanding the interactions

between NAM rainfall and vegetation dynamics is essential for improved climate and hydrologic prediction.

In this work, the authors analyze long-term vegetation dynamics over the North American Monsoon Ex-

periment (NAME) tier I domain (208–358N, 1058–1158W) using normalized difference vegetation index

(NDVI) semimonthly composites at 8-km resolution from 1982 to 2006. The authors derive ecoregions with

similar vegetation dynamics using principal component analysis and cluster identification. Based on ecoregion

and pixel-scale analyses, this study quantifies the seasonal and interannual vegetation variations, their de-

pendence on geographic position and terrain attributes, and the presence of long-term trends through a set of

phenological vegetation metrics. Results reveal that seasonal biomass productivity, as captured by the time-

integrated NDVI (TINDVI), is an excellent means to synthesize vegetation dynamics. High TINDVI occurs

for ecosystems with a short period of intense greening tuned to the NAM or with a prolonged period of

moderate greenness continuing after the NAM. These cases represent different plant strategies (deciduous

versus evergreen) that can be adjusted along spatial gradients to cope with seasonal water availability. Long-

term trends in TINDVI may also indicate changing conditions favoring ecosystems that intensively use NAM

rainfall for rapid productivity, as opposed to delayed and moderate greening. A persistence of these trends

could potentially result in the spatial reorganization of ecosystems in the NAM region.

1. Introduction

The North American monsoon (NAM) region in the

southwestern United States and northwestern Mexico ex-

periences seasonal greening of a range of ecosystems due

to the synchronized availability of precipitation and solar

radiation in the summer, July–September (JAS). Vege-

tation dynamics in parts of the NAM region have been

explored using remote sensing observations and related to

precipitation and soil moisture (Mora and Iverson 1998;

Watts et al. 2007; Pennington and Collins 2007; Gómez-

Mendoza et al. 2008; Vivoni et al. 2008a; Méndez-Barroso

et al. 2009; Lizárraga-Celaya et al. 2010; Jenerette et al.

2010) and to climatic patterns, such as the El Niño–

Southern Oscillation (ENSO), leading to rainfall anom-

alies (Salinas-Zavala et al. 2002; Weiss et al. 2004; Lotsch

et al. 2005; Caso et al. 2007; Castro et al. 2009). Ecosys-

tems themselves also strongly influence the land surface

water and energy balance through their effects on radia-

tion, rainfall interception, and the amount and partition-

ing of surface turbulent fluxes (e.g., Caparrini et al. 2003).

As a result, the observed spatiotemporal dynamics in veg-

etation alter surface temperature and albedo (Méndez-

Barroso and Vivoni 2010), and evapotranspiration (Vivoni
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et al. 2008a), with potential implications for the local

recycling of precipitation in the NAM region (Anderson

et al. 2004; Dominguez et al. 2008; Méndez-Barroso and

Vivoni 2010).

Despite their important role, there is a lack of quanti-

tative studies of vegetation dynamics in the major eco-

systems in the entire NAM region. Salinas-Zavala et al.

(2002) found interannual relations between the normal-

ized difference vegetation index (NDVI), a measure of

vegetation greenness, and precipitation anomalies asso-

ciated with ENSO (winter) and the NAM (summer). The

satellite dataset, from the Advanced Very High Reso-

lution Radiometer (AVHRR), however, was not used

to quantify the spatiotemporal vegetation patterns in the

region or to identify potential landscape controls on the

observed variability—for example, the role played by to-

pography. The spatial distribution of vegetation dynamics

is especially important in the NAM region as Coblentz

and Riitters (2004) found a strong correspondence be-

tween vegetation and topographic features using a static

land cover map derived from AVHRR. Their analysis,

however, did not explore the temporal variations in the

vegetation dynamics that are expected to occur along

topographic gradients because of the strong interannual

variability in NAM rainfall. Lizárraga-Celaya et al. (2010)

used the enhanced vegetation index (EVI) from the Mod-

erate Resolution Imaging Spectroradiometer (MODIS)

to explore the latitudinal variation in seasonal vegeta-

tion phenology for different ecosystems in the NAM re-

gion and found higher peak EVI farther south in the

domain. Their results, however, were limited to locations

with in situ observations and did not address the spatial

variability in vegetation phenological metrics within the

region of complex terrain.

An important motivation for examining vegetation

dynamics is the recent advances in quantifying precipi-

tation in the NAM region using ground- and satellite-

based platforms (e.g., Gochis et al. 2004, 2007; Hong et al.

2007; Gebremichael et al. 2007; Nesbitt et al. 2008). Im-

proved monitoring has provided insights on precipitation

intensity, duration, and frequency that have implications

on vegetation dynamics. At regional scales, Gochis et al.

(2007) and Brito-Castillo et al. (2010) illustrated north-to-

south (latitudinal) variations in precipitation amounts

and intensities that likely affect the spatial variations in the

onset and duration of vegetation greening. Furthermore,

several studies have identified strong topographic con-

trols on precipitation characteristics. For example, Gochis

et al. (2007), Gebremichael et al. (2007), and Nesbitt et al.

(2008) found that high-elevation sites characterized by

evergreen trees typically experience more frequent, but

less intense, precipitation events as compared to lower-

elevation sites in deciduous (subtropical and tropical)

ecosystems. Thus, a closer inspection of the regional

vegetation dynamics resulting from intraseasonal-to-

interannual variability in NAM precipitation (and its as-

sociated spatial patterns) is warranted.

Remote sensing of vegetation dynamics may also serve

to monitor spatial differences in seasonal precipitation in

regions of limited ground data. Méndez-Barroso et al.

(2009), for example, demonstrated that seasonal changes

in MODIS-based EVI can depict spatial regions experi-

encing larger or smaller amounts of seasonal precipita-

tion. Monsoons with higher regional rainfall typically

result in a more intense vegetation response over a larger

spatial extent. Furthermore, Méndez-Barroso et al. (2009)

found a relatively strong correlation between precipitation

amount and a measure of seasonal biomass productivity—

namely, the time-integrated EVI (iEVI)—across a range

of ecosystems. Developing diagnostic relations between

seasonal precipitation and vegetation dynamics could

provide knowledge on the spatial distribution of NAM

rainfall, including its elevation dependence, for areas that

are poorly monitored or inaccessible. Clearly, the phenol-

ogical responses to seasonal rainfall characteristics are

ecosystem dependent (e.g., Weiss et al. 2004; Watts et al.

2007; Vivoni et al. 2008a; Dominguez et al. 2008) such that

inferences on precipitation need to be performed with

care, in particular with respect to strong ecosystem vari-

ations with elevation.

Regional vegetation–topography relations have been

explored in parts of North America using long-term re-

motely sensed databases (e.g., Riera et al. 1998; White

et al. 2005; Deng et al. 2007). While topography alone

does not dictate vegetation patterns, the strong correla-

tions between atmospheric conditions and elevation in

the NAM region lead to a clear spatial organization of

ecosystems (Brown 1994). For example, Vivoni et al.

(2007, 2008b) discussed the organization of precipitation,

soil moisture, and vegetation along a mountain front in

northwestern Mexico. Méndez-Barroso et al. (2009) later

confirmed that vegetation dynamics varied considerably

along this mountain front based on EVI data obtained

from MODIS. Thus, a plausible hypothesis is that the

observed vegetation patterns along semiarid mountain

fronts are a result of variations in the soil water balance

arising from elevation gradients in precipitation charac-

teristics and in temperature regimes. One approach to

test this hypothesis is through quantitative remote sens-

ing of vegetation that can offer insight into topographic

and geographic effects leading to ecosystem organization.

The spatiotemporal variations of vegetation would also

be useful information to understand the potential influ-

ence of ecosystems on atmospheric processes during the

NAM. While vegetation–climate linkages have been

studied in North America (e.g., Pielke et al. 1998; Notaro
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et al. 2006), a detailed analysis is lacking in the NAM

domain. Dominguez et al. (2008) used NDVI data to

corroborate that increases in evapotranspiration in the

North American Regional Reanalysis (NARR; Mesinger

et al. 2006) product leading to precipitation recycling

were due to vegetation activity. Nevertheless, the NARR

land surface model was forced with a 5-yr NDVI clima-

tology (Gutman and Ignatov 1998) that does not capture

interannual variations in vegetation activity. The inter-

annual variations in the NAM ecosystems responses are

particularly relevant in light of the work of Alessandri and

Navarra (2008), which suggests that vegetation serves as

a delayed biophysical memory to large-scale atmospheric

teleconnections such as ENSO. While this linkage will

not be explicitly discussed here, the spatiotemporal veg-

etation analysis provides a foundation for future climate

studies in the NAM region interested in the vegetation–

monsoon feedback.

In this study, we identify the spatiotemporal patterns of

vegetation dynamics in the NAM region using a long-term

remotely sensed NDVI dataset from AVHRR. Satellite-

based vegetation indices are responsive to the availability

of water and strongly correspond to ground-measured

phenological events, in particular for semiarid regions

(e.g., White et al. 1997; Maignan et al. 2008; Jenerette

et al. 2010). Our aim is to provide a quantitative analysis

of vegetation dynamics relevant to hydrologic and climate

studies in the NAM region concerned with the role of

ecosystems in modulating warm-season conditions at the

land surface. In the study, we classify areas with similar

vegetation dynamics (termed here as ecoregions) using

the spatiotemporal variability of a set of vegetation met-

rics defined for the phenological growth season during the

NAM. Ecoregions aid in identifying the large-scale

topographic (elevation, slope, and aspect) and geographic

(latitude and longitude) controls on the vegetation met-

rics. In addition, the ecoregion-averaged behavior is

useful for assessing interannual variations in vegetation

metrics. In particular, understanding the ecoregion-

averaged behavior would help in developing techniques

for scaling site observations over broader areas (Higgins

and Gochis 2007; Méndez-Barroso and Vivoni 2010).

2. Methods

a. Study region

The study region is a large domain that encompasses

several states in the southwestern United States and

northwestern Mexico (Fig. 1). The regional extent (208–

358N, 1058–1158W) was selected to match the North

American Monsoon Experiment (NAME) tier I do-

main (Higgins and Gochis 2007). The tier I domain was

monitored for precipitation, surface fluxes, and atmospheric

conditions during the NAME field campaign in 2004 and

through subsequent efforts (see Vivoni et al. 2010a). The

region is characterized by complex topography owing to

the mountain ranges in the southern basin and range

province, Madrean Archipelago, and the Sierra Madre

Occidental (SMO; Coblentz and Riitters 2004). Terrain

attributes are considered to exert controls on the spatial

location of different ecosystems (e.g., Brown 1994; Vivoni

et al. 2007, 2008b), in particular along mountain fronts

with sharp changes in elevation. The mean annual pre-

cipitation varies considerably, ranging from approximately

100 to 800 mm and is determined by geographic position

and elevation, with a varying proportion occurring during

the NAM (e.g., Douglas et al. 1993; Vivoni et al. 2008a).

While most analyses in this study encompass the entire

NAME tier I domain, topographic and geographic con-

trols are assessed for a smaller area (248–328N, 1068–1138W,

see red polygon in Fig. 1) for clarity.

FIG. 1. The North American monsoon region in the southwest-

ern United States and northwestern Mexico described by the 8-km

DEM derived from USGS HYDRO1K. The entire extent is used

for most analyses, while the red boundary is used to assess topo-

graphic and geographic controls.
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b. Remote sensing and land surface datasets

NDVI is a frequently used index to retrieve the phe-

nological cycle and to quantify the spatiotemporal var-

iability of vegetation (e.g., Reed et al. 1994; Zhang et al.

2003; Matsui et al. 2005; Watts et al. 2007; Forzieri et al.

2010). We used the Global Inventory Modeling and

Mapping Studies (GIMMS) NDVI semimonthly dataset

available from 1982 to 2006 at 8-km resolution, derived

from the AVHRR sensor (Tucker et al. 2004). Two com-

posites are available per month: 1) days 1–15 and 2) day 16

to the end of the month. AVHRR data at these resolutions

has been widely used because of its long record length and

its areal extent (e.g., Reed et al. 1994; Myneni et al. 1996;

Kaufmann et al. 2000; Buermann et al. 2002; Zeng et al.

2003). The dataset has been corrected for sensor calibra-

tion, view geometry, volcanic aerosols, and other effects

not related to vegetation (Pinzon et al. 2005; Tucker et al.

2005) and has shown to be stable with respect to inter-

annual variations (Alcaraz-Segura et al. 2010). Preproces-

sing steps for the GIMMS NDVI included the following:

1) the masking of coastal and inland water bodies to focus

the analysis over vegetated land areas; 2) the correction of

missing values (0.37% of total) by linear interpolation

of NDVI values in time; 3) the replacement of snow values,

if any, with the most recent snow-free NDVI value; and 4)

the identification and correction of outliers. Outliers were

identified as NDVI values greater than three standard

deviations from the long-term mean at a particular pixel

and were corrected by linear interpolation in time.

In addition to the remotely sensed NDVI dataset, we

gathered digital information on the study region through

several sources. We characterized the regional topogra-

phy at a spatial resolution coherent with the NDVI dataset

using an 8-km spatially aggregated digital elevation

model (DEM) from the United States Geological Survey

(USGS) HYDRO1K dataset (original resolution of 1 km)

(Verdin and Verdin 1999). Topographic attributes—such

as elevation, slope, and aspect—were derived from the

1-km DEM and then aggregated to the 8-km resolution

using a cubic interpolation. This procedure minimizes the

potential errors associated with deriving terrain attributes

from the coarse, 8-km DEM (e.g., Armstrong and Martz

2003; Vivoni et al. 2004). A static land cover map derived

from Commission for Environmental Cooperation (1997)

was used to characterize the regional ecosystems from the

level II ecological classifications (see Dominguez et al.

(2008) for a general description). Additional datasets in-

cluding the coastlines, inland water bodies, and political

boundaries were derived from the NAME database (avail-

able online at http://www.eol.ucar.edu/projects/name/).

Clearly, climate variables and their spatiotemporal dis-

tributions have a strong control on the regional vegetation

dynamics (e.g., Coblentz and Riitters 2004; Méndez-

Barroso et al. 2009; Jenerette et al. 2010). However, quan-

tifying the relationships between vegetation and different

climate conditions, such as temperature and precipitation,

requires solving a number of data-processing and analysis

issues related to the different spatiotemporal resolu-

tions and the quality of available datasets in the United

States and Mexico (see Zhu and Lettenmaier 2007). As

a result, we selected in this study to focus on the relations

between several metrics of vegetation dynamics and the

terrain and geographic conditions in the region for which

datasets exist with comparable spatial detail. Nonethe-

less, a description of the precipitation pattern in the re-

gion will aid in interpreting such relationships. To do this,

we used the Climate Prediction Center (CPC) National

Oceanic and Atmospheric Administration (NOAA)

daily 18 gridded precipitation dataset (available online at

http://www.cpc.noaa.gov). We assessed the reliability of

this data with independent estimates from the Global

Surface Summary of Day Database (GLOBALSOD,

available online http://gcmd.nasa.gov). A consistency anal-

ysis was carried out using a total of 37 rain gauges. Results

indicate the gridded precipitation product captured well

the ground measurements (correlation values of ;0.75)

and thus represents a suitable tool to investigate the

spatiotemporal precipitation variations.

c. Methodology

1) ECOSYSTEM DETECTION THROUGH PCA AND

CLUSTER ANALYSIS

To detect vegetation patterns, a classification proce-

dure is performed in NDVI-derived feature space based

on the principal component analysis (PCA). As NDVI

exhibits temporal correlations, it is possible to transform

the original time series into a set of standardized linear

combinations through PCA. The PCA is a redundancy

reduction technique that generates a new set of variables

with which to describe the original dataset (Li and Kafatos

2000; Lillesand et al. 2008). As the vegetation dynamics are

strongly affected by ecosystem-dependent seasonal com-

ponents, we considered it useful to maintain the climato-

logical means for each period in the PCA (Hirosawa et al.

1996). The scree graph method (Wilks 1995) is then used to

detect the number of principal components that best de-

scribe the underlying spatiotemporal NDVI patterns. The

set of the selected principal components represents the

NDVI-derived feature space. The PCA images are sub-

sequently normalized in the 0–1 range and processed

through K-means cluster analysis (MacQueen 1967)

using the squared Euclidean distance as an interclass

distance measure, resulting in a set of clusters repre-

senting regional ecosystems. The K-means method has
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been chosen in this study as a simple solution, character-

ized by short computation times, for the characterization

of ecoregions. To examine the sensitivity of the procedure,

the clustering process was tested with different numbers

of classes. The number of clusters was determined by

visually comparing the resulting classification map to the

Commission for Environmental Cooperation (1997) eco-

system distributions.

2) PHENOLOGICAL CHARACTERIZATION USING

VEGETATION METRICS

Several methods for the estimation of vegetation phe-

nology from remote sensing data have been developed

(Reed et al. 1994; White et al. 1997; Zhang et al. 2003).

Explorative analysis was performed to detect the suitable

method, including modality estimation using the slope

method (Zhang et al. 2003). Modality refers to the num-

ber and timing of phenological peaks during a year and is

important in areas with more than one precipitation sea-

son. To characterize modality, it is necessary to identify

periods of NDVI increase and decrease associated with

the annual phenological cycle. To do this, a moving win-

dow of five AVHRR compositing intervals was applied to

the NDVI multiyear average. The multiyear average for

each compositing period (NDVImy) is estimated as

NDVI
my

(m) 5
1

N
y

�
N

y

i51
NDVI[(i� 1) �M 1 m],

m 5 1, . . . , M (1)

where i and m are indices of the year and the compositing

period, Ny is the number of years (equal to 25), M is the

number of the compositing periods per year (equal to 24),

and NDVI( j) ( j 5 1, . . . , Ny � M) is the sequence of the

original NDVI time series spanning from January 1982 to

December 2006. Transitions from increasing to decreasing

NDVImy were identified for each pixel by a change from

a positive to negative slope within a given window (and

vice-versa). This reveals sharp increases (greening onset),

decreases (greening offset), and NDVImy peaks (maxi-

mum biomass production). As discussed in Zhang et al.

(2003), growth cycles can be detected in this manner, in-

cluding spring and summer greenup periods. The number

of NDVImy peaks indicates monomodal (only one peak)

or multimodal (two or more peaks) vegetation dynamics.

We estimated a set of vegetation metrics using a threshold

method on the multiyear average NDVI. In pixels with

more than one growing season (i.e., multimodality), we

only capture the phenological cycle related to the NAM

that tends to be the major growth period. In areas with

multimodal dynamics, the selection of the NAM-related

phenology is based on the following: 1) identifying the

NDVImy local minima between subsequent growing sea-

sons and 2) extracting the NDVI images between the two

local minima spanning the summer season.

To detect greening onset and offset, we transformed

NDVImy into a normalized ratio through the following

pixel-based relationship (White et al. 1997):

NDVI
ratio

(m) 5
NDVI

my
(m)�min(NDVI

my
)

max(NDVI
my

)�min(NDVI
my

)
, (2)

where NDVIratio(m) ranges from 0 to 1, and min and

max represent the minimum and maximum values of

NDVImy(m) for the particular pixel of interest. Use of

NDVIratio(m) allows for the accounting of variations in

background reflectance among different sites and pro-

vides a normalization that is independent of vegetation

type. Subsequently, a threshold Tn to identify the periods

of greenness and the corresponding transitions (onset/

offset) was selected based on a detailed sensitivity analy-

sis. We analyzed means and standard deviation of green-

ness duration by varying the threshold values from 0.1 to

0.6 for each ecosystem (not shown). By comparing the

results with the greenness duration tabulated in the liter-

ature (e.g., Eagleson 2002), we concluded that the thresh-

old Tn 5 0.3, lower than the value reported by White et al.

(1997) of Tn 5 0.5, better accounted for the rapid greenup

in the NAM ecosystems.

As part of this analysis, seven vegetation phenological

metrics were defined to characterize the ecosystem re-

sponse to NAM precipitation: greening onset (TG) in day

of year (DOY) or days; end or offset (TS) of the greenness

period in days; total seasonal duration of the greenness

period (DUR, days); maximum NDVI (NDVImax, di-

mensionless); time of the maximum NDVI (TNDVImax,

days); within-monsoon range of the NDVI (DNDVI, di-

mensionless); and the time-integrated NDVI (TINDVI,

days). Figure 2 depicts the vegetation metrics for two

sampled pixels representing tropical dry forests (ECO-1)

and mountain forests (ECO-2) selected because of their

strong seasonal signal. The TG and TS of the greenness

period were defined as the times when the NDVIratio time

series matched the threshold Tn 5 0.3. TG and TS rep-

resent antecedent and subsequent times to the peak, re-

spectively, and are measured on a circular temporal scale.

This can result in antecedent values of TS with respect to

TG estimates, especially for vegetation dynamics with

late summer or winter peaks. The DUR was derived by

subtracting the onset and end times of the greenness pe-

riod. The TINDVI was determined as the NDVI area

between the onset and end of the greenness phase (Fig. 2).

In this study, this was defined as
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TINDVI 5

ðTS

TG

NDVI dt 1 [NDVI(TG)

�NDVI(TS)]DUR/2, (3)

where dt is the integration time step, taken here as 1 day

to avoid aliasing with the length of the compositing pe-

riod. Since TINDVI accounts for the greening amount

and its duration, this metric can be considered as a surro-

gate for the net primary productivity or biomass produc-

tion in an ecosystem (Reed et al. 1994). While these

remotely sensed metrics may not necessarily correspond

to ground-based phenological events, they are used in this

study as indicators of ecosystem dynamics in the region,

as in Méndez-Barroso et al. (2009). Note that for syn-

thesis purposes we have omitted results for TS. TS can be

easily derived by adding DUR to TG.

3) INTERANNUAL VARIABILITY AND LONG-TERM

TRENDS OF VEGETATION METRICS

To explore the interannual variability, we estimated the

vegetation metrics for each year (1982–2006) by gener-

ating individual annual fields for each property. To reduce

potential noise in the NDVI time series, we first applied a

five-period moving average. This averaging allows a re-

duction of several NDVI data quality issues occurring at

short time scales. The long-term interannual variability

was estimated for each vegetation metric field at the pixel

scale. In addition, a spatial average for each ecoregion was

performed for each field. The number of pixels in each

ecoregion is presented in Table 1. This resulted in a time

series of the ecoregion-averaged temporal evolution of

the vegetation metrics over the 25-yr study period from

which interannual variations were assessed. To quan-

tify ecoregion-averaged long-term trends, each time

series was analyzed independently through a Mann–

Kendall trend test with a 0.05 significance level. Ad-

ditional linear trend tests for all the vegetation metrics

were performed at the pixel scale based on the long-

term dataset.

3. Results and discussion

a. Spatial and temporal variations in NDVI in the
NAM region

The spatiotemporal variations in NDVI are first de-

scribed in Fig. 3. The mean annual NDVI is computed as

the long-term average of the annual mean NDVI, while

the standard deviation of the mean annual NDVI repre-

sents the interannual variability. Interestingly, we found a

variable correlation between mean annual NDVI and el-

evation quantified in terms of 0.58 and 0.29 Spearman’s

rank correlation for areas above and below 1200 MSL,

respectively. Note the strong correspondence between the

mean annual NDVI (Fig. 3a) and elevation (Fig. 1), with

high NDVI (;0.6–0.7) for higher altitudes in Arizona,

New Mexico, and the SMO in western Mexico. Northern

mountains exhibit higher values in NDVI related to a

sharp transition to conifers, while the SMO has a broader

FIG. 2. Derivation of vegetation phenological metrics from the multiyear average NDVI (gray line) and the

NDVIratio (black line) at two sampled pixels belonging to two different ecoregions: (left) ECO-1 and (right) ECO-2.

ECO-1 (26.138N, 108.608W pixel coordinates) is composed of tropical dry forests, while ECO-2 (23.588N, 110.138W

pixel coordinates) is dominated by mountain woodlands and conifers.
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increase in NDVI related to a more gradual change to-

ward greener ecosystems. The lowest NDVI (;0–0.1) is

found in the low desert regions of Arizona and Baja Cal-

ifornia and high deserts in New Mexico and Chihuahua

that have high percentages of bare soil. While the corre-

spondence of mean annual NDVI with elevation appears

strong, it is noteworthy that coastal areas in Sinaloa and

Sonora exhibit high NDVI, despite the relatively low el-

evations. This suggests that the elevation impact is mod-

ulated by a north–south (latitudinal) gradient in the mean

annual precipitation (Fig. 3d). Similar spatial distributions

of vegetation greenness were obtained through the geo-

morphologic analysis of Coblentz and Riitters (2004).

The interannual variability (Fig. 3b) is low, exhibiting

values ranging from 0 to approximately 0.05, an order of

magnitude smaller than the mean annual NDVI. Never-

theless, interesting spatial patterns can be observed, with

the highest standard deviations found in 1) the foothills

of the SMO characterized by an abrupt rise in elevations,

2) the Pacific coastal zones in Baja California, and 3) large

agricultural sectors in Arizona, Sonora, and Sinaloa. The

first set of sites are associated with the interannual vari-

ability of annual precipitation (Fig. 3e), as these areas are

occupied by subtropical and tropical ecosystems that re-

spond vigorously to summer rainfall (Fig. 3f). The overlap

between precipitation and vegetation interannual var-

iations is not exact, suggesting that precipitation alone

cannot explain the interannual vegetation changes and

ecosystem-specific responses occur. For example, Méndez-

Barroso et al. (2009) found different greening strategies

TABLE 1. Statistical parameters of the vegetation metrics for each ecoregion, including the sample size (N). We used the following

classification: tropical dry forests of the western Pacific coastal plain, hills, and canyons (ECO-1); mountain woodlands in the SMO composed

of evergreen and deciduous forests (ECO-2); conifer forests in Arizona and New Mexico (ECO-3); semiarid grasslands, shrublands, and

subtropical scrublands in the SMO piedmont (ECO-4); the Sonoran Desert (ECO-5); and the Chihuahuan Desert (ECO-6).

Vegetation metric Statistical property ECO-1 ECO-2 ECO-3 ECO-4 ECO-5 ECO-6

N 1420 1964 1666 2402 4948 4831

TG (DOY) Mean 179.81 215.94 211.20 191.16 219.35 182.74

Std 10.23 43.02 32.28 12.18 49.24 40.12

Skewness 13.89 0.53 1.54 6.44 20.63 21.72

Kurtosis 241.48 11.53 16.76 95.73 10.52 6.02

Min 169 1 3 95 4 19

Max 359 364 356 364 364 360

DUR (days) Mean 197.93 260.30 192.58 153.57 253.58 145.56

Std 47.20 45.42 67.80 38.57 58.62 43.23

Skewness 0.19 21.30 0.40 1.43 21.28 1.67

Kurtosis 1.61 4.35 2.08 4.34 3.09 4.90

Min 94 116 21 97 105 93

Max 287 331 332 294 338 310

DNDVI (dimensionless) Mean 0.32 0.14 0.11 0.20 0.06 0.09

Std 0.04 0.04 0.04 0.05 0.03 0.03

Skewness 20.84 1.24 0.60 0.66 1.40 0.19

Kurtosis 3.30 5.03 3.38 2.62 4.56 2.37

Min 0.19 0.03 0.03 0.11 0.03 0.03

Max 0.40 0.34 0.21 0.39 0.17 0.20

TNDVImax (DOY) Mean 244.26 256.19 248.31 241.72 175.39 243.90

Std 15.01 74.23 43.17 10.36 102.34 15.67

Skewness 0.44 22.06 22.83 0.73 20.14 25.35

Kurtosis 2.25 6.42 14.86 2.98 1.25 55.07

Min 217 7 22 217 7 82

Max 277 352 352 277 352 277

NDVImax (dimensionless) Mean 0.76 0.60 0.53 0.52 0.24 0.30

Std 0.05 0.08 0.08 0.09 0.07 0.07

Skewness 21.04 20.04 0.29 0.38 0.74 0.06

Kurtosis 3.87 2.78 2.63 2.40 3.27 2.20

Min 0.57 0.35 0.35 0.32 0.11 0.15

Max 0.84 0.80 0.76 0.77 0.48 0.48

TINDVI (days) Mean 120.95 140.46 91.56 65.40 54.49 38.12

Std 30.52 35.62 33.41 17.92 18.18 14.02

Skewness 0.27 20.71 0.22 1.02 20.13 1.24

Kurtosis 1.96 3.02 2.01 3.78 2.83 4.78

Min 37.40 51.38 9.82 33.80 15.87 15.94

Max 187.96 206.28 169.96 138.52 114.21 107.83
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between subtropical scrublands and evergreen woodlands

to cope with interannual changes in summer rainfall. The

second and third set of locations are likely not related to

the NAM since the Pacific coastal sites have winter-

dominated rainfall regimes (Douglas et al. 1993) and the

agricultural areas are strongly dependent on irrigation

water (e.g., Méndez-Barroso et al. 2008; Buyantuyev and

Wu 2009).

The modality of the intraannual variation of vegeta-

tion (Fig. 3c) indicates that most of the region exhibits

a single mode (monomodal) growth cycle related to the

NAM. Multimodality within the NAM is only observed

in 1) grassland and woodland areas in New Mexico and

Arizona where both winter and summer rainfall lead to

greening and 2) large agricultural areas where two or more

annual crop rotations are possible in Sonora and Arizona.

Grassland sites are typically characterized by a spring

growth season (April–May) following winter precipitation

and a more intense, late summer growth (August–

October) after the NAM onset, as shown, for example, in

Pennington and Collins (2007) and Ivanov et al. (2008).

The predominance of monomodal vegetation dynamics

in the NAM region, in particular within Mexico, justifies

our focus on vegetation metrics derived from phenolog-

ical changes during the summer in the following.

b. Identification and characteristics of ecoregions
in the NAM domain

The principal component analysis of the AVHRR

NDVI dataset revealed that the first three principal com-

ponents (PCs) explain 90.91% of the sample variance,

with a large proportion in the first PC (PC1: 83.23%, PC2:

5.87%, and PC3: 1.81%). Figure 4 shows the three prin-

cipal components of NDVI, yielding a set of spatial pat-

terns describing regions where vegetation dynamics tend

to be highly correlated. To help interpret these patterns,

FIG. 3. (a) Mean annual NDVI, (b) standard deviation of mean annual NDVI, (c) vegetation modality, (d) mean annual precipitation,

(e) standard deviation of mean annual precipitation, and (f) percentage of total annual rainfall occurring during the NAM (%JAS

Rainfall) are shown.
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Fig. 5 presents the principal component loadings (L-PC)

associated with each spatial mode. These loadings describe

the temporal correlation between the principal component

and each of the original NDVI images. Seasonal, inter-

annual, or long-term trends in the L-PCs are indicative of

the relative changes in the explanatory strength of the

principal components.

PC1 is strongly related to mean annual NDVI (Fig. 3a),

indicating the annually averaged greenness is the most

important discriminant. PC1 reflects both topographic

and geographic controls on climatic conditions that lead

to different ecosystems in the NAM region. Temporal

variations in PC1 loadings (Fig. 5) exhibit low seasonality,

suggesting the PC1 is not related to NAM precipitation

but rather to ecosystem characteristics (Fig. 3a). PC2, on

the other hand, exhibits a spatial pattern related to the

seasonal changes of NDVI. Note, for example, that a sharp

contrast is observed between high-elevation ever-

green areas (red colors) with a low NDVI range and

intermediate-elevation sites (blue colors) occupied by

FIG. 4. Normalized PCs: (a) PC1, (b) PC2, and (c) PC3, with (d) the ecoregion map obtained through the K-means cluster analysis.

FIG. 5. (left) L-PC associated with the spatial modes. The y axis is the degree of correlation, while the x axis indicates

time. (right) Detailed variations of L-PCs during a 2-yr period in a sequence.
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highly seasonal ecosystems with a greater NDVI range.

This is confirmed by PC2 loadings (Fig. 5) that exhibit a

strong seasonal variation due to NAM precipitation. Fi-

nally, PC3 presents a spatial pattern driven by latitude

and proximity to the coast. For example, a clear distinc-

tion is observed along 268N on the mainland, while a more

gradual latitudinal change is present in Baja California.

Interestingly, PC3 loadings (Fig. 5) exhibit the largest in-

terannual variations, which could be related to long-term

changes in phenological cycles.

Based on the PCA, we utilized cluster analysis to per-

form the ecosystem classification shown in Fig. 5d. We

compared the ecoregions with the land cover map of the

Commission for Environmental Cooperation (1997) find-

ing excellent agreement. In addition, the ecoregion map

shares similarities with the ‘‘study areas’’ of Salinas-Zavala

et al. (2002) and with the classifications of Brown (1994).

ECO-1 represents the tropical dry forests of the western

Pacific coastal plain, hills, and canyons and matches areas

with high NDVI range in PC2 (Fig. 4b, blue colors). ECO-2

captures mountain woodlands in the SMO composed of

evergreen and deciduous forests and coincides with low

NDVI range in PC2 (Fig. 4b, red colors). While ECO-1

and ECO-2 primarily occur in the SMO, some areas in

Baja California exhibit similar dynamics. ECO-3 is closely

associated with conifer forests in Arizona and New Mexico

that have high mean annual NDVI (PC1). ECO-4 is com-

posed of semiarid grasslands, shrublands, and subtropical

scrublands in the SMO piedmont with monomodal dy-

namics. This semiarid region transitions toward the North

American deserts in ECO-5 and ECO-6. Note that ECO-5

is more representative of the Sonoran Desert, while ECO-6

captures the Chihuahuan Desert, though the distinction

between these deserts is uncertain based on the vegeta-

tion dynamics, as in Salinas-Zavala et al. (2002). It is

important to note that the ecoregion classification yields a

limited number of areas in which the intraclass variability

is low compared to the interclass differences. We would

expect, however, that mixtures of vegetation types are

possible within an ecoregion. For example, ECO-4 con-

tains a mixture of grasslands, shrublands, and subtropical

scrublands that span two different areas to the north and

east of the Sierra Madre Occidental.

Figure 6 presents the seasonal variation of the long-

term means and interannual standard deviations of NDVI

and precipitation for each ecoregion. Three ecoregions

exhibit strong seasonal fluctuations (ECO-1, ECO-2,

ECO-4), with low NDVI in the spring and a vegetation

peak in the summer or fall associated with the NAM (Figs.

6a,c). Seasonality of the tropical dry forests and semiarid

ecosystems (ECO-1, ECO-4) is tuned to the NAM onset

and offset, while mountain woodlands (ECO-2) exhibit

FIG. 6. (a) Long-term averaged NDVI, (b) interannual standard deviation of NDVI, (c) long-term averaged precipitation,

and (d) interannual standard deviation of precipitation within each ecoregion (semimonthly composites).
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a delayed response to summer rainfall (see Méndez-

Barroso et al. (2009) for a discussion). The other ecoregions

(ECO-3, ECO-5, ECO-6) have more limited seasonality,

owing to their composition of conifer forests (ECO-3)

or desert vegetation (ECO-5, ECO-6), though ECO-6

responds to the NAM. The relative seasonality of the

Sonoran (ECO-5) and Chihuahuan (ECO-6) Deserts is

difficult to assess because of the mixture of ecosystem

distributions. While these areas do not exhibit strong sea-

sonality on average, Figs. 6b,d reveal that NAM rainfall

does induce strong year-to-year differences even for the

desert and conifer regions. Overall, the interannual

variability is largest from June to October across all eco-

regions, suggesting a relation to annual differences in tim-

ing, duration, and magnitude of the NAM (e.g., Higgins

and Shi 2001; Gutzler 2004). Ecoregions with the largest

interannual variability (ECO-1, ECO-2, ECO-4) coincide

with drought–deciduous ecosystems that depend most

strongly on the NAM. These ecoregions also coincide

strongly with the ‘‘core region’’ of interannual NAM

variability defined by Gutzler (2004). Clearly, ecoregions

help to summarize a set of complex spatiotemporal veg-

etation dynamics resulting from seasonal and interannual

variations in precipitation forcing.

c. Spatial variations of vegetation phenological
metrics

Vegetation metrics during the NAM are a succinct

means to understand the spatiotemporal variations in

phenology (Reed et al. 1994). Figure 7 shows the time-

averaged spatial patterns of TG (Fig. 7a), DUR (Fig. 7b),

range of NDVI (DNDVI, Fig 7c), TNDVImax (Fig. 7d),

NDVImax (Fig. 7e), and TINDVI (Fig. 7f). Spatial maps

are complemented by statistical metrics for each ecoregion

in Table 1, including the spatial mean, standard deviation

(std), skewness, kurtosis, minimum (min), and maximum

(max) values. These statistics represent conditions in each

ecoregion and thus are robust estimates based on large

FIG. 7. Spatial distributions of the time-averaged vegetation metrics: (a) TG, (b) DUR, (c) DNDVI, (d) TNDVImax, (e) NDVImax, and

(f) TINDVI. Areas with no NDVI seasonality are masked (white regions). Note that DOY 5 1 (1 Jan) and DOY 5 365 (31 Dec) for TG

and TNDVImax are adjacent in time but may show strong variations in the coloration because of the selected scheme.
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sample sizes (N, number of pixels in Table 1). The statistics

also allow inspection of the relation between properties of

the spatial distributions in each ecoregion. For example,

a strong linear (positive) relation exists between the spatial

std and mean TINDVI (slope 5 0.22; p , 0.01), indicating

that ecoregions with greater TINDVI also exhibit stronger

spatial variations.

The onset of NAM vegetation greening typically be-

gins on DOY 180–220 (July–August), with relatively low

spatial variability among ECO-1, ECO-2, and ECO-4

(Fig. 7a, Table 1). A clear delay in TG is observed for

conifer forests in ECO-2, relative to tropical dry forests

in ECO-1. In addition, peripheral areas to the NAM

region exhibit strong differences in TG, including sites

with growing seasons in the spring (e.g., grasslands in

ECO-6) or fall (e.g., coastal ECO-5 areas). TG is an

excellent indicator of ecosystems (yellow and green in

Fig. 7a) with a strong dependence on summer rainfall,

and it thus delimits the NAM region in terms of vege-

tation phenology. In addition, TG shows a signature of

the later onset of the NAM from north to south (Higgins

and Shi 2001), with ECO-1 having an earlier vegetation

onset compared to ECO-4. A complementary measure

to the onset time is the duration of greening (Fig. 7b),

which exhibits mean lengths of 150 (ECO-4)–260 days

(ECO-2). Note that DUR can distinguish between high-

elevation forests (red, high DUR) and intermediate-

elevation grasslands and dry forests (blue, low DUR)

along the SMO. In fact, higher seasonality (low DUR) is

observed in ecosystems (ECO-1, ECO-4, ECO-6) that

are more dependent on the NAM rainfall and exhibit

drought–deciduous phenology. For these ecoregions,

DUR is substantially longer farther south in the NAM

region, indicating that the TS is more sensitive than TG

to latitudinal variations in the NAM.

An important measure of seasonal greening is the

range of NDVI (Fig. 7c) as this indicates ecosystems

with more abrupt changes. A coherent spatial pattern of

high DNDVI is centered at the SMO foothills (ECO-1)

and extends into semiarid highlands (ECO-4), with

smaller DNDVI for high-elevation evergreen forests

(ECO-2). The mean values of DNDVI across the eco-

regions range from 0.06 (ECO-5) to 0.32 (ECO-1), with

relatively low spatial variations (std from 0.03 to 0.05)

across all ecoregions (Table 1). This indicates that

DNDVI can help identify subtropical and tropical eco-

systems whose phenology is well tuned to NAM rainfall

through leafing on of large plant canopies (e.g., Pérez-

Ruiz et al. 2010; Vivoni et al. 2010c). When compared to

NDVImax (Fig. 7e), it is clear that DNDVI is a large

fraction of the maximum NDVI observed in response to

the NAM. Note that NDVImax exhibits a spatial distri-

bution that is closely tied (but not identical) to the mean

annual NDVI and PC1 (Figs. 3a and 4a). Furthermore,

ecoregion values of NDVImax range from 0.24 (ECO-5)

to 0.76 (ECO-1), such that DNDVI/NDVImax varies

from 0.25 to 0.42. As with DNDVI, spatial variations of

NDVImax in each ecoregion are low, with coefficient of

variations (CV) from 0.07 (ECO-1) to 0.29 (ECO-5),

and they are stronger for areas with lower maximum

greening. This strong, coherent change in NDVI is

a signature of the transformation from desert to lush

green conditions in the region (e.g., Watts et al. 2007;

Vivoni et al. 2008a).

The timing of the maximum NDVI varies spatially in

the NAM region (Fig. 7d). Overall, the peak greenness is

typically during late August–early September (ECO-1,

ECO-2, ECO-3, ECO-4, and ECO-6), well after the NAM

onset. In contrast, portions of ECO-5 have winter/spring

growth peaks that impact the spatial average TNDVImax

and lead to a large ecoregion variation (Table 1). As

compared to TG, TNDVImax exhibits stronger varia-

tions with latitude along the SMO foothills and with

elevation within the SMO. This shows that subtropical

scrublands and tropical dry forests (ECO-4, ECO-1)

have later peak greenness at latitudes less than 268N

and earlier TNDVImax for northern latitudes (268–328N).

This delay in NDVImax for southern locations is likely

due to the progression of the month of maximum rainfall

from July to August to September over these latitudes

(Brito-Castillo et al. 2010). Furthermore, the delay in

TNDVImax, for a similar TG, leads to a longer DUR of

the seasonal greening for southern areas. A similar de-

lay in TNDVImax and an increase in DUR occur for

higher-elevation sites in ECO-2, with some locations

with conifer woodlands having peak greenness in the fall

or winter period.

The time-integrated NDVI (Fig. 7f) is a useful in-

dicator of the total biomass fixed during the growth

season and is related to the net primary productivity

(Reed et al. 1994). The spatial distribution of TINDVI

suggests that more productive ecosystems are located in

the tropical dry forests of ECO-1 and the evergreen and

deciduous woodlands of ECO-2 and ECO-3 (Table 1).

Significantly smaller TINDVI, on the order of 50% less,

occurs in semiarid grasslands, shrublands, and subtrop-

ical scrublands (ECO-4, ECO-5, ECO-6). Interestingly,

TINDVI exhibits a latitudinal gradient with higher val-

ues in the southern areas and appears to combine the

spatial features of the DUR and DNDVI distributions

(Figs. 7a and 7c). This suggests that high values of

TINDVI can be achieved in two different ways: 1) with

a short period of intense greening (e.g., tropical dry

forests, ECO-1) or 2) with a prolonged period of mod-

erate greenness (e.g., evergreen or conifer forests, ECO-2,

ECO-3). In the first case, the ecosystem response is well
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tuned to rainfall availability and the greening TS begins

rapidly after the monsoon ends (Fig. 6a). In the second

case, moderate greening occurs in response to the NAM,

but it continues well after the end of the season in part

because of the impact of soil moisture memory. These

two cases represent different plant strategies to cope

with the seasonal water availability. Thus, TINDVI is

an appropriate metric to quantify seasonal biomass pro-

ductivity, but its value should be inspected along with

DUR and DNDVI, as different plant strategies can lead

to similar results.

d. Interannual variations of spatial phenological
metrics

To complement the time-averaged patterns, we present

the interannual variations of the vegetation metrics in

Fig. 8. TG exhibits low year-to-year differences farther

south in the domain for all ecoregions indicating a more

consistent response to NAM rainfall (Fig. 8a). Interestingly,

some desert and conifer areas (ECO-6, ECO-3) also

have low variations of TG, possibly due to consistent

greening onset related to temperature increases. The

highest interannual variability of TG occurs for areas

in ECO-5 with a winter rainfall component that is more

susceptible to ENSO. Interannual changes in greening

duration (Fig. 8b) reflect the patterns of TG in ecoregions

above 308N, but they are quite different in southern sites. In

particular, large year-to-year differences in ECO-2 and

ECO-4 show variations in greening TS since TG changes

are low. This suggests that high-elevation sites vary their

senescence period depending on the precipitation available

in fall and winter to sustain greenness. As a final timing

metric, TNDVImax (Fig. 8d) provides a clear distinction be-

tween ecosystems with consistent peak greening times

(ECO-1, ECO-3, ECO-4, ECO-6) and those with strong

variations from year to year (ECO-2, ECO-5). Given the

correspondence with Fig. 7d, it is evident that ecosystems

with a strong dependence on NAM rainfall have consistent

FIG. 8. Spatial distribution of the interannual standard deviation of the vegetation metrics: (a) TG, (b) DUR, (c) DNDVI, (d) TNDVImax,

(e) NDVImax, and (f) TINDVI.
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peak timings, while areas with either stronger winter rain-

fall (ECO-5) or sustained greening after the NAM (ECO-2)

have much higher variations from year to year.

The interannual variations of the vegetation magnitude

metrics (DNDVI and NDVImax) exhibit less clear spatial

patterns (Figs. 8c and 8e) as compared to the timing

metrics. Note that tropical dry forests (ECO-1) exhibit the

highest year-to-year differences in DNDVI (;0.07–0.1),

yet moderate changes in NDVImax (;0.04–0.06), sug-

gesting these ecosystems have variations in the mini-

mum NDVI. Similarly, mountain conifers (ECO-2) have

modest differences in DNDVI (;0.04–0.06) and very low

changes in NDVImax (,0.02). As a result, these two plant

strategies (deciduous versus evergreen) have similar di-

rectional responses (of different magnitude) to interan-

nual differences in NAM rainfall, to reduce the minimum

NDVI prior to or after the NAM, while maintaining the

peak greenness amounts. The interannual fluctuations

of TINDVI (Fig. 8f) closely follow the spatial pattern of

the annually averaged values (Fig. 7f), indicating that the

most productive ecosystems (higher biomass) also have

the highest year-to-year variations. Based on the previous

discussion, large TINDVI changes likely result from ei-

ther (i) adaptations of DNDVI in deciduous ecoregions or

(ii) modifications to DUR in evergreen ecosystems.

e. Geographic and topographic controls on
biomass productivity

We explore the geographic and topographic variations

of the time-averaged DUR, DNDVI, and TINDVI in

Fig. 9. Understanding these controls on vegetation activity

should reveal overall trends associated with ecosystem ad-

aptations to precipitation availability. We selected a small-

er domain, encompassing ECO-1, ECO-2, ECO-4, and

ECO-5, to focus on the core of the NAM region (red

polygon in Fig. 1). Results are shown for each ecoregion

and for the entire selected area (labeled TOT). Variations

in these metrics are explored as a function of latitude and

longitude to reveal possible effects related to 1) photope-

riod changes (day and season length) and 2) variations in

FIG. 9. Relations between DUR (days), DNDVI (dimensionless), and TINDVI (days) with latitude, longitude, elevation, aspect, and

slope for four ecoregions (ECO-1, ECO-2, ECO-4, and ECO-5) and the entire red polygon in Fig. 1 (TOT). Averaged values were derived

using bins that spanned the sampled range. Bin sizes are 0.48 for latitude, longitude, and slope; 188 for aspect; and 150 m for elevation. For

improved visualization, the best-fit polynomial relations were added to depict the overall trends.
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the distance to the Gulf of California. Topographic attri-

butes (elevation, aspect, and slope) were used to identify if

terrain properties impact the spatial distribution of DUR,

DNDVI, and TINDVI. While elevation is known to impact

ecosystem distributions in the NAM region, less is known

on the effects, if any, of terrain slope and aspect, as observed

in other areas (White et al. 2005; Chen et al. 2007). For each

variable, spatial averages in the metrics were derived us-

ing bins that spanned the sampled ranges. For reference,

Table 2 presents the terrain attributes of each ecoregion.

The variation of the metrics with longitude is consid-

erable for all ecoregions as the distance from the coast

affects elevation and proximity to the moisture source.

In general, TINDVI increases east from the coastal areas.

For ECO-1 and ECO-2, TINDVI doubles in magnitude

from coastal (21118W) to mountain areas (21068W). It is

interesting to note that the increases in TINDVI are

primarily due to higher DUR farther east since DNDVI is

relatively constant with longitude in ECO-1 and ECO-2.

The longitudinal variation in TINDVI, however, is partly

affected by concurrent latitudinal changes since ECO-1

and ECO-2 are organized from northwest to southwest.

As a result, the isolated longitudinal control is likely to be

smaller, though still present (Fig. 7f). Note also that

TINDVI in ECO-1 and ECO-2 converges to the low

values in ECO-4 and ECO-5 along their western extents.

Interestingly, ECO-4 and ECO-5 have a peak of TINDVI

near 1098W, with decreasing levels eastward that are a

result of changes in DNDVI. This behavior is likely due to

the rain shadow effects of the SMO with greater vege-

tation activity on the western side (ECO-1) as compared

to the continental interior (ECO-4) where vegetation

productivity is reduced.

Latitudinal position also plays an important role in

the metrics, with more productive ecosystems in terms

of TINDVI in each ecoregion in the southern latitudes

(248–268N). The strongest latitude effects are observed

for ECO-1 (tropical dry forest) and ECO-4 (subtropical

scrublands). Overall, evergreen and deciduous forests

(ECO-2) have the highest TINDVI at all latitudes, linked

to their high elevation (Table 2), except near 248N where

they are similar to ECO-1. The consistently high TINDVI

with latitude for ECO-2 is primarily due to high DUR. On

the other extreme, ECO-5 (Sonoran Desert) has consis-

tently low TINDVI, due to a high DUR and low DNDVI,

with values that are only similar to ECO-4 from 308 to

328N. This suggests that seasonal vegetation productivity

in the NAM region is bounded by 1) high TINDVI values

in evergreen and deciduous trees of the southern ECO-2

and 2) low TINDVI values in desert shrublands of

northern ECO-5. Intermediate ecosystems (ECO-1 and

ECO-4) exist within these bounds, greatly varying their

TINDVI with latitudinal position, likely related to site-

specific precipitation availability (Fig. 6) and the varia-

tions in an ecoregion of the plant phenology. Interestingly,

the latitudinal variations of ECO-1 and ECO-4 in TINDVI

are primarily due to changes in DUR as DNDVI decreases

weakly with higher latitudes.

We also explore the effects of elevation, aspect, and

slope on TINDVI, DUR, and DNDVI. For most eco-

regions, aspect has a minimal impact on TINDVI, with the

exception of ECO-2, which has a minor decrease on south-

facing slopes (1808 aspect) owing to a lower DUR. This

suggests that this region does not have a strong aspect

control on vegetation patterns at 8-km resolution. Note

the positive relationship between TINDVI and slope in

TABLE 2. Statistical parameters of the topographic features for each ecoregion. Slope and aspect are defined as the angles (8) of the surface

normal upward from the horizontal direction and clockwise from north, respectively.

Topographic metric Statistical property ECO-1 ECO-2 ECO-3 ECO-4 ECO-5 ECO-6

Elevation (m) Mean 716.32 1782.70 1443.00 1310.80 482.66 1290.80

Std 473.94 866.49 610.03 663.12 454.28 330.05

Skewness 0.87 21.13 21.19 20.19 0.79 20.86

Kurtosis 3.37 2.90 3.85 1.85 2.23 4.40

Min 51.14 5.50 5.66 0.00 0.00 0.00

Max 2677.60 3041.90 2598.80 2674.60 1963.00 2427.90

Slope (8) Mean 1.60 1.41 1.62 1.05 0.48 0.76

Std 1.19 1.24 1.09 0.76 0.39 0.62

Skewness 1.23 1.42 0.61 1.60 1.48 1.98

Kurtosis 4.47 5.01 2.84 6.99 6.12 8.40

Min 0.03 0.00 0.00 0.00 0.00 0.02

Max 6.92 7.01 4.71 6.14 3.07 4.42

Aspect (8) Mean 209.33 194.76 207.78 174.94 204.48 170.73

Std 79.20 99.84 102.07 95.51 83.06 101.85

Skewness 20.67 20.44 20.63 20.01 20.72 0.07

Kurtosis 2.84 2.04 2.05 1.83 2.97 1.63

Min 0.32 0.00 0.46 0.08 0.00 0.00

Max 359.83 359.70 350.34 359.89 359.16 359.01
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each ecoregion, indicating that higher slope areas tend to

have greater productivity (note that maximum slopes of

78 at 8 km are reduced with respect to actual slopes). For

ECO-2, mountain forests have prolonged but moderate

greening that grows steadily with higher slope due to

higher DNDVI. While the dependence of TINDVI on

slope is similar for ECO-1 (tropical dry forests), the un-

derlying cause is very different: an increase in DUR with

slope more than offsets the observed decrease in DNDVI.

Over TOT, the predominant cause for higher TINDVI

with slope appears to be DNDVI over the range of 08–38

and DUR over the range of 38–78. These results suggest

a complex interaction between slope and TINDVI in-

volving adjustments within an ecoregion as well as eco-

region organization in the domain.

Elevation dependence of TINDVI varies according to

the ecoregion: 1) ECO-1: moderate increase with eleva-

tion; 2) ECO-2: moderate decrease with elevation; 3)

ECO-4: weak increase with elevation (note the high

TINDVI for low altitude is due to agriculture); and 4)

ECO-5: strong increase with elevation up to 1200 m with

low values thereafter. It is important to keep in mind that

stratifying by ecoregion limits the elevation dependence

to within-class variability. TINDVI for TOT clearly

increases with elevation primarily due to a higher DUR

with altitude, even when DNDVI decreases with eleva-

tion. This is an interesting feature in each ecoregion and

the overall spatial pattern that indicates preference for

moderate and sustained greening at high elevations, while

lower elevation sites are dominated by rapid greening of

limited duration. Clearly, there should be an underlying

set of abiotic factors, most likely precipitation character-

istics (Gochis et al. 2007; Nesbitt et al. 2008), that drive

these plant adaptations along mountain fronts. A detailed

analysis of long-term precipitation data arranged along

different elevation and vegetation zones could potentially

aid in identifying these abiotic controls.

f. Long-term trends in vegetation phenological
metrics

The long-term NDVI is used to explore linear trends in

vegetation metrics as a first step to identifying climatic

controls on the vegetation dynamics. Figure 10 shows the

interannual variability for each ecoregion of TG, DUR,

FIG. 10. Interannual variability of vegetation metrics for each ecoregion with statistically significant linear trends presented as thick lines.
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DNDVI, TNDVImax, NDVImax, and TINDVI. Linear

regressions (solid lines) are displayed only for those sig-

nificant linear trends where p values are less than 0.05.

Table 3 lists the slope of the linear regression and p values,

with the significant trends in bold. Clearly, the interannual

variations vary for different metrics and across the eco-

regions. Significant linear trends are present in specific

ecoregions for all metrics except DUR. However, it is

important to note these trends are derived for ecoregion

averages that aggregate the spatial variability within many

pixels, with some having insignificant trends. To exhibit

these spatial differences, Fig. 11 presents the slopes of the

significant linear trends for each vegetation metric at the

pixel scale. Along with ecoregion averages, spatial distri-

butions allow interpretations of the long-term trends (if

any) of the vegetation dynamics.

TABLE 3. Statistical parameters of linear trends in annual vegetation metrics (Fig. 10), including p values and slopes. Note that p , 0.05

(boldface) highlights correlations that are significantly different from zero, thus the hypothesis of a linear trend cannot be rejected.

Ecoregion

TG DUR DNDVI TNDVImax NDVImax TINDVI

p slope p slope p slope p slope p slope p slope

ECO-1 0.218 20.097 0.835 0.003 0.036 0.001 0.112 20.227 0.013 0.001 0.275 0.282

ECO-2 0 21.209 0.594 20.287 0.728 0 0.282 1.347 0.041 0 0.871 20.051

ECO-3 0.022 1.448 0.088 20.575 0.763 0 0.002 1.505 0.944 0 0.028 20.28

ECO-4 0.366 0.444 0.417 20.206 0.002 0.002 0.799 0.105 0.006 0.002 0.627 0.185

ECO-5 0.944 0.06 0.366 0.689 0.008 0 0.513 1.66 0.201 0 0.051 0.214

ECO-6 0.025 1.549 0.051 20.948 0.366 0 0.036 0.875 0.185 0.001 0.728 20.071

FIG. 11. Spatial maps of the linear trends of interannual changes of vegetation metrics for individual pixels: (a) TG, (b) DUR, (c)

DNDVI, (d) TNDVImax, (e) NDVImax, and (f) TINDVI. White pixels represent areas where the Mann–Kendall test for a linear trend is

not satisfied (r 5 0.05).
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The timing of TG varies among the ecoregions, with

significant increasing trends in northern areas (ECO-3,

ECO-6) and significant decreasing trends in southern

areas (ECO-2). Figure 11a corroborates these ecoregion-

averaged results and indicates a spatial difference in the

sign of the linear trend between northern and southern

areas with a separation near 308N. This suggests that the

northern conifer forest (ECO-3), Chihuahuan Desert areas

(ECO-6), and portions of subtropical scrublands (ECO-4)

are experiencing a delayed beginning (higher TG) of ;1.5–

1.7 days yr21 (Table 3), while southern evergreen and

deciduous forests (ECO-2) exhibit an earlier greening

(lower TG) of ;1.2 days yr21. Long-term trends in TG

are not apparent in tropical dry forests (ECO-1) or the

Sonoran Desert (ECO-5). Long-term trends in the green-

ing onset should be related to differences in the arrival of

NAM precipitation events over this period. For example,

Grantz et al. (2007) showed a statistically significant delay

in the NAM onset for Arizona and New Mexico during

the period 1948–2004, consistent with the higher TG for

ECO-3, ECO-6, and ECO-4. To our knowledge, a similar

analysis has not been performed for the SMO (ECO-2 with

lower TG) owing to the sparse long-term precipitation data

at the appropriate resolution.

Interestingly, differences in TG are accompanied by si-

multaneous decreases in the greening duration (Fig. 11b)

in pixels within ECO-2, ECO-3, ECO-4, and ECO-6,

though no significant trends are observed in the ecoregion

averages. The overall decreases in DUR are ;0.5–1

day yr21. This is consistent with decreasing trends in

NAM duration for locations in Sonora and Arizona

(Englehart and Douglas 2006). Longer greening dura-

tions are only found in Sonoran Desert areas (ECO-5),

suggesting this region is experiencing a later greening

TS since TG does not exhibit significant trends. Further-

more, a distinct spatial separation is observed between the

mountainous ECO-4 and ECO-6 with shorter DUR and the

coastal ECO-5 with a longer DUR. Note the long-term

trends in TG and DUR are of greater magnitude and are

more widespread spatially than any trends in the timing of

the peak greenness (TNDVImax, Fig. 11d). Overall, areas

with later (earlier) TG also exhibit a delayed (advanced)

TNDVImax, an indication of a translation of the seasonal

phenology in response to precipitation shifts during the

NAM (e.g., Englehart and Douglas 2006; Grantz et al. 2007).

In contrast to vegetation timing, linear trends in

NDVImax and DNDVI, representing greening magnitude,

are positive and consistent for most of the NAM region

(Figs. 11c and 11e). Ecoregion metrics indicate a signifi-

cant increasing linear trend in the maximum greenness

for ECO-1, ECO-2, ECO-4, and ECO-6. For example,

a large spatial region in ECO-4 exhibits increases in

NDVImax of approximately 0.05 over the study period.

These coherent trends, while limited in total magnitude,

may be an indication of subtle changes in the spatial lo-

cation of NAM precipitation. Furthermore, similarities in

the spatial distribution of trends in NDVImax and DNDVI

indicate that minimum NDVI values are relatively un-

altered. It is interesting to note that, despite the significant

linear trends in NDVImax, there are weaker trends for

TINDVI (Fig. 11f) and that the ecoregion averages ex-

hibit variations in directionality. For example, pixels with

conifers (ECO-3) and evergreen and deciduous forests

(ECO-2) show decreases in TINDVI, while certain desert

(ECO-5) and scrubland (ECO-4) areas have increasing

TINDVI in time. This may be an indication of a long-term

trend toward favorability of ecosystems that intensively

utilize NAM precipitation for rapid productivity (i.e., de-

ciduous plant strategies with high NDVImax and short

DUR), as opposed to delayed production (i.e., evergreen

plant strategies with low NDVImax and long DUR). A

persistence of these trends could potentially result in the

reorganization of ecoregions with geographic position and

topographic attributes.

4. Summary and conclusions

In this study, we analyzed long-term (1982–2006)

AVHRR NDVI observations to quantify the spatial and

temporal vegetation dynamics in the North American

monsoon region. This quantification is important from

a climate perspective because of the hypothesized role

played by land surface conditions on the dynamics of the

NAM system via a vegetation–rainfall feedback mecha-

nism (e.g., Matsui et al. 2005; Watts et al. 2007; Higgins

and Gochis 2007; Dominguez et al. 2008; Castro et al.

2009; Méndez-Barroso and Vivoni 2010). From a hydro-

logic perspective, quantifying vegetation dynamics in the

NAM region is critical for (i) inferring the spatial dis-

tribution of precipitation and soil moisture in sparsely

gauged regions (e.g., Gochis et al. 2007; Nesbitt et al. 2008;

Méndez-Barroso et al. 2009) and (ii) incorporating veg-

etation phenology into improved seasonal forecasts of

soil moisture, evapotranspiration, and streamflow (e.g.,

Vivoni et al. 2008a; Vivoni et al. 2010b).

An important motivation for quantifying vegetation

dynamics is the recent evidence obtained during NAME

on the variation of precipitation characteristics with ele-

vation and its implications on ecosystem patterns. As

shown by Gochis et al. (2007), Gebremichael et al. (2007),

and Nesbitt et al. (2008), high-elevation sites with ever-

green woodlands typically experience more frequent, but

less intense, precipitation events as compared to lower-

elevation sites in deciduous ecosystems. As a result, it

is possible that vegetation patterns in the NAM region

are a result of variations in the soil water balance
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arising from elevation gradients in precipitation char-

acteristics and in temperature regimes. This study lays

a foundation to test this climate–ecosystem organiza-

tion hypothesis by quantifying the spatiotemporal dy-

namics of vegetation at the remotely sensed pixel and

ecoregion scales.

This study has characterized several important features

of the spatiotemporal variability of vegetation dynamics

in the NAM region, including the identification of the

following: 1) distinct ecoregions with coherent vegetation

variability; 2) spatial patterns in vegetation phenological

metrics and their ecoregion dependence; 3) variations

with geographic location and topographic attributes; and

4) interannual variability at the ecoregion and pixel scales,

including an assessment of significant long-term linear

trends. Based on these complementary analyses, the

major findings of this study can be synthesized by com-

paring the seasonal biomass productivity, as captured by

vegetation metrics, in two distinct ecosystem types. These

cases represent different plant strategies (deciduous

versus evergreen) whose occurrence varies along spatial

gradients to cope with seasonal and interannual water

availability:

1) Deciduous ecosystems (e.g., semiarid grasslands, sub-

tropical scrublands, tropical dry forests) have a high

seasonality during a short period of intense greening

occurring rapidly after the NAM precipitation onset.

2) Evergreen ecosystems (e.g., mountain woodlands, co-

nifer forests) have a more muted seasonality during a

prolonged period of moderate greenness that is de-

layed with respect to precipitation onset but continues

after the NAM.

Interannual precipitation variability leads to divergent

vegetation responses from the two ecosystem types, with

a greater adjustment in the greening range for deciduous

plants and a larger modification of the greening duration

and peak timing for evergreen forests. With changes in

water availability in space (e.g., latitude, elevation), the

two ecosystem types have similar directional responses

but of different magnitudes. At low latitudes, the greening

duration is increased highly (modestly) in deciduous

(evergreen) ecosystems, while greening range is increased

modestly (highly). For higher elevations, increases in

greening duration are sufficiently large in both ecosystems

to overcome decreases in the range of greening. Clearly,

ecosystem differences should be considered when ana-

lyzing seasonal biomass productivity, as different plant

strategies exist for greening range (deciduous) and dura-

tion (evergreen). Long-term trends in vegetation metrics

also indicate higher greening ranges for deciduous eco-

systems and lower greening durations for evergreen eco-

systems. A persistence of these trends could potentially

result in the spatial reorganization of ecosystems in the

NAM region.
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temporal variations in surface characteristics over the North

American Monsoon region. J. Arid Environ., 74, 540–548.

Lotsch, A., M. A. Friedl, B. T. Anderson, and C. J. Tucker, 2005:

Response of terrestrial ecosystems to recent Northern Hemi-

spheric drought. Geophys. Res. Lett., 32, L06705, doi:10.1029/

2004GL022043.

MacQueen, J. B., 1967: Some methods for classification and anal-

ysis of multivariate observations. Proceedings of Fifth Berke-

ley Symposium on Mathematical Statistics and Probability,

University of California Press, 281–297.

Maignan, F., F. M. Breon, C. Bacour, J. Demarty, and A. Poirson,

2008: Interannual vegetation phenology estimates from global

AVHRR measurements—Comparison with in situ data and

applications. Remote Sens. Environ., 112, 496–505.

Matsui, T., V. Lakshmi, and E. E. Small, 2005: The effects of satellite-

derived vegetation cover variability on simulated land–

atmosphere interactions in the NAMS. J. Climate, 18, 21–40.

Méndez-Barroso, L. A., and E. R. Vivoni, 2010: Observed shifts in

land surface conditions during the North American monsoon:

Implications for a vegetation–rainfall feedback mechanism.

J. Arid Environ., 74, 549–555.

——, J. Garatuza-Payán, and E. R. Vivoni, 2008: Quantifying

water stress on wheat using remote sensing in the Yaqui

Valley, Sonora, Mexico. Agric. Water Manage., 95, 725–736.

——, E. R. Vivoni, C. J. Watts, and J. C. Rodrı́guez, 2009: Seasonal

and interannual relations between precipitation, surface soil

moisture and vegetation dynamics in the North American

monsoon region. J. Hydrol., 377, 59–70.

Mesinger, F., and Coauthors, 2006: North American regional re-

analysis. Bull. Amer. Meteor. Soc., 87, 343–360.

Mora, F., and L. R. Iverson, 1998: On the sources of vegetation

activity variation, and their relation with the water balance in

Mexico. Int. J. Remote Sens., 19, 1843–1871.

Myneni, R. B., S. O. Los, and C. J. Tucker, 1996: Satellite-based

identification of linked vegetation index and sea surface tem-

perature anomaly areas from 1981–1990 for Africa, Australia

and South America. Geophys. Res. Lett., 23, 729–732.

Nesbitt, S. W., D. J. Gochis, and T. J. Lang, 2008: The diurnal cycle

of clouds and precipitation along the Sierra Madre Occidental

observed during NAME-2004: Implications for warm season

precipitation estimation in complex terrain. J. Hydrometeor.,

9, 728–743.

Notaro, M., Z. Liu, and J. W. Williams, 2006: Observed vegetation–

climate feedback in the United States. J. Climate, 19, 763–786.

1782 J O U R N A L O F C L I M A T E VOLUME 24



Pennington, D. D., and S. L. Collins, 2007: Response of an aridland

ecosystem to interannual climate variability and prolonged

drought. Landscape Ecol., 22, 897–910.
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