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Abstract: Increasing water use and droughdtong with climate variability and land use
change,have seriously altere@legetaion growth patternsand ecosystem response in
several regionsalongsidethe Andes MountainsThirty years ofthe new generation
biweekly normalized difference vegetation indeXNVI3g) time series data show
significant land cover specific trendad variabity in annual productivity anthnd surface
phenola@ical responseProductivity is represented by the growing season mean NDVI
values (July to JuneRrid and semiarid and sub humidregetation typegAtacama desert,
Chaco and PatagoniagrossArgenting northern Chilenorthwest Urugay and southeast
Bolivia show negative trersdn productivity, while someéemperatdorest and agricultural
areasin Chile and sub humid and humid areas in Brazil, Bolivia and Bleow positive
trends in productivity The start (SOS)and length(LOS) of the growing season results
show large variabilit and regional hospots where later SOS often coincides with reduced
productivity. A longer growing season is generally fofmrdsome locations the south of
Chile (subanfarctic fores) and Argentina(Patagonia steppelwhile central Argentina
(Pampamixed grasslands and agricultueads a shorter LOSSome of the areas have
significant shifts in SOS and LOS of one to several months. £asonal Multivariate
ENSO Indicator(MEI) and the Antarctic Oscillation (AAO) index have a significant
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impact on vegetationproductivity and phenology in southeastrn and northeastrn
Argentina(Patagonia an&ampa) central and southern Chi{mixed shrubland, temperate
and subantarcticforest) and ParaguafChaco)

Keywords: NDVI; phenology climate MEI; AAO; time seriesvariability; trends South
Americg Atacama Chacq PatagoniaPampa

1. Introduction

The Mille nnium EcosystemAssessmentl] illustrates how South Americarecosystem servicese
governed byhigh biodiversity, productive land covera variety of land use changeand by
desertificationthat is taking place in some areas. One attribute used to monitor ansl essgsstem
services is annual above ground primary productiegetation productivitthas beerestimated by
using NDVI time series datii4]. Additionally, long term NDVI times series have been used to
analyze itends[5i 9] and responseds vegetatiorto environmental variables such as clim@gaoi 13
and land us§l4i 18].

The Intergovernmental Panel on Climate Change (IPCC) indicated that phertbldyning of
recurring biological events in response to the environneatrelatively snple measure or proxy for
climate change and variabilif)d9]. Land surface phenologys defre d as At he seaso
variaton i n vegetated | and sur f g20eiskeytdnsaayrearth durfdfcea o m
processes and impacts carbamd hydrological processes as well as societies and econfiijes
Therefore, information about land surface phenological respimseeded to enhance eaststems
scienceand model representation and understandapgtially distributed land surface phenology has
been derived using NDVI time series ddtam the Advanced Very High Resolution Radiometer
(AVHRR) and Moderate resolutin Imaging SpectroradiometevQDIS) to examinetrends and the
timing of landscape changg®2i26] and monitor and assess ecosystem respofi®és3l], and
possibly adapt tasynchronous ecosystem response to environmental variability and ¢B2nge

South Americé Bnd cover is extremely variable across the contif@jtandis strongly impacted
by interannualvariability in climate The topography of theAndes Mountainsin combination with
climatic cycles such a&ENSO resultsin complex seasonal variability argpatial distribution of
precipitation and temperatufields across tle continent[34]. Interannual climate variability is causing
increased temperatures aticughts in some anidcreased rainfall andecreased solar irradianoe
other areaqg34]. Some ofthis climate variability is captured by atmospheric indices such as the
Multivariate ENSO Index (MEI) andntarctic Oscillationindex (AAO). One of the objectives of this
research is texplor how MEI and AAO are affecting vegetation response. A bettderstanding of
vegetatiorclimate interactionin South Americawill address efforts associated wildaptation to
climate variability and warmer temperatures, which has consequenasso8ystem functioning, and
land and water use acros ttontinent ina variety of waysFor example, agricultural, mining and
energy related demands for water are putting pressuoptimizing and managing these often limited
resourcesFurthermore, changes in the timing of biological events, such as the timing ofugreen
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flowering and bird migrations can impact water demand, rates of carbon sequestrationeratid
ecosystem functioning.

Themainobjectiveof this research is to characterize and examine the interannual varjatsliys
and changesf land surface mductivity and phenologin response to climate variability and change
using thelongest and newest generation of continuous normalized difference vegetation index
(NDVI3g) time series data set currently availali,36], in combination with climate dat&Ve focus
this research on the southern cone of South Ameaioagside the Andes Mountains, including
Argentina, Bolivia, Chile, ParaguayUruguay, and parts of Pemand Brazil. In the context of the
objective weareaskng the following research questions:

(1) What are theproductivity andphenological characteristics tfe diversdand cover typesn
South America?
(2) Are there any interannual trends in the phenology?
(3) How does land surface phenology respond to the environment(emgte, land use)?
(4) What and where are the impacts of climate on local and regional scale land surface responses?

With respect to questiong3) and (4), we will mostly focus onexamining the functional
relationships between interannual climate indidg@dSO and AAQO)and vegetation productivity and
phonologicalvariables.

2. Data and Methods

The 30yearrecordof AVHRR GIMMS NDVI data were invdggated forpart of SouthAmerica
alongside the Andedetween the latitudes 095 and 1 605 and the longitudes of 80W and
150W, to analyze changes in intaand intraannual trends as a function of several climate indices to
infer possible causes fabserved inteannual changes in greenne$ie following set of methods
were used to answer the questions raised in the introdu¢tipinendanalysisof annual meamNDVI;

(2) trend analysis ofphenological variablésstart and length of season climati@riables;
(3) correlation analysis betweamnual meaMNDVI and seasonatlimate variablefMEI and AAO);
and (4) correlation analysis betwegrhenological variables (SOS and LO&)d seasonal climate
variables (MEI and AAO).

2.1. Study Ared South Ameria

The study area is defined by tletlined extent in Figure 1The focusis mostly on arid and
semihumid areas of the southern cone of South Aeaera region that has nbékeen a focus of
climatevegetation response research usiegetationtime seris dataspanning 30 years-igure 1
provides an overview of the aggregated land cover types based on work publishedeb\aEpNaS].

Eva et al. [33] representamultiple agricultural and forest typg such as theendemictemperate
deciduous forestin Chile, better than most other comparable land cover prodddis. Andes
Mountains provide for complex topography and climate patterns aolagge latitudinal gradient

From a biogeographic viewpoint, the study area contains four bioclimatic zones (Tableyl)are
formed by the presence of the Andean mountain in the west, a precipitation gradient with an arid
diagonal zone in the middle of the continent (from the Atacama deésekia Pampa), and by a



Remote Seng013 5 1180

north-south temperature gradient associated with uldit[37i39]. The four bioclimatic zones
contained within the study ardaave been transformed by human activitretated with forest
extraction for energy, land habilitation for agriculture and forest plantatod, urban expansion
during the last two centurie®s summary of the areal extent of land cover types is provided in
SupplementaryrableS1.

Figure 1. Land cover types based on data froralet al.[33]. The black tcles are the
sample areas representatiof the major land cover types that are used to show the
phenology and some examples of the seasonal and interannual NDVI time series data
within the indicated study area extent.
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Table 1.Bioclimatic zonedor the studyarea[37i 39].

Zone Location (Lat.) Countries BiogeographicUnit
. Per( Bolivia Tropical rain forest, mountainous
Tropical 110%0 115° Y . P
and Brazil forest and Andean steppe

Chile. Bolivia Desert(Atacama), Andean steppe (Altiplano),
SubTropical 115°%0 130° ’ ' closed deciduous forest and scrublai€lsChaco),
Paraguaynd Brazil . . .
and northerrsavanna mixed with agriculture

Mediterranean scrubland and temperate forest
Chile, Patagoniateppe, monte scredteppe,
southern spinal savanna apdmpa steppe

Chile, Argentina

T te 130°%o0 143.5°
emperate | 01 and Uruguay

SubAntarctic 143.5%0 155° Chile and Argentine SubAntarctic forest and Patagonia steppe

The climate of thigparticular area of the continent is impacted mostly by the ENSO and AAO
patterns.This region presents a wide variety of climates as a consequence of atmospheric circulation
patterns (represented mainly by the Intertropical Convergence Zone and easterly winds in the tropics
and the predominance &Westerlies prevailing windsat southernmid-latitudeg, the influence of
oceanic currents that transport heat (for instance the Peru, Cape Horn, and Brazil currents) and the
presence of major geographic featyrdse the Andesthat contributeto create a mosaic of south
Amer i oaraté typex |

The influence of the Andes becomes particularly important for the explanation of arggmi
diagonalstrip of landthat covers the central north part of Chile and the Patagonian region of Argentina
(Figure 1). Arain shadoweffect is createdy this mountainchain. While between5ES and 27S
latitudes precipitation is dominated by convective activity in the Amazonia\Mbsterlies bring
moisture and frontal systems to the southern latitudes. The presence of the Andes precludes rainfall tc
occur on the western side of the Andes at low latitudes and on the eastatrhgtdatituded40].

Therelevance of agriculture and forestry in this continent is quite significant. In this region, a small
subsistence agriculture coexists with a more sophisticated export oriented industry, representing a ver
dynamic sector for the economy (on average, ithe sector that represents approximately 4% of the
gross domestic produptl]) andarelevant source of employment.

2.2. GIMMSNOAAAVHRR NDVITime Series Data

Time-series of biweekly (15 days) compositedr resolutionNormalized Difference Vegetation
Index (NDVI) values fromJuly of 1981 toDecember 0f2011 provided by the Global Inventory
Modeling and Mapping Studies (GIMMS) project were acquired by the Advanced Very High
Resolution Radiometer (AVHRR) sensors 7, 9, 11,16tand 17 on board the National Oceanic and
Atmospheric Administration (NOAA) satellite platforn85,36]. The NDVI is the ratio of the
differenceof the neatinfrared NIR)and r ed r ef | e QRT3 dieided hy Yhe sum bfu e s
the red and NI R nk € frl). €Thet NDWIdiree seriasdataewere ¢alibrated and
corrected for view geometry, volcaraerosols, and other miscellaneous issuerelated to vegetation
responsewere minimized [35,36]. These NDVItime seres data areextensivelyused for trendand
land surface responsmnalysis[2,6,31,4243] and currentlyspans30.5 years,24 images per year,
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resulting in 732 gridded images with observations of vegetation dynamitde contimity of
multi-sensor NDVI data set®mainsa challenge due to differences among sensors with respect to
spectral response functions, calibration, sensor, dnft atmospheric correction causing small changes

in NDVI dynamic range among sensdB5,44 49]. The most recent comparison between AVHRR
and MODIS based NDVI values showed good correlation for phenologically distinct areas and larger
differences for tropical forest arepd2]. We will explore the cotnuity of the 3Gyear NDM time

series using the Atacanizesert asm@invariable target.

NDVI data are also verielpful to examine the capacity of carbon assimilation and water use of
different vegetation typeduring their growing seasofb0,51]. NDVI values integrated during the
growing season are frequently used as a proxy measurement for seasonal vegetationityrpsic
In this research thannualmean NDVI is used as an NDWhased productivity metricThe annual
mean NDVlvaluefor each year (t)s computed by averaging all 24 observations for each pixel for
each yearreferred to as NDWlean: Since vegetation gwth tend to occur in spring and summar
the Southern hemispheréwas necessary to redefine the period of integration as the one between July
and June, spanning two calenglaars This methochas beermappliedto othersimilar research done in
this region [18]. This metricis expected to represent different and unique sgatigoral vegetation
responsgto global and regionalriverslike climate and land use

2.3. LandSurface PhenologyNDVI Time Series Data

The NDVI time series data provide seasonal and interannual information about ecosystem
responses to the climate. These phenological trajectories represent ecosystem changes and variabili
in response to efronmental dynamics including changes in land use. Furthermore, the seasonal
and interannual trends provide a qualitative indication of the continuity of the NDVI data across
AVHRR sensors.

TIMESAT time-series analysis software was used to extract msewfcvegetation dynamics
(phenological metrics) for each year (188011). An adaptive Savzky-Golay smoothing filtef53]
was used because it maintains distinctive vegetation-geriestrajectoriesand minimizes various
atmospheric effect29,54]. For the purpose of this study, two timing metrics were udgdhe start
of growing season, the time whtre NDVI value has increased by 20964] of the distance between
the preseason minimum and the seasonal maxim{@nthe lengthof growing season, the difference
between the start arehd dates of the growing seasdime end dates of each growing season were
determined based on the same 20% threshdie timing based phenoetricsare used te@haracterize
seasonal photosynthetarctivity and patterns among different vegetation typssthey respond to
different environmental conditiorsdong latitudinal andopographicagradients.

2.4. Climatendice® Monthly Multivariate ENSO Index (MEI) ahtarctic Oscillation (AAOPata

ENSO has a very strong impact on the interannual variability of precipitation and temperature
patterns in many regions of South Amerji8d]. The Andes Mountains also play a pivotal role irsthe
climate patterns. Global scaleNEOrelated rainfall anomalies show that the HfoNperiods are
usually correlated with anomalously wet conditions in central Chile and the southeastern portion of the
continent and with below normal rainfall and warmer than normal conditions in thesmogart of
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South America. LaNifa events are typically associated with opposite rainfall anomalies in both
regions [34]. The Multivariate ENSO Index (MEI) represents multiple variabkesg,(sea level
pressure, sea surfatemperature, Nifo regions), related to El Nifo and La Nifa phenomgst. A
positive MEI is associated with ElI Nifo and a negative MEI with La Nifa periddscadal and
interdecadal variability has been associated with the Pacific Decadal Oscillation &RD@alies of
precipitation and temperature ov@outh America, which have a similar spatial structure to the ENSO
anomaliesput less strong34]. Finally, positive phases of the Antarctic Oscillation (AAO) typically
cause warmer surface air temperature to the south &. Mecipitation anomalies related to the
AAO are largest at 405, and substantial in southern Chile and along the subtropical east coast of
South Americd34].

In this research we examine the relationship between MEI ammiah mean productivity
and phenological metricsVe also examine the impact of the AAO on the same variables. Since the
impact of the PDO is relatively weak, we will not investigate this further within the scope of this
researchMonthly MEI [55,56] and AAO[57,58] data were used to calculateantri-monthly MEk
and AAQ, values torepresent the growing seasdey Winter (JAS), Spring (OND), Summer (JFM),
andFall (AMJ).

2.5. Ecosyster@haracterization Variability and Trendsin Productivityand Phenology During0 years

The thirty yearmearimedianandinterannualvariability of ecosystenproductivity and phenology
arerepresented by the mean and coefficient of varigi@@V) of NDVImeantand LOS data, and the
median ad standard deviatiofSTD) of SOS data The thirty year averageinnual NDVI was
computed based on the average of the thirty yearly mean values ofNPVThe CO\y) is
computed for the thirty years of NDMdan:and LOS data using the following equan:

COV(y) = STD(y)/Mean(y) D

whereSTD is the standard deviation of the thidigservationperpixel.

Interannual trends in the thirty year data recaere examined for the NDMdan: SOSand LOS
usinga first orcer linear regressio@nalysis Each of the thredependentvariables are analyzed as a
function oftime represented by thirtyonsecutive yeard € 1 to 30). The following equation is an
example of the functional relationshastablishing the trend in thieterannual NDVI thirty year time
series data

NDVI mean,t: a X t + b + Q (2)

where a is the slopep is the intercept, an@ the error term of the least squares solutiOnly
significant trends fop O0.05 arereporte.

2.6. EcosysterResponséo MEIl and AAO

One of the main causes of thariability in ecosystem responseciamate variability.We examine
how thethirty years of NDV}eani SOS and LOSdataare related to the MEbRnd AAQ; indices by
using a first oder linear regression analysisntecedent MEJ and AAQ, conditions preceding the
annual growing seaspwere included in the analysis for the summer and fall seasons. Coincident
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MEIs and AAQ, conditions were included for the winter, spring, summer alhdéasonsEach of the
three dependent variablesanalyzed as a function tfiese seasonal and interannual varying climate
indices Thefollowing equation is an example of the functional relationgi@pveen the annual NDVI
and the MEI climate indicator

NDVI mean,tz a X MEls,[ + b + a (3)

wherea is the slope ant is the intercept and the error term of the least squares soluti®gnificant
trends 6r NDVI meanare reported fop O0.05. The levels of significance f80S and LOSresults are
set top 00.1.

3. Results and Discussion
3.1.Land Surface ResponsadPhenological Characteristicand Interannual Variability

The characteristic seasonal responses iaterannualvariabiity (standard deviation based on 30
years per composite perioffr a range of vegetation land cover samples are shown in Figliree2.
samples are a subset of the samples identified in FigureelNDVI time series data show haach
of Sout h A hedrcover dypes have diverse seasqadterns.Vegetation cover types, such as
tropical forest, grasslands, agriculture, savannah, shrublands and deserts, all have land cover typ
specific seasonal NDVI curves with differenegeseasonal dynamic ampldas and ranges as well as
differences in the onset, peak and end of the growing seaBoagiming of the maximum NDVI
values varies considerably throughout the ydé@pical forest peaks midinter, while subhumid,
temperate and aridegetation types ostly peakduring the October thru Februarfime frame.The
timing of the minimum NDVI values varies considerably throughout the year as well: tropical forest
have much lower NDVI values during the rainy season, whilehsufid, temperate and arid
vegetaton types mostly have minimaluesduring the fall and wintefApril-September)it should be
noted that the NDVI time series for the desmdas arevery flat for these mul-sensor time series
NDVI data.

The magnitude and variability of the standardidigen during these seasonal NDVI patterns are
harder to interpret as they represent the interannual variability among all the 30 years of NDVI
observations within each of the composite peridtiss interannual variability is often caused by year
to yearchanges in the timing and magnitude of the seasonal growth patterns, thus providing us with
information about ecosystem response to the environment. This is especially relevant to, for example, &
waterlimited and possibly temperatulienited shrubland, wich will not start greening up until there
is soil moisture available and temperatures allow vegetation growth. Hence the variability in the timing
of precipitation is often coincident with variability in the timing of NDVI increase. On the other hand,
thetiming of the onset of greemp and senescence ineamperaturdimited Montane forest (>000m)
shows the highest variability during periods of water and temperature limitations, while showing very
low variability during the winter. However, the integpation of the interannual variability based on
the standard deviation is often more complicated in tropical or temperate vegetatior typEsosed
evergreen tropical forest, closed deciduous forest, and temperate mixed evergreen broadleaf forest
where cloud cover and/or smoke aerosols also will cause some of this variability. Since cloud cover
and aerosols will reduce the NDVI independent of the vegetation cover beneath it, some of the larger
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standard deviations that we observe are most likely dudotml/aerosol impacts on the NDVI data.

For the closed evergreen tropical forest seasonal NDVI profile, the large difference between summer
and winter NDVI and standard deviation values is arguably mostly due to clouds. The seasonal and
interannual variahty in the NDVI for a few sample points are further illustrated in Figure 3.

Figure 2. Seasonal NDVI response and variability for representativetatge cover
type sample area® pixel averagedased on the mean NDVI value composite period
over a ®-year period. The standard deviations (vertical bars) are indicative of t{eaB0
interannual variability.
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Figure 3. Interannuakariability in phenological trajectories for some of the sanpaants
The closed deciduous forgsbint represerst a derease in NDVI of more #m 5% while
the barrerpointrepreserga decrease of less than 2%, significar @0.05
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The 30 years of biweekly NDVI data shaemporalconsistency for the ded areas(Figure 3)
despite the fact that the data comes franitiple sensors. The barren soil-g€ar trajectory seems to
make a slightlropin 2004.This drop coincides witthe time when AVHRRNOAA-16 transitioned to
AVHRR-NOAA 17. When we do a simple linear regressmmthe annual mean of the barren area,
thereis a small decline in the NDVI of about 0.01 actual NDVI units over 30 y@a@s0(05). The
desert area seems to have a slightly higher NDVI response in the last few years, reportedly due to som
sporadic rairdll events.El Nifo was strong in 1997/1998, followed la Nifa years in 1999 and
2000. The precipitation limited shrublarahd grassland samples show above normal NDVI
response coinciding with increasedEMvalues and dower NDVI due to lowMEI values. The 30
years of NDVI observations for the closed deciduous forest sample show an overall decrease ovel
time, but also illstrate the volatile responses within short time periods. These are most likely due to
cloud cover. Hence, it is best to use the upper envelmpaigher NDVI valuespf these NDVI
trajectories to minimize thesalverseeffects.

The 30year annual mean NOMor the selected vegetation typsisows a large rangef values
(Figure 4). The lowest land NDVI values are for barren soil anéridizsd cover types, while the
highest NDVI values are for temperate mixed forest. One can assume that the NDVI vatlesefbr
evergreertropical forest are suppressed by frequent cloud cover. One sample site classified as a watel
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body showd higher NDVI values, likely caused by a mixture of water and vegetation mixed within
the pixel.For each of the sample sites a summaith the interannual means, COV and trends are
included inSupplementaryableS2.

Figure 4. Thirty-year mean annual NDVI and iSTD for representative vegetation cover
types samples (see Figure 1).
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The spatial distribution of the 3@ear annual mean N} and the associated COV are shown in
Figure 5. The low mean NDVI values or low productivity araeasdiagonally situated across the
Andes MountainsStrong increasing productivity gradients are observed from the desert coast across
the Andes mountainsio tropical forests in the northern latitudes (North 82°S latitude) while we
observe the opposifettern in productivity in the more temperate southern latitude®2(S latitude),
temperate forest on the coast and shrubland across the Andes mouotthe eastTropical and
tenperate forested areas show the regions with the highest productivity, followed by agriculturally
intensive areadvany of the patterns seen in the mean NDVI in Figure 5 follow along well established
precipitation and tempei@e gradientsclassified by the recently upddteK@ppen-Geger system
map[59]. Most of the higher interannual vability represented by higher COV of the annual NDVI
values are associated with areas on and along the Andes Mountains, complemented by some of th
shrubland regions in theentrainorthern parts of Chile ansbuthwestern pastof Argentina.These
shrubland regions are often drought decidutoierantand wil have strong leabut andgrowth of
herbaceous plants in response to rainfall.
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Figure 5. Spatial distributions of thannualmeanNDVI andits coefficient of variation
(COV) representing the interanal variability.

The median of 30 years of SOS values and Sh® of the 30year mean SOS are shown in
Figure 6. The SOS valuesspond variably to temperature, moisture, and radiation limitgt&y2g or
a combination thereof. Most of the SOS values seem what we would eXfece is a strong
latitudinal and elevational gradient in the SOS along Chile and the Avidastains.It should be
noted that the SO%aluesfor the tropical regions are likely less reliable due to the strong interference
by aerosols and cloud cover that impacts the NDVI {&@h The highSTD values seem to confirm
this. We also have some cross calendar year or cloud/snow issues in the south of Chile if #1@high
values are a good indicatiomhe main reason that the median of the SOS is display&tjure 6
instead of the mean SOS is that the mean of the SOS is nefud vslue due to the fact that, for
certain pixelsthe start of the growing season is for some years in November or December (Day of
year ~300365) and for other years in dary orFebruary (Day of year} 60). Hence the mean SOS
of some vegetation types will not result in the correct mean of growing seasons that cross or skip years
The patterns anthe highlyvariable amplitude of th8TD for the 30 years of SOS valudsmonstrate
both areas where the me80®S value i®ased on end arstart of calendar yeaes well as where the
SOS is variablel-urtherwork needs to be done &mcurately visualize thaterannuablariation inSOS
data The spatial distribution of the timing ofdlSOS for the study area (Figure 6) is consistent with
our expert knowledge of the region. The SOS, in concert with the STD, will give an indication where













































