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Introduc:on	
  &	
  Mo:va:on	
  

	
  	
  Understanding	
  the	
  problem	
  of	
  refrac:vity	
  retrieval	
  	
  
	
  	
  Noisy	
  phase	
  difference	
  (Δϕ)	
  and	
  refrac;vity	
  (N)	
  bias	
  caused	
  by	
  unknown	
  	
  	
  	
  	
  	
  	
  
	
  	
  target	
  heights	
  (HT)	
  	
  &	
  ver;cal	
  varia;on	
  of	
  refrac;vity	
  (dN/dh)	
  	
  

Es:mate	
  target	
  height	
  (HT)	
  and	
  dN/dh	
  	
  	
  
	
  Solu:on	
  from	
  returned	
  powers	
  	
  	
  

Quality	
  of	
  phase:	
  Rethink	
  ‘point	
  target’	
  assump:on	
  
	
  Solu:on	
  from	
  phases	
  at	
  dual-­‐polariza:ons	
  	
  

30-­‐second	
  message	
  

•  The	
   radar	
   refrac;vity	
   (N)	
   retrieval	
  
provides	
  insights	
  on	
  high-­‐resolu:on	
  near-­‐
surface	
   moisture,	
   which	
   is	
   important	
   to	
  
understanding	
   convec;ve	
   and	
   boundary	
  
layer	
  processes.	
  	
  

•  For	
  further	
  quan:ta:ve	
  applica;on,	
  such	
  
as	
   data	
   assimila:on,	
   or	
   to	
   implement	
  
radar	
   refrac:vity	
   networks,	
   there	
  
remains	
   some	
   unsolved	
   data	
   quality	
  
problems.	
  	
  

Δφ = φ(t1)−φ(tref ) =
4π f
106c

[N(x, y, z, t1)− N(x, y, z, tref )]dr0

R
∫ N = 77.6× P

T
+373000× e

2T
N	
  :	
  refrac;vity	
  (n:	
  refrac;vity	
  index)	
  
P	
  :	
  pressure	
  of	
  air	
  (hPa)	
  
e	
  :	
  water	
  vapor	
  pressure	
  (hPa)	
  
T	
  :	
  temperature	
  (K)	
  

Δϕ	
  :	
  phase	
  difference	
  of	
  a	
  fixed	
  ground	
  target	
  between	
  two	
  ;me	
  steps	
  
f	
  	
  	
  	
  	
  :	
  radar	
  frequency	
  
c	
  	
  	
  	
  :	
  	
  the	
  light	
  speed	
  in	
  the	
  vacuum	
  	
  
R	
  	
  	
  	
  :	
  range	
  between	
  radar	
  and	
  the	
  fixed	
  target	
  along	
  trajectory	
  

observed	
  Δϕ	
   smoothed	
  Δϕ	
   retrieved	
  N	
  

à Noisy	
  phase	
  difference	
  Δϕ	
  	
  
	
  	
  	
  	
  	
  à	
  Difficul;es	
  to	
  dealias	
  
à Spa;al	
  and	
  temporal	
  bias	
  of	
  N	
  

causes	
  problems	
  for	
  
quan;ta;ve	
  applica;on.	
  

•  Revisi&ng	
  the	
  Fabry	
  et	
  al.	
  (1997)	
  assump&ons:	
  	
  
(1) 	
  Selected	
  point	
  targets	
  are	
  are	
  all	
  aligned	
  with	
  the	
  radar	
  antenna	
  height	
  (Htarget	
  =	
  Hradar)	
  on	
  a	
  flat	
  Earth.	
  	
  
(2) 	
  The	
  ver;cal	
  profile	
  of	
  refrac;vity	
  index	
  (dN/dh)	
  is	
  zero	
  everywhere.	
  	
  
But,	
  in	
  reality	
  	
  

• Targets	
  are	
  at	
  different	
  heights	
  
(and	
  so	
  is	
  the	
  terrain).	
  	
  

	
  	
  	
  Hradar	
  ≠	
  Htarget:	
  dN/dh	
  biases	
  ΔN	
  

N	
  

H	
  
(h
ei
gh
t)
	
  	
   dN/dh	
  	
  =	
  -­‐40	
  

dN/dh	
  	
  =	
  -­‐157	
  

sub	
  super	
  

duc;ng	
  

normal	
  
dN/dh	
  =	
  0	
  

• Propaga;on	
  changes:	
  	
  The	
  radar	
  
beam	
  path	
  (R)	
  is	
  affected	
  by	
  ver;cal	
  
gradient	
  of	
  refrac;vity	
  (dN/dh).	
  

•  Quan&fying	
  the	
  problems:	
  	
  
•  Rewrite	
  the	
  phase	
  simulator	
  (Park	
  and	
  Fabry,	
  2010)	
  :	
  
	
  	
  	
  	
  	
  -­‐	
  the	
  horizontal	
  varia;on	
  of	
  N(x,y)	
  &	
  dN/dh	
  	
  
	
  	
  	
  	
  	
  -­‐	
  range	
  (R)	
  varia;on	
  caused	
  by	
  dN/dh	
  varia;on	
  
	
  

	
  
	
  	
  	
  	
  	
  	
  

measured Δφ =
4π f
c

[n(x, y, z, t1)− n(x, y, z, t0)]
0

r
∫ dr '

Δφ =
4π f
c

[n(t)− n(tref )]D+ n(tref )ΔR2
(HT −HRadar )

2
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dh
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dh
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Expected	
  horizontal	
  	
  ΔN	
  
	
  

! 11!

The!range!R!of!a!one7way!beam!path!travelling!from!the!radar!to!the!target!is!

associated!with!the!propagation!condition!(dn/dh)!and!the!height!of!the!target!(HT).!!

The!range!R!can!be!expressed!as!(Park!and!Fabry!2010):!!
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For!quantitative!analysis!of! the!refractivity!retrieval!errors,!we!separate!range!(R)!

into! three! terms:! the! arc! distance! (D)! to! the! target! at! radar! height,! the! range!

variation! (ΔR1)! related! to! the! height! difference! (HT! –!HR)!while! dn/dh=! 7157!ppm!

km71,!and!the!range!variation!(ΔR2)!related!to!the!variation!of!propagation!condition!

dn/dh.!!When!the!antenna!elevation!is!zero!degrees!and!dn/dh!is!7157!ppm!km71,!the!

radar!beam!path!is!parallel!to!the!earth!curvature.!!The!value!of!ΔR1!can!reach!tens!

centimeters!while!ΔR2!is!typically!a!few!centimeters.!!
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Then,!we!rewrite!the!phase!difference!equation!by!substituting!the!range!(R)!in!(8)!

into!(6)!and!neglecting!small!terms!of!phase!difference!(Δϕ!<!1°)!from!scale!analysis:!!!
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•  Quan:fying	
  the	
  N	
  bias	
  	
  

N	
  bias	
  by	
  Target	
  height	
  effect	
  N	
  bias	
  by	
  Trajectory	
  effect	
  

Let’s	
  solve	
  the	
  problems!	
  	
  

•  Methodology:	
  Use	
  power	
  at	
  successive	
  eleva;ons	
  to	
  es;mate	
  target	
  height	
  and	
  dN/dh.	
  
•  Assump;on:	
  ‘Point’	
  target,	
  radar	
  antenna	
  main	
  beam	
  padern	
  is	
  described	
  as	
  a	
  Gaussian.	
  

	
  	
  à	
  Center	
  of	
  Gaussian	
  distribu;on	
  =	
  Es;mated	
  target	
  eleva;on	
  rela;ve	
  to	
  radar.	
  

#	
  Example	
  of	
  a	
  fixed	
  target	
  from	
  observa;on	
  
•  Power	
  (P)	
  observed	
  at	
  successive	
  eleva;on	
  (ele).	
  
•  Fit	
  with	
  radar	
  antenna	
  main	
  beam	
  padern.	
  	
  
	
  	
  	
  à	
  Find	
  the	
  representa;ve	
  eleva;on	
  (θ)	
  of	
  the	
  target.	
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Es&mate	
  dN/dh	
  
•  Radar	
  beam	
  path	
  is	
  affected	
  by	
  dN/dh.	
  
•  For	
  a	
  given	
  target,	
  the	
  returned	
  power	
  

changes	
  temporally	
  with	
  dN/dh.	
  	
  

	
  à	
  	
  

•  The	
  phase	
  change	
  in	
  ;me	
  of	
  ground	
  echoes	
  is	
  a	
  noisy	
  field,	
  not	
  predicted	
  by	
  the	
  simple	
  assump;ons	
  of	
  Fabry	
  et	
  al.	
  1997.	
  
•  Dual-­‐polariza;on	
  data	
   at	
  mul;ple	
   eleva;ons	
   provides	
   informa;on	
  on	
   the	
   ver;cal	
   gradient	
   of	
   refrac;vity	
   (dN/dh)	
   and	
   the	
  
representa;ve	
  target	
  heights	
  (HT),	
  which	
  are	
  key	
  factors	
  that	
  affect	
  the	
  quality	
  of	
  phase	
  used	
  for	
  refrac;vity	
  retrieval.	
  

•  By	
  taking	
  them	
  into	
  account,	
  the	
  noisiness	
  of	
  the	
  phase	
  difference	
  are	
  expectedly	
  to	
  be	
  reduced	
  and	
  the	
  bias	
  of	
  retrieved	
  
refrac;vity	
  can	
  be	
  es;mated.	
  New	
  data	
  processing	
  flow	
  will	
  be	
  developed	
  to	
  provide	
  a	
  near	
  surface	
  3-­‐D	
  refrac:vity	
  map,	
  
which	
  consists	
  a	
  2-­‐D	
  horizontal	
  refrac:vity	
  map	
  at	
  given	
  height	
  and	
  temporal	
  dN/dh	
  varia:on.	
  	
  

•  For	
  a	
  given	
  ‘point’	
  target,	
  the	
  phase	
  difference	
  varia;ons	
  at	
  	
  
	
  	
  	
  	
  	
  	
  horizontal	
  and	
  ver;cal	
  polariza;on	
  are	
  assumed	
  the	
  same.	
  	
  
	
  
	
  
•  If	
  not,	
  it	
  might	
  be	
  the	
  ‘extended	
  complex’	
  target.	
  At	
  the	
  same	
  	
  
	
  	
  	
  	
  	
  	
  ;me,	
  the	
  power	
  also	
  shows	
  evidences	
  of	
  destruc;ve	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  	
  interference.	
  

ΔφH −ΔφV = (φt −φtref )H − (φt −φtref )V ~ 0
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•  Quan:fying	
  the	
  Δϕ	
  noisiness	
  	
  

reasonable	
  diurnal	
  
cycle	
  of	
  dN/dh	
  

night	
  

Example	
  of	
  dN/dh	
  es:ma:on:	
  	
  

P	
  

ΔP	
  

	
  	
  	
  	
  	
  	
  dN/dh	
  	
  

Fabry	
  (2004)	
  

Fabry	
  (2004)	
  
Fabry	
  (2004)	
  

ae =
1

1+Er (
dn
dh
)

	
  à	
  	
  	
  à	
  	
  

Surface	
  sta;on	
  

Radar	
  retrieval	
  

N
	
  

Time	
  

Er:	
  earth’s	
  radius	
  	
  
ae:	
  equivalent	
  earth’s	
  radius	
  


