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 Abstract ： In orderto evaluate the  accuracy  ofsnow  water  equivalent （ SW  E ） inversion  algorithm  forpas-

 sive  m icrowave  sensor   Advanced   Microwave   Sca  nning   Radiom  eter- Earth   Observing   System （ AMSR - E ） in

 W estern china ， we com  pared   SW  E obtained  from   AMSR - E daily  SW  E  productwith  the  ground  m easure-

 m ents from   15   m eteorological stations  in   Tibe  tan  plateau  in   2003   and   35   m eteorological stat  ions  in   Xin-

 jiang  in  J anuary  2004.  The  results  show   AMSR- E  overestim ate   SW  E both  in  these  two  regions ， and 

 RMSE  is  21 m m  and   31.8   m m  in   Tibetan  plateau  and   X  in jiang ， respectively.

 Through  incorporating  snow  fraction  factor ， a new  em  piricalalgorithm  estim ate snow  depth  and   SW  E 

 have  been  developed  in   Xin jiang.  This new  algo  rithm  appeared  higher  accuracy  than   AMSR - E do  es  in 

 Xin jiang.  Due  to  com  plex  topography ， shallow  patchy  snow  and  frozen  grounds  covere  d at  the   Tibetan 

 Plateau ， this technique  didn ＇ tshow  good  results.  In fu  ture we willfocus on  how  to evaluate and  elim in  ate 

 the  effects of these  factors quantitatively o  n  SW  E retrieval.

 Key  w ords ： Snow   W ater   Equivalent （ SW  E ）； Snow  depth ； Passive  m icrowave  rem  ote  sensing ；
 AMSR - E ； Tibetan   Plateau ； Xin jiang.
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1　 Introductio n 
 The  snow  cover  is key  variable ofhydrological  cy-

 cle  and  clim ate  change  studies.  Snow  depth  and  snow 

 water  equivalent （ SW  E ）  are im portant param  eters for 

 snow  cover.  Hydrologic m odels ， which  use  snow  depth 

 or   SW  E as  an  key  input ， are capable  of  forecasting 

 stream  flow  in watersheds dom  inated  by  snow  m e lt［1，2］.

 Base  on  the  radiative  transfer theory and   Mie s  cattering 

 theory and  assum ed  snow  cover  consist of  dry sn ow，a

 m ean  snow  density of 0.3   g / cm 3  and  snow  grain  size  of 

0.3   m m ， Chang  et  al .［3］ developed  an  em  pirical  algo-

 rithm  to  estim ate  snow  depth  by  using  regressi  on  tech-

 niques  in   1987.  The   Chang ＇ s algorithm  describ  es  the 

 relationship  between  snow  depth  and  differen  ce  of   18 

 GHz and   37   GHz horizontally polarized  brightn  ess  tem  -

 perature as  linear （ Eq.（1））.  The  algorithm  using 
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 Scanning   Multichannel   Microwave   Radiom  eter 

（ SM  MR ） brightness  tem  peratures  as  inputparam  eters .
 SD  ＝1.59 ×（T b18H -T b37H） （1）

　　 W here  SD  is  snow  depth （cm），T  bx H  represents 

 the  horizontally  polarized  brightness  tem  pe  rature from 
 SM  MR at  a frequency  of x  GHz （K）.  How ever ，by

 com  pared  the  retrieval   SW  E using  this  algorit  hm  with 

 m easurem  ent value  by  m eteorology  stations   Ca  o  Meish-

 eng  et  al .［
4］  found  the  algorithm  overestim ated  the 

 snow  volum e over  western china.

 By using   Special Sensor Microwave   Im ager （ SSM   / 

I）  brightness  tem  peratures   Chang  ad justed   Eq.（1） to
 Eq.（2）  and  substi tuted  the  channel 18   GHz of SM  MR 

 to  19   GHz of SSM   / I  in  regionalarea  - western chi  na.

 SD  ＝2.0 ×（T b19H -T b37H）-8.0 （2）
　　 The   Advanced   Microwave   Scanning   Radiom  ete r-

 Earth   Observing   System （ AMSR - E ）  was  launched  in 

2002 ， which  has  a better  perform ance  in  configurati on

 than  the  form er  m icrowave  radiom  eters like   SM  MR or 
 SSM   / I.  Foster ， et al .［

5］ introduce  a param  eter  fraction 

 offorest cover  to develop  a  SW  E algorithm .

 SW  E ＝
4.8 ×（T b19H -T b37H）

1-f
（3）

　　 This algorithm  was  selected  to estim ate  SW  E  algo-

 rithm  for   AMSR - E in  globalrange.  To evaluate t  his al-

 gorithm  work on  western china ， we got   SW  E m easure-
 m entfrom   36   m eteorological  stations  in  north  ern  Xin-

 jiang  province  where  approxim ately  bounded  b  y the 

80.25° N and   95.08° N longitudes  and   39.02° N an d

48.03° Nand   15   m eteorological  stations  at   Tib  et  and 
 Qinghai  province  where the  range  from   28.65° N to

48.8° N in  latitude  and  from   99. 9° N to   100.13° N 

 com  pare w ith the   AMSR - E estim ated   SW  E from   AMS R -
 E L3   SW  E products.

 Fig.1　（a） Com  parison  of the  SW  E from   AM SR - E L3  snow  produ  cts w ith  SW  E m easurem  ents at 36   m eteorologica l

 stations in northern   Xin jiang  province  durin  g the tim e period  from  J anuary   1 st to  31 st 2004  .  The  RM SE  is  31.8   m m 

 larger  than  com  m on  acceptable standard  error  s of  20   m m  SW  E ；（b）  Com  parison  ofthe  SW  E from   AM SR - E L3 

 snow  products w ith  SW  E m easurem  ents at  15   m ete  orologicalstations in  Tibetan  plateau  durin  g the tim e period 

2003.  Because  SW  E is not a routine observation  item  in m ost m eteorology  station.  There  are  on ly

36   records of  SW  E in the dataset  during  2003   in  T  ibetan  plateau  area.  The  RM SE  is  21   m m 

　　 The   Fig.1 （a，b） show  the   SW  E algorithm  of  AM -

 SR - E overestim ated  the   SW  E in  w estern  China.3 5  m e-

 teorology  stations locate  in  northern  Xin jia  ng  m easured 
 average  of   SW  E is   14.6 m m  and  sam  e location  that 

 AMSR - E estim ated  is  34.5   m m  with  an  average  per -

 cent error  of   137％， m ax  absolute  error  reach   81 m m 

 RMSE  is  31.8   m m lagerthan  com  m on  acceptable va  lue 

20   m m ［6］.  AMSR - E SW  E algorithm  also  overestim ated 

 the   SW  E in   Tibetan  plateau.  The   RMSE  is  21   m m .
 The  prim ary goal  of  this  study  was  to  develop  a 

 new  regionalem  pirical snow  depth  and   SW  E algo  rithm 

 for  western  China  to determ ine  ifitcould  prod  uce  bet-
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 ter  results  than  the  existing   AMSR - E inversio  n algo-

 rithm s.

2　 Data  sets 
 There were three  types  ofdata sets were em  ploy ed

 in  this  study ：（1）  Satellite  observation  data.  Two 

 m onth  daily  AMSR - E brightness  tem  peratures  d  istribu-

 ted  by   NSIDC （ Ashcroft ， P 2003 ）  in   Boulder ，CO，
 USA ［7］  and   MYD10 C2  8- Day  snow  cover  data ［8］ in

 NOV  and   DEC  2003   were  used   MYD10 C2   products 

 were selected  for  this  study  since  the  product  s is  less 

 effected  by  cloud.  However ， there are m uch  shallow 

 snow  cover  and  patchy  snow  in   Tibetan  plateau.  They 

 changed  strongly so  m uch  during  a short period （1～2 

 day ）.  So  we used   MYD10 C1  daily snow  coverproducts 

 in   Tibetan   Plateau.（2）  Insitu  data.  Snow  depth  and 

 SW  E m easurem  ents  and  land  surface  tem  peratur  e ac-

 quired  by  m eteorology  station  in   Xin jiang  and  Tibetan 

 Plateau.（3）  Ancillary data  sets which  include   IGBP 

 classification  m ap ， MOD12 Q1   V004   vegetation  cover-

 age  and   MODIS  NDVI products   MYD13 A2   were  re-

 quired.  Ancillary data  was  used  to  observe  the  forest 

 cover  and  elim inate  the  disturbing  factor  lik  e surface 

 water  body  in  the  study  area.

3　 Meth ods 
 Microwave  radiation  from  snow  covered  land  in -

 cludes  two parts one  isem  ission  from  snowpack  and  the 

 other isunderlying  soilem  ission.  Microwave  signalvol-

 um e scattering  is distinctive  at  ＞23   GHz with  b  right-

 ness  tem  peratures  depression  relative  to  low  frequen-

 cies.  Lower  frequencies （＜23   GHz ） less  affected  by 

 volum e scattering  from  snow.  W ith  the  snow  dep  th  in-

 creasing ， m ore  m icrowave  radiation  will  be  extinct.

 Extinction  coefficient  was  dom  inated  by  scat  tering ［9］

 The  brightness  tem  peratures  detected  by  sens  or  is less 

 as  the  snow  depth  increasing.  Most im portant p  hysical 

 snow  characteristics  effecting  on  m icrowave  em  ission 

 include ： SW  E ， snow  grain  size ， snow  liquid  water 

 content and  stratification  ofsnowpack.

 Base  on  m ethods  and  studies  of  the  form er  re-

 searcher ［1 0 ～12 ］  we try to  develop  a new  em  pirical  snow 

 depth  and   SW  E algorithm  for  western   China.  Fir st，
 choose  northern  Xin jiang  province  as  a test ar  ea  due  to 

 the  area  less  com  plex  topography ， less  vegetation  cover 

 and  less  the  im pact  of  frozen  ground  than  in   Tib  etan 

 plateau  and  records ofsnow  depth  and   SW  E are in  tact-

 ness.  From  the  ancil lary data setwe found  the  f  raction 

 of  forest coverand   NDVI are very sm  allm ost pla  ces  are 

0  even  m inus value  in  western china  during  the  w  inter.

 So  we  neglected  the  im pact  of  vegetation.  Use   I  GBP 

 classification  m ap  to  elim inate  the  m eteorol  ogy  stations 

 where the  large  water  bodies  around  them  .  For  t  he  im -

 pactofwet  snow ， we chose  only  the  records  that  m ax 

 land  surface  tem  perature （ T
 su f ）  which  m easured  four 

 tim es  a day  greatthan   0℃.

 Brightness  tem  perature difference  indices ， typical-

 ly  applied  in  inversion  algorithm s which  m ent  ioned  in 

 the  first part ， m ay  reduce  the  effects of disturbing  fac-

 tors.  To  produce  sem  i- all sem  i- em  pirical   SW  E  inver-

 sion  algorithm  over  western  China ， all com  binations  of 

 frequency  and  polarization  differences  for   A  MSR - E 

 channels were com  puted  except for  10   GHz due  to  the 

 snow  depth isless than   60 cm  in western china.  W  e de-

 veloped  algorithm  the  based  on  the  regression  tech-

 nique.  Through  analysis ， it is  shown  that  snow  cover 

 factor  would  help  to im prove   SW  E estim ation  in 25   km 

×25   km  m ixed  pixel.  In this study ， we used   MODIS 

0.5 deg   8- day  snow  fraction.  Table  1  shows allt  he  fre-

 quency  and  polarization  difference  used  as  in  dependent 

 variables.

 Table  1　 AM SR - E channeldif ferences  used  in de  velopm ent 

 of new  algorithm 

　 18.7 V 18.7 H 36.5 V 36.5 H 89 V 89 H 

18.7 V *  P F X F X 

18.7 H * * * F * F

36.5 V * * *  P F X 

36.5 H * * * * * P

89 V * * * * * P

89 H * * * * * *

　　 P- polari zation di fference ， F- frequency d iff erence ， X- f requency and 

 polarizati on dif ference. *  Not used 

 All  com  binations  of  frequency  and  polarizati on

 differences  for   AMSR - E channels  were com  pute  d ex-

 ceptfor 10   GHz due  to the  snow  cover is too  shall  ow  in 

 western china  and   23   GHz which  responds  to  atm o s-

 pheric  water.  The  regression  technique  was  us  ed  to 
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 produce  the  new  algorithm .  MODIS snow  cover  as an

 ad justing  param  eter  also  used.  Table   1  shows a  ll the 
 frequency  and  polarization  difference  used  a  s independ-

 entvariables.

 W e get  two  new  form ulas  to  estim ate   SW  E and 
 snow  depth  respectively.

 SW  E ＝－11.5.73  ＋0.922  × sf×（T b19V－T b37H）＋
1.079  ×（T b37V－T b37H）－0.381  ×（Tb89V－Tb89H）（4）

R ＝0.761 ，R
2
＝0.579.

 SD  ＝－6.489  ＋0 .493  × sf×（T b19V－T b37H）＋
0.869  ×（T b37V－T b37H）－0.18  ×（T b89V－T b89H） （5）

R ＝0.814 ，R
2
＝0.663 

 W here  SW  E is snow  water  equivalent （m m），SD
 is snow  depth （cm）.sf（％）  daily  snow  fraction  pro-

 cessed  from   MODISdaily snow  coverproduct. T bx（VH） is

 AMSR - E brightness  tem  perature in  different f  requency 
 and  polarization.

 Most em  piricalalgorithm s use  a spectraldiff  erence 

 between  the   19 GHz and   37 GHz to  estim ate   SW  E and 

 snow  depth since  ithas  been  correlated  to  SW  E ［3，1 3，1 4］.

 The   37 GHz and   89 GHz cross  pole  term s in  the  algo -
 rithm s are  correlated  to  the  depth  hoar.  In  equ  ation 

（4），（5）  we add  a new  param  eter  snow  fraction （sf）
 into  the  algorithm .  If the  param  eter  snow  frac  tion  do 
 not put into regression ， the  correlation  coefficient （R）
 for   SW  E and  snow  depth  reduce  to  0.691   and   0.772 ，
 respectively.  Through  incorporating  snow  fr  action  fac-

 tor ， the  new  em  pirical  algorithm  estim ate   SW  E and 
 snow  depth  have  the  better  perform ance  than   AM  SR - E 

 retrievalalgorithm .

 W e com  pared  the  new  algorithm  estim ated  snow 
 depth  and   SW  E with  the  records  of  snow  depth  and 

 SW  E m easured  by  m eteorology  station  in  J anuar  y  2004 

 a- m onth  m easured  data.  The  results indicate t  he   RMSE 
 ofnew  algorithm  is  15.7   m m  better  than  those  of  AM -

 SR - E 31.8   m m J AN 2004   in   Xin jiang.  For snow  dept h

 RMSE  of new  algorithm  is  9.2   cm  .

 Fig.2　（a）  Scatter  plot of m easured   SW  E versus new  algori  thm  estim ated  value in  Northern   Xin jiang  in J a  nuary 

2004. RM SE  ＝15.7   m m better  than  the  AM SR - E 31.8  m m .  M ax  absolute error  is  53   m m ；（b）  Scatter  plot of 

 m easured  snow  depth versus new  algorithm  esti  m ated  value in northern   Xin jiang  in J anuary   20 04.

 RM SE  ＝9.2   cm ， m ax  absolute error  is  31 cm 

　　 W e required  the  m easured  snow  depth  and  land 
 surface  tem  perature from   35   m eteorologicali  n  Tibetand 

 Qinghaiprovince  in  2003 ， the  sam  e tim e  AMSR - E as-

 cendant brightness  tem  perature data ， daily  snow  cover 

 product   MYD10 C1 ［
15］  and  som  e other  ancillary  data 

 sets sam  e as  in  test  area  of  northern  Xin jiang  d  escript 

 in  upper  part.  After  exam  ined  the  m easured  sno w
 depth  in  the  records ， we found  that  shallow  snowpack 

 existing  in  Tibetan  plateau  widely.  There are  m ore than 

90％  records  are shallow  snopack （ snow  depth  below 

3 cm ）.  Using  the  sam  e techniques  as  descript  upper 
 parts for   Xin jiang  we tried  to establish  an  em  p  iricalal-
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 gorithm  to estim ate snow  depth in  Tibetan  plat  eau  area.

 Butthe  effort is useless.

 The  com  binations  of  frequency  and  polarizati on

 differences  for   AMSR - E channels  were used  as  i  nde-

 pendent variables.  The   Pearson   Correlation ＇  s of  these 

 variables  with  snow  depth  shows  as  follow   Tabl  e  2.

 From   Table   2  we  can  found  that  the  m ost  correlat  ive 

 between   Brightness  tem  perature difference  i  ndices  and 

 snow  depth  are difference  of   18   GHz and   89   GHz in 

 horizon  polarization.  And  value  only  0.143   th  at  m ean 

 they  are irrelevance.

 The  m ethods which  suitfor   Xin jiang  did  notfit  for 

 Tibetan  plateau  that  because  the  shallow  patc  hy  snow 

 cover  in  m ost area.  Snow  depth  less  than   3  cm  wil  lbe 

 negligible  low  than   37   GHz in  m icrowave.［1 4］  Estim a-

 ting  snow  storage  in  the  m ountainous  region  is  a chal-

 lenging  task.  This  is  because  the  com  plex  topo  graphy 

 together  with  protruding  exposed  rock  with  a m  icrowave 

 footprint  m ake  it  difficult  to  extract  the  sno  w signa-

 ture ［16］  Another  disturbing  factor for  the  establishi  ng  of 

 retrievalalgorithm  in   Tibetan   Plateau  is the  wildly  ex-

 isting  frozen  ground.  In order  to  establishin  g a better 

 em  pirical   SW  E and  snow  depth  algorithm  in   Tibe  tan 

 Plateau ， we will focus  on  solve  these  problem  s in  the 

 future work.

 Table  2　 N ＝293 （ Correlat ion  is significant 

 at the  0.05   level （2- tailed ））

 Brightness tem perature diff erence ind ices   S  now depth 

 P10  －0.090 

 P19  －0.065 

 P37  －0.058 

 P89  －0.038 

 F19 H37 H 0.134 *

 X19 V37 H 0.036 

 F19 V37 V 0.125 *

 F19 V89 V 0.124 

 X19 V89 H 0.091 

 F19 H89 H 0.143 *

 F37 V89 V 0.070 

 X37 V89 H 0.032 

 F37 H89 H 0.097 

　　 P- polarization di fference ， F- frequency d iff erence ， X- f requency and 

 polarizati on dif ference 

4　 Sum m ary 
 The  obtained  results  indicate  that   AMSR - E SW  E 

 algorithm  which  overestim ated   SW  E fail  to  wor  k in 

 western china.  This  is  show  in   Fig 1.（a）  and   Fig 2.

（b）.  In this  research  a new  algorithm  which  clearl y

 im proves  the   SW  E estim ation  accuracy  has  a goo  d per-

 form ance  than   AMSR - E SW  E algorithm  does  in   Xin -

 jiang.

 The  sam  e m ethod  did  not fit for  the   Tibetan  plat -

 eau.  This is because  severalerrors are m ainly  from  the 

 effects of  com  plex  topography  with  the  protru  ding  ex-

 posed  rocks ， shallow  and  patchy  snow ， wet  snow ， the 

 existence  offrozen  ground  and  ice ， surface  waterbody ，
 vegetation  cover  and  lack  of the  records  of reg  ular  ob-

 servation  ofsnowpack  in no  m an ＇ sland  area  whe  re exist 

 m ost  snow  volum e in   Tibetan  plateau.

 Although  the  estim ation  accuracy  has  been  im -

 proved ， the  new  algorithm  stillhas  lager errorin   Tibe t-

 an  plateau.  The  sources  of  errors m ainly  com  e f  rom 

（1）  The  com  m on  existence  problem  in  constructing 

 em  pirical  algorithm  is  that  the  m eteorology  s  tations 

 m easured  snow  depth  and   SW  E lack  of  representa  tion 

 in  large  area  especially ， there are rare m eteorological 

 stations distribute  in  no  m an ＇ s land  in  northe  rn  Tibet.

（2）  Effects  of  topography.  The   AMSR - E 19   and   37 

 GHz footprintwill notbe  able to resolve  the  co  m plicat-

 ed  terrain  effects  and  different  view  directi  on  of  the 

 m ountain  by  ascending  and  descending  orbits  f  urther 

 com  plicates  the  problem ［16］.  Tibet plateau  is high  alti-

 tude ， com  plex  topography  cold  area.（3） Existence  of 

 wetsnow  and  patchy  snow.  The  wetsnow  can  stron  gly 

 im pact  the  m icrowave  signal.  W hile  the  snow  wa  ter 

 content increase   1％， the  penetrate  depth  would  de-

 crease   10   cm  at 19   GHz ［17］  Since  thinner  snowpack  is 

 transparence  for  the  channel  less  then   37   GHz.［14］

 However ，35   m eteorological  station  m easured  snow 

 depth  m ore than   90％  records are less  than   3  cm  .（4）
 Large  surface  water  body  like  lakes  and  reserv  oirs can 

 strongly depress  the  m icrowave  brightness  te  m perature.

 Therefore ， pixels contain  fraction  ofwater  body  exceed 

40％  willbe  water and  can  notbe  use  to estim ate s  now 

 param  eters.（5）  Forests  present.  To  considering  for-

 ests cover ， we observed  the   NDVIover  Tibetplateau  in 

 winter 2003.  The  results show  in  m ost  area   NDVI  al-

 m ost zero and  even  m inus value.  But the  forest i  m pact 

 stillexistence  in  som  e area ， especially  in  south- west 
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 Nyainqentanghla.（6）  the  existence  of  frozen  ground 

 and  ice.  Frozen  ground  and  snow  have  sim ilar  sc  atter 

 character  in  m icrowave  frequency ［18］  Frozen  ground  is 

 greatinterferentialfactor  in   Tibetplateau .

 Estim ate snow  depth  and   SW  E is a big  challenge 

 in   Tibetan  plateau  by  passive  m icrowave  rem  ot  e sens-

 ing.  The  furtherresearch  is needed  to investi  gate m ain-

 ly  effect  factors in  estim ate  snow  depth  and   SW  E by 

 passive  m icrowave  in   Tibetan  plateau.
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被动微波遥感反演中国西部地区雪深、
雪水当量算法初步研究�
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摘　要：雪深、雪水当量是积雪研究中重要参数，其在流域水量平衡和融雪径流预报以及雪灾监测

与评价中起着重要作用。 Chang 等（1987 ）以辐射传输理论和米氏散射为理论基础，假定积雪密度

和颗粒大小为常数，利用实测雪深数据和  SM  MR 的亮温数据，通过统计回归方法，建立了雪深与 18

 GHz 和 37   GHz 水平极化的亮温梯度之间的关系，发展了  SM  MR 半经验的反演雪深的算法。后在

此基础上又发展了针对  SSM   / I 的半经验反演雪深算法。2002 年发射的装载于  Aqua 卫星上的  AM -

 SR- E 是新一代的被动微波辐射计，性能较以往星载被动微波辐射计有较大提高，采用了改进后的
 SSM   / I 的半经验算法作为其估算全球雪水当量的反演算法。

将  AMSR - E 的雪水当量产品与气象台站观测的雪水当量进行比较，发现在新疆地区和青藏高

原地区雪水当量的  RMSE 分别达到31.8   m m 和21   m m 。本研究旨在建立基于  AMSR - E 亮温数据，

适用于中国西部地区的雪深和雪水当量反演算法。首先收集整理了2003 年新疆地区的雪深、雪水

当量数据和  AMSR- E 亮温数据，去除错误样本，利用统计回归的方法，建立了新疆的反演雪深、雪水

当量的半经验算法，算法中加入积雪覆盖度参数，较以往的算法有所改进，与气象台站观测数据比

较，结果也表明新疆地区建立的经验算法较  AMSR - E 的雪水当量算法有较大改进， RMSE 为 15.7 

m m。但青藏高原地区因海拔高，地形复杂，大部分地区积雪较浅，空间分布不均和冻土存在等诸多

因素运用同样的方法建立反演算法，结果不甚理想，以后的研究将重点消除这些干扰因素。

关　键　词：雪水当量；雪深；被动微波遥感； AMSR - E ；青藏高原地区；新疆
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