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 Abstract ： Clim ate variability has  a large  im pact  on  the  v  egetation  dynam  ics.  To  quantify  this im pact i n

 the   Tibetan  plateau  a study  was  carried  outusi  ng  tim e- series  of MODISf APAR satellite data p  roducts and 

 NCEP netradiation  and  rainfallre- analysis d  ata.  The  data set spanned  over  the  years betwee  n  2000   and 

2005.  The   NCEP data are used  to constructa tim e  series  of a radiationalindicator  ofdrought ： daily  net 

 radiation  and  rainfall data foreach   NCEP grid  are integrated  over a period  ofeightdays  to m a  tch  the  tem  -

 poral sam  pling  intervalof MODISdata product  s.  The  ratio ofnetradiation  over  rainfallfor  a given  period 

 oftim e is a m easure ofexcess  energy  relative  t  o available waterand  is therefore a m easure of  droughthaz-

 ard.  Fourier analysis oftim e series  ofthe   MOD  ISf APAR  provides  two indicators ofthe  respon  se  ofvege-

 tation  photosynthetic activity to drought ， as  m easured  by  the  indicator   just described.  T  he  two indicators 

 used  in  this study  are the  m ean  yearly f APAR  val  ue  and  its annualam  plitude.  The  algorithm  use d（ HA-

 NTS ） fits iteratively a  Fourier  series  to a setofir  regularly spaced  observations ， after elim ination  ofoutli-

 ers ， such  as  due  to cloud- contam  inated  observatio  ns.  The  relationships between  photosyntheti  c activity of 

 vegetation  and  the  radiationaldroughthazar  d indicatorare determ ined  and  quantified  spa  tially and  tem  po-

 rally.  The  response  during  the  wettest respec  tively driest year  during  the  period  covered  b  y available ob-

 servations was  com  pared.  The  drier  areas  prov  e to be  the  m ost  sensitive  to  clim ate  im pact.  Th  e analysis 

 should  be  extended  over  a longer period  oftim e  to obtain  a m ore robust assessm  entof clim ate  i  m pacton 

 vegetation  dynam  ics ， particularly  as  regards  the  response  of  veget  ation  to  tem  poral  respectively  spatial 

 variabil ity ofclim ate.
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1　 Introductio n 

 Clim ate variability has  a large  im pacton  terr  estrial 

 ecosystem  s ， butim pactis notthe  sam  e forevery region 

 and  itis strongerforregions w ith a delicate b  alance  be-
 tween  water  availabili ty ， radiative  forcing  and  ecosys-

 tem  s.  This applies  in  particular  to  arid  and  se  m i- arid 

 regions ， like  the   Sahel ， parts ofthe   Mediterranean  re-

 gion  and  m any  regions  in   China.  Terrestrial  ve  getation 
 in  arid  and  sem  i- arid  zone  is very sensit ive  to  fluctua-

 tions in  water  availabili ty.  The  effect  of  wat  er  deficits 

 on  vegetation  depends  strongly  on  radiative  f  orcing ，
 since  excess  radiant energy  at the  surface  m us  t be  dis-

 sipated  as  eitherconvective  heating  orheato  fvaporiza-

 tion  of  water  in  both  soil and  foliage.  Accordi  ngly  a 
 good  m easure of  clim ate  forcing  and  variabili  ty  for  the 

 study  ofterrestrialecosystem  s response  sho  uld  com  bine 

 a m easure ofwater  availability with  a m easure  ofradia-

 tive  forcing.

 Fig.1　 Schem  atic description  of  the  approach  proposed  in 

 this paper  to study  the  response of  terrestria  l vegetation  to 

 clim ate variability ； CI is the ratio of precipitation  tim es  the 

 latent heat of evaporation  to net  radiation 

 To  characterize  clim ate  and  its  variability ， in

 term s of the  relation  between  water  availabil  ity  and  ra-
 diative  forcing ， we chose  to use  the   Budyko   Aridity  In-

 dex ［1 ～3 ］， i. e .  the  ratio ofnet radiation  over  precipita-

 tion （ m ultiplied  by  the  latentofvaporization  ofwa  ter ）.

 This ratio  was  originally  m eant  to  be  applied  t  o long 

 term  clim atologies ， but  we  propose  here to  use  it for 
 shortterm （ weekly in this study ） totalvalues  ofnetra-

 diation  and  precipitat ion. Our  hypothesis ［3］  is  that  the 

 indicator  is sti llm eaningfulover  short peri  ods  of  tim e ，
 since  itm easures  the  ratio ofthe  evaporative  dem  and  of 

 the  atm osphere （ i. e .  net  radiation ）  to  available  w ater 

（ precipitation ）， which  are the  clim ate  determ inants of 

 vegetation  growth.
 Foliar  phenology ， i.  e .  the  seasonal  change  of 

 vegetation  cover  and  its  conditions ， is  an  extrem  ely 

 sensitive  indicator  of  m any  factors ， such  as  clim ate ，
 soils and  land  m anagem  ent ， determ ining  the  tem  poral 

 evolution  ofterrestrialvegetation.  Satell  ite data provide 

 the  opportunity  to  m onitor  continuously  foli  ar  phenolo-
gy， but such  m onitoring  over  a period  oftim e ofcli  m a-

 tological  relevance ， i.  e . 10-15   years ， requires  pro-

 cessing  and  analyzing  a considerable  quantit  y of  satel-

 lite data.
 The  m ethod  applied  in  this  study  has  been  de-

 scribed  by   Menenti ， et  al .［5 ～7 ］， Verhoef ， et  al.［8］，
 Azzali ［9］  and   Menenti ［3］， Roerink ， et al.［10，1 1］.  These 
 previous studies  m ake  clear thatclim ate im pa  cton  veg-

 etation  growth  has  to be  analyzed  on  a yearly ba  sis.  On 

 the  other  hand  these  earlier  studies  used  tim e  series  of 

 NDVI as  obtained  from  m ulti- spectral   AVHRR .  S  ince 
 the  launch  ofthe   Terra satellite ， the  high  quali ty radio-

 m etric data acquired  with the   Moderate  Resolu  tion   Im a-

 ging   Spectroradiom  eter （ MODIS ）  have  been  used  to 
 produce  global  observation  geo- biophysical  variables.

 In the  study  described  here we have  used  five  ye  ars of 

 MODISobservations ofthe  fraction   Absorbed   P  hotosyn-

 thetic   Active   Radiation （ f APAR ）， which  is  a m uch 
 better  m easure of  vegetation  growth  closely  r  elated  to 

 Gross   Prim ary  Production.

2　 Meth od 

 The  conceptual  fram  ework  and  research  m ethod 

 are presented  schem  atically  in   Fig.1.  Vegeta  tion  per-

 form ance  is  determ ined  by  two m a jor  im pact  sou  rces ，
 clim ate  and  hum an  activity.  The   Earth  surface  can  be 

 m onitored  on  a daily basis by  space  borne  im agi  ng  radi-

 om  eters （ AVHRR ， VIRS ， AATSR ， MODIS ， MISR ，
 etc ）.  Severalof these  sensors provide  m easurem  en  ts of 
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 red  and  near- infrared  reflectance  which  is su  fficient to 

 provide  a m easure of  light  absorption  by  leaf  c  hloro-
 phyll ， thereby  providing  an  indication  of  vegetatio n

 vigor  and  growth.  These  reflectance  m easurem  ents are 

 m ost com  m only com  bined  into  spectral indices  like  the 
 com  m only used   Norm alized   Difference   Vegetat  ion   Index 

（ NDVI ）， which  gives  an  indication  ofvegetation  func-

 tioning ［12］.  A tim e series  of   NDVI im age  data  docu-

 m entthe  tem  poralbehaviorofvegetation  func  tioning ［
13］

 and  provides  suitable  data  for  bio- clim atolo  gical  stud-

 ies.  The  vegetation  dynam  ics  can  be  quantifie  d by  ap-

 plying  pixel- wise   Fourier  analysis to  the  tim  e series  of 
 NDVI im ages ［8］.  Ifthe  resulting   NDVIFourier  com  po-

 nents are coupled  to  clim ate  param  eters ， the  relation-

 ship  between  vegetation  dynam  ics  and  clim ate  can  be 
 analyzed ［14］.

 In this  study  of  the   Tibet  plateau （ Upper   Right 

UR：40. 00° N 104. 43° W ； Lower   Left   30. 00° N 

80.83° W ）  we have  applied  the  sam  e m ethod  to  tim e 
 series  of MODISf APAR available over the  perio  d J anu-

 ary  1 st   2001   through   Decem  ber   31 st   2005   at   8  day s

 tem  poral resolution.
2.1　 Satellite observations 

 The   Fraction  of   Absorbed   Photosynthetically  Ac-

 tive   Radiation （ f APAR ）  absorbed  by  vegetation  m eas-

 ures  the  proportion  of  available  radiation  in  the  photo-
 synthetically active  wavelengths （0.4   to  0.7   m m ） that 

 a canopy  absorbs.  The   MODIS FAPAR  is derived  di -

 rectly  from   MODIS Reflectances （MR）  and  ancillary 
 data on  surface  characterist ics  such  as  land  c  overtype ，

 background  etc ， by  using  a three  dim ensional  form ula-

 tion  for  the   LAI / f APAR  inverse  problem  .  MODIS  f A -
 PAR （ MOD15 A2 ）  is  Level 4  products at 1  km  spatial 

 resolution  provided  on  a  8- day  basis  by  com  pos  iting 

 m axim um  f APAR  over  the   8  days  period ［
15］.

2.2　 Clim  ate observations 

 W e have  used  the  daily   National   Center  for   Envi -

 ronm ental Prediction （ NCEP ） data products on  precip-

 itation （P）， net  shortwave  radiation  and  net  longwave 
 radiation.  Net  radiation  is derived  from  net  s  hortwave 

 radiation  and  netlongw ave  radiation （R n）.  The   8- day 

 precipitation  is obtained  as  the  sum  ofthe  dai  ly  values 
 over  each   8- day  period ， m atching  the  tem  poral  cover-

 age  of  the   MODIS f APAR .  The R n  values  were daily 

 averages  over  the  sam  e  8  days  period.
2.3　 Clim  ate indicator 

 Evapotranspiration  is the  key  process  in  plan  t de-

 velopm ent.  It is m ainly  controlled  by  two m ete  orologi-

 calparam  eters ， net  radiation  and  precipitat ion ； either 
 one  ofthem  is the  lim iting  factor.  The   Budyko   A  ridity 

 Index  is the  ratio between  netradiation  over p  recipitati-

 on  tim es  the  latent  heat  of  evaporation ［2，3］.  In  other 
 words ， it defines  aridity as  the  am  ountofenergy  in  ex -

 cess  ofthe  heatnecessary to vaporize  all prec  ipitation ，
 for  any  period  of  tim e.  Values  of   BAI  ＞1  indicat e a

 potential  water  stress ， since  net  radiation （ a sim ple 
 m easure of the  evaporative  dem  and  ofthe  atm os  phere ）
 is in  excess  of precipitation.

2.4　 Tim  e series  analysis 
 In order  to extractconcise  characterist ics  o  fthe 

 Fig.2　 Schem  atic description  of the  HANTS alg  orithm ：（ left ）  identification  and  rem  oval ofoutliers 

 and （ right ）  resulting   Fourier  param  eters  of the filtered  tim e series 
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 vegetation  dynam  ics ， Fourier  analysis is applied  on  the 

 tim e series  of  im age  data ： earlier  work  used  a  Fast 
 Fourier   Transform  algorithm ［6］.  Later  on  a m ore flexi-

 ble m ethod  was  developed ： the   Harm onic   ANalysis  of 

 Tim e  Series （ HANTS ）  algorithm ［8］.  This  algorithm 
 considers only the  m ost significantfrequenc  ies  expected 

 to be  present in  the  tim e profiles ， and  applies  a least 

 squares  curve  fitt ing  procedure based  on  harm  onic com  -

 ponents （ sines  and  cosines ）.  For  each  frequency  the 
 am  plitude  and  phase  of  the  cosine  function  is  d  eter-

 m ined  during  an  iterative  procedure.  Inputda  ta points ，
 which  have  a large  posit ive  or  negative  deviat  ion  from 
 the  current  curve （ like  cloudy  and  m issing  pixels ），
 are rem  oved  by  assigning  a weightofzero to the  m .  Af-

 ter  recalculation  of  the  coefficients on  the  b  asis of  the 
 rem  aining  points ， the  procedure is  repeated  until the 

 m axim um  error  is  acceptable  or  the  num ber  of  re  m ai-

 ning  points  has  becom  e too  sm  all.  For  a detaile  d de-

 scription  ofthe   HANTSalgorithm  one  is referr  ed  to  Ro-
 erink  and   Menentiand   Roerink ， et  al.［10］.

 An exam  ple  of  the   HANTS  procedure is given  in 

 Fig.2   which  represents an  annualtem  poralpro  file ofan 
 arbitrary pixel.  Cloud  affected  observation  s are identi-

 fied  as  large  negative  outl iers and  filtered  o  ut  during 

 the  iterative   HANTS  procedure ， using  only  three  fre-

 quencies （ frequency   0 ＝ yearly  m ean  value ； frequency 
1 ＝ annual  harm onic  com  ponent ， frequency   2 ＝6 

 m onths  com  ponent ）.  The  rest  of  the  points  have  a 

 m axim um  deviation  from  the  fitted  curve  of ， in  this 
 case ，0.05   NDVI units.  Fig.2 （ right ） shows the   Fou-

 rier  com  ponents （ cosine  functions ）  of  the  three  indi-

 vidual   HANTS  frequencies ； the  arrows represent  the 

 am  plitude  and  phase  values  of  the  annual   NDVI c  ycle 

（ frequency  ＝1 ）.

3　 Results 

 The  sim plest  way  to  present  the  results  obtain ed

 by  applying   HANTS  to  a yearly  tim e series  of  f AP AR

 observations is by  com  bining  the  dom  inant  Fou  rier  pa-

 ram  eters ， i. e .  the  yearly  m ean  value  and  the  am  pli-
 tudes  of  the  yearly  and  half- yearly  com  ponent  s into  a 

 RGB color  com  posite （ Fig.3 ， Plate Ⅸ）.  Green  indi-

 cates  here vegetation  cover  with  relatively  h  igh  m ean 
 f APAR  and  m oderate  seasonality ， while  red  indicates 

 vegetation  cover  with  relatively  low  m ean  f AP  AR  and 

 significant  seasonality.  This  concise  repre  sentation  of 
 phenology  m akes  it m uch  easier  to  study  the  im p  act of 

 clim ate variabili ty on  vegetation  phenology .

 The  basic  principle  of  the  approach  is  illustr  ated 
 in   Fig.4 ： although  the  overallshape  of the  f APAR  sig-

 nature  rem  ains  a sim ple  periodic  function ，  subtle 

 differences  in  tim ing  of  m inim um  and  m axim um  v  alues 

 and  in  the  overall  yearly  am  plitude  are  observ  able.
 Such  differences  are m easured  by  using  the   Fou  rier  pa-

 ram  eters determ ined  with   HANTS.

 Our data analysis indicated  that 2001   was  the  d  ri-
 est  and   2005   the  wettest year ， so  we focused  ouranalysis 

 on  the  differences  between  these  two years （ Table  1 ）.

 Fig.4　 Observed  f APAR values  at a random  ly sel  ected  pix-

 elin the   Tibetan  plateau ； Each  observation  applies 

 to  a  8- days  sam  pling  interval ； Terra   /  M ODIS ，
2001-2005 

 Table  1　 Descriptive  statistics  on  observed  d  ifferences （δ）
 betw een  the driest （2001 ）  and  w ettest （2005 ）  year ；A 12  re-

 spect ively  A 6  is the am  plitude  of the  12   m onths respectively 

6  m onths com  ponent ； M ODIS area  coverage   Tibet  plateau 

（ Upper  right  UR ：40.00° N 104.43° W ； Low er  left 

30.00° N80.83° W ）

2001-2005 δ f APAR δA 12 δA 6 δ（R n /λP ）

 Mean   1.07  -0.06  0.4  4.1 

 S td.  deviat ion   3.1  3.8  2.4  15.4 

　　 As indicated  by  the  large  values  of  the  stand  ard 
 deviation  for  all variables  considered  the  m o  st  signifi-

 cant  feature  is  the  very  significant  spatial  v  ariability 

 both  the   Budyko  ratio  and  of  f APAR  Fourier  para  m e-
 ters.  Overall ， the   2001   value  of （R n /λP）  indicates 
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 significantly drierconditions than   2005 ， butthe  im pact 

 on  vegetation  functioning  seem  s lim ited  to  a s  lightly 
 lower  am  plitude  of  the  winter- sum m er  cycle  an  d to  a 

 stronger 6  m onths com  ponent.

 These  results  indicate  that  a m eaningful  anal  ysis 
 of  the  im pact  of  clim ate  variability  on  vegeta  tion  func-

 tioning  cannotbe  done  globally for  a vast and  c  om  plex 

 region  like  the   Tibetan  plateau.

 W hen  looking  at  specific  locations  and  vegeta  tion 
 cover ， the  relationship  between  changes  in  drought 

 conditions ， as  m easured  by  changes  in （R n /λP ），
 and  changes  in  vegetation  phenology ， as  m easured  by 
 the   Fourier  param  eters com  puted  from  the  f APA  R tim e 

 series  becom  es  m uch  clearer （ Fig.5 ）.  W ithin  the   Ti-

 betan  plateau  we observe ， for  the  sam  e pair of  years ，
 both  significantly drier  conditions ［（δR n /λP） ＝13 ］
 and  slightly drier  conditions ［（δR n /λP）＝0.7 ］.  The 

 im pactis very significantonly in  the  form er  c  ase ， i. e.

δ f APAR ＝-12.

4　 Conclu sio ns 

 W e have  described  a prelim inary  case- study  on 
 the  use  of  tim e series  of  satellite  observatio  ns  of  bio-

 physicalvariables  and  clim ate data to charac  terize  veg-

 etation  response  to  clim ate  variability.  The  advantage 
 ofthe  approach  presented  is two- fold ：

 Fig.5　 M ap  of change  in m ean  yearly f APAR  betw e  en  the driest （2001 ）  and  w ettest （2005 ） year ： black  indicates  low er 

 values  in  2001 ， w hite larger ； labels show  the corresponding  changes  in （R n /λP）  and  f APAR 

　　（1） By using  a  Fourier  series  to m odelpixel- wise 
 tim e serie of  observations ， the  inform ation  is concisely 

 represented  in  a very lim ited  num ber  ofparam  e  ters.

（2） The  satellite observations at 1  km  spatialres -
 olution  capture subtle  aspects in  the  spatial  variability 

 of  vegetation  response  that  would  otherwise  b  e rather 

 difficultto capture by  ground  observations.

 Even  though  the  period  of  tim e spanned  by  the 
 MODISf APAR  observations was   just  five  years ， it was 

 suff icient to capture significantchanges  in  droughtcon-

 ditions between   2001   and   2005   and  the  correspo  nding 
 response  ofplateau  vegetation.
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利用  MODIS  f APAR 傅立叶时间序列分析研究植被光合
作用活动对净辐射和降雨的响应：青藏高原个例研究
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摘　要：气候变化对植被动力学有非常大的影响。为了定量描述气候变化对植被的影响，文章利用
 MODIS f APAR 数据和  NCEP 的净辐射和降雨再分析数据对青藏高原地区气候变化对植被的影响

进行了时间序列分析。研究所用的数据时间跨度为2000 年至2005 年。首先利用  NCEP 再分析数

据建立了干旱度因子的时间序列，为了与  MODIS f APAR 具有相同的时间采样间隔，由  NCEP 的日

净辐射和日降雨量得到每8 天的平均净辐射和8 日降雨的和。根据一定时间间隔的净辐射与降雨

量的比可以用来衡量相对于可利用水分的剩余能量，因此该比值也是干旱灾害的度量。其次，对
 MODISf APAR 的傅立叶时间序列分析提供了两个植被光合作用对干旱相应的因子，即  f APAR 的年

平均值及其年振幅值。在时间和空间尺度上对植被光合作用活动与干旱指数之间的关系进行了定

量分析。对湿年和干年之间的响应差异进行了比较。研究表明较干地区对气候变化的响应最为显

著。分析应该扩展到更长的时间跨度以便更加有效地在时间和空间尺度上评估气候变化对植被动

力学的影响。
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