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1.	  Introduction.	  

Precipitation	   growth	   via	   the	   “warm	   rain	  
processes”	   does	   not	   involve	   ice	   particles,	   as	   the	  
name	   implies.	   	   Instead,	   cloud	   droplets	   grow	   by	  
condensation	  until	  they	  become	  sufficiently	  large	  
as	   to	   sediment	   relative	   to	   the	   other	   droplets.	  	  
Once	  such	  sedimentation	  occurs,	  droplet	  growth	  
quickly	   continues	   by	   accretion	   of	   other	   cloud	  
droplets	   different	   in	   size	   (and	   thus	   fall	   speed),	  
whereupon	  the	  collecting	  droplet	  rapidly	  grows	  in	  
size	   to	  a	   raindrop.	   	  Apparently,	  only	  1	  droplet	   in	  
106	   must	   attain	   sufficiently	   large	   size	   to	   initiate	  
the	  production	  of	   precipitation	   (e.g.,	   Rogers	   and	  
Yau	  1989;	  Pruppacher	  and	  Klett	  1997).	  

As	   the	   precipitation	   particles	   fall	   to	   the	  
ground,	   the	  evolution	  of	   the	  DSD	  beneath	   cloud	  
base	  is	  governed	  by	  four	  main	  processes:	  growth	  
of	  large	  drops	  (and	  subsequent	  depletion	  of	  small	  
drops)	   by	   coalescence,	   depletion	   of	   large	   drops	  
(and	   increase	   in	   concentration	   of	   smaller	   drops)	  
by	  collisional	  breakup,	  size	  sorting	  of	  drops,	  and	  a	  
decrease	  of	  drop	   sizes	  across	   the	   spectrum	   (and	  
depletion	  of	   the	   smallest	   drops)	   by	   evaporation.	  	  
The	   latter	   is	   not	   as	   important	   in	   cases	   of	   heavy	  
rain.	   	   The	   equation	   governing	   the	   evolution	   of	  
number	   density	   n	   in	   time	   by	   the	   collisional	  
processes	   can	   be	   written	   as	   (Gillespie	   and	   List	  
1978;	  Brown	  1995,	  among	  others):	  
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In	   eqn.	   (1),	   the	   first	   two	   terms	   on	   the	   RHS	  
represent	  drop	  breakup,	  and	  the	  latter	  two	  terms	  
represent	  drop	  coalescence.	  	  Here,	  !(!, !!)	  is	  the	  
coalescence	  efficiency	  for	  drops	  of	  masses	  μ	  and	  
μ1,	  !(!; !, !!)∆!	  is	  the	  average	  number	  of	  drop	  
fragments	  with	  mass	  !  to  ! + ∆!	   produced	  by	  
collision	   and	   subsequent	   breakup	   of	   drops	   with	  
masses	   μ	   and	   μ1,	   and	   ! !, !! 	   is	   the	   collision	  
kernel.	  

The	  collision	  kernel	  is	  given	  by	  
	  

! !, !! = ! !! + !!!
!
!!"# !, !! !!! − !! ,          (2)	  	  

	  
where	  rμ	  is	  the	  radius	  of	  a	  drop	  with	  mass	  μ,	  Ecol	  is	  
the	   collision	   efficiency	   of	   drops	   with	   masses	   μ	  
and	  μ1,	  and	  Vμ	  is	  the	  falling	  velocity	  of	  a	  drop	  with	  
mass	   μ.	   	   Obviously,	   the	   equation	   is	   rather	  
complex.	  	  As	  such,	  there	  have	  been	  many	  studies	  
of	   this	   equation,	   methods	   for	   solving	   it,	   and	   its	  
parameterizations	   (Low	   and	   List	   1982a,b;	   Brown	  
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1986,	  1987,	  1993,	  1994;	  List	  et	  al.	  1987;	  List	  and	  
McFarquhar	  1990).	   	   In	  contrast,	  there	  have	  been	  
relatively	   few	   studies	   of	   these	   processes	   in	  
nature,	   such	   as	   remote	   sensing-‐based	   retrievals	  
of	  changes	   in	  the	  DSD	  owing	  to	  these	  processes.	  	  
Dual-‐polarization	  radar	  in	  particular	  is	  well-‐suited	  
for	   such	   a	   study,	   as	   the	   polarimetric	   radar	  
variables	   are	   sensitive	   to	   changes	   in	   the	   overall	  
shape	   of	   the	   rain	   DSD,	   especially	   the	   large-‐drop	  
end	   of	   the	   size	   spectrum.	   	   This	   sensitivity	   is	  
particularly	   pronounced	   at	   shorter	   radar	  
wavelengths	  (C	  and	  X	  bands).	  

This	  study	  investigates	  vertical	  profiles	  of	  the	  
polarimetric	   radar	   variables	   in	   warm-‐rain	  
precipitation,	   in	   situations	   when	   coalescence	  
growth	   evidently	   is	   a	   dominant	   process.	   	   Based	  
on	   these	   data,	   DSD	   parameters	   are	   retrieved	   to	  
explore	   the	   vertical	   evolution	   of	   the	   DSD	   in	  
ongoing	  coalescence.	  	  
	  
2.	  Coalescence:	  a	  Gedankenexperiment.	  

Consider	   two	   identical	   drops	   with	   mass	   m1	  
and	   diameter	  !! = 6!! !!! ! !,	   where	   ρw	   is	  
the	  density	  of	   liquid	  water.	   	  A	  collection	  of	  N1	  of	  
these	   drops	   would	   result	   in	   a	   radar	   reflectivity	  
factor	   (in	   the	   Rayleigh	   approximation)	   	   !! =
!!!!!.	  	  Consider	  now	  that	  these	  two	  drops	  collide	  
and	  coalesce	  to	  form	  one	  larger	  drop	  of	  mass	  m2	  
=	  2m1.	  	  It	  follows	  that	  the	  diameter	  D2	  of	  the	  new	  
big	   drop	   is	  !! = 2! !!!,	   and	   the	   concentration	  
of	   the	   big	   drop	   N2	   =	   0.5	   N1.	   	   Thus,	   we	   can	  
calculate	   the	   Rayleigh	   radar	   reflectivity	   factor	   of	  
the	  new	  big	  drop:	   	  

	  

!! = !!!!! = 0.5!! 2! !!!
!
= 2!!!!! = 2!!	  

	   	   	   	   	  
In	   other	   words,	   the	   new	   reflectivity	   factor	   is	   3	  
dBZ	   larger	   than	   before	   the	   two	   drops	   coalesce.	  	  
We	  can	  perform	  the	  same	  analysis	  for	  KDP,	  which	  
is	   dependent	   on	   drop	   diameters	   as	   D4	   to	   D6,	  
depending	  on	  the	  rainfall	  rate.	  	  It	  is	  clear	  that	  for	  

the	  smaller	  dependence	  on	  diameter,	  the	  change	  
in	   KDP	   is	   less.	   (If	   we	   assume,	   for	   the	   sake	   of	  
argument,	   that	   !!" ∝ !!,	   then	   !!"! ≈
1.6!!"!).	   Thus,	   we	   can	   conclude	   that	  
coalescence	   effects	   KDP	   (in	   general)	   less	   than	   Z.	  	  
Because	  drop	  oblateness	  monotonically	  increases	  
with	   increasing	   drop	   size,	   it	   follows	   that	  
coalescence	   of	   two	   smaller	   drops	   tends	   to	  
increase	   ZDR	   (as	   a	   result	   of	   the	   increased	  
oblateness	  and	  size	  of	  the	  new	  big	  drop).	  	  

Using	   the	   simple	  power-‐law	   relation	  of	  Atlas	  
and	  Ulbrich	  (1977)	  for	  the	  relation	  between	  drop	  
size	   and	   terminal	   velocity	  (! ∝ !!.!"),	   the	   same	  
analysis	   reveals	   that	   rainfall	   rate	  R	   increases	   for	  
coalescence,	  owing	  to	  the	  larger	  drop	  sizes:	  

	  

	  !! = !!!!!!!~!!!!!.!" = 0.5!! 2! !!!
!.!"

≈
                                  1.167!!	   	   	  
	  
It	   is	  clear	  that	  only	  those	  quantities	  proportional	  
to	  Dx	   for	   x	  >	  3.0	  are	   increased	   by	   the	  process	  of	  
coalescence,	   which	   includes	   Rayleigh	   reflectivity	  
factor	   Z,	   KDP,	   ZDR,	   and	   rainfall	   rate.	   	   Liquid	  water	  
content	  M	  is	  proportional	  to	  the	  third	  moment	  of	  
the	   DSD	   and	   thus	   is	   not	   changed	   during	   pure	  
coalescence.	  	  In	  other	  words,	  the	  total	  amount	  of	  
liquid	   water	   mass	   is	   conserved	   during	  
coalescence;	   it	   is	  simply	  redistributed	  among	  the	  
drop	   sizes.	   	   That	   M	   is	   conserved	   during	   pure	  
coalescence	  will	  be	  a	  fundamental	  assumption	  of	  
the	   microphysical	   retrievals	   in	   the	   following	  
sections.	  
	  
3.	  Data.	  

Data	   from	   the	   Bonn	   X-‐band	   Polarimetric	  
(BOXPOL)	  radar	   in	  Bonn,	  Germany	  are	  presented	  
here.	   Radar	   specifications	   for	   BOXPOL	   are	  
presented	   in	   Table	   1.	   Genuine	   RHIs	   were	  
collected	  with	  0.1⁰	  spacing	  in	  elevation,	  affording	  
high	   spatial	   resolution.	   	   The	   precipitation	   event	  
occurred	   on	   22	   June	   2011,	   in	   which	   several	  
warm-‐rain	  storms	  were	  observed	  (e.g.,	  Figure	  1).	  	  
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Ten	   vertical	   profiles	   are	   extracted	   from	   this	   RHI	  
between	   13	   and	   14	   km	   range.	   	   The	   median	   of	  
these	  profiles	  is	  then	  constructed	  (Figs.	  2-‐3).	  	  The	  
data	   reveal	   a	   distinct,	   well-‐pronounced	   increase	  
in	  both	  ZH	  and	  ZDR	  towards	  the	  ground,	  indicative	  
of	   increasingly	   larger	  drops	  present	  closer	  to	  the	  
ground.	  	  Note	  that	  this	  differs	  from	  the	  signature	  
of	  differential	  sedimentation,	  where	  ZH	  decreases	  
as	   ZDR	   increases	   (Kumjian	   and	   Ryzhkov	   2012).	  	  
Differential	   sedimentation	   is	   seen	   in	   the	  

developing	   cell	   at	   11	   km	   range.	   	   Instead,	   the	  
profiles	  in	  Figures	  2-‐3	  provide	  a	  clear	  indication	  of	  
raindrop	   growth	   (and	   the	   radar	   signal)	   being	  
dominated	   by	   coalescence.	   	   Collisional	   breakup	  
(which	   tends	   to	   decrease	   ZDR)	   is	   undoubtedly	  
occurring,	   but	   it	   is	   not	   enough	   to	   balance	   the	  
overall	   contribution	   of	   coalescence	   to	   the	   radar	  
signal.	  	  Note	  that	  the	  data	  below	  about	  600	  m	  in	  
height	   are	   contaminated	   by	   ground	   clutter	   and	  
have	   been	   censored	   from	   Figures	   2	   and	   3.

	  

Fig.	  1:	  Genuine	  RHI	  scan	  collected	  with	  BOXPOL	  on	  22	  June	  2011	  at	  1454	  UTC,	  along	  the	  309.5⁰	  azimuth.	  	  
Polarimetric	  radar	  variables	  shown	  are	  (top)	  ZH,	  and	  (bottom)	  ZDR.	  The	  cell	  of	  interest	  is	  located	  between	  
13	  and	  14	  km	  range.	  
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Fig.	  2:	  Median	  vertical	  profile	  of	  ZH	  through	  the	  storm	  in	  Figure	  1,	  constructed	  from	  10	  extracted	  vertical	  
profiles	  at	  ranges	  13	  –	  14	  km.	  

	  

Fig.	  3:	  Median	  vertical	  profile	  of	  ZDR	  through	  the	  storm	  in	  Figure	  1,	  constructed	  from	  10	  extracted	  vertical	  
profiles	  at	  ranges	  13	  –	  14	  km.	  
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BOXPOL	  Radar	  Characteristics	   	  

Wavelength	   3.21	  cm	  (X	  band)	  

Antenna	  beamwidth	  (-‐3	  dB)	   1.06°	  

Peak	  Power	   200	  kW	  

Range	  resolution	   50	  m	  (50	  km	  max.	  range)	  

Scanning	  strategy	   RHI;	  0.1°	  spacing	  in	  elevation;	  along	  
the	  309.5°	  azimuth	  

Table	  1:	  Characteristics	  of	  the	  BOXPOL	  radar	  

4.	  Microphysical	  Retrievals:	  Methods.	  
Dual-‐polarization	  radar	  observations	  have	  the	  

unique	   capability	   of	   being	   used	   to	   retrieve	  
information	   about	   the	   rain	   DSD	   shape	   (e.g.,	  
Zhang	  et	  al.	  2001;	  Brandes	  et	  al.	  2002,	  2004).	  	  For	  
this	   study,	   calculations	   of	   the	   dual-‐polarization	  
radar	  variables	  for	  a	  wide	  range	  of	  DSDs	  found	  in	  
nature	   modeled	   by	   the	   constrained-‐gamma	  
relation	  (e.g.,	  Zhang	  et	  al.	  2001,	  2003)	  	  

	  
! ! = !!!! exp −Λ!                                                  3   	  

	  
were	  performed.	  	  The	  constrained	  gamma	  DSD	  is	  
constrained	   by	   an	   assumed	   relation	   between	  
shape	  parameter	  μ	  and	  slope	  parameter	  Λ,	  which	  
has	   been	   observed	   in	   natural	   DSDs	   (e.g.,	   Cao	   et	  
al.	  2008):	  
	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  ! = −0.0201Λ! + 0.902Λ − 1.718,                        (4)	  

	   	   	   	   	  
where	  here	  Λ	  is	  in	  mm-‐1.	  	  The	  constrained-‐gamma	  
relation	   is	   convenient	   in	   that	   there	   exists	   a	  
relation	  between	  the	  DSD	  slope	  parameter	  Λ	  and	  
ZDR	   (Fig.	   4).	   The	   T-‐matrix	   method	   (Mischenko	  

2000)	   was	   used	   to	   compute	   the	   complex	  
scattering	  amplitudes	  of	  raindrops	  at	  X	  band	  with	  
a	   temperature	   of	   15	   ⁰C,	   from	   which	   the	  
polarimetric	   variables	   were	   computed	   following	  
Ryzhkov	  (2001)	  and	  Ryzhkov	  et	  al.	  (2011).	  The	  μ-‐Λ	  
relation	   from	   Cao	   et	   al.	   (2008)	   is	   used	   to	  
determine	  the	  ZDR	  for	  a	  given	  slope	  parameter	  Λ.	  
Though	   some	   controversy	   exists	   about	   the	  
physical	  nature	  of	  this	  relation	  (e.g.,	  see	  Zhang	  et	  
al.	   2003;	   Seifert	   2005;	   Moisseev	   and	  
Chandrasekar	  2007),	  it	  is	  clear	  from	  Figure	  4	  that	  
it	   lies	   within	   the	   natural	   range	   of	   values.	   The	  
observed	   ZDR	   profile	   is	   compared	   to	   the	   Λ-‐ZDR	  
relation	  to	  determine	  the	  best	  match	  for	  Λ.	  Then,	  
the	  retrieved	  profile	  of	  Λ	  is	  used	  with	  eqn.	  (4)	  to	  
retrieve	  the	  vertical	  profile	  of	  μ	  (Fig.	  5).	  A	  vertical	  
profile	  of	  ZDR	  is	  computed	  based	  on	  the	  retrieved	  
Λ	   and	   μ	   values	   (remember	   that	   ZDR	   is	  
independent	  of	  concentration	  and	  thus	  does	  not	  
depend	  on	  N0).	  Obviously,	  one	  should	  expect	  this	  
retrieved	  ZDR	  to	  agree	  very	  well	  with	  the	  observed	  
profile.	  

At	   the	   bottom	   of	   the	   profile,	   total	   liquid	  
water	  content	  M,	  
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Fig.	   4:	   Scatter	   of	   the	   range	   of	   Λ-‐ZDR	   points	  
observed	   in	   nature	   (black	   points),	   overlaid	   with	  
the	  ZDR	  from	  the	  Cao	  et	  al.	  (2008)	  relation	  (green).	  
Calculations	  made	   at	   X	   band,	   for	   raindrops	  with	  
temperature	  =	  15	  °C.	  
	  

! =
!
6
!! ! ! !!!"

!

!

                                                          (5)	  

	  
is	  determined	  (rather	  subjectively)	  based	  on	  what	  
provides	   best	  match	   of	   the	   observed	   profiles	   of	  
the	   polarimetric	   radar	   variables.	   	   From	   this	  
height,	  the	  flux	  of	  liquid	  water	  mass	  content	  M	  is	  
assumed	  to	  remain	  constant	  with	  height	  

	  
!" = !!"#!!"# = constant  .                      (6)	  

	  
In	  other	  words,	  we	  assume	  that	  no	  water	  mass	  is	  
lost	  owing	  to	  evaporation;	  rather,	  mass	   is	  simply	  
shifted	   from	   size	   bin	   to	   size	   bin	   by	   coalescence,	  
and	   is	   affected	   by	   the	   change	   in	   fallspeed	   with	  
height	  owing	  to	  changes	  in	  air	  density.	  Air	  density	  
is	   determined	   from	   the	   12	   UTC	   sounding	   on	   22	  
June	  2011	   from	  Essen,	  Germany	   (Fig.	  6),	   located	  
roughly	   90	   km	   to	   the	   north-‐northwest	   of	   Bonn.	  	  
Using	   M,	   μ,	   and	   Λ	   at	   each	   height,	   intercept	  
parameter	  N0	  is	  determined	  by	  solving	  (5):	  	  
	  

!! =
6!Λ!!!

!!!Γ 4 + !
,                                                    (7)	  

	   	   	   	   	   	   	  
where	   Γ	   is	   the	   gamma	   function.	   	   The	   retrieved	  
DSD	  at	  each	  level	  is	  then	  determined	  by	  equation	  
(3).	  Note	  that	  ZH	  is	  not	  used	  to	  determine	  the	  DSD	  
parameters;	   rather,	   the	   ZH	   calculated	   from	   the	  
retrieved	  DSD	   will	   be	   compared	   to	   observations	  
as	   a	   test	   of	   the	   methods	   and	   assumptions.

	  
Fig.	   5:	   Vertical	   profiles	   of	   slope	   parameter	   Λ	   (left)	   and	   shape	   parameter	   μ	   (right)	   retrieved	   from	  
polarimetric	  radar	  measurements.	  
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Fig.	   6:	  Observed	   sounding	   from	  Essen,	  Germany,	  
on	  22	  June	  2011	  at	  12	  UTC.	  
	   	  
5.	  Microphysical	  Retrievals:	  Results.	  

The	   vertical	   profiles	   of	   polarimetric	   radar	  
variables	   ZH	   and	   ZDR	   are	   calculated	   from	   the	  
retrieved	   DSD	   at	   each	   level.	   	   Figure	   7	   compares	  
the	   retrieved	   ZDR	   profile	   to	   the	   observed	   ZDR	  
profile.	   	   As	   expected,	   there	   is	   very	   good	  
agreement	  over	  all	  height	  levels.	  	  This	  is	  because	  
the	   ZDR-‐Λ	   relation	   was	   used	   as	   an	   input	   to	   the	  
retrieval.	   	   Figure	   8	   shows	   the	   retrieved	   vertical	  
profile	   of	   ZH	   compared	   to	   the	   observations.	  	  
Recall	  that	  ZH	  is	  under	  the	  constraint	  that	  the	  flux	  
of	   the	  mass	  water	   content	   is	   conserved	   at	   each	  
level.	  	  The	  surprisingly	  good	  	  

	  

	  
Fig.	  7:	  Retrieved	  ZDR	  (blue	  curve)	  and	  the	  observed	  
ZDR	  (green	  curve)	  profiles	  as	  a	  function	  of	  height.	  
	  

	  
Fig.	  8:	  As	  in	  Figure	  7,	  but	  the	  retrieved	  (blue)	  and	  
observed	  (green)	  ZH	  profiles	  are	  shown.	  
	  
agreement	  below	  about	  2	   km	   indicates	   that	   this	  
assumption	   is	   likely	   valid;	   in	   other	   words,	  
coalescence	   is	   the	   dominant	   process	   below	   this	  
height.	  	  Indeed,	  relative	  errors	  (Fig.	  9)	  below	  2	  km	  
AGL	  are	  within	  ±	  10%.	  The	  disagreement	  between	  
retrieved	   and	   observed	   ZH	   above	   about	   2	   km	   is	  
also	   informative.	   	   It	   demonstrates	   that	   the	  
assumption	  of	  constant	  M	  flux	  in	  this	  height	  	  
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Fig.	  9:	  Relative	  error	  (%)	  of	  the	  retrieved	  ZH	  profile	  
for	  1454	  UTC	  on	  22	  June	  2011.	  
	  
interval	   is	   not	   valid.	   	  We	   can	   infer	   this	   because	  
the	  ZDR	  profiles	  match	  very	  well,	  implying	  that	  the	  
overall	   shape	   of	   the	   DSD	   (μ	   and	   Λ)	   are	   rather	  
close	   to	   reality.	   	   In	  other	  words,	   there	   is	   likely	  a	  
change	   in	   M	   with	   height	   above	   about	   2	   km.	  	  
Because	  the	  retrieved	  profile	  has	  larger	  values	  of	  
ZH	   above	   2	   km	   than	   the	   observed	   profile,	   but	  
matches	   rather	   well	   below	   2	   km,	   one	   can	   infer	  
that	   M	   is	   being	   generated	   or	   added	   at	   levels	  
above	   2	   km,	   owing	   to	   activation	   of	   more	   drops	  
(e.g.,	   within	   an	   updraft)	   or	   accretion	   of	   cloud	  
water	  droplets.	  

The	   retrieved	   DSD	   at	   each	   level	   (Figure	   10)	  
reveal	   the	   evolution	   of	   DSDs	   undergoing	   pure	  
coalescence.	   	   It	   is	   important	   to	   emphasize	   that	  
we	  do	  not	  attempt	  to	  perfectly	  retrieve	  the	  actual	  
DSD;	   rather,	   the	   retrieval	   provides	   a	   plausible	  
look	   at	   the	   evolution	   of	   the	   DSD	   in	   height	  
affected	   by	   pure	   coalescence.	   	   Indeed,	  
disagreement	  between	  the	  retrieved	  profiles	  and	  
the	  observations	   is	  also	   instructive,	  as	   illustrated	  
above.	   	   Moving	   towards	   the	   ground	   (colors	   in	  
Figure	  10	  transition	  from	  black	  to	  blue	  to	  red)	  the	  
concentration	   of	   smaller	   drops	   (<	   1.5	   mm)	  
decreases	   substantially	   as	   the	   concentration	   of	  
large	   drops	   increases	   and	   the	   DSD	   broadens.	  	  
Note	  that	  this	  effect	  is	  retrieved	  solely	  from	  our	  	  

	  
Figure	   10:	   Retrieved	   DSD	   at	   each	   height	   level,	  
with	   each	   color	   indicating	   a	   certain	   depth.	   	   As	  
expected	   with	   coalescence	   growth,	   the	   initially	  
narrow	   DSD	   broadens	   and	   acquires	   a	   shallower	  
slope,	  indicative	  of	  an	  increase	  in	  concentration	  of	  
large	   drops	   and	   a	   decrease	   in	   concentration	   of	  
small	  drops	  (sizes	  <	  2	  mm).	  
	  
assumptions	   and	   polarimetric	   data;	   no	   physical	  
parameterization	   of	   coalescence	   has	   been	  
implemented.	  	  	  

These	   retrieved	   DSDs	   can	   be	   used	   to	  
compute	   the	   other	   polarimetric	   radar	   variables	  
KDP	   and	   ρhv	   (Fig.	   11).	   Note	   the	   increase	   in	   KDP	  
towards	   the	   ground;	   similar	   to	   ZH,	   this	   implies	  
that	   the	   increase	   in	   particle	   size	   overcomes	   the	  
decrease	   in	   particle	   concentration.	   This	   result	  
also	   agrees	   well	   with	   the	   gedankenexperiment	  
described	   earlier:	   if	   converted	   to	   logarithmic	  
units,	  the	  increase	  in	  KDP	  is	  about	  12	  dBZ,	  which	  is	  
less	  than	  the	  increase	  in	  ZH	  (closer	  to	  20	  dBZ).	  The	  
decrease	   in	   the	   retrieved	   ρhv,	   though	   small	   in	  
magnitude,	   is	   consistent	  with	   the	   broadening	   of	  
the	  DSD	  depicted	  by	  Figure	  10.	  
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Fig.	  11:	  Retrieved	  profiles	  of	  KDP	  (left	  panel)	  and	  ρhv	  (right	  panel)	  from	  22	  June	  2011,	  1454	  UTC.	  

	  
6.	  Size	  Sorting.	  

In	   addition	   to	   coalescence,	   cases	   of	   size	  
sorting	   are	   clear	   in	   the	   observed	   data.	   For	  
example,	   the	   cell	   centered	   at	   about	   11	   km	   in	  
range	   in	  Figure	  1	  displays	  a	  sharp	   increase	   in	  ZDR	  
towards	   the	   ground,	   collocated	   with	   a	   decrease	  
in	   ZH.	   Though	   evaporation	   similarly	   causes	   an	  
increase	   in	   ZDR	   and	  decrease	   in	   ZH	   (e.g.,	   Kumjian	  
and	   Ryzhkov	   2010),	   the	   magnitude	   of	   the	   ZDR	  
increase	   implies	   size	   sorting	   is	   the	   dominant	  
process	  in	  this	  case.	  	  

Earlier	  in	  the	  day	  on	  22	  June,	  another	  case	  of	  
transient	  differential	  sedimentation	  was	  captured	  
with	   the	   BOXPOL	   radar.	   A	   scatterplot	   of	   the	  
observed	  ZH	  and	  ZDR	  (Figure	  12)	  reveals	  a	  striking	  
inverse	   correlation,	   remarkably	   different	   from	  
what	   is	   expected	   in	   rain.	   Such	   an	   inverse	  
correlation	   is	   a	   tell-‐tale	   sign	   of	   raindrop	   size	  
sorting	  (e.g.,	  Kumjian	  and	  Ryzhkov	  2012).	  Though	  	  

	  
Fig.	  12:	   ZH-‐ZDR	   scatter	  of	  data	   from	  0944	  UTC	  on	  
22	   June	   2011	   (green	   points)	   compared	   to	   the	  
“expected”	  ZH-‐ZDR	  relation	  of	  Cao	  et	  al.	  (2008).	  
	  
such	   differential	   sedimentation	   is	   transient,	   size	  
sorting	   can	   be	   maintained	   in	   the	   presence	   of	  
updrafts	  or	  vertical	  wind	  shear.	  Again,	  such	  a	  case	  
was	  captured	  with	  BOXPOL	  (Fig.	  13a,b).	  Although	  
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Fig.	  13:	  Comparison	  of	  observed	  and	  modeled	  polarimetric	  variables	  of	  a	  rainshaft	  encountering	  vertical	  
wind	  shear.	  (a)	  Observed	  ZH,	  and	  (b)	  observed	  ZDR	  from	  22	  June	  2011,	  at	  0404	  UTC,	  from	  BOXPOL	  radar.	  
(c)	  Modeled	  ZH,	  with	  contours	  of	  ZDR	  overlaid,	  and	  (d)	  modeled	  ZDR,	  with	  contours	  of	  ZH	  overlaid.	  Adapted	  
from	  Kumjian	  and	  Ryzhkov	  (2012).	  
	  
a	  melting	  layer	  “bright	  band”	  is	  evident,	  implying	  
ice	  particles	  are	  present,	  the	  size	  sorting	  effect	  is	  
most	   pronounced	   in	   the	   pure	   rain	   part	   of	   the	  
echo.	   The	   enhancement	   of	   ZDR	   found	   at	   the	  
leading	   edge	   of	   the	   cell,	   along	   a	   gradient	   in	   ZH	  
closely	   resembles	   the	   idealized	  modeling	   results	  
(Fig.	  13c,d)	  of	  Kumjian	  and	  Ryzhkov	  (2012).	  
	  
	  7.	  Discussion	  and	  Conclusions.	  

The	   impact	   of	   the	   main	   warm-‐rain	  
microphysical	  processes	  on	  the	  polarimetric	  radar	  
variables	   is	   summarized	   pictorially	   in	   Figure	   14.	  

Whereas	  one	  radar	  variable	  alone	  cannot	  provide	  
enough	  information	  to	  differentiate	  between	  the	  
dominant	   ongoing	   process,	   polarimetry	   greatly	  
reduces	   this	   ambiguity.	   Each	   microphysical	  
process	   has	   its	   own	   “fingerprint”	   in	   the	  
polarimetric	   data,	   which	   can	   be	   exploited	   for	  
microphysical	   retrievals	   and	  model	  microphysics	  
validation	  studies.	  	  	  	  

A	   method	   for	   retrieving	   microphysical	  
information	   was	   presented.	   In	   the	   case	   of	  
coalescence,	   fundamental	   physical	   assumptions	  
lead	  to	  testable	  predictions	  about	  the	  changes	  in	  	  
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Fig.	   14:	   Schematic	   summarizing	   the	   impact	   of	   the	  warm-‐rain	   processes	   on	   the	   polarimetric	   variables.	  
Direction	  of	  the	  arrows	  indicates	  direction	  of	  change	  in	  the	  variable	  towards	  the	  ground	  when	  a	  process	  
is	  ongoing.	  Double-‐headed	  arrows	  indicate	  that	  changes	  depend	  on	  other	  factors,	  such	  as	  the	  DSD.	  
	  
the	   polarimetric	   radar	   variables,	   which	   are	  
validated	   by	   the	   observations.	   	   Such	   retrievals	  
provide	   experimental	   evidence	   that	   can	  be	  used	  
for	   comparison	   with	   various	   models	   and	  
parameterizations	   of	   the	   warm-‐rain	   physical	  
processes.	   Additionally,	   they	   provide	   a	   basis	   for	  
better	   understanding	   of	   how	   such	  microphysical	  
processes	  affect	  rainfall	  rate	  beneath	  cloud	  base,	  
which	   can	   be	   used	   to	   improve	   the	   accuracy	   of	  
remote	  quantitative	  precipitation	  estimation.	  
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