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K ri s h n a   K.   O s u ri 1 ,   R a g h u   N a di m p alli2 ,   K u m a r   A n k u r3 ,   H.   P.   N a y a k2 ,   U.   C.   M o h a nt y2 ,

A.   K.   D a s 4 ,  a n d   D e v   Ni y o gi5, 6

1 D e p art m e nt of   E art h a n d   At m os p h eri c S ci e n c es,   N ati o n al I nstit ut e of   T e c h n ol o g y   R o ur k el a,   R o ur k el a, I n di a, 2 S c h o ol of

E art h   O c e a n  a n d   Cli m at e  S ci e n c es, I n di a n I nstit ut e  of   T e c h n ol o g y   B h u b a n es w ar,   B h u b a n es w ar, I n di a, 3 D e p art m e nt  of

At m os p h eri c  a n d   E art h  S ci e n c e,   U ni v ersit y  of   Al a b a m a i n   H u nts vill e,   H u nts vill e,   A L,   U S A, 4 N u m eri c al   W e at h er

Pr e di cti o n   Di visi o n, I n di a   M et e or ol o gi c al   Di visi o n,   N e w   D el hi, I n di a, 5 D e p art m e nt of   A gr o n o m y,   Cr o ps, S oils, a n d   W at er

s ci e n c es,   D e p art m e nt  of   E art h,   At m os p h eri c,  a n d  Pl a n et ar y  S ci e n c es,  P ur d u e   U ni v ersit y,   W est  L af a y ett e, I N,   U S A,
6 D e p art m e nt  of   G e ol o gi c al  S ci e n c es, J a c ks o n  S c h o ol  of   G e os ci e n c es,   D e p art m e nt  of   Ci vil,   Ar c hit e ct ur al,  a n d

E n vir o n m e nt al   E n gi n e eri n g,   U ni v ersit y  of   T e x as at   A usti n,   A usti n,   T X,   U S A

A b st r a ct T his st u d y i n v esti g at es t h e i m p a ct  of  dir e ct  v ers us i n dir e ct i niti ali z ati o n  of s oil   m oist ur e ( S M)

a n d s oil t e m p er at ur e ( S T) o n   m o ns o o n d e pr essi o ns ( M Ds) a n d  h e a v y r ai nf all si m ul ati o ns o v er I n di a. S M/ S T

pr o d u cts  o bt ai n e d fr o m  hi g h ‐r es ol uti o n, l a n d  d at a  assi mil ati o n s yst e m ( L D A S)  ar e  us e d i n t h e  dir e ct

i niti ali z ati o n of l a n d s urf a c e c o n diti o ns i n t h e   A R W   m o d eli n g s yst e m. I n t h e i n dir e ct   m et h o d, t h e i niti al S M

is s e q u e nti all y  a dj ust e d t hr o u g h t h e fl u x ‐a dj usti n g s urf a c e  d at a  assi mil ati o n s yst e m ( F A S D A S).   T h es e t w o

a p pr o a c h es ar e c o m p ar e d   wit h a c o ntr ol e x p eri m e nt ( C N T L) i n v ol vi n g cli m at ol o gi c al S M/ S T c o n diti o ns f or

ei g ht   M Ds at 4 ‐k m  h ori z o nt al r es ol uti o n.   T h e s urf a c e fi el ds si m ul at e d  b y t h e  L D A S r u n s h o w e d t h e  hi g h est

a gr e e m e nt, f oll o w e d  b y  F A S D A S f or r el ati v el y  dr y J u n e c as es,  b ut t h e err or is  hi g h ( ~ 1 5 – 3 0 %) f or t h e

r el ati v el y   w et   A u g ust c as es.   T h e   m oist ur e  b u d g et i n di c at es t h at   m oist ur e c o n v er g e n c e  a n d l o c al i n fl u e n c e

c o ntri b ut e d   m or e t o r ai nf all.   T h e s urf a c e ‐r ai nf all f e e d b a c k  a n al ysis r e v e als t h at s urf a c e c o n diti o ns  a n d

e v a p or ati o n  h a v e  a  d o mi n a nt i m p a ct  o n t h e r ai nf all si m ul ati o n  a n d t h es e c o u pli n gs  ar e  n ot a bl e i n  L D A S

r u ns.   T h e c o nti g u o us r ai n ar e a ( C R A)   m et h o d i n di c at es  b ett er  p erf or m a n c e  of  L D A S f or v er y  h e a v y r ai nf all

distri b uti o n,  a n d t h e l o c ati o n ( E T S   >  0. 2), c o m p ar e d t o  F A S D A S  a n d   C N T L.   T h e  p att er n err or c o ntri b ut es

t h e   m a xi m u m t o t h e t ot al r ai nf all err or,  a n d t h e  dis pl a c e m e nt err or is   m or e i n   A u g ust c as es' r ai nf all t h a n

t h at i n J u n e c as es.   O v er all a n al ys es i n di c at e d t h at t h e r ol e of l a n d c o n diti o ns is si g nifi c a ntl y hi g h i n t h e dri er

m o nt h ( J u n e) t h a n a   w et   m o nt h ( A u g ust), a n d dir e ct i niti ali z ati o n of S M/ S T fi el ds yi el d e d i m pr o v e d   M D a n d

h e a v y r ai n si m ul ati o ns.

1.  I nt r o d u cti o n

D uri n g t h e s o ut h w est   m o ns o o n s e as o n, h e a v y t o v er y h e a v y r ai nf all o c c urs o v er si g ni fi c a nt p arts of I n di a pri-

m aril y  d u e t o  or g a ni z e d   m es o c o n v e cti v e s yst e ms s u c h as   m o ns o o n  d e pr essi o ns ( M Ds), l o ws, a n d   mi dtr o p o-

s p h eri c cir c ul ati o ns.   A m o n g t h es e,   M Ds ar e c o nsi d er e d r es p o nsi bl e f or  n e arl y  h alf t o t w o t hir ds of t h e  h e a v y

r ai nf all e v e nts o c c urri n g o v er t h e I n di a n   m o ns o o n r e gi o n (I M R) ( H u nt   &  Fl et c h er, 2 0 1 9; Si k k a, 1 9 7 8).   M ost

of t h e   M Ds t y pi c all y d e v el o p o v er t h e   B a y of   B e n g al ( B o B), cl os e t o l a n d, a n d o c c asi o n all y i n t h e   Ar a bi a n S e a

( A S)  b ef or e   m o vi n g i nl a n d.   As t h e   M Ds  a p pr o a c h l a n d, t h e y i nt er a ct   wit h t h e  u n d erl yi n g l a n d s urf a c e  a n d

ar e i n fl u e n c e d  b y f e at ur es s u c h  as t o p o gr a p h y,  as   w ell  as s oil   m oist ur e ( S M)  a n d s oil t e m p er at ur e ( S T).

Pri or  st u di es  r e p ort  li mit e d  s kill  of   m es os c al e   m o d els  f or  r ai nf all  pr e di cti o ns  fr o m   M Ds  ( B h o w mi k

et al., 2 0 0 7).   T h e   m o d el  p erf or m a n c e  h as s h o w n   m o d est b ut  pr o misi n g i m pr o v e m e nts   wit h t h e assi mil ati o n

of  at m os p h eri c  o bs er v ati o ns  ( M o h a nt y  et  al.,  2 0 1 2;   R o utr a y,   M o h a nt y,   Ni y o gi,  et  al.,  2 0 1 0;   R o utr a y,

M o h a nt y,   Ri z vi,  et  al.,  2 0 1 0).  St u di es  s u c h  as   Ni y o gi  et  al.  ( 2 0 1 6),   H u nt  a n d   T ur n er  ( 2 0 1 7),  a n d   B ais y a

et al. ( 2 0 1 7)  p ost ul at e t h at t h e li mit e d i m pr o v e m e nts   mi g ht  b e  d u e t o t h e  u nr e alisti c r e pr es e nt ati o n  of l a n d

s urf a c e  c h ar a ct eristi cs i n t h e   m o d els.  I n t h e  r e c e nt  y e ars,  s at ellit e ‐d eri v e d  S M  pr o d u cts  s u c h  as fr o m  S oil

M oist ur e   A cti v e  P assi v e ( S M A P),  S oil   M oist ur e  a n d   O c e a n  S ali nit y ( S M O S),  a n d   E ur o p e a n  S p a c e   A g e n c y ‐

Cli m at e   C h a n g e  I niti ati v e  ( E S A C CI)  h a v e  b e c o m e  a  us ef ul  s o ur c e  of  s p ati ot e m p or all y  c o nsist e nt  d at a.

T h es e  pr o d u cts  ar e  a v ail a bl e  o n  a s u b d ail y  b asis.   H o w e v er, t h e y  h a v e  a r el ati v el y  c o ars e s p ati al r es ol uti o n
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( ~ 1 0– 2 5  k m  or   m or e).   T h e c o ars er r es ol uti o n t e n ds t o s m o ot h  o ut t h e  S M  p e a k  v al u es t h at  ar e  p arti c ul arl y

i m p ort a nt f or c a pt uri n g t h e   m es os c al e  b o u n d ari es a n d c o n v e cti o n ( H olt et al., 2 0 0 6).   As a r es ult, t h es e  pr o-

d u cts  n e e d  t o  b e  d o w ns c al e d  t o  c a pt ur e  t h e  r e alisti c  h et er o g e n eit y i n  t h e  S M  c o n diti o ns.   A  r e c e nt  st u d y

d e m o nstr at e d t h e   m ar gi n al i m pr o v e m e nts fr o m t h e assi mil ati o n of   E S A C CI S M i n a l a n d ‐s urf a c e d at a assi m-

il ati o n  s yst e m  o v er  t h e  I n di a n   m o ns o o n  d o m ai n  ( M o h a nt y  et  al.,  2 0 1 9).   T h er ef or e,  t his  st u d y  pri m aril y

f o c us es  o n t h e i niti ali z ati o n  of l a n d s urf a c e  c o n diti o ns ( S M  a n d  S T)  pr e p ar e d  off‐li n e  at  a  hi g h s p ati ot e m-

p or al  r es ol uti o n,  t o  i m pr o v e  t h e  pr e di cti o n  of   M D  si m ul ati o n  a n d  h e a v y  r ai nf all  usi n g  t h e   A d v a n c e d

R es e ar c h   W e at h er   R es e ar c h  a n d  F or e c asti n g ( A R W)   m o d el.

T h e i nt er a cti o n b et w e e n t h e l a n d s urf a c e a n d at m os p h er e is c o nsi d er e d ess e nti al a n d n e e ds t o b e u n d erst o o d

i n t h e c o nt e xt of c u m ul us c o n v e cti v e r ai nf all si m ul ati o ns ( Os uri et al., 2 0 1 7).   T h e  h et er o g e n eit y i n l a n d s ur-

f a c e c h ar a ct eristi cs s u c h as t err ai n,   m oist ur e, v e g et ati o n, a n d s oil t y p e  o v er t h e I M R c o ntri b ut es t o t h e  h e at

a n d   m oist ur e f e e d b a c k str o n gl y i n fl u e n ci n g t h e r e gi o n al   w e at h er,  a n d  h y dr o cli m at e  a p pli c ati o ns i n cl u di n g

cr o p   w at er   m a n a g e m e nt  at fi el d ( J a ms hi di  et  al.,  2 0 2 0).   T h e   w ar m, tr o pi c al  r e gi o n  h as  n oti c e a bl e  di ur n al

c h a n g es i n  h e at a n d   m oist ur e e x c h a n g es b et w e e n t h e l a n d a n d at m os p h er e,   w hi c h  ulti m at el y   m o di fi es  h e at

a n d   m oist ur e fl u x es ( Pi el k e, 2 0 0 1), a n d e v a p otr a ns pir ati o n esti m at es ( J a ms hi di  Z a n d ‐P ars a,   N a g h d y z a d e g a n

J a hr o mi, et al., 2 0 1 9, J a ms hi di,   Z a n d ‐P ars a,  P a k p ar v ar, et al., 2 0 1 9, J a ms hi di et al., 2 0 2 0),   wit hi n t h e  pl a n e-

t ar y  b o u n d ar y  l a y er  ( P B L)  a n d  ass o ci at e d  c u m ul us  cl o u d  a cti vit y  ( T a yl or  et  al.,  2 0 1 1;   T uttl e   &

S al v u c ci,  2 0 1 6).  I niti al  st u di es  s u g g est  t h at  l a n d  s urf a c e  h et er o g e n eit y  a n d  f e e d b a c k  c o ul d  b e  i n fl u e nti al

o n t h e c o n v e cti v e str u ct ur e  of r ai n ‐b e ari n g s yst e ms ( H olt et  al.,  2 0 0 6;   Ni y o gi et  al.,  2 0 0 6;   Tri er et  al.,  2 0 0 4).

St u di es c o nti n u e t o  d e m o nstr at e t h e v al u e  of a c c ur at e r e pr es e nt ati o n  of l a n d s urf a c e c o n diti o ns f or si m ul a-

ti o n of h e a v y r ai nf all e v e nts o v er t h e I M R ( C h a n g,   K u m ar, et al., 2 0 0 9;   C h a n g,   Ni y o gi, et al., 2 0 0 9;   Kis ht a w al

et  al.,  2 0 1 0;  L ei  et  al.,  2 0 0 8;   N a y a k  et  al.,  2 0 1 8;   Os uri  et  al.,  2 0 1 7).  I n d e e d,  s e v er al  st u di es  ( e. g.,   K ost er

et al., 2 0 0 4) d e m o nstr at e t h at t h e I M R is o n e of t h e pr o mi n e nt l a n d ‐at m os p h er e c o u pli n g “ h ot s p ot ” gl o b all y

a n d t h at S M, i n p arti c ul ar, c a n si g ni fi c a ntl y i n fl u e n c e t h e pr e ci pit ati o n. S M c o nti n u es t o b e o n e of t h e criti c al

v ari a bl es  t h at  n e e d  t o  b e  i niti ali z e d  i n  n u m eri c al   w e at h er  pr e di cti o n  ( N W P)   m o d els  ( Dr us c h,  2 0 0 7;

M a hf o uf,  2 0 1 0).   C h a n g,   K u m ar,  et  al.  ( 2 0 0 9),  b uil di n g  o n  e arli er   w or k  of   D ast o or  a n d   Kris h n a m urti

( 1 9 9 1),  s h o w e d  a  p ossi bl e  r el ati o n  b et w e e n  a nt e c e d e nt  S M  r e pr es e nt ati o n — t h e  s o‐c all e d   Br o w n   O c e a n

Eff e ct — i n t h e   A R W   m o d el  a n d t h e  p ostl a n df all  e v ol uti o n  of   M Ds.   A  n u m b er  of r el at e d st u di es  h a v e  b e e n

r e p ort e d,  s u c h  as   A n d ers e n  et  al.  ( 2 0 1 3),   A n d ers e n  a n d  S h e p h er d  ( 2 0 1 4),   B o z e m a n  et  al.  ( 2 0 1 2),   K ell n er

et  al. ( 2 0 1 2),  a n d   Kis ht a w al  et  al. ( 2 0 1 3),  a n d,  r e c e ntl y,   N air  et  al. ( 2 0 1 9)  hi g hli g ht e d t h e i n fl u e n c e  of  L C

a n d  S M  o n e xtr e m e r ai nf all c as es fr o m  b ot h tr o pi c al c y cl o n es  as   w ell  as   M Ds.

I n t his st u d y,   w e ass ess t w o   m et h o ds t o  u p d at e S M/ S T i niti al c o n diti o ns   wit h t h e   A R W   m o d eli n g s yst e m. I n

t h e fi rst   m et h o d, r e alisti c S M/ S T c o n diti o ns ar e dir e ctl y i niti ali z e d i nt o t h e   m o d el fr o m a l a n d d at a assi mil a-

ti o n s yst e m ( L D A S). I n a n ot h er   m et h o d, t h e s urf a c e c o n diti o ns ar e a dj ust e d t hr o u g h t h e fl u x ‐a dj usti n g s ur-

f a c e d at a assi mil ati o n s yst e m ( F A S D A S;   Al a p at y et al., 2 0 0 8).   C urr e ntl y, S M/ S T o bs er v ati o ns ar e  n ot r e a dil y

a v ail a bl e o v er t h e I M R at  hi g h s p ati ot e m p or al s c al e t o us e i n t h e dir e ct   m et h o d.   T h er ef or e, off ‐li n e‐pr e p ar e d

S M/ S T fi el ds fr o m t h e  hi g h ‐r es ol uti o n l a n d  d at a assi mil ati o n s yst e m ( H R L D A S;   C h e n et al., 2 0 0 7,  h er e aft er

L D A S)  b as e d  o n t h e   N o a h l a n d s urf a c e   m o d el ( L S M) is  us e d.   T h es e gri d d e d,  S M/ S T  d at a  pr o d u cts  ar e c o n-

si d er e d hi g h q u alit y a n d g o o d s urr o g at es f or i n sit u, d e ns e, S M/ S T o bs er v ati o n al n et w or k ( N a y a k et al., 2 0 1 8;

Os uri  et  al.,  2 0 1 7).   T h e   A R W   m o d el   V ersi o n  3. 9. 1 is  us e d t o  st u d y t h e  si m ul ati o n  of  ei g ht   M Ds,  a n d t h e

i m p a ct  o n r ai nf all  usi n g t h e  dir e ct  a n d i n dir e ct  S M/ S T i niti ali z ati o n is i n v esti g at e d.   T h e  br o a d er  o bj e cti v e

is t o i m pr o v e t h e   m es os c al e si m ul ati o n of   M Ds a n d ass o ci at e d r ai n a n d t o ass ess t h e i m p a ct of e n h a n c e d l a n d

s urf a c e c o n diti o ns.

2.   M et h o d ol o g y

T h er e e xists a n e m er gi n g  n e e d f or c o u pli n g l a n d assi mil ati o n s yst e ms i n t h e at m os p h eri c   m o d els t o i m pr o v e

h e a v y r ai nf all pr e di cti o n o v er t h e I M R ( Ni y o gi, 2 0 1 9).   As   m e nti o n e d, b ot h dir e ct a n d i n dir e ct l a n d d at a i niti-

ali z ati o n   m et h o ds  h a v e  b e e n  a d o pt e d i n t his  st u d y.   Ei g ht   M D  c as es t h at  o c c urr e d fr o m  2 0 0 7 t o  2 0 1 3  ar e

si m ul at e d.   T h e  d et ails, s u c h  as t h e c as e  n a m e, t h e i niti al  d at e  of i nt e gr ati o n,  a n d f or e c ast l e n gt h,  ar e  gi v e n

i n  T a bl e 1.   A c o ntr ol r u n ( C N T L) is c arri e d o ut   wit h i niti al a n d b o u n d ar y c o n diti o ns fr o m t h e Fi N a L a n al ys es

( F N L)  of t h e   N ati o n al   C e nt ers f or   E n vir o n m e nt al  Pr e di cti o n ( N C E P) i n  6 ‐hr i nt er v als. It is t h e  d ef a ult s ur-

f a c e f or ci n g t h at is  a d o pt e d i n   m ost  of t h e  o p er ati o n al/r es e ar c h   m o d eli n g  a cti vit y  o v er t his  r e gi o n ( Os uri
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et  al.,  2 0 1 7). I n t h e  dir e ct   m et h o d ( e x p eri m e nt  k n o w n  as  L D A S), t h e

S M/ S T  of  L D A S  pr o d u cts  ar e  us e d  as  s urf a c e  f or ci n g  t o  t h e   A R W

m o d el.  I n  t h e  i n dir e ct   m et h o d  ( h er e aft er  c all e d  as  F A S D A S),  t h e

S M is a dj ust e d t hr o u g h fl u x ‐a dj usti n g s urf a c e  o bs er v ati o n al  n u d gi n g

m et h o d.  T h e si z e of t h e n est e d   m o d el d o m ai n ( o ut er d o m ai n at 1 2 k m

h ori z o nt al  gri d  dist a n c e  a n d i n n er  d o m ai n  at  4  k m) is  dis pl a y e d i n

Fi g ur e  1 a.   N ot e t h at t h e i niti ali z ati o n  of  s urf a c e fi el ds is  c o n d u ct e d

i n t h e  4‐k m  n est e d  d o m ai n,  a n d t h e i nf or m ati o n is  s h ar e d t hr o u g h

a  t w o ‐w a y  n esti n g  c o n fi g ur ati o n.   T h e  L D A S  h as  b e e n  r u n  f or  t h e

I n di a n  d o m ai n t o  d e v el o p  off‐li n e  S M  a n d  S T fi el ds.   T h e i n n er ‐n est

d o m ai n (i n  Fi g ur e  1 a)  c o v ers   m ost  of t h e  I n di a n  d o m ai n f or   w hi c h

t h e pr o d u cts   w er e d e v el o p e d.   T h e i n n er d o m ai n   w as t h us s uffi ci e ntl y

l ar g e t o d e v el o p t h e r e gi o n al a n al ysis f or   M D si m ul ati o ns.   Als o,   w e di d n ot h a v e r e a d y a c c ess t o a d diti o n al i n

sit u d at a fr o m ot h er  n ati o ns,   w hi c h   w as a n ot h er f a ct or t o c o nsi d er i n s el e cti n g t h e i n n er d o m ai n.   T h e   m o d el

us es  t h e   M ell or   Y a m a d a  J a nji c  ( M Y J)  P B L  s c h e m e,   M o ni n ‐O b u k h o v  J a nji c  s urf a c e ‐l a y er  o pti o n,   R R T M

l o n g w a v e,   D u d hi a  s h ort w a v e  r a di ati o n,  a n d   W S M 6   mi cr o p h ysi cs.   B ot h  t h e  d o m ai n  us es   B etts‐Mill er ‐

J a nji c  c o n v e cti o n s c h e m e, f oll o wi n g   R o utr a y,   M o h a nt y,   Ni y o gi,  et  al. ( 2 0 1 0)  a n d   R o utr a y,   M o h a nt y,   Ri z vi,

et  al. ( 2 0 1 0).

T h e  L D A S is  a n  u n c o u pl e d   N o a h ‐b as e d  L S M  us e d t o  pr e p ar e r e gi o n al  S M  a n d  S T fi el ds  at f o ur s oil l a y ers

( 0– 1 0,  1 0 – 4 0,  4 0 – 1 0 0,  a n d  1 0 0 – 2 0 0  c m)  ( C h e n  et  al.,  1 9 9 6;   E k  et  al.,  2 0 0 3).   T h e  L D A S  i nt e gr at es

o bs er v e d/ a n al y z e d  n e ar ‐s urf a c e  at m os p h eri c  p ar a m et ers  ( 2 ‐m  t e m p er at ur e  a n d  s p e ci fi c  h u mi dit y,  1 0 ‐m

wi n ds,  s urf a c e  pr ess ur e,   m o d el  el e v ati o n,  r ai n  r at e,  d o w n w ar d  s h ort w a v e,  a n d l o n g w a v e  r a di ati o n)  al o n g

wit h t h e  s urf a c e  st ati c fi el ds  s u c h  as l a n d  us e  a n d  s oil t y p e,  a n d   m o nt hl y  v e g et ati o n  c h ar a ct eristi cs.   T h e

a d v a nt a g e  of  L D A S is t h at it  us es t h e s a m e gri d as t h e   A R W   m o d el, s h ari n g t h e s a m e   N o a h  L S M a n d s a m e

g e o p h ysi c al  p ar a m et ers  (l a n d  us e,  s oil  t e xt ur e,  t err ai n  h ei g ht,  a n d  ti m e ‐v ar yi n g  v e g et ati o n fi el ds)  a n d

r e d u c es i nt er p ol ati o n  err ors.  I n  t his  st u d y,  t h e  L D A S is i nt e gr at e d  t o  pr e p ar e  r e gi o n al  S M/ S T  pr o fi l es  at

4 ‐k m gri d s p a ci n g o v er t h e I M R.   T h e  L D A S us es at m os p h eri c f or ci n g fr o m   M E R R A ( B osil o vi c h et al., 2 0 1 2),

r ai n r at e fr o m   T R M M‐3 B 4 2 v 7, a n d i niti al l a n d s urf a c e c o n diti o ns fr o m t h e   Gl o b al   D at a   Assi mil ati o n S yst e m

( G D A S).   T h e   m et h o d ol o g y  o n t h e  at m os p h eri c f or ci n g fi el ds is  a v ail a bl e i n   Os uri  et  al. ( 2 0 1 7)  a n d   N a y a k

et  al.  ( 2 0 1 8).   T h e  L D A S  is  i niti ali z e d  o n  1  J a n u ar y  1 9 9 9  a n d  i nt e gr at e d  u p  t o  3 1   D e c e m b er  2 0 1 5.   T h e

fi rst‐y e ar ( 1 9 9 9)  d at a  ar e l eft  o ut f or s pi n ‐u p ( C h ar us o m b at et  al.,  2 0 1 2).

I n t h e i n dir e ct l a n d‐st at e i niti ali z ati o n t e c h ni q u e, t h e s urf a c e  o bs er v ati o ns  ar e  assi mil at e d  c o nti n u o usl y t o

i m pr o v e t h e  s urf a c e  a n d  b o u n d ar y l a y er  si m ul ati o n ( Al a p at y  et  al.,  2 0 0 1,  2 0 0 8).  F or  e x a m pl e, t h e  s urf a c e

t e m p er at ur e  a n d   m oist ur e  o bs er v ati o ns  ar e fi rst  n u d g e d i n t h e   m o d el's i niti al  v al u es  of t h e   A R W   m o d el.

T h e n t h e  diff er e n c e  b et w e e n  o bs er v ati o n  a n d   m o d el ‐pr e di ct e d s urf a c e t e m p er at ur e  a n d   m oist ur e is tr a ns-

l at e d t o u p d at e t h e r es p e cti v e s urf a c e fl u x es.   T h e u p d at e d s urf a c e s e nsi bl e is us e d i n t h e gr o u n d t e m p er at ur e

pr o g n osti c  e q u ati o n,  a n d t h e l at e nt  h e at fl u x  a dj ust m e nt is  p artiti o n e d i nt o  s e v er al  n e w  e v a p or ati v e fl u x

a dj ust m e nts.   T h es e  a dj ust m e nts  ar e t h e n  a p pli e d i n t h e  pr o g n osti c  e q u ati o n  of  S M  at  e a c h s oil l a y er.  S u c h

a dj ust m e nts  t hr o u g h  t h e  pr o g n osti c  e q u ati o n  aff e ct  t h e  si m ul ati o n  of  s urf a c e fl u x es i n  s u bs e q u e nt  ti m es

a n d t h er e b y   m o dif y t h e at m os p h eri c b o u n d ar y l a y er d e v el o p m e nt.   T his t e c h ni q u e of s urf a c e fl u x a dj ust m e nt

is  k n o w n as  F A S D A S, a n d t h e   m et h o d is  pr o v e n t o i m pr o v e at m os p h eri c s urf a c e a n d  b o u n d ar y l a y er si m u-

l ati o ns ( Al a p at y et al., 2 0 0 8).   T his   m et h o d ol o g y  h as als o b e e n a p pli e d f or t h e I M R t o i m pr o v e t h e si m ul ati o n

of   M Ds a n d ass o ci at e d r ai nf all usi n g t h e Fift h ‐G e n er ati o n P e n n St at e/ N C A R   M es os c al e   M o d el ( M M 5)   m o d el

( Vi n o d k u m ar et al., 2 0 0 8, 2 0 0 9). I n t h e c urr e nt st u d y, t h e F A S D A S t e c h ni q u e is a p pli e d t o u p d at e t h e S M a n d

S T c o n diti o ns  usi n g s urf a c e   m e as ur e m e nts ( ~ 2 ‐m t e m p er at ur e  a n d   m oist ur e  a n d  1 0 ‐m   wi n ds).   T h e s urf a c e

o bs er v ati o ns  ar e  n u d g e d  2 4  hr  b ef or e t h e i niti al  a n al ys es i n  6 ‐hr i nt er v als.

3.   D at a   U s e d

I n t his st u d y, v ari o us i n sit u o bs er v ati o ns, s at ellit e‐d eri v e d, a n d gl o b al a n al ys es ar e  us e d.   T h e distri b uti o n of

i n sit u o bs er v ati o ns us e d t o v erif y t h e r e gi o n al S M/ S T fi el ds d e v el o p e d fr o m L D A S is s h o w n i n Fi g ur e 1 a.  T h e

d et ails  of  a n al ys es  a n d i n  sit u  o bs er v ati o ns  s u c h  as  p eri o d,  s p ati al  a n d t e m p or al  r es ol uti o n  ar e  s h o w n i n

T a bl e  2.   Bri ef i nf or m ati o n is  dis c uss e d  b el o w.

T a bl e  1

D et ails  o n   M o d el I niti ali z ati o n   Ti m e  a n d  F or e c ast  L e n gt h  of   M D   C as es

C as es  I niti ali z ati o n ti m e  of   m o ns o o n  d e pr essi o n  F or e c ast l e n gt h ( h o urs)

1  2 0 0 7 ‐0 6 ‐2 1 _ 0 0 6 0
2  2 0 0 7 ‐0 6 ‐2 8 _ 0 0 6 0
3  2 0 0 7 ‐0 8 ‐0 5 _ 0 0 7 2

4  2 0 0 8 ‐0 6 ‐1 6 _ 0 0 7 2
5  2 0 0 8 ‐0 8 ‐0 9 _ 0 0 7 2

6  2 0 1 1 ‐0 6 ‐1 6 _ 0 0 8 4
7  2 0 1 3 ‐0 6 ‐1 4 _ 0 0 5 4
8  2 0 1 3 ‐0 8 ‐2 0 _ 0 0 5 4
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T o p ‐l a y er  S M  i n  sit u  o bs er v ati o ns  fr o m  4 8  a gr o m et  a ut o m ati c   w e at h er  st ati o ns  ( A W Ss)  of  I n di a

M et e or ol o gi c al   D e p art m e nt (I M D) is o bt ai n e d f or t h e   m o ns o o n s e as o n ( J u n e – S e pt e m b er) fr o m   C T C Z  d at a

b a n k ( htt p:// w w w.i n c ois. g o v.i n/ p ort al/ d at ai nf o/ p d ct c z.js p).   T h e  d at a  h a v e  a n  h o url y t e m p or al  r es ol uti o n.

H alf ‐h o url y t o p ‐l a y er  S T i n  sit u  o bs er v ati o ns  at  ni n e  st ati o ns ( m ostl y i n   G ujr at  St at e,  I n di a)  ar e  o bt ai n e d

fr o m   A W S of t h e I n di a n S p a c e   R es e ar c h   Or g a ni z ati o n (I S R O) ( htt ps:// w w w. m os d a c. g o v.i n/ c o nt e nt/ a ws- dis-

tri b uti o n).   O n e‐h o ur i nt er v al  S M/ S T i n  sit u  o bs er v ati o ns  ar e  als o  a v ail a bl e  at  t hr e e   mi cr o m et e or ol o gi c al

t o w ers  ( M et   T o w er)— Misr a  ( 8 5. 4 3 ° E,  2 3. 4 1 ° N),   K h ar a g p ur  ( 8 7. 3 1 ° E,  2 3. 3 1 ° N),  a n d   R a n c hi  ( 8 5. 3 1 ° E,

2 3. 3 1 ° N).   T h es e i n sit u   m e as ur e m e nts  ar e  h ar m o ni z e d  a n d  q u alit y  c o ntr oll e d f or  o utli ers  a n d i m pl a usi bl e

Fi g u r e  1. ( a)   M o d el  d o m ai n  c o nfi g ur ati o n  a n d  distri b uti o n  of  S M  a n d  S T   m e as ur e m e nts. ( b)   T h e  d ail y  a n o m al y  of  S M
( m

3
m

− 3
)  o bt ai n e d fr o m  v ari o us  gl o b al  a n d r e gi o n al  a n al ys es ( C F S,   G L D A S,  F N L,  L D A S,   E S A C CI,  a n d  S M A P)  al o n g

wit h  d ail y  a n o m al y  of   T R M M r ai nf all ( m m  d a y
− 1

)  d uri n g   M a y t o  S e pt e m b er f or  c e ntr al I n di a.   M e a n  S M  diff er e n c e
b et w e e n   M D f or m ati o n  d a y  a n d  1 5,  1 0,  a n d  5  d a ys  b ef or e f or m ati o n fr o m  v ari o us  a n al ys es f or ( b) J u n e  c as es  a n d
( c)   A u g ust  c as es  al o n g   wit h  9 5 %  c o nfi d e n c e i nt er v als.   T h e  n u m b er  of  y e ars  c o nsi d er e d i n t h e  cli m at ol o g y is s h o w n i n

T a bl e  1.
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v al u es f oll o wi n g   D ori g o  et  al. ( 2 0 1 2).   Al o n g   wit h t h es e i n  sit u  o bs er v ati o ns,  gl o b al  S M  a n al ys es  h a v e  als o

b e e n  us e d  fr o m  v ari o us  s o ur c es  i n  t his  st u d y.   T h e  S M  pr oj e ct  of  t h e   E S A C CI  ( htt p:// w w w. es a-

s oil m oist ur e- c ci. or g)  pr o vi d es  a  l o n g ‐t er m  c o m bi n e d  S M  pr o d u ct  fr o m   m ulti pl e  a cti v e  a n d  p assi v e

mi cr o w a v e  s e ns ors  ( D ori g o  et  al.,  2 0 1 7;   Gr u b er  et  al.,  2 0 1 7,  2 0 1 9).  It  is  a  d ail y  pr o d u ct   wit h  a  s p ati al

r es ol uti o n  of  0. 2 5 °.   T h e  S M  pr o d u ct  fr o m  S M A P  ( C olli a n d er  et  al.,  2 0 1 7)  at  hi g h ‐r es ol uti o n  ( 9‐k m  a n d

3 ‐hr i nt er v al) is  als o  us e d.   B esi d es  t h es e  pr o d u cts,  gl o b al  S M  a n al ys es  h a v e  als o  b e e n  us e d i n t his  st u d y.

T h e  S M  pr o d u cts  o bt ai n e d  fr o m  (i)   Cli m at e  F or e c ast  S yst e m  ( C F S)  d e v el o p e d  at  t h e   N C E P  ( S a h a  et  al.,

2 0 1 4),  (ii)   Gl o b al  L a n d   D at a   Assi mil ati o n  S yst e m  ( G L D A S)  of  t h e   N ati o n al   A er o n a uti cs  a n d  S p a c e

A d mi nistr ati o n  ( R o d ell  et  al.,  2 0 0 4),  a n d t h e (iii)  F N L  a n al ysis  ar e  als o  us e d.   T h e   C F S  a n d  F N L  a n al ysis

ar e  a v ail a bl e  i n  6 ‐hr  i nt er v al,   w hil e   G L D A S  is  i n  3 ‐hr  i nt er v al.   T h e  r e gi o n al  a n d  gl o b al  a n al ys es  of  S M

a n d  S T  ar e  bili n e arl y i nt er p ol at e d t o t h e  o bs er v ati o n  p oi nt f or  v ali d ati o n.

T h e st u d y als o us es t h e   V ersi o n 7  T R M M   m ultis at ellit e pr e ci pit ati o n a n al ysis (i. e., t h e  T M P A 3 B 4 2), 3 ‐h o url y

c o m bi n e d   mi cr o w a v e ‐i nfr ar e d  esti m at es  a n d  a dj ust e d t o t h e r ai n  g a u g e  d at a s ets (I g u c hi  et  al.,  2 0 0 0).   T h e

d es cri pti o n of t h e d at a is pr o vi d e d i n   T a bl e 1.   T his pr o d u ct is   wi d el y us e d f or v ari o us r ai nf all e v e nts a n d c o n-

si d er e d  as  o n e  of t h e  b est  pr o d u cts f or t h e I n di a n  d o m ai n ( A n k ur  et  al.,  2 0 1 9;  Pr a k as h et  al.,  2 0 1 5).

4.   R e s ult s

T h e   M D c as es a n al y z e d i n t his st u d y ar e i n J u n e a n d   A u g ust.   T h e o ns et ( J u n e) a n d   wit h dr a w al ( S e pt e m b er)

m o nt hs  r e c ei v e  r el ati v el y  l ess  r ai nf all   w h e n  c o m p ar e d   wit h  t h e  a cti v e  ( J ul y – A u g ust)   m o nt hs  ( G a d gil   &

As h a,  1 9 9 2;   Kris h n a m urt h y   &  S h u kl a,  2 0 0 0;  S hri v ast a v a  et  al.,  2 0 1 7).  Fi g ur e  1 b  pr es e nts t h e   m e a n  of  d ail y

S M  a n o m al y  o v er  c e ntr al  I n di a  ( 7 4 – 8 7 ° E,  1 6 – 2 6 ° N)  fr o m  a b o v e ‐m e nti o n e d  gl o b al  a n d  r e gi o n al  a n al ysis

T a bl e  2

D et ails  of I n  Sit u   O bs er v ati o ns  a n d  S at ellit e ‐D eri v e d  a n d   Gl o b al   A n al ys es   Us e d i n t h e  St u d y

Pr o d u cts
D at a  p eri o d

us e d  S p ati al r es ol uti o n P ar a m et er
T e m p or al
r es ol uti o n R ef er e n c es

T R M M  3 B 4 2 v 7  1 9 9 9 – 2 0 1 5  0. 2 5 ° R ai nf all 3  hr I g u c hi et  al. ( 2 0 0 0)
E S A C CI 1 9 7 9 – 2 0 1 5  0. 2 5 ° S oil   M oist ur e ( S M)  1  d a y   D ori g o et  al. ( 2 0 1 7);   Gr u b er et  al. ( 2 0 1 7,  2 0 1 9)

S M A P 2 0 1 5 – 2 0 1 9  9  k m S M 3  hr E nt e k h a bi et  al. ( 2 0 1 4)
C F S 1 9 7 9 – 2 0 1 5  0. 5 ° S M 6  hr S a h a et  al. ( 2 0 1 4)

G L D A S 1 9 7 9 – 2 0 1 5  0. 2 5 ° S M 3  hr R o d ell et  al. ( 2 0 0 4)
F N L 1 9 9 9 – 2 0 1 5  1 ° S M 6  hr N ati o n al   C e nt ers f or   E n vir o n m e nt al

Pr e di cti o n/ N ati o n al

W e at h er  S er vi c e/ N O A A/ U S   D e p art m e nt
of   C o m m er c e ( 2 0 0 0)

L D A S 2 0 0 0 – 2 0 1 5  4  k m S M 1  hr Os uri et  al. ( 2 0 1 7);   N a y a k et  al. ( 2 0 1 8)

A gr o m et   A W S  2 0 1 1 – 2 0 1 3  4 8 st ati o ns (r ef er  Fi g ur e  1 a)  S M 1  hr B h att a c h ar y a et  al. ( 2 0 0 9)
I S R O   A W S‐A G RI  2 0 1 1 – 2 0 1 3  9 st ati o ns (r ef er  Fi g ur e  1 a)  S oil   T e m p. ( S T)  . 5  hr D as et  al. ( 2 0 0 9)

BI T   Misr a   M et t o w er  2 0 1 1 – 2 0 1 3  8 5. 4 3 ° E,  2 3. 4 1 ° N S M  a n d  S T  1  hr C T C Z  d at a  b a n k ( htt p:// w w w.i n c ois. g o v.i n/ p ort al/
d at ai nf o/ p d ct c z.js p)II T   K h ar a g p ur   M et

T o w er
2 0 1 1 – 2 0 1 3  8 7. 3 1 ° E,  2 3. 3 1 ° N S M  a n d  S T  1  hr

R a n c hi   M et   T o w er  2 0 1 1 – 2 0 1 3  8 5. 3 1 ° E,  2 3. 3 1 ° N S M  a n d  S T  1  hr

T a bl e  3
V eri fi c ati o n of S M   A n al ys es of   E S A C CI,  L D A S, a n d  F N L i n 6 ‐hr I nt er v al at 5 1 I M D St ati o ns a n d S T at 1 2 St ati o ns   D uri n g
M o ns o o n  S e as o n

S oil   m oist ur e ( m
3

m
− 3

) S oil t e m p er at ur e ( K)

I M D ( o bs)   E S A C CI‐S A T  L D A S  F N L  I S R O ( o bs)  L D A S

M e a n 0. 2 8 0. 2 8 0. 2 8  0. 3 1 3 0 3. 8 3 0 2. 8

S D 0. 1 2 0. 0 9 0. 1 4  0. 0 6 3. 9 4. 0
BI A S 0. 0 3 0. 0 1  0. 0 7 − 0. 8
R M S E 0. 0 9 0. 0 9  0. 1 1 2. 7

C O R R 0. 5 4 0. 6 5  0. 5 3 0. 7 4
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al o n g   wit h s at ellit e ‐d eri v e d  pr o d u cts.   T h e  cli m at ol o gi c al r ai nf all,  as  o bt ai n e d fr o m   T R M M ‐3 B 4 2 v 7, is  als o

s h o w n i n  Fi g ur e  1 b.   E a c h  d at a s et  e x hi bit e d si g n at ur e  of  dr y s urf a c e fr o m   M a y t o   m ost  of t h e J u n e ( o ns et)

d u e t o r el ati v el y l ess er r ai nf all.  L at er  d uri n g   mi d ‐J u n e,   wit h i n cr e asi n g r ai ns, t h e  S M s h o ws  n ot a bl y  hi g h er

v al u es.   As J ul y a n d   A u g ust r e c ei v e  hi g h   m o ns o o n r ai ns, t h e s urf a c e is r el ati v el y   w et   wit h a p ositi v e a n o m al y

i n  all t h e  a n al ys es.   N ot e t h at t h e   m o d est  h y dr a uli c  c o n d u cti vit y  of  cl a y s oil i n  c e ntr al I n di a  all o ws  hi g h er

m oist ur e  r et e nti o n f or l o n g er ti m es.   H e n c e, t h e  d ail y  a n o m al y  of  S M i n  S e pt e m b er  r e m ai ns  p ositi v e  as it

r e c e d es sl o wl y.   T h e S M A P ‐S M a n d  F N L ‐S M a n o m ali es s h o w  n ot a bl e diff er e n c es   w h e n c o m p ar e d   wit h ot h er

gl o b al as   w ell as r e gi o n al pr o d u cts.   T h e S M fr o m S M A P a n d  F N L is r el ati v el y  hi g h er i n   M a y a n d l ess d uri n g

m o ns o o n s e as o n.   T h e  S M A P ‐S M  a n o m al y is  pr e p ar e d  b as e d  o n its  5  y e ars  of cli m at ol o g y ( 2 0 1 5 – 2 0 1 9).

Pr e vi o us st u di es est a blis h e d t h e  p ositi v e f e e d b a c ks  b et w e e n  S M a n o m ali es a n d at m os p h eri c a n o m ali es a n d

t h eir i m p a ct  o n t h e  S T ( H ar di e  et  al.,  2 0 1 1;   N a mi as,  1 9 6 0;   Ri n d,  1 9 8 2;  S h u kl a   &   Mi nt z,  1 9 8 2).   C o nsi d eri n g

t h e i m p ort a n c e  of  a nt e c e d e nt  S M  o n s urf a c e/ n e ar‐s urf a c e t e m p er at ur es, t h e  a nt e c e d e nt  S M  c o n diti o ns  1 5,

1 0,  a n d  5  d a ys  b ef or e  t h e  f or m ati o n  of   M D  c as es  ar e  a n al y z e d  t o  u n d erst a n d  t h e l a n d  st at e  pri or  t o  t h e

M D f or m ati o n ( Kis ht a w al  et  al.,  2 0 1 3).   T h e  S M  diff er e n c e  b et w e e n  v al u e  o n t h e  d a y  of   M D f or m ati o n  a n d

t h e  1 5‐, 1 0‐,  a n d  5‐d a y  pri or ‐S M  c o n diti o ns f or  e a c h   M D  c as e is  us e d,  a n d t h e  a v er a g e is  s h o w n f or  J u n e

a n d   A u g ust c as es i n  Fi g ur es  1 c  a n d  1 d.   T h e  d a y  of   M D f or m ati o n is s h o w n i n   T a bl e  1  a n d is c o nsi d er e d  as

D a y 0 or r ef er e n c e S M.   A  p ositi v e v al u e of S M diff er e n c e i n di c at es t h at t h e s urf a c e o n t h e  d a y of   M D f or m a-

ti o n ( or t h e   m o d el i niti al ti m e) is   w et. I n c o ntr ast,  n e g ati v e i n di c at es dri er s oil as c o m p ar e d t o pri or S M c o n-

diti o ns. It is cl e ar t h at t h e s oil is dri er i n J u n e f or diff er e nt ti m e l a gs ( of 1 5, 1 0, a n d 5 d a ys) a n d all t h e d at a s ets

e x hi bit si mil ar b e h a vi or.   T h e S M b e c o m es hi g h er fr o m 1 5 t o 5 d a ys b ef or e t h e   M D e v e nt ( Fi g ur es 1 c a n d 1 d).

T h e   m a g nit u d e  of  S M  diff er e n c e  v ari es  a m o n g t h e  d at a s ets   wit h  v al u es  a b o ut  0. 0 5 – 0. 0 8   m 3 m − 3 f or  J u n e

c as es  ( Fi g ur e  1 c),  a n d  a b o ut  0 – 0. 0 4   m 3 m − 3 i n   A u g ust  ( Fi g ur e  1 d).  It i n di c at es  t h at  t h e  s oil is  r el ati v el y

w et i n   A u g ust t h a n J u n e a n d c o nsist e nt   wit h t h e r ai nf all a n d S M cli m at ol o g y s h o w n i n Fi g ur e 1 b. It is i m p or-

t a nt t o  n ot e t h at t h e  1 5‐ t o  1 0‐d a y  pri or ‐S M c o n diti o ns  ar e  n e arl y si mil ar, s h o wi n g  a sli g ht  v ari ati o n i n  S M

diff er e n c e.  I n  c o m p aris o n,  t h e  5 ‐d a y  pri or ‐S M  c o n diti o ns  diff er  c o nsi d er a bl y  i n  J u n e  ( Fi g ur e  1 c).  I n  t h e

Fi g u r e  2. V eri fi c ati o n  of  t o p ‐l a y er  S M  of  ( a)   E S A C CI  d eri v e d  a n d  ( b)  L D A S  al o n g   wit h  t h eir  ( c)  pr o b a bilit y  d e nsit y

f u n cti o n  of  S M  err or  at  5 1 i n sit u  o bs er v ati o ns ( 4 8 I M D  a gr o m et st ati o ns  a n d  3   mi cr ot o w er  o bs er v ati o ns).
( d)   T o p‐l a y er  S T ( K)  of  L D A S is  v erifi e d  at  1 2 i n sit u  o bs er v ati o ns ( ni n e I S R O  a gr o m et  a n d t hr e e   mi cr ot o w er
o bs er v ati o ns)  a n d ( e)  c orr es p o n di n g  S T  err or  P D Fs f or t h e   m o ns o o n s e as o n ( J u n e – S e pt e m b er)  of  2 0 1 1 – 2 0 1 3.
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c as e of   A u g ust, t h er e is a si g ni fi c a nt c h a n g e i n S M c o n diti o ns fr o m 1 5 t o 1 0 d a ys,   w hil e t h e S M c o n diti o ns ar e

al m ost si mil ar fr o m  1 0 t o  5  d a ys ( Fi g ur e  1 d).

4. 1.   L D A S   V e ri fi c ati o n f o r I n di a n   M o n s o o n  S e a s o n

T h e t o p ‐l a y er S M ( m3 m − 3 ) is o bt ai n e d fr o m t h e   E S A C CI ( S A T  h er e aft er), a n d  L D A S is v erifi e d a g ai nst 5 1 i n

sit u o bs er v at ori es ( 4 8 a gr o m et st ati o ns a n d 3   mi cr ot o w er o bs er v ati o ns) at 6 ‐hr i nt er v als i n t h e   m o ns o o n s e a-

s o ns ( 1 J u n e t o 3 0  S e pt e m b er)  of 2 0 1 1 – 2 0 1 3.   T h e  distri b uti o n  of  o bs er v ati o ns is s h o w n i n  Fi g ur e 1 a, a n d all

t h e o bs er v ati o ns ar e   wit hi n t h e  n est e d d o m ai n.  Fi g ur e 2 i n di c at es t h e s c att er di a gr a m of S M a n d S T a n al ysis

a n d i n sit u  o bs er v ati o ns,  a n d  c orr es p o n di n g  err or st atisti cs  ar e s h o w n i n   T a bl e  2.   T h e  s e as o n al   m e a n  a n d

st a n d ar d  d e vi ati o n ( S D)  of i n sit u  S M  o bs er v ati o ns is  0. 2 8  a n d  0. 1 2   m 3 m − 3 ( T a bl e  2).  S c att er  di a gr a m i n di-

c at es  t h at  t h e  S A T  a n d  L D A S  o v er esti m at es  l o w  S M  c o n diti o ns  a n d  u n d er esti m at es  hi g h  S M  c o n diti o ns

( Fi g ur es  2 a  a n d  2 b).   T h e  s at ellit e‐d eri v e d  S M  a n al ys es  s h o w  a  r el ati v el y  hi g h  c orr el ati o n  ( 0. 5 4)  a n d  l ess

R M S E ( ~ 0. 0 9   m 3 m − 3 ) a n d  bi as ( ~ 0. 0 3   m3 m − 3 )   wit h al m ost t h e s a m e   m e a n  S M.   T h e  S A T a n al ysis  h as li m-

it e d  v ari a bilit y  ( S D  is  ~ 0. 0 9   m3 m − 3 )  a n d  d o es  n ot  c a pt ur e  t h e  e xtr e m es/ p e a ks  of  S M  o v er  t his  r e gi o n

( T a bl e 2).   T h e  hi g h‐r es ol uti o n r e gi o n al ( L D A S) S M a n al ysis is c o nsist e ntl y  b ett er   wit h   m o d estl y  hi g h c orr e-

l ati o n ( 0. 6 5) a n d l o w   R M S E a n d bi as ( ~ 0. 0 9 a n d 0. 0 1   m3 m − 3 ).   T h e  hi g h er S D of  L D A S a n al ys es i n di c at es its

a bilit y t o r e pli c at e  S M  e xtr e m es  o v er t h e r e gi o n  d uri n g   m o ns o o n s e as o n ( T a bl e  2)  as  c o m p ar e d t o s at ellit e

a n al ys es.   T h e   m e a n S M err or fr e q u e n c y distri b uti o n s u g g ests t h at t h e   E S A C CI ‐S M err or  h as a pri m ar y p e a k

c e nt er e d at − 0. 0 2   m 3 m − 3 ( ~ 3 1 %),   w hil e t h e  L D A S S M err or p e a ks at   + 0. 0 1 5   m 3 m − 3 at 3 5 % ( Fi g ur e 2 c).   T h e

d ef a ult  S M c o n diti o ns i n t h e   C N T L r u n ar e als o v eri fi e d   wit h i n sit u   m e as ur e m e nts ( T a bl e  2).   U nli k e  ot h er

a n al ys es, t h e  F N L o v er esti m at es ( bi as is 0. 0 7   m 3 m − 3 ) t h e S M, s h o wi n g t h e s e as o n al   m e a n as  ~ 0. 3 1   m 3 m − 3 .

T h e S D i n di c at es li mit e d s kill i n c a pt uri n g S M e xtr e m es ( 0. 0 6) o v er t his r e gi o n.   T h e s e as o n al   m e a n   R M S E is

m a xi m u m i n  F N L  a n al ysis  as  c o m p ar e d t o t h e  ot h ers.   M o nt h   wis e,  F N L  a n al ysis  o v er esti m at es t h e  S M i n

M a y – J u n e  a n d  S e pt e m b er  (t h e  o ns et  a n d   wit h dr a w al   m o nt hs),   w hil e  it  u n d er esti m at es  i n  J ul y – A u g ust

( a cti v e   m o ns o o n   m o nt hs). It is c o nsist e nt   wit h t h e e arli er r es ult t h at t h e  F N L  o v er esti m at es t h e  S M  d uri n g

pr e m o ns o o n s e as o ns i n   m ost  p arts  of t h e r e gi o n ( Os uri et  al.,  2 0 1 7).

T h e t o p ‐l a y er  S T ( K) is c o m p ar e d   wit h i n sit u  o bs er v ati o ns at  1 2 i n sit u st ati o ns ( ni n e a gr o m et st ati o ns a n d

t hr e e   mi cr ot o w er st ati o ns), a n d t h e distri b uti o n is s h o w n i n Fi g ur e 1 a. Fr o m Fi g ur es 2 d a n d 2 e, t h e S T v al u es

l ess t h a n 3 0 5   K t y pi c all y s h o w a n a gr e e m e nt   wit h i n sit u o bs er v ati o ns,   w hil e t h e hi g h er S T v al u es ar e u n d er-

esti m at e d  b y t h e  L D A S ( Fi g ur e  2 d).   T h e  o bs er v e d   m e a n  a n d  bi as  of  S T  ar e  ~ 3 0 3. 8  a n d  3. 9   K.   T h e r e gi o n al

L D A S  a n al ys es  s h o w e d  a  hi g h  c orr el ati o n  ( 0. 7 4),  a n d  l o w   R M S E  ( 2. 7   K)  a n d  bi as  ( − 0. 8   K).   T h o u g h  t h e

L D A S  u n d er esti m at es t h e  S T, t h e  S D is s o m e w h at si mil ar ( 4. 0   K).  Fr o m  Fi g ur e  2 e, t h e   m a xi m u m err or fr e-

q u e n c y  distri b uti o n s h o w e d t h at  L D A S ‐S T err or is c e nt er e d at 0 t o − 2   K ( ~ 3 0 %).   T his f urt h er  hi g hli g hts t h e

u n d er esti m ati o n  of  S T fr o m t h e  a n al ysis fi el ds  o v er t h e I M R.

O v er all, t h e  L D A S  pr o d u cts ( S M/ S T)  ar e  cl os er t o t h e  o bs er v ati o ns,  a n d  s at ellit e  a n al ys es  e x hi bit  s m all er

err or   m etri cs as c o m p ar e d t o ot h er a n al ys es.   T h er ef or e, t h e s at ellit e S M a n al ys es c a n b e us e d f or t h e v eri fi c a-

ti o n  of   m o d el‐si m ul at e d  S M  pr o d u cts i n t h e a bs e n c e  of  hi g h s p ati ot e m p or al i n sit u   m e as ur e m e nts  o v er t his

r e gi o n.  Si mil arl y, t h e v al u e a d diti o n  d u e t o t h e  L D A S  d at a is t h e  hi g h er s p ati al r es ol uti o n a n d t h e a bilit y t o

c a pt ur e  e xtr e m es i n t h e s urf a c e  c o n diti o ns ( hi g h er  S D).   G e n er all y, t h e  hi g h est ( S M)  v al u es  h a v e r el ati v el y

s m all er s p ati al s c al es, a n d h e n c e, t h e hi g h r es ol uti o n is d esir a bl e t o pr o vi d e r e alisti c str u ct ur es of S M h et er o-

g e n eit y.   T h e c o ars er r es ol uti o n t e n ds t o s m o ot h o ut t h es e fi n e ‐s c al e S M p e a ks,   w hi c h c h a n g e t h e l o c ati o n of

s urf a c e  h et er o g e n eit y  b o u n d ari es  a n d t h e f e e d b a c k  o n t h e si m ul ati o n  of   m es os c al e fi el ds.

4. 2.  I niti al  S M

T h e t o p ‐l a y er ( 0‐ t o 1 0‐c m  d e pt h) v ol u m etri c S M ( m 3 m − 3 ) fr o m t h e   C N T L e x p eri m e nt is c o m p ar e d a g ai nst

t h e   E S A C CI‐S M.   T h e  diff er e n c es  b et w e e n  F A S D A S  a n d  L D A S  S M fr o m t h e   C N T L r u n  h a v e  als o  b e e n  pr e-

s e nt e d f or t h e r e pr es e nt ati v e   M D c as es i n  Fi g ur e 3.   T h es e i n cl u d e   C as es 1, 5, 7, a n d 8 c orr es p o n di n g t o o ns et

m o nt h ( J u n e) a n d a cti v e   m o nt h ( A u g ust) of t h e   m o ns o o n s e as o n.   As s e e n i n   E S A C CI ‐S M a n al ysis,  n ort h er n

I n di a is  r el ati v el y  dri er ( S M  r a n g e is  0. 0 5– 0. 2 0   m 3 m − 3 ) i n  J u n e  c as es ( Fi g ur es  3 a  a n d  3i)  as  c o m p ar e d t o

A u g ust c as es i n   w hi c h t h e S M v ari es b et w e e n 0. 3 a n d 0. 5   m 3 m − 3 ( Fi g ur es 3 e a n d 3 m).   A n al ys es of all c as es

i n di c at e t h at t h e   C N T L  a n al ysis r el ati v el y  o v er esti m at es  S M i n t h e  n ort h w est  a n d  n ort h e ast  p arts  of I n di a

( Fi g ur es  3 b,  3f,  3j,  a n d  3 n)  as c o m p ar e d t o  S A T‐S M  a n al ysis ( Fi g ur es  3 a,  3 e,  3i,  a n d  3 m).   T h e  diff er e n c e  of

L D A S i n   C as e  1 i n t h e  c e ntr al t o  n ort h er n  p arts  of  I n di a is  n e g ati v e  ( ~ 0. 0 6   m 3 m − 3 ), i n di c ati v e  of l o w er
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S M i n t h e  L D A S r u n.   O v er all, t h e  L D A S  a p p e ars t o  b e cl os e t o t h e   E S A C CI ‐S M  a n al ysis ( Fi g ur e  3 c). I n t h e

c as e of  F A S D A S ‐S M a n al ysis, t h er e is   mi n or  diff er e n c e a cr oss t h e   m aj orit y of c e ntr al I n di a ( ± 0. 0 1   m 3 m − 3 ).

At t h e s a m e ti m e, t h e  n ort h e ast  p arts s h o w s o m e  p ositi v e  diff er e n c e, i n di c ati n g   m or e   w et s oil ( Fi g ur e  3 d).

C o nsi d eri n g  t h e   A u g ust  c as e  ( C as e  5),  t h e  L D A S  s h o ws  a  p ositi v e  S M  diff er e n c e  of  a n  or d er  of

0. 0 5   m 3 m − 3 , i n di c ati n g   w ett er s oil i n   A u g ust ( Fi g ur e  3 g).   T h es e r es ults  als o i n di c at e t h at t h e   C N T L s oil is

dri er,   m ostl y i n t h e c e ntr al a n d s o ut h er n p arts of I n di a ( Fi g ur e 3f).   T h e  F A S D A S a n al ysis als o e x hi bits  p osi-

ti v e diff er e n c es   m ai nl y i n t h e st u d y d o m ai n, e x c e pt f or s o m e p arts a cr oss t h e e ast c o ast of I n di a ( Fi g ur e 3 h). It

is  n ot e w ort h y t h at t h e c e ntr al   m o ns o o n r e gi o n is i d e ntifi e d as a n S M c o u pli n g  h ot s p ot a n d is d o mi n at e d b y

cl a y e y s oil.   T h e cl a y s oil t y pi c all y  h as  hi g h er   m oist ur e r et e nti o n f or l o n g er ti m es as c o m p ar e d t o s a n d y s oil.

T h es e f e at ur es  ar e s e e n i n  ot h er J u n e  a n d   A u g ust c as es fr o m t h e  L D A S e x p eri m e nts.   O v er all, t h e  F A S D A S

e x p eri m e nts c o ul d s h o w littl e  diff er e n c e i n  S M  as c o m p ar e d t o   C N T L r u n ( Fi g ur es  3 d,  3 h,  3l,  a n d  3 p).

Fi g u r e 3. S p ati al distri b uti o n of t o p ‐l a y er S M a n al ys es fr o m ( a)   E S A C CI S A T, ( b)   C N T L, a n d t h e S M diff er e n c e of ( c)  L D A S‐C N T L a n d ( d)  F A S D A S ‐C N T L r u n f or
C as e  1. ( e – h, i – l,  a n d   m– p)   T h e s a m e  as ( a) – ( d)  b ut f or   C as es  5,  7,  a n d  8.
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W h e n c o m p ari n g t h e dir e ct a n d i n dir e ct i niti ali z ati o ns, t h er e is a c o nsi d er a bl e diff er e n c e i n t h e S M fi el d o v er

I n di a,  c o nsi d eri n g t h e   C N T L‐S M  as  r ef er e n c e. I n t h e  n ort h e ast er n  p arts  of I n di a, t h e  S M  diff er e n c e  c o m-

p ar e d t o   C N T L f or  L D A S a n d  F A S D A S is  n e g ati v e a n d p ositi v e, r es p e cti v el y. It i nf ers t h at t h e  L D A S r e d u c e d

t h e  o v er esti m ati o n  of  S M,  a n d  F A S D A S  e n h a n c e d t h e  S M  c o n diti o ns i n t h os e  p arts.   T h e  p erf or m a n c e  of

L D A S f or r e pr es e nti n g t h e  S M i n c e ntr al I n di a is c o nsist e nt   wit h t h e  pr e vi o us st u d y ( M o h a nt y  et  al.,  2 0 1 9;

N a y a k  et  al.,  2 0 1 8).   A n al y zi n g t h e  a ct u al  S M, t h e  L D A S  a p p e ars r e alisti c i n r e pr o d u ci n g  S M  h et er o g e n eit y

o v er I n di a  d uri n g t h es e   m o ns o o n   m o nt hs.   T h e  bi as  n oti c e d i n t h e   C N T L ‐b as e d  S M is r e as o n a bl y c orr e ct e d

i n t h e  dir e ct i niti ali z ati o n  of  S M t h a n t h e i n dir e ct   m et h o d.   R es ults  als o  s h o w t h at t h e  s p ati al  S M l o a di n g

i n t h e L D A S is c o m p ar a bl e   wit h t h e s at ellit e a n al ys es, s h o wi n g t h e   mi n or dis cr e p a n c y i n s p ati al distri b uti o n.

Fi g u r e 4. M e a n f or e c ast err ors of ( a) 2 ‐m air t e m p er at ur e ( K), ( b) 2 ‐m r el ati v e  h u mi dit y ( %), ( c) s oil t e m p er at ur e ( K), a n d
( d) s oil   m oist ur e ( m

3
m

− 3
)  of   C N T L,  L D A S,  a n d  F A S D A S f or  2 0 1 3 0 6 1 4 0 0  c as e. ( e– h)   T h e s a m e  as ( a) – ( d)  b ut f or t h e

2 0 1 3 0 8 2 0 0 0  c as e.
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4. 3.   E v ol uti o n  of  S u rf a c e   Fi el d s

S urf a c e  p ar a m et ers  i n cl u di n g  2 ‐m  t e m p er at ur e  ( T 2),  2 ‐m  r el ati v e

h u mi dit y  ( R h 2),  S T,  a n d  S M  o bt ai n e d  fr o m  t h e  t hr e e  e x p eri m e nts

ar e  c o m p ar e d   wit h I M D  a n d I S R O  o bs er v ati o ns f or t w o  r e pr es e nt a-

ti v e  J u n e  ( C as e  7)  a n d   A u g ust  ( C as e  8)  c as es  of  2 0 1 3.   N ot e t h at  4 7

A W S st ati o ns ar e us e d i n   T 2 a n d   R h 2 v eri fi c ati o n 5 1 st ati o ns ar e us e d

f or  S M  v erifi c ati o n  a n d  1 2  st ati o ns f or  S T  v eri fi c ati o n,  b as e d  o n t h e

a v ail a bilit y  of t h e  d at a.   T h e   m e a n  err ors  ar e  pr es e nt e d i n  Fi g ur e  4.

T h er e is a cl e ar diff er e n c e i n err or   m etri cs b y 1 5 – 3 0 % i n s urf a c e fi el ds

fr o m J u n e t o   A u g ust c as e f or all t h e e x p eri m e nts.   A c o m m o n o bs er v a-

ti o n fr o m t h es e  r es ults is  t h at  t h e  L D A S  r u n  c o nsist e ntl y  e x hi bit e d

f e w er  err ors, f oll o w e d  b y  F A S D A S f or   m ost  of t h e ti m e. I n t h e  c as e

of L D A S r u n, t h e   m e a n   T 2 err or r a n g es u p t o 3 ‐K u p t o 4 8 ‐hr f or e c ast,

w hil e   R h 2  a n d  S T  r a n g e   wit hi n  2 0 %  a n d  4   K,  r es p e cti v el y,  f or  t h e

J u n e  c as e.   T h e  F A S D A S  r u n  c o ul d  si m ul at e  si mil ar  err ors   wit h  a

sli g htl y  hi g h er   m a g nit u d e.   T h e  err or  of t h e   C N T L r u n is   m or e t h a n

t h e  ot h er  t w o  e x p eri m e nts   m ost  of  t h e  ti m e.   C o nsi d eri n g  t h e

A u g ust  c as e,  t h e  a v er a g e  err or  of  s urf a c e  v ari a bl es  ( T 2,   R h 2,  a n d

S T)  is  ~ 1 5 – 3 0 %  t h at  i n  J u n e  c as e,  a n d  t h e  err or  diff er e n c e  a m o n g

t h e  r u ns  is  si g nifi c a nt.   T h e   m e a n  S M  err or  ( Fi g ur es  4 d  a n d  4 h)

r e v e al e d  si g nifi c a nt  diff er e n c es  fr o m  J u n e  t o   A u g ust  c as es.   T h e

L D A S S M e x hi bit e d t h e l e ast err ors ( 0. 0 1 t o 0. 0 3   m 3 m − 3 ) f or all f or e-

c ast  h o urs   w h e n c o m p ar e d   wit h t h at  of   C N T L ( > 0. 0 7   m 3 m − 3 )  a n d  F A S D A S ( ~ 0. 0 6   m3 m − 3 ) r u ns f or J u n e

c as es. I n t h e   A u g ust c as e, t h e L D A S ‐S M err ors ar e c o m p ar a bl e t o t h at of   C N T L a n d F A S D A S r u ns, i n di c ati n g

t h e si mil ar e v ol uti o n of S M i n all t h e e x p eri m e nts.   T his si mil arit y c o ul d  b e  b e c a us e  of  d efi cit v al u es i n J u n e

( o ns et   m o nt h)  a n d  r el ati v el y  hi g h  v al u es i n   A u g ust   m o nt h  ( a n  a cti v e   m o nt h f or   m o ns o o n  s e as o n)  (r ef er

Fi g ur es  1 b – 1 d).   T h us,   w h e n t h e l a n d is r el ati v el y  dr y (l ess  S M), t h e i n c or p or ati o n  of r e alisti c  S M i m pr o v es

t h e  e v ol uti o n  of s urf a c e  p ar a m et ers si g nifi c a ntl y. I n  c o ntr ast,   w h e n t h e s oil is   w et (f or,  e. g.,   A u g ust  c as es),

t h e n  all t h e r u ns s h o w e d si mil ar  p erf or m a n c e  b e c a us e  of t h e  hi g h r ai nf all,  a n d t his l e a ds t o li mit e d  a bilit y

f or i m pr o v e m e nt.   O v er all r es ults ill ustr at e  h o w t h e l a n d st at e i m p a cts t h e e v ol uti o n  of s urf a c e  v ari a bl es.

F oll o wi n g   C h e n et al. ( 1 9 9 6), t h e p erf or m a n c e of L S M d e p e n ds o n t h e s urf a c e e n er g y b al a n c e r e pr es e nt ati o n.

T h e st or a g e fl u x r e pr es e nt e d as t h e r esi d u al i n di c at es t h e i m b al a n c e  of t h e s urf a c e e n er g y  b al a n c e e q u ati o n

a n d is  n ot a n at m os p h eri c or c o m p ut e d v ari a bl e.   T h e r esi d u al a n al ysis b uil ds u p t h e c o n fi d e n c e i n t h e r e pr e-

s e nt ati v e n ess of t h e e n er g y b al a n c e a n d  h as b e e n ass ess e d f or all t h e e x p eri m e nts.  Fi g ur e 5 s h o ws t h e   m e a n

P D F  of t h e  ar e a ‐a v er a g e d   N o a h r esi d u al i n t h e   M D r e gi o n f or J u n e a n d   A u g ust c as es.   T h e  L D A S  h as l ess er

r esi d u al ( 0. 7 5   W   m − 2 ) at hi g h fr e q u e n c y ( ~ 2 0 %) i n t h e J u n e c as es ( Fi g ur e 5 a).   N ot e t h at t h e F A S D A S s h o w e d

t w o p e a ks of al m ost si mil ar fr e q u e n c y at − 0. 9 a n d − 1. 6   W   m − 2 .   C N T L s h o w e d a br o a d er fr e q u e n c y distri b u-

ti o n b et w e e n − 2 a n d − 0. 5   W   m − 2 at  ~ 2 0 % ( Fi g ur e 5 a).   C o ntr asti n gl y, f or   A u g ust c as es, t h e r esi d u al  P D Fs of

all e x p eri m e nts ar e n arr o w a n d c e nt er e d b et w e e n − 0. 5 a n d − 0. 6   W   m − 2 wit h a   m a xi m u m fr e q u e n c y of ~ 3 0 %.

H o w e v er, t h e   C N T L h as a s e c o n d ar y p e a k at − 1 W m − 2 , s h o wi n g r el ati v el y br o a d er P D F.   N ot e t h at t h e P D Fs

ar e   m u c h   wi d er i n c as e of J u n e c as es (i. e., dri er   m o nt h),   w hil e t h e y ar e n arr o w f or   A u g ust ( w et   m o nt h) c as es.

It c o ul d b e r el at e d t o t h e u n d erl yi n g as   w ell as pr e ‐M D a nt e c e d e nt S M c o n diti o ns, as s h o w n i n Fi g ur es 1 b – 1 d.

C o nsi d eri n g t h e s p ati al e v ol uti o n of r esi d u al a m o n g t h e e x p eri m e nts, t h e i m pr o v e d s urf a c e c o n diti o ns i n t h e

L D A S  r u n l o w er t h e  r esi d u als i n t h e  c e ntr al  I n di a  a n d  n ort h w est  p art  of  I n di a  as  c o m p ar e d t o t h e  ot h er

e x p eri m e nts.   T h e  F A S D A S  e x hi bits l ess r esi d u al i n t h e  n ort h e ast  p arts  of I n di a  as  c o m p ar e d t o   C N T L  a n d

L D A S ( n ot s h o w n).   O v er all a n al ys es  hi g hli g ht t h at t h e  L D A S si m ul at e d l a n d ‐s urf a c e fi el ds i m pr o v e t h e  n et

r a di ati o n e n er g y b al a n c e. It c a n b e i nf err e d t h at t h e c o m p o n e nts of s urf a c e e n er g y b u d g et ar e   w ell p artiti o n e d

i n t h e  L D A S r u n a n d c o ul d b e r el at e d t o t h e r e alisti c l a n d s urf a c e c o n diti o ns as e n er g y p artiti o ni n g o v er t h e

st u d y  d o m ai n is  hi g hl y s e nsiti v e t o s urf a c e c o n diti o ns ( D o u gl as et al., 2 0 0 6;  Pi el k e et al., 2 0 1 1).

4. 4.   M oi st u r e   B u d g et   A n al y si s

T h e   m oist ur e  b u d g et t er ms  d uri n g   M D lif e ( ~ 4 8  hr) ar e a n al y z e d  usi n g t h e at m os p h eri c   w at er v a p or b u d g et

e q u ati o n ( Y o o n   &   H u a n g,  2 0 1 2).

Fi g u r e  5. Pr o b a bilit y  distri b uti o n  of   m e a n r esi d u al  of t h e s urf a c e e n er g y  b u d g et

f or ( a) J u n e  a n d ( b)   A u g ust   M D  c as es  c o nsi d er e d i n t h e st u d y.
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¼ E V − P C P : ( 1)

H er e t h e  at m os p h eri c  pr e ci pit a bl e   w at er  o bt ai n e d fr o m  v erti c al i nt e gr al  of  s p e ci fi c  h u mi dit y ( W )  gi v e n  as

W ¼
1

g
∫

pt

ps q :d p a n d
∂ W

∂ t
is t h e  st or a g e t er m  d e n ot e d  as D Q .

V erti c all y i nt e gr at e d   w at er  v a p or fl u x ðQ
!

) is d efi n e d  as Q
!

¼
1

g
∫

pt

ps V
!

q :d p ,  a n d ∇ :Q
!

is t h e  h ori z o nt al  c o n-

v er g e n c e  of  v erti c all y i nt e gr at e d   w at er  v a p or fl u x,  als o  k n o w n  as   m oist ur e fl u x  c o n v er g e n c e  ( M F C).   T h e

t ot al  s urf a c e  e v a p or ati o n  a n d  a c c u m ul at e d  r ai nf all  ar e  d e n ot e d  as E V a n d P C P . g is t h e  a c c el er ati o n  d u e

t o  gr a vit y,  a n d ps a n d pt ar e  pr ess ur e  at t h e  s urf a c e  a n d t o p  of t h e  at m os p h er e,  r es p e cti v el y.

M oist ur e  b u d g et t er ms ar e c o m p ut e d  o v er a 4 °   × 4 °  d o m ai n   w h er e t h e c e nt er  of t h e  d o m ai n r e pr es e nts   M D

c e nt er  at  6 ‐h o url y ti m e s eri es  of D Q , M F C , E V ,  a n d P C P i n   m m  d a y− 1 .   Fi g ur e  6 s h o ws t h e   m e a n   m oist ur e

b u d g et t er ms ( m m  d a y − 1 ) fr o m t h e t hr e e  diff er e nt e x p eri m e nts f or t h e J u n e (l eft c ol u m n) a n d   A u g ust (ri g ht

c ol u m n) c as es f or diff er e nt f or e c ast l e n gt hs.   T h e v ari ati o ns i n   m oist ur e b u d g et t er ms b et w e e n   C N T L,  L D A S,

a n d  F A S D A S ar e  diff er e nt, a n d t h e  P C P s h o ws t h e   m a xi m u m v ari a bilit y f oll o w e d  b y   M F C.   T h e   E V a p p e ars

Fi g u r e  6. M o d el si m ul at e d  a v er a g e   m oist ur e  b u d g et t er ms ( m m) s u c h  as st or a g e t er m ( D Q),   m oist ur e fl u x  c o n v er g e n c e

( M F C),  pr e ci pit ati o n ( P C P), a n d e v a p or ati o n ( E V)  of J u n e c as es f or ( a)  1 2 ‐hr, ( b) 2 4 ‐hr, ( c) 3 6 ‐hr, a n d ( d) 4 8 ‐hr f or e c asts.
( e– h)   T h e s a m e  as ( a) – ( d)  b ut f or   A u g ust  c as es.
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t o h a v e l ess c o ntri b uti o n t o t h e   m oist ur e fi el ds i n t er ms of b ot h   m a g nit u d e a n d v ari a bilit y.   O v er all,   M F C  h as

t h e l ar g est c o ntri b uti n g i nfl u e n c e i n t h e s u p pl y of   m oist ur e i nt o t h e s yst e ms. It is  n ot e d t h at t h e P C P c h a n g e

gr o ws i n  F A S D A S ( u nli k e  L D A S)  as f or e c ast l e n gt h i n cr e as es ( Fi g ur es  6 a – 6 d) i n J u n e  c as es,   w hil e si mil ar

P C P c h a n g es  ar e s e e n f or  all t h e   A u g ust c as es ( Fi g ur es  6 e – 6 h).

T h e d o m ai n a v er a g e d   M F C   m a g nit u d e is l ess ( ~ 2   m m) i n  L D A S r u n as c o m p ar e d t o t h e   C N T L ( ~ 3   m m) a n d

F A S D A S ( > 2   m m) f or t h e   D a y 1 f or e c ast of J u n e c as es,   w hi c h t h e n i n cr e as es i n s u bs e q u e nt si m ul ati o n  u p t o

4 8  hr.   T h e p att er ns of  P C P v ari a bilit y ar e si mil ar t o t h e   M F C,   w hil e t h e   E V t er m d e cr e as es f or t h e s a m e p er-

i o d.  T h e l o c al st or a g e t er m ( D Q) als o i n cr e as es   wit h f or e c ast l e n gt h; h o w e v er, t h e s a m e i n F A S D A S e x hi bit e d

a d e cr e as e   wit h ti m e. I n t h e c as e of   A u g ust, t h e c o ntri b uti o n of   M F C is l ess as c o m p ar e d t o t h at i n J u n e c as es.

It   m a y  b e  d u e t o t h e l o c al eff e ct  a n d e x pl ai n e d f urt h er  usi n g t h e l a n d ‐s urf a c e f e e d b a c k  pr o c ess.

4. 5.   Di a b ati c   H e ati n g  a n d   R ai nf all   E v ol uti o n

T h e ti m e ‐h ei g ht cr oss s e cti o n  of  di a b ati c  h e ati n g ( K/s) a v er a g e d o v er a 4 °   × 4 °  b o x ar o u n d t h e   M D  p ositi o n

f or  all t h e f or e c ast  h o urs is s h o w e d i n  Fi g ur e  7  al o n g   wit h   T R M M  a n d   m o d el r ai n r at e.   T h er e is  a b u n d a nt

di a b ati c  h e ati n g i n t h e   mi dl e v els  of   C N T L si m ul ati o n fr o m  1 8   U T C  2 1 J u n e  2 0 0 7 ( Fi g ur e  7 a),   w hi c h li k el y

c o ntri b ut e d t o t h e e x c ess   D a y 2 o n w ar d. I n c as e of L D A S r u n ( Fi g ur e 7 b), t h e hi g h er di a b ati c h e ati n g is   m or e

i n t h e   mi d dl e t o  u p p er l e v els f or  1 2  hr  o n  2 2 J u n e  2 0 0 7 ( D a y  2),   w hi c h l e a ds t o t h e i n cr e as e d r ai n r at e  a n d

s u bs e q u e nt  d e cr e as e i n t h e   D a y 3 ( 2 3 J u n e 2 0 0 7), a n d i n a gr e e m e nt   wit h t h e  o bs er v e d e v ol uti o n  of r ai nf all.

T h e  F A S D A S  r u n  c o ul d  i m pr o v e  t h e  r ai nf all  si m ul ati o n   w h e n  c o m p ar e d  t o   C N T L ‐si m ul at e d  r ai nf all

Fi g u r e  7. Ti m e ‐h ei g ht  e v ol uti o n  of  di a b ati c  h e ati n g  ( K/s)  fr o m  ( a)   C N T L,  ( b)  L D A S,  a n d  ( c)  F A S D A S  r u ns  f or  2 0 0 7 0 6 2 1 0 0  c as e  al o n g   wit h   m o d el  pr e di ct e d
r ai nf all ( bl a c k li n e   wit h  o p e n  cir cl e)  a n d   T R M M r ai nf all (s oli d r e d li n e). ( d – f  a n d  g– i)   T h e s a m e  as ( a)  a n d ( b)  b ut f or  2 0 0 8 0 8 0 5 0 0  a n d  2 0 0 8 0 8 2 0 0 0  c as es,

r es p e cti v el y.
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( Fi g ur e  7 c). I n t h e  c as e  of t h e   A u g ust  c as e ( 5– 7   A u g ust  2 0 0 7), t h e  si m ul at e d r ai n r at e  e v ol uti o n i n  all t h e

e x p eri m e nts is   m or e  or l ess t h e  s a m e.   T h e  e v ol uti o n  of  di a b ati c  h e ati n g is  als o  si mil ar i n t h es e  r u ns.   T h e

h et er o g e n eit y is  r e pr es e nt e d i n t h e l a n d  s urf a c e  c o n diti o ns ( w et  a n d  dr y/ c ol d  a n d   w ar m) fr o m t h e  dir e ct

i niti ali z ati o n  of  L D A S fi el ds, t h us t o i m pr o v e t h e  r ai nf all  si m ul ati o n  ( Xi n mi n  et  al.,  2 0 0 0).   As  dis c uss e d,

t h e J u n e  p eri o d is r el ati v el y  dr y  a n d   w ar m.   T h e  S M/ S T i niti ali z ati o n i m pr o v e d t h e   M D si m ul ati o n  as   w ell

as  ass o ci at e d  r ai n  r at e.   W hil e  i n   A u g ust   m o nt h,  t h e  l a n d  s urf a c e  is  n e arl y  s at ur at e d  d u e  t o  a cti v e

m o ns o o n c o n diti o ns; t h er ef or e, t h e i niti ali z ati o n of S M/ S T d o es  n ot s h o w a s u bst a nti al i m p a ct o n   M D c as es.

Fi g u r e  8. T h e  2 4 ‐hr  a c c u m ul at e d  r ai nf all  ( c m) fr o m  ( a)  I M D,  ( b)   C N T L,  ( c)  L D A S,  a n d  ( d)  F A S D A S  e x p eri m e nts  f or

2 0 0 7 0 6 2 8 0 0  c as e. ( e – h, i – l,  a n d   m– p)   T h e s a m e  as ( a) – ( d)  b ut f or  2 0 1 3 0 6 1 4 0 0,  2 0 0 7 0 8 0 5 0 0,  a n d  2 0 0 8 0 8 0 9 0 0  c as es,
r es p e cti v el y.
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T w e nt y ‐f o ur‐h o ur  a c c u m ul at e d  s p ati al  r ai nf all  ( v ali d  f or   D a y  1)

o bt ai n e d fr o m   C N T L,  F A S D A S, a n d  L D A S r u n al o n g   wit h I M D r ai n-

f all f or  c as es  of J u n e  a n d   A u g ust is  pr es e nt e d i n  Fi g ur e  8. I M D  a n a-

l ys es  s h o w t w o  c ells  of   m a xi m u m  r ai nf all ( 2 0– 2 4  a n d  ~ 3 0  c m) t h at

o c c urr e d  o n t h e  2 8 – 3 0 J u n e  2 0 0 7 c as e ( Fi g ur e  8 a).   T h e t hr e e  e x p eri-

m e nts  o v er esti m at e d  t h e  r ai nf all   wit h  si mil ar  s p ati al  ori e nt ati o n;

h o w e v er,  L D A S  s h o ws t w o  h e a v y  r ai nf all  c ells,  u nli k e  F A S D A S.  I n

t h e c as e of 1 4– 1 7 J u n e 2 0 1 3 c as e ( Fi g ur es 8 e – 8 h), t h e r ai nf all distri b u-

ti o n is   m or e  or l ess  si mil ar i n  all t hr e e  c as es; t h e r ai nf all  a m o u nt is

i m pr o v e d i n  L D A S  a n d  F A S D A S r u ns  as c o m p ar e d t o   C N T L r u n. I n

t h e  c as e  of  5– 7   A u g ust  2 0 0 7,  t h e  c o ast al  r ai nf all  ( ar o u n d  2 0 ° N)

o bs er v e d i n  t h e  I M D  r ai nf all  a n al ysis  is  2 0 – 2 8  c m  ( Fi g ur e  8i).   T h e

C N T L  r u n  si m ul at e d  s c att er e d  r ai nf all  b et w e e n  ~ 4  a n d  8  c m  o v er  t h e  s a m e  r e gi o n  ( Fi g ur e  8j)   w hil e  t h e

L D A S  r u n,  o n  t h e  ot h er  h a n d,  c o m p ut e d  t h e  r ai nf all  distri b uti o n  a n d   m a g nit u d e  ( ~ 3 2  c m)   w ell

( Fi g ur e  8 k).   T h e  F A S D A S  r u n  c o ul d  als o  s h o w  g o o d  r ai nf all  si m ul ati o n,  b ut  it  is  dis pl a c e d  s o ut h w ar d

( Fi g ur e  8l). I n t h e  c as e  of  9– 1 1   A u g ust  2 0 0 8 , t h e  o bs er v e d r ai nf all  at  1 9– 2 0 ° N l atit u d es is   w ell r e pr o d u c e d

i n t h e  L D A S r u n   wit h sli g ht o v er esti m ati o n i n s p ati al c o v er a g e ( Fi g ur e 8 o).   T h e  F A S D A S‐si m ul at e d r ai nf all

is  distri b ut e d  o v er  a  br o a d er r e gi o n   wit h  n ot a bl e  o v er esti m ati o n ( Fi g ur e  8 p).

4. 6.   E sti m ati o n  of   R ai nf all   E r r o r s   U si n g   C o nti g u o u s   R ai n   A r e a   M et h o d

Tr a diti o n al st atisti c al   m etri cs (s u c h as si m pl e  bi as, r o ot   m e a n s q u ar e err or,   R M S E)  pr o vi d e s kill ass ess m e nt

of  t h e  hi g h ‐r es ol uti o n   m o d els  f or  q u a ntit ati v e  r ai nf all  pr e di cti o n.   H o w e v er,  t h e y  d o  n ot  pr o vi d e  dir e ct

i nsi g hts  i nt o  t h e  s o ur c e  of  err ors.   As  a n  alt er n ati v e,  t h e  c o nti g u o us  r ai n  ar e a  ( C R A;  f oll o wi n g   E b ert   &

M c Bri d e,  2 0 0 0;   E b ert   &   G all us,  2 0 0 9;   Gill el a n d  et  al.,  2 0 1 0;   Os uri  et  al.,  2 0 1 7)  h a v e  b e e n  d e v el o p e d f or t h e

s p ati al v eri fi c ati o n (i. e., l o c ati o n, e xt e nt, i nt e nsit y, a n d p att er n) f or t h e us er ‐s p e cifi e d r ai nf all t hr es h ol d ( als o

k n o w n as   C R A t hr es h ol d).   T his   m et h o d  h as b e e n a p pli e d f or r ai nf all o v er t h e I M R r e gi o n ( K u m ar   D as et al.,

2 0 1 4; S h ar m a et al., 2 0 1 9). I n t h e   C R A   m et h o d, t h e a ct u al r ai nf all t hr es h ol d is s hift e d i n t h e x dir e cti o n (l eft

or ri g ht), y dir e cti o n (f or w ar d or b a c k w ar d), a n d a zi m ut h al dir e cti o n ( cl o c k wis e or a nti cl o c k wis e) t o a c hi e v e

t h e  b est   m at c h ( m a xi m u m  c orr el ati o n  a n d   mi ni m u m   m e a n s q u ar e  diff er e n c e,   M S D)   wit h t h e  o bs er v ati o n.

T his  h ori z o nt al  s hift  (i n x a n d y dir e cti o n)  pr o vi d es  dis pl a c e m e nt  err ors  ( d x a n d d y ,  r es p e cti v el y),   w hil e

t h e s hift i n  a zi m ut h al  dir e cti o n  pr o vi d es t h e r ot ati o n al err or (d θ ).  Si mil arl y, t h e  p att er n err or i n di c at es t h e

err or i n t h e  distri b uti o n of r ai nf all, a n d v ol u m e err or i n di c at es t h e err or i n t h e a m o u nt of r ai n.   M or e d et ails

o n t h e f or m ul ati o n  of  e a c h  err or  c a n  b e s e e n i n   Os uri  et  al. ( 2 0 1 7)  a n d   E b ert  a n d   G all us ( 2 0 0 9).   T h e   C R A

v eri fi c ati o n  of  2 4 ‐hr  a c c u m ul at e d   m o d el r ai nf all is c arri e d  o ut  a g ai nst I M D r ai nf all  a n al ys es.

T a bl e 4 pr o vi d es t h e   m e a n h ori z o nt al a n d r ot ati o n al s hifts o bt ai n e d fr o m t h e   C R A. F or J u n e c as es, t h e L D A S

e x hi bit e d a   mi ni m u m   m e a n d x s hift of − 0. 5 ° as c o m p ar e d t o   C N T L ( − 1 °) a n d  F A S D A S ( 0. 8 °).   A si mil ar p at-

t er n i n   m e a n d y s hift is als o  n ot e d ( − 0. 2 °, − 0. 0 6 °, a n d 0. 0 6 °).   T h e   C N T L a n d  F A S D A S s h o w a si mil ar cl o c k-

wis e s hift of 2. 2 5 ° a n d 2. 5 °,   w hil e t h e L D A S h as a   mi ni m u m cl o c k wis e s hift of 0. 2 5 °. I n t h e c as e of t h e   A u g ust

c as es, t h e   C R A e x hi bit e d si mil ar  h ori z o nt al s hifts a m o n g t h e e x p eri m e nts.   T h e   m e a n d x s hifts i n   C N T L a n d

F A S D A S  ar e t h e  s a m e  ( 1. 1 2 5 °),   w hil e t h e  L D A S  h as  a  1 °  s hift.   T h e   m e a n d y s hifts i n  L D A S,   C N T L,  a n d

F A S D A S  ar e,  r es p e cti v el y, − 0. 3 °, 0. 3 7 °,  a n d  0. 5 5 °.   T h e  F A S D A S  s h o w e d  a   mi ni m u m  r ot ati o n al  s hift ( 3 °)

as c o m p ar e d t o   C N T L ( 5. 5 °)  a n d  F A S D A S ( 5. 5 °) i n t h e   A u g ust c as es.

Fi g ur e  9  pr o vi d es   m e a n  dis pl a c e m e nt,  p att er n,  v ol u m e,  a n d r ot ati o n al  err ors f or  diff er e nt   C R A t hr es h ol ds

fr o m  t h e  t hr e e  e x p eri m e nts  f or  all  t h e  c as es.   T h e  s u m  of  all  t h es e  err or  c o m p o n e nts  is  1 0 0 %.  F oll o wi n g

I M D  cl assifi c ati o n,  t h e  c at e g ori c al  r ai nf all,  s u c h  as   m o d er at e  ( ≤ 6 4. 4   m m  d a y − 1 ),  h e a v y  ( > 6 4. 5  t o

≤ 1 1 5. 5   m m  d a y − 1 ),  a n d  v er y  h e a v y ( > 1 1 5. 6 t o  2 0 4. 4   m m  d a y − 1 )  ar e s el e ct e d  as   C R A t hr es h ol ds.   M e a n st a-

tisti cs   wit h  9 5 % c o nfi d e n c e i nt er v als i n di c at e t h at  p att er n  err or is t h e l ar g est ( 4 0 – 5 0 %)  u p t o  h e a v y r ai nf all

( 1 1 5. 5   m m  d a y− 1 );  h o w e v er, t h e  v ol u m e  err or  c o ntri b ut es  t h e   m a xi m u m  ( 4 0– 5 0 %)  at  v er y  h e a v y  r ai nf all

c at e g or y ( 2 0 4. 4   m m  d a y − 1 ) t o t h e t ot al  err or  of J u n e  c as es ( Fi g ur es  9 a– 9 c).   T h e  dis pl a c e m e nt  err or  c o ntri-

b ut es   m or e or l ess 2 0 – 3 0 % t o t h e t ot al err or.   A m o n g all, t h e r ot ati o n al err or of r ai nf all i n t h e a zi m ut h al dir e c-

ti o n is   mi ni m u m ( ~ 5 %) f or  J u n e  c as es ( Fi g ur es  9 a– 9 c). I n t h e  c as e  of   A u g ust  c as es, t h e  dis pl a c e m e nt  a n d

p att er n err ors c o ntri b ut e   m or e  or l ess si mil ar ( 4 0 – 5 0 %  e a c h) f or  diff er e nt   C R A t hr es h ol ds i n  all t h e e x p eri-

m e nts  ( Fi g ur es  9 d – 9f).   T h e  v ol u m e  a n d  r ot ati o n al  err ors  ar e  si g ni fi c a ntl y  l ess  i n  all  e x p eri m e nts  f or

T a bl e  4

M e a n   C R A   H ori z o nt al  S hifts ( d x,  d y,  a n d  d θ )  Fr o m   T hr e e   E x p eri m e nts f or J u n e
a n d   A u g ust   C as es.

C R A
s hifts

J u n e A u g ust

C N T L  F A S D A S  L D A S   C N T L  F A S D A S  L D A S

d x 1 °  0. 8 ° − 0. 5 °  1. 1 2 5 °  1. 1 2 5 °  1 °
d y − 0. 2 ° − 0. 0 6 °  0. 0 6 ° − 0. 3 7 °,  0. 5 5 ° − 0. 3 °

d θ 2. 2 5 °  2. 5 °  0. 2 5 °  5. 5 °  3 ° 5. 5 °

N ot e . “ + ” si g n i n di c at es  ri g ht/f or w ar d/ cl o c k wis e  s hift,  a n d “‐ “ si g n i n di c at es
l eft/ b a c k w ar d/ a nti cl o c k wis e s hift i n t h e r ai nf all t hr es h ol d.
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diff er e nt  t hr es h ol ds  i n   A u g ust  c as es  ( Fi g ur es  9 d – 9f).  I nt er c o m p aris o n  of  e x p eri m e nts,  t h e  dis pl a c e m e nt

a n d  p att er n  err ors  ar e  r el ati v el y l ess i n  t h e  L D A S  r u n  as  c o m p ar e d  t o  t h at  of   C N T L  a n d  F A S D A S  r u ns.

H o w e v er,  t h e  v ol u m e  err or  is   m or e  i n  t h e  L D A S  c o m p ar e d  t o  t h e  ot h ers.  It  c a n  b e  c o n cl u d e d  t h at  t h e

L D A S  i m pr o v e d  t h e  r ai nf all  si m ul ati o n  i n  t er ms  of  l o c ati o n  (l ess  dis pl a c e m e nt  err or)  a n d  distri b uti o n

(l ess  p att er n  err or),  h o w e v er,   wit h  hi g h er  err or  i n  t h e  r ai nf all  a m o u nt  ( v ol u m e  err or)  as  c o m p ar e d  t o

ot h er  e x p eri m e nts.   M or e o v er,  t h e  r a n g e  of  9 5 %  c o n fi d e n c e  i nt er v als  is  r el ati v el y  l ess  i n  t h e  L D A S  r u n

f or   m ost  of t h e  err or  c o m p o n e nts i n  J u n e  c as es, i n di c ati n g l ess  s pr e a d i n  err or.   H o w e v er, t h e  c o n fi d e n c e

i nt er v al  is  l ess  f or  l o w er  r ai nf all  t hr es h ol ds  a n d  n e gli gi bl e  f or  hi g h er  r ai nf all  t hr es h ol ds.   T h e  a v er a g e

R M S E  of   m o d er at e  r ai nf all t hr es h ol d f or  J u n e  c as es is  2 6,  3 5,  a n d  3 2   m m  d a y − 1 fr o m  L D A S,   C N T L,  a n d

F A S D A S,  r es p e cti v el y.   W hil e f or   A u g ust  c as es,  t h e   R M S E is  6 2,  7 8,  a n d  7 6   m m  d a y − 1 f or  L D A S,   C N T L,

a n d  F A S D A S, r es p e cti v el y.

Fi g ur e  1 0  s h o ws  diff er e nt  s kill   m etri cs  of  t hr e e  e x p eri m e nts f or t h e  a b o v e ‐m e nti o n e d  c at e g ori c al  r ai nf all

t hr es h ol ds  c orr es p o n di n g  t o  t h e  J u n e  c as es  a n d   A u g ust  c as es.   T h e  pl us  si g n  a n d  cir cl e  s y m b ols  i n di c at e

t h e s kill   m etri cs  b ef or e  a n d  aft er t h e   C R A  a n al ysis.   T h e  a c c ur a c y  of   D a y  1 r ai nf all fr o m t hr e e  e x p eri m e nts

v ari es  b et w e e n  0. 1  a n d  0. 3 i n t h e  a ct u al  si m ul ati o n  ( or  b ef or e   C R A);  h o w e v er, it i n cr e as es  t o   m or e t h a n

0. 3  aft er t h e   C R A c orr e cti o n ( Fi g ur e  1 0 a).   T h e   D a y  2 r ai nf all  a c c ur a c y is  hi g h er t h a n t h at  of   D a y  1 i n J u n e

c as es.   T h e  L D A S r u n s h o ws  hi g h er  a c c ur a c y f or   D a ys  1  a n d  2 r ai nf all  as c o m p ar e d t o t h e  ot h er t w o e x p eri-

m e nts ( Fi g ur e 1 0 a).   T h e bi as s c or e  h el ps ass ess t h e o v er esti m ati o n or u n d er esti m ati o n of   m o d el r ai nf all.   T h e

m o d el  o v er esti m at es t h e   m o d er at e r ai nf all ( bl a c k s y m b ols)   w hil e  u n d er esti m at es t h e  h e a v y a n d v er y  h e a v y

r ai nf alls ( bl u e a n d r e d c ol or) i n t h e a ct u al, as   w ell as f or   C R A c orr e ct e d a n al ysis i n J u n e c as es.   C o nsi d eri n g

t h e bi as f or   A u g ust r ai nf all c as es, t h e   m o d er at e a n d  h e a v y r ai nf all is  u n d er esti m at e d, a n d v er y  h e a v y r ai n is

m or e r eli a bl e   wit h   m ar gi n al bi as ( cl os e t o 1;  Fi g ur e 1 0 b).   T h e f als e al ar m r ati o ( F A R) is   m or e t h a n 4 0 % i n all

Fi g u r e 9. R ai nf all err or  d e c o m p ositi o n i nt o   m e a n  dis pl a c e m e nt ( D ), v ol u m e (V ),  p att er n (P ), a n d r ot ati o n al (R ) err ors  usi n g   C R A   m et h o d f or  diff er e nt c at e g ori c al
r ai nf all ( a)   m o d er at e r ai ns ( ≤ 6 4. 4   m m  d a y

− 1
), ( b)  h e a v y r ai ns ( > 6 4. 5 t o ≤ 1 1 5. 5   m m  d a y

− 1
),  a n d ( c)  v er y  h e a v y r ai ns ( > 1 1 5. 6 t o  2 0 4. 4   m m  d a y

− 1
) f or J u n e c as es.

( d– f)   T h e s a m e  as ( a)– ( c)  b ut f or t h e   m e a n  of   A u g ust  c as es.
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t h e t hr e e  e x p eri m e nts  of  a ct u al r ai nf all;  h o w e v er, it r e d u c e d t o  1 0– 2 5 %  aft er t h e   C R A c orr e cti o n i n   D a ys  1

a n d  2  r ai nf all  si m ul ati o n.   T h e  F A R  is  l ess  i n  L D A S  r u n  f or   D a ys  1  a n d  2  r ai nf all  as  c o m p ar e d  t o  t h e

ot h ers  ( Fi g ur e  1 0 c).  I n  t h e  a ct u al  si m ul ati o n,  t h e   m e a n  e q uit a bl e  t hr e at  s c or e  ( E T S)  li es  b el o w  0. 1  f or

D a y  1  a n d  0. 2  f or   D a y  2  f or  all  t h e  e x p eri m e nts.   Aft er  c orr e cti n g  t h e   M D  r ai nf all  t o   C R A  dis pl a c e m e nt

Fi g u r e  1 0. M e a n s kill s c or es  of   D a ys  1  a n d  2   m o d el r ai nf all f or J u n e c as es ( a)  a c c ur a c y, ( b)   BI A S ( c), f als e  al ar m r ati o ( F A R),  a n d ( d)   E T S fr o m   C N T L,  F A S D A S,

a n d  L D A S b ef or e t h e   C R A ( pl us s y m b ol) a n d aft er t h e   C R A ( cir cl e s y m b ol). ( c a n d  d)   T h e s a m e as ( a) a n d ( b) b ut f or   A u g ust c as es.   C R A t hr es h ol ds c o nsi d er e d ar e
m o d er at e,  h e a v y,  a n d  v er y  h e a v y r ai nf all  c at e g ori es.   C ‐D 1  a n d   C ‐D 2 i n di c at e   C N T L ‐d a y 1  a n d   C N T L ‐d a y 2 si m ul ati o ns.  Si mil arl y,  F ‐D 1  a n d  F ‐D 2 i n di c at e
F A S D A S ‐d a y 1  a n d  F A S D A S ‐d a y 2 si m ul ati o ns.  L ‐D 1  a n d  L ‐D 2 i n di c at e  L D A S ‐d a y 1  a n d  L D A S ‐d a y 2 si m ul ati o ns.

1 0. 1 0 2 9/ 2 0 2 0 J D 0 3 2 4 0 0J o u r n al  of   G e o p h y si c al   R e s e a r c h:   At m o s p h e r e s

O S U RI   E T   A L. 1 6  of  2 4



err ors ( aft er   C R A), t h e   m e a n   E T S f or   D a y  1 r ai n fr o m  all t h e r u ns c o nsist e ntl y i n cr e as e t o  0. 2 – 0. 3 f or   m o d-

er at e,  h e a v y,  a n d  v er y  h e a v y  r ai nf all  c at e g ori es  a n d i n cr e as es t o  0. 2 – 0. 4 f or   D a y  2  r ai nf all f or  J u n e  c as es

( Fi g ur e 1 0 d).  T his   E T S s h o ws a d efi nit e i m pr o v e m e nt i n hi g h er r ai nf all t hr es h ol ds ( h e a v y t o v er y h e a v y r ai n)

f or   D a ys  1  a n d  2 fr o m t h e  L D A S r u n i n J u n e c as es   wit h  hi g h er   E T S t h a n t h e  ot h er r u ns ( Fi g ur e  1 0 d).

C o nsi d eri n g t h e   A u g ust  c as es ( Fi g ur es  1 0 e  a n d  1 0f), t h e   m e a n  a c c ur a c y is  hi g h er f or   D a y  1  a ct u al r ai nf all

( 0. 2 5– 0. 5) f or  diff er e nt t hr es h ol ds ( Fi g ur e  1 0 e)  as c o m p ar e d t o J u n e c as es ( Fi g ur e  1 0 a).   Aft er t h e   C R A, t h e

a c c ur a c y i n cr e as es  u p t o  0. 8 i n t h e   C N T L  a n d  F A S D A S,   w hil e  u p t o  0. 9 i n t h e  L D A S r u n f or   D a ys  1  a n d  2

r ai nf all ( Fi g ur e  1 0 e).   T h e  r ai nf all  bi as i n   A u g ust  c as es is  cl os er t o  1, i n di c ati n g  a   m ar gi n al l o w er  bi as f or

all r ai nf all t hr es h ol ds  b ef or e  a n d  aft er   C R A ( Fi g ur e  1 0f).   T h e  a ct u al   D a y  2  si m ul ati o n  u n d er esti m at es t h e

r ai nf all  n oti c e a bl y f or   m o d er at e  a n d  h e a v y  r ai n.   H o w e v er, t h e  v er y  h e a v y  r ai n is  o v er esti m at e d i n   C N T L

a n d  F A S D A S  ( BI A S   >  1),   w hil e  t h e  L D A S  is  cl os e  t o  1  ( n e gli gi bl e  bi as)  b ef or e  a n d  aft er  t h e   C R A

( Fi g ur e  1 0f).   T h e  F A R f or   D a y  1  a ct u al  r ai nf all ( b ef or e   C R A) is  a b o ut  5 0 %,   w hi c h is  r e d u c e d t o  2 5 %,  a n d

t h e  L D A S  r u n  is  b ett er   wit h  t h e  l o w est  F A R  aft er  t h e   C R A.   T h er e  is  a  n ot a bl e  diff er e n c e  i n  F A R  fr o m

D a y  1 r ai nf all t o   D a y  2 r ai nf all i n   A u g ust  c as es.   T h e  F A R is   m or e t h a n  7 0 % i n  all t h e  e x p eri m e nts  b ef or e

C R A.   Aft er t h e   C R A, t h e  F A R f or   m o d er at e t o  h e a v y r ai nf all  h as  d e cr e as e d t o  4 0 – 4 5 % i n  all  e x p eri m e nts,

wit h  L D A S as t h e l o w est o n e ( ~ 3 0 %).   As s e e n i n J u n e c as es, t h e   E T S of   D a y 1 r ai nf all of   A u g ust c as es b ef or e

C R A is cl os e t o  0. 1.   Aft er t h e   C R A, t h e   m e a n   E T S  h as i n cr e as e d t o   m or e t h a n  0. 3 f or t h e   D a y  1 si m ul ati o n

( Fi g ur e  1 0 h).

C o m p ari n g t h e c as es, t h e  L D A S is  a g ai n   m or e s killf ul f or   m o d er at e t o  h e a v y r ai nf all,  a n d t h e  F A S D A S r u n

s h o ws a  hi g h er s kill f or v er y  h e a v y r ai n.   C o nsi d eri n g t h e   D a y 2 r ai nf all si m ul ati o n, t h e  L D A S is c o nsist e ntl y

b ett er f or   m o d er at e r ai nf all aft er t h e   C R A.   H o w e v er, t h e v er y h e a v y r ai n pr e di cti o n is  hi g hl y s killf ul f or b ot h

b ef or e t h e   C R A ( E T S  ~  0. 2 5)  a n d  aft er t h e   C R A ( E T S  ~  0. 4) f or t h e   D a y  2 si m ul ati o n.   C o m p ari n g J u n e  a n d

A u g ust r ai nf all c as es, t h e   m o d el bi as is   m or e f or t h e   w et   A u g ust c as es t h a n t h e r el ati v el y dr y J u n e c as es, p ar-

ti c ul arl y f or t h e   D a y 2 r ai nf all si m ul ati o n.   T h e   m o d el, as c o m p ar e d t o t h e J u n e c as es, d o es  n ot r eli a bl y si m u-

l at e t h e v er y h e a v y r ai nf all c at e g or y i n   A u g ust c as es.   M or e o v er, t h e   C R A h ori z o nt al s hifts (i n t er ms of d x , d y ,

a n d d θ )  ar e  als o  hi g h er i n   A u g ust c as es  as c o m p ar e d t o J u n e c as es.

4. 7.  S u rf a c e ‐P r e ci pit ati o n   F e e d b a c k

S M a n d at m os p h er e ar e hi g hl y c o u pl e d.   T h er e ar e at l e ast t w o p ossi bl e   m e c h a nis ms f or t h e s oil ‐pr e ci pit ati o n

f e e d b a c k ( S c h är et al., 1 9 9 9).   T h e r ai nf all o v er   w et s oils is ass o ci at e d pr e d o mi n a ntl y   wit h e v a p otr a ns pir ati o n

(l o c al eff e ct). S e c o n d, t h e r ai nf all i nt e nsifi c ati o n is c o ntri b ut e d b y t h e at m os p h eri c   m oist ur e tr a ns p ort (r e gi o-

n al  eff e ct).   T h e  a nt e c e d e nt l a n d  st at e  als o  r e g ul at es t h e  ef fi ci e n c y  of t h e  pr e ci pit ati o n  pr o c ess es.   H er e   w e

c o m p ar e t h e   C N T L   wit h  L D A S  a n d  F A S D A S,   w hi c h  ar e i niti ali z e d   wit h   m o di fi e d s oil c o n diti o ns.

T h e  a n al ysis  of  s urf a c e ‐pr e ci pit ati o n  f e e d b a c k  aft er  t h e  i n cl usi o n  of  u p d at e d  l a n d  s urf a c e  c o n diti o ns

( L D A S)  a n d  F A S D A S is  e x p e ct e d t o  pr o vi d e  a d diti o n al i nsi g ht i nt o  u n d erst a n di n g t h e r ol e  of t h e l a n d s ur-

f a c e i n   m o dif yi n g  t h e  pr e ci pit ati o n.   T h e  a p pr o a c h  h er e is  t o  e x a mi n e  t h e  r ol e  of  t h e  v ari o us  eff e cts  t h at

c o ntri b ut e t o t h e s urf a c e ‐pr e ci pit ati o n f e e d b a c k   m e c h a nis m ( S c h är  et  al.,  1 9 9 9).   T h e  pr e ci pit ati o n  c h a n g es

b et w e e n t h e  e x p eri m e nts  L D A S  a n d   C N T L  ( L D A S ‐C N T L),  a n d  F A S D A S ‐C N T L is t er m e d  as Δ P a n d  c a n

b e  e x pr ess e d  as

Δ P ¼ P ′− P ¼
Δ χ E T þ I Nð Þ
|fflfflfflfflfflfflfflfflfflffl { zfflfflfflfflfflfflfflfflfflffl }

T er m   A

þ
χ Δ E T
|fflffl { zfflffl }
T er m  B

þ
χ Δ I N
|fflffl { zfflffl }
T er m   C

þ
Δ χ Δ E T þ Δ I Nð Þ
|fflfflfflfflfflfflfflfflfflfflfflfflffl { zfflfflfflfflfflfflfflfflfflfflfflfflffl }

T er m   D

; ( 2)

w h er e χ is t h e  pr e ci pit ati o n  effi ci e n c y t h at is  d e fi n e d  as t h e  q u a ntit y  of   m oist ur e t h at  pr e ci pit at es  o ut fr o m

t h e   m oist ur e  t h at  e nt ers  t h e  d o m ai n  a n d  gi v e n  b y χ ¼
P

E T þ I Nð Þ
; w h er e E T is  e v a p or ati o n,  a n d I N is

m oist ur e i n fl u x.

T er m   A i n   E q u ati o n  2 is  t h e  ef fi ci e n c y  eff e ct  ( E E ),   w hi c h  st a n ds  f or  t h e  pr e ci pit ati o n  c h a n g e  d u e  t o  t h e

c h a n g es i n χ i n t h e  L D A S or  F A S D A S r u ns as c o m p ar e d t o t h e  d ef a ult   C N T L r u n.   T er m   B is a s urf a c e eff e ct

( S E) a n d r e pr es e nts t h e v ari ati o n i n e v a p or ati o n.   T h e   T er m   C  d e n ot es t h e r e m ot e eff e ct ( R E)  d es cri bi n g t h e

i m p a ct  of  alt er e d   m oist ur e i nfl u x  o n  pr e ci pit ati o n.   T er m   D is t h e r esi d u al t er m.
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T h e s urf a c e ‐pr e ci pit ati o n f e e d b a c k ( c al c ul at e d as   m m  p er 6  hr) is c o m p ut e d  o v er a n ar e a  of 2 0 0  k m ar o u n d

t h e   M D  a n d is  pr es e nt e d i n  Fi g ur e  1 1.   E a c h t er m i n   E q u ati o n  2 is c o m p ut e d fr o m t h e  L D A S  a n d  F A S D A S

e x p eri m e nts  a g ai nst t h e  b as e r u n,   C N T L.  Fi g ur es  1 1 a  a n d  1 1 b s h o w t h e   m e a n  of  e a c h t er m  c orr es p o n di n g

t o  L D A S  a n d  F A S D A S, r es p e cti v el y,  at  diff er e nt f or e c ast l e n gt hs.   T h e  pr e ci pit ati o n  a m o u nt is   m ai nl y  d u e

t o  pr e ci pit ati o n effi ci e n c y ( χ ) a n d  S E i n  b ot h t h e r u ns.   T h e   m a g nit u d e  of   R E is  or d ers  of   m a g nit u d e s m all er

i n t er ms  of   m oist ur e i nfl u x (I N) i n c o ntri b uti n g  pr e ci pit ati o n.

I n  Fi g ur es 1 1 c a n d 1 1 d, t h e f e e d b a c k t er ms  h a v e b e e n a n al y z e d f or t h e f or e c ast l e n gt hs of 2 4 a n d 4 8  hr.   T h e

c o ntri b uti o n of   E T t o w ar d pr e ci pit ati o n is ar o u n d 6 0 % of t h e si m ul at e d c h a n g es as a   w h ol e. Fr o m Fi g ur e 1 1 c,

t h e  L D A S‐C N T L s u g g ests t h at t h e S E is   m or e  d o mi n a nt i n c o ntri b uti n g t h e  pr e ci pit ati o n.   T h e  n e g ati v e si g n

Fi g u r e  1 1. C h a n g es i n  pr e ci pit ati o n f or ( a)  L D A S ‐C N T L  a n d ( b)  F A S D A S ‐C N T L i n   m m  6  hr
− 1

fr o m  all t h e  c as es.   E a c h  of t h e  b ars  c o n v e ys t o  e a c h t er m  of t h e
e q u ati o n c o m p ut e d o v er t h e s w at h al o n g t h e tr a c k. ( c a n d  d)   T h e s a m e as ( a) a n d ( b)  b ut f or t h e 0 ‐ t o 2 4‐hr a n d 2 4 ‐ t o 4 8‐hr a v er a g e. ( e a n d f)   T h e s a m e as ( a) a n d

( b)  b ut  b as e d  o n J u n e  a n d   A u g ust  c as es.
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si g nifi es  t h e  p ositi v e  c o ntri b uti o n  of  l at e nt  h e at  i n  t h e  b o u n d ar y  l a y er  t o w ar d  pr e ci pit ati o n  d u e  t o

e v a p otr a ns pir ati o n.  I n  t h e  c as e  of  F A S D A S ‐C N T L, t h e   E E is t h e   m or e  d o mi n a nt t er m i n  c o ntri b uti n g  t o

t h e  pr e ci pit ati o n  r at e.  It  is  d u e  t o  hi g h er  S M  g e n er at e d  b y  F A S D A S  (r ef er  Fi g ur e  3)  t h at  r e d u c e d  t h e

B o w e n's  r ati o   wit h  i n cr e as e d  l at e nt  h e at fl u x  i nt o  t h e  b o u n d ar y  l a y er.   T h e  n et  eff e ct  is  a  s h all o w er

b o u n d ar y  l a y er,  t h us  i n cr e asi n g   m oist  st ati c  e n er g y  p er  u nit   m ass  a n d  a n  e n h a n c e d  r at e  of   m oist

c o n v e cti o n i n t h e  at m os p h er e.  Si mil ar  r es ults  c a n  b e  n ot e d i n  Fi g ur es  1 1 e  a n d  1 0f ( m o nt h wis e  a n al ysis).

Fi g u r e 1 2. M o d el si m ul at e d tr a c ks fr o m   C N T L,  L D A S, a n d  F A S D A S al o n g   wit h I M D b est esti m at es f or   m o ns o o n d e pr essi o n c as es ( a) 2 0 0 7 0 6 2 1 0 0, ( b) 2 0 0 7 0 6 2 8 0 0,
( c)  2 0 0 7 0 8 0 5 0 0, ( d)  2 0 0 8 0 6 1 6 0 0, ( e)  2 0 1 1 0 6 1 6 0 0,  a n d (f)  2 0 1 3 0 8 2 0 0 0.   T h e li n e i n t h e  gr a p h s h o ws t h e   %  of i m pr o v e m e nt  o v er   C N T L fr o m  L D A S (s oli d li n e)  a n d

F A S D A S ( d as h e d li n e).
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I nt er esti n gl y, t h e eff e ct/s e nsiti vit y of e a c h t er m is   m or e f or t h e r el ati v el y  dr y J u n e as c o m p ar e d t o r el ati v el y

w et   A u g ust  c as es i n  c as e  of  L D A S r u n ( Fi g ur e  1 1 e),  u nli k e  F A S D A S ( Fi g ur e  1 1f).   T h e  c o ntri b uti o n  of  e v a-

p or ati o n  c h a n g e ( S E t er m) is   m or e i n  J u n e  as  c o m p ar e d t o t h at i n   A u g ust  a n d  c o ul d  b e t h e f a ct t h at t h e

S M  is  e v a p or at e d   m or e  i n  J u n e  d u e  t o  its  dri er  a n d  h ott er  l a n d  s urf a c e  c o n diti o ns.   T his  is  o p p osit e  f or

A u g ust c as es, a n d  h e n c e, t h e S E t er m is   w e a k er ( Fi g ur e 1 1 e). It c o ul d  b e t h e r e as o n f or t h e r el ati v el y  hi g h er

i m p a ct  of l a n d s urf a c e c o n diti o ns f or J u n e c as es,  as st at e d i n t h e  pr e vi o us s e cti o ns.

4. 8.   T r a c k  a n d I nt e n sit y

M o d el ‐si m ul at e d tr a c ks of t h e   M D c as es ar e s h o w n i n Fi g ur e 1 2 fr o m t h e   C N T L, F A S D A S, a n d L D A S e x p eri-

m e nts  al o n g   wit h t h e  b est ‐esti m at e d tr a c k.   T h e  o v er all tr a c k  pr e di cti o n  b y  L D A S is r e as o n a bl y  g o o d   w h e n

c o m p ar e d   wit h   C N T L.  T h e i niti al p ositi o n f or b ot h t h e e x p eri m e nts s h o ws si mil arit y a n d is 5 7 k m a w a y fr o m

t h e o bs er v e d l o c ati o n.  T h e i nl a n d   m o v e m e nt of t h e   M Ds is diff er e nt a m o n g t h e e x p eri m e nts   wit h u n d erl yi n g

l a n d s urf a c e c o n diti o ns.   T h e r e alisti c r e pr es e nt ati o n  of  h et er o g e n eit y i n l a n d s urf a c e v al u es ( S M a n d  S T) i n

t h e  L D A S e x p eri m e nt i n J u n e li k el y c a us e d  n ot a bl e i m pr o v e m e nt i n tr a c k si m ul ati o n, f oll o w e d b y  F A S D A S.

T h e   C N T L r u n s h o ws t h e   M D tr a c k  h as si g ni fi c a ntl y  d e vi at e d fr o m  o bs er v ati o n, r es ult e d i n  hi g h er  p ositi o n

err ors.   C o nsi d eri n g   A u g ust  c as es,  c o nsist e nt   wit h t h e  dis c ussi o n  pr es e nt e d  e arli er,  all t h e r u ns  s h o w r el a-

ti v el y si mil ar  p erf or m a n c e.   T h e tr a c k err ors fr o m t h e   C N T L r u n  ar e  a p pr o xi m at el y  1 5 3,  1 5 9,  2 2 7,  3 5 2,  1 1 4,

a n d 1 3 2  k m f or t h e 1 2 ‐ t o 7 2‐hr f or e c ast i n 1 2 ‐hr i nt er v als,   w hil e t h e s a m e err ors i n t h e  L D A S r u n ar e a b o ut

1 1 1, 1 1 3, 1 4 1, 1 1 0, 1 1 5, a n d 6 4 k m. F or t h e s a m e f or e c ast i nt er v als, t h e F A S D A S e x hi bit e d tr a c k err ors of 1 4 9,

1 7 1, 1 9 0, 1 5 1, 7 1, a n d 2 0 6 k m ( Fi g ur e 1 2 g).  T h e g ai n i n s kill o v er fr o m L D A S o v er   C N T L is 3 2 %, 7 6 %, a n d 5 7 %

f or  2 4,  4 8,  a n d  7 2  hr,  r es p e cti v el y.   T h e  F A S D A S is  b ett er  u p t o  4 8‐hr f or e c ast   wit h i m pr o v e m e nt,  b ut t h e

l o n g er  f or e c ast  s h o w e d  s o m e  d et eri or ati o n   wit h  a  hi g h  n e g ati v e  s kill  ( Fi g ur e  1 2 g).   T h e   C N T L‐si m ul at e d

M Ds  tr a c ks  t o w ar d  hi g h er  l atit u d es  d u e  t o  t h e  o v er esti m ati o n  of  S M  c o nt e nt  i n  t h e  n ort h er n  p arts  of

I n di a (i n cl u di n g  n ort h e ast  a n d  n ort h w est  p arts;  Fi g ur e  3).   T h e tr a c k  bi as  h as  b e e n  r e d u c e d i n t h e  L D A S

r u n   wit h t h e   m o v e m e nt cl os er t o t h e  o bs er v e d tr a c k.

5.   C o n cl u si o n s

T h e i m p a ct of S M/ S T i niti ali z ati o n a n d l a n d s urf a c e c o n diti o ns o n i nl a n d   m o vi n g  d e pr essi o ns o v er t h e I M R

is st u di e d.   T h e l a n d s urf a c e c o n diti o ns ar e u p d at e d b y i niti ali zi n g t h e   A R W   m o d el   wit h off‐li n e S M/ S T fi el ds

usi n g  L D A S ( dir e ct   m et h o d)  a n d  b y fl u x ‐a dj usti n g  s urf a c e  d at a  assi mil ati o n (i n dir e ct   m et h o ds).   A  3 ‐y e ar ‐

l o n g  v erifi c ati o n  of  S M  ( at  5 1  st ati o ns)  a n d  S T  ( at  1 2  st ati o ns)  d e m o nstr at e d  t h at  t h e  S M/ S T  pr o d u cts

o bt ai n e d  fr o m  L D A S  o v er  t h e  I M R  h a v e  a  r e as o n a bl e  a gr e e m e nt  a n d  ar e  a  v al u e  a d diti o n  t o  t h e

s at ellit e‐d eri v e d S M f or s p ati al c h ar a ct eristi cs.   Ei g ht   M D c as es ar e st u di e d, a n d t h e f oll o wi n g  br o a d c o n cl u-

si o ns  ar e  dr a w n.

T h e l a n d s urf a c e is r el ati v el y  dri er 1 5 t o 1 0  d a ys  pri or t o   M D f or m ati o n i n J u n e t h a n t h at of t h e   A u g ust   M D

c as es.  T h at is, t h e S M is r el ati v el y hi g h i n   A u g ust d u e t o a cti v e r ai ns.  T h es e S M a n o m ali es s h o w p ositi v e f e e d-

b a c ks a n d i m p a ct t h e  S T i n t h e  d o m ai n.   T h e  dir e ct  a n d i n dir e ct i niti ali z ati o ns e x hi bit e d a c o nsi d er a bl e  dif-

f er e n c e i n t h e i niti al S M fi el d o v er I n di a as c o m p ar e d t o t h e   C N T L a n al ysis.   T h e r e pr es e nt ati o n of i niti al S M

i n t h e   m o d el t hr o u g h i n dir e ct i niti ali z ati o n ( F A S D A S) is  al m ost si mil ar  or  c o m p ar a bl e   wit h t h at  of   C N T L

a n al ysis.   T h e  bi as  i n  t h e   C N T L  S M is  c orr e ct e d  i n  t h e  dir e ct i niti ali z ati o n  of  S M  r el ati v e  t o  t h e i n dir e ct

m et h o d,  r e d u ci n g t h e  o v er esti m ati o n i n t h e  n ort h e ast er n  p arts  of  I n di a  a n d  c e ntr al  I n di a.   M or e o v er, t h e

L D A S is   m or e r e alisti c i n r e pli c ati n g t h e i niti al S M  h et er o g e n eit y o v er I n di a a n d is cl os e t o t h e o bs er v ati o n.

I n t h e c as e of t h e  L D A S e x p eri m e nt, t h e di a b ati c h e ati n g is   w ell r e pr es e nt e d i n a gr e e m e nt   wit h t h e o bs er v e d

r ai nf all,  u nli k e t h e   C N T L r u n.   T h e  F A S D A S r u n  als o s h o w e d  a r e alisti c  e v ol uti o n  of r ai ns.   T h e l o c al t er m

a n d   m oist ur e  c o n v er g e n c e  t er ms  c o ntri b ut e   m or e  t o t h e   m oist ur e  b u d g et,  a n d  t h e  dir e ct i niti ali z ati o n  of

S M/ S T e x hi bit e d   m or e i m p a ct  o n t h es e t er ms t h a n t h e  F A S D A S  a n d   C N T L.

O v er all,   m e a n   C R A  err ors  i n di c at e  t h at  t h e  p att er n  err ors  c o ntri b ut e   m or e  t o  t h e  t ot al  r ai nf all  err or.

H o w e v er, t h e  c o ntri b uti o n fr o m  dis pl a c e m e nt  a n d  v ol u m e  err ors  v ar y   wit h r ai nf all t hr es h ol d i n J u n e  a n d

A u g ust  c as es.   T h e  r ot ati o n al  err or  is  t h e  l e ast  c o ntri b ut or  t o  t h e  t ot al  r ai nf all  err or  i n  t h es e   m o nt hs.

C o m p ari n g   m o d el p erf or m a n c e i n J u n e a n d   A u g ust   m o nt hs, t h e   m o d el is   m or e s killf ul i n si m ul ati n g r ai nf all

ass o ci at e d   wit h J u n e   M D c as es ( hi g h   E T S) as c o m p ar e d t o t h at of   A u g ust c as es (l ess   E T S), p arti c ul arl y f or t h e

D a y  2 r ai nf all si m ul ati o n.   Aft er c orr e cti n g t h e  a ct u al r ai nf all  usi n g   C R A s hifts, t h e   E T S  of   D a y  2 r ai nf all i n
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J u n e c as es h as i n cr e as e d si g ni fi c a ntl y fr o m 0. 1 7 t o 0. 3 7. I n t h e c as e of   A u g ust c as es, t h e   E T S is al m ost si mil ar,

s h o wi n g  n o  n oti c e a bl e  c h a n g e i n  r ai nf all  si m ul ati o n  aft er t h e   C R A  c orr e cti o n.   C o m p aris o n  of i n di vi d u al

e x p eri m e nts, t h e L D A S is a g ai n c o nsist e ntl y b ett er t h a n ot h ers f or all r ai nf all c at e g ori es.  T h e dir e ct i niti ali z a-

ti o n of S M/ S T fi el ds t hr o u g h L D A S c o ul d i m pr o v e t h e l o c ati o n (l ess dis pl a c e m e nt err or) a n d distri b uti o n (l ess

p att er n err or) of r ai nf all; h o w e v er, t h e r ai nf all a m o u nt ( v ol u m e err or) is  hi g h er as c o m p ar e d t o ot h er e x p eri-

m e nts.  T h e   C R A s hift i n t h e L D A S r u n is f o u n d t o b e l ess   w h e n c o m p ar e d t o   C N T L a n d F A S D A S. It i n di c at es

t h e i m pr o v e d s kill i n r e pr o d u ci n g t h e p h ysi c al pr o c ess es t hr o u g h dir e ct i niti ali z ati o n of hi g h‐r es ol uti o n l a n d

c o n diti o ns t o i m pr o vi n g r ai nf all  distri b uti o n a n d l o c ati o n  o v er t h e I n di a n   m o ns o o n  d o m ai n.

A n al y zi n g t h e s urf a c e ‐pr e ci pit ati o n f e e d b a c k f or t h e   M D c as es, it is o bs er v e d t h at L D A S e x erts   m or e S E t h a n

F A S D A S f or l a n d c o u pli n g  a n d is li k el y  d u e t o t h e  dir e ct i niti ali z ati o n  of s urf a c e fi el ds.   T h e e n h a n c e d  e v a-

p or ati o n i n t h e  L D A S  d u e t o t h e r e alisti c r e pr es e nt ati o n  of  S M  a n d  S T r es ult e d i n  b ett er  pr e ci pit ati o n  ef fi -

ci e n c y.   Alt h o u g h  F A S D A S  ai d e d  hi g h er  e v a p or ati o n  r at es, t h e   w e a k er  S E l e d t o  u nr e alisti c  pr e ci pit ati o n

c h a n g es  o v er t h e l a n d.

Dir e ct  a n d i n dir e ct i niti ali z ati o n  of t h e  s urf a c e fi el ds i m pr o v e d t h e  o v er all  si m ul ati o n  of   M Ds i n t er ms  of

b ot h tr a c k a n d r ai nf all   w h e n c o m p ar e d   wit h   C N T L.   T h e  hi g h ‐r es ol uti o n, r e alisti c  L D A S l a n d s urf a c e i niti al

c o n diti o ns ai d t h e e v ol uti o n  of  a c c ur at e s urf a c e  v ari a bl es   wit h f e w er err ors.   T h e   m e a n tr a c k f or e c ast err ors

ar e a b o ut ~ 3 5 0 k m f or t h e 3 ‐d a y f or e c ast of   C N T L r u n.  T h e L D A S ‐b as e d S M/ S T i niti ali z ati o n i m pr o v e d tr a c k

f or e c ast li miti n g err ors t o 1 1 3 k m f or t h e s a m e f or e c ast l e n gt hs yi el di n g a n i m pr o v e m e nt of ~ 6 0 % o v er   C N T L

r u n.   O n t h e  ot h er  h a n d, t h e  F A S D A S r u n s h o ws tr a c k  err ors  u p t o  ~ 2 0 0  k m (i m pr o v e m e nt  of  4 0 – 5 0 %).

T h er e ar e still s o m e dis cr e p a n ci es i n t h e si m ul ati o n of s urf a c e fi el ds a n d ass o ci at e d r ai nf all a m o u nt a n d dis-

tri b uti o n.   T h e dis cr e p a n ci es c a n b e p ot e nti all y d e cr e as e d b y i n c or p or ati n g r e gi o n al f or ci n g fi el ds t o dri v e t h e

L D A S a n d “ t u ni n g” t h e s urf a c e‐at m os p h eri c c o u pli n g str e n gt h ( Z h e n g et al., 2 0 1 5).   T h e  F A S D A S c orr e cti o n

t er ms c o ul d b e r e c ali br at e d f or t h e a d v e cti o n eff e cts f or l ar g e‐s c al e e v e nts s u c h as   M Ds a n d tr o pi c al c y cl o n es

a n d   will  b e  a  p art  of  a f ut ur e st u d y.

D at a   A v ail a bilit y  St at e m e nt

T h e  d at a ass o ci at e d   wit h t his   w or k   will b e a c c essi bl e t hr o u g h o nli n e, c oll a b or ati v e  d at a ‐s h ari n g  pl atf or m of

P ur d u e   U ni v ersit y   R es e ar c h   R e p osit or y ( htt ps:// p urr. p ur d u e. e d u/ p u bli c ati o ns/ 3 5 3 6/ 1,  d oi:  1 0. 4 2 3 1/ 5 X R A ‐

J Z 8 0) t o s u p p ort  d at a cit ati o n,  q u alit y,  a n d r e us e  b y t h e s ci e nti fi c c o m m u nit y.

R ef e r e n c e s
Al a p at y,   K.,   Ni y o gi,   D.,   C h e n,  F.,  P yl e,  P.,   C h a n dr as e k ar,   A.,   &  S e a m a n,   N. ( 2 0 0 8).   D e v el o p m e nt  of t h e fl u x ‐a dj usti n g s urf a c e  d at a  assi m-

il ati o n s yst e m f or   m es os c al e   m o d els. J o ur n al  of   A p pli e d   M et e or ol o g y  a n d   Cli m at ol o g y , 4 7 ( 9),  2 3 3 1– 2 3 5 0.  htt ps:// d oi. or g/ 1 0. 1 1 7 5/

2 0 0 8 J A M C 1 8 3 1. 1

Al a p at y,   K., S e a m a n,   N. L.,   Ni y o gi,   D. S.,   &   H a n n a,   A. F. ( 2 0 0 1).   Assi mil ati n g s urf a c e d at a t o i m pr o v e t h e a c c ur a c y of at m os p h eri c b o u n d ar y

l a y er si m ul ati o ns. J o ur n al  of   A p pli e d   M et e or ol o g y , 4 0 ( 1 1),  2 0 6 8– 2 0 8 2.  htt ps:// d oi. or g / 1 0. 1 1 7 5/ 1 5 2 0- 0 4 5 0( 2 0 0 1) 0 4 0 < 2 0 6 8: A S D TI T > 2. 0.

C O; 2

A n d ers e n,   T.   K.,   R a d cliff e,   D.   E.,   &  S h e p h er d, J.   M. ( 2 0 1 3).   Q u a ntif yi n g s urf a c e  e n er g y fl u x es i n t h e  vi ci nit y  of i nl a n d ‐tr a c ki n g tr o pi c al

c y cl o n es. J o ur n al  of   A p pli e d   M et e or ol o g y  a n d   Cli m at ol o g y , 5 2 ( 1 2),  2 7 9 7– 2 8 0 8.  htt ps:// d oi. or g / 1 0. 1 1 7 5/ J A M C- D- 1 3- 0 3 5. 1

A n d ers e n,   T.   K.,   &  S h e p h er d, J.   M. ( 2 0 1 4).   A  gl o b al s p ati ot e m p or al  a n al y sis  of i nl a n d tr o pi c al c y cl o n e   m ai nt e n a n c e  or i nt e nsi fi c ati o n.

I nt er n ati o n al J o ur n al  of   Cli m at ol o g y., 3 4 ( 2),  3 9 1– 4 0 2.  htt ps:// d oi. or g/ 1 0. 1 0 0 2 /j o c. 3 6 9 3

A n k ur,   K.,   B usir e d d y,   N.   K.   R.,   Os uri,   K.   K.,   &   Ni y o gi,   D. ( 2 0 1 9).   O n t h e r el ati o ns hi p b et w e e n i nt e nsit y c h a n g es a n d r ai nf all distri b uti o n i n

tr o pi c al c y cl o n es o v er t h e   N ort h I n di a n   O c e a n. I nt er n ati o n al J o ur n al of   Cli m at ol o g y, 4 0 ( 4), 2 0 1 5– 2 0 2 5.  htt ps:// d oi. or g / 1 0. 1 0 0 2/j o c. 6 3 1 5

B ais y a,   H.,  P att n ai k,  S.,   &   R aj es h,  P.   V. ( 2 0 1 7).  L a n d s urf a c e ‐pr e ci pit ati o n f e e d b a c k  a n al ysis f or  a l a n df alli n g   m o n s o o n  d e pr essi o n i n t h e

I n di a n r e gi o n. J o ur n al  of   A d v a n c es i n   M o d eli n g   E art h  S yst e ms , 9 ,  7 1 2– 7 2 6.  htt ps:// d oi. or g/ 1 0. 1 0 0 2 / 2 0 1 6 M S 0 0 0 8 2 9

B h att a c h ar y a,   B. K.,   D utt,   C. B. S.   &  P ari h ar, J. S. ( 2 0 0 9). I N S A T  u pli n k e d   A gr o m et  St ati o n — A s ci e nti fi c t o ol   wit h  a  n et w or k  of  a ut o m at e d

mi cr o m et e or ol o gi c al   m e as ur e m e nts f or s oil c a n o p y ‐at m o s p h er e f e e d b a c k st u di es. I n I S P R S  ar c hi v es   X X X VIII ‐8/ W 3   w or ks h o p  pr o-

c e e di n gs: I m p a ct  of cli m at e c h a n g e  o n  a gri c ult ur e ( p p.  7 2 ‐7 7).

B h o w mi k,  S.   R., J o ar d ar,   D.,   &   H at w ar,   H.   R. ( 2 0 0 7).   E v al u ati o n  of  pr e ci pit ati o n  pr e di cti o n s kill  of I M D  o p er ati o n al   N W P s yst e m  o v er

I n di a n   m o n s o o n r e gi o n. M et e or ol o g y  a n d   At m os p h eri c  P h ysi cs , 9 5 ( 3– 4),  2 0 5 – 2 2 1.  htt ps:/ / d oi. or g/ 1 0. 1 0 0 7/s 0 0 7 0 3- 0 0 6- 0 1 9 8- 3

B osil o vi c h,   M.   G.,   Ri x e n,   M.,  v a n   O e v el e n,  P.,   Asr ar,   G.,   C o m p o,   G.,   O n o gi,   K., et  al. ( 2 0 1 2).   R e p ort  of t h e  4t h   W orl d   Cli m at e   R es e ar c h

Pr o gr a m m e I nt er n ati o n al   C o nf er e n c e  o n   R e a n al ys es.

B o z e m a n,   M.  L.,   Ni y o gi,   D.,   G o p al a kris h n a n, S.,   M ar ks,  F.   D.,   Z h a n g,   X.,   &   T all a pr a g a d a,   V. ( 2 0 1 2).   A n   H W R F ‐b as e d e ns e m bl e ass ess m e nt

of t h e l a n d s urf a c e f e e d b a c k  o n t h e  p ost ‐l a n df all i nt e nsifi c ati o n  of   Tr o pi c al  St or m  F a y ( 2 0 0 8). N at ur al   H a z ar ds , 6 3 ( 3),  1 5 4 3– 1 5 7 1.

htt ps:// d oi. or g/ 1 0. 1 0 0 7 /s 1 1 0 6 9- 0 1 1- 9 8 4 1- 5

C h a n g,   H. I.,   K u m ar,   A.,   Ni y o gi,   D.,   M o h a nt y,   U.   C.,   C h e n,  F.,   &   D u d hi a, J. ( 2 0 0 9).   T h e r ol e  of l a n d s urf a c e  pr o c ess es  o n t h e   m es os c al e

si m ul ati o n of t h e J ul y  2 6,  2 0 0 5  h e a v y r ai n  e v e nt  o v er   M u m b ai, I n di a. Gl o b al  a n d  Pl a n et ar y   C h a n g e , 6 7 ( 1– 2),  8 7 – 1 0 3.  htt ps:/ / d oi. or g/

1 0. 1 0 1 6/j. gl o pl a c h a. 2 0 0 8. 1 2. 0 0 5

1 0. 1 0 2 9/ 2 0 2 0 J D 0 3 2 4 0 0J o u r n al  of   G e o p h y si c al   R e s e a r c h:   At m o s p h e r e s

O S U RI   E T   A L. 2 1  of  2 4

A c k n o wl e d g m e nt s

T h e a ut h ors t h a n k t h e fi n a n ci al s u p p ort

of   E art h  S yst e m  S ci e n c e   Or g a ni z ati o n

( E S S O),   Mi nistr y  of   E art h  S ci e n c es

( M o E S/ 1 6/ 1 4/ 2 0 1 4‐R D E A S),

G o v er n m e nt  of I n di a,  a n d t h e  S E R B

( E C R/ 2 0 1 6/ 0 0 1 6 3 7),   G o v er n m e nt  of

I n di a, t o c arr y  o ut t his   w or k.   D.   N.

a c k n o wl e d g es t h e   U. S.   N S F   Gr a nts

O A C ‐1 8 3 5 7 3 9  a n d   A G S ‐1 5 2 2 4 9 4.   T h e

a ut h ors  gr at ef ull y  a c k n o wl e d g e t h e

I M D,   N e w   D el hi, f or pr o vi di n g   M D b est

esti m at es  a n d   N A S A f or  3 ‐hr   T R M M

r ai nf all  pr o d u cts.   A ut h ors t h a n k  a n o n-

y m o us r e vi e w ers f or t h eir c o nstr u cti v e

c o m m e nts  a n d s u g g e sti o ns.

https://purr.purdue.edu/publications/3536/1
https://doi.org/10.4231/5XRA--JZ80
https://doi.org/10.4231/5XRA--JZ80
https://doi.org/10.1175/2008JAMC1831.1
https://doi.org/10.1175/2008JAMC1831.1
https://doi.org/10.1175/1520-0450(2001)040%3C2068:ASDTIT%3E2.0.CO;2
https://doi.org/10.1175/1520-0450(2001)040%3C2068:ASDTIT%3E2.0.CO;2
https://doi.org/10.1175/JAMC-D-13-035.1
https://doi.org/10.1002/joc.3693
https://doi.org/10.1002/joc.6315
https://doi.org/10.1002/2016MS000829
https://doi.org/10.1007/s00703-006-0198-3
https://doi.org/10.1007/s11069-011-9841-5
https://doi.org/10.1016/j.gloplacha.2008.12.005
https://doi.org/10.1016/j.gloplacha.2008.12.005


C h a n g,   H.  I.,   Ni y o gi,   D.,   K u m ar,   A.,   Kis ht a w al,   C.   M.,   D u d hi a,  J.,   C h e n,  F.,  et  al.  ( 2 0 0 9).  P ossi bl e  r el ati o n  b et w e e n  l a n d  s urf a c e

f e e d b a c k  a n d  t h e  p ost‐l a n df all  str u ct ur e  of   m o ns o o n  d e pr essi o ns. G e o p h ysi c al   R es e ar c h  L ett ers , 3 6 ,  L 1 5 8 2 6.  htt ps:// d oi. or g/ 1 0. 1 0 2 9/

2 0 0 9 G L 0 3 7 7 8 1

C h ar us o m b at,   U.,   Ni y o gi,   D.,   G arri g u es,  S.,   Oli os o,   A.,   M arl oi e,   O.,   B arl a g e,   M., et  al. ( 2 0 1 2).   N o a h ‐G E M  a n d  L a n d   D at a   Assi mil ati o n

S yst e m ( L D A S)  b as e d  d o w ns c ali n g  of  gl o b al r e a n al ysis s urf a c e fi el ds:   E v al u ati o ns  usi n g  o bs er v ati o ns fr o m  a   C ar b o E ur o p e  a gri c ult ur al

sit e. C o m p ut ers  a n d   El e ctr o ni cs i n   A gri c ult ur e , 8 6 , 5 5– 7 4.  htt ps:// d oi. or g/ 1 0. 1 0 1 6 /j. c o m p a g. 2 0 1 1. 1 2. 0 0 1

C h e n,  F.,   M a n ni n g,   K.   W.,  L e M o n e,   M.   A.,   Tri er,  S.   B.,   Al fi eri, J.   G.,   R o b erts,   R., et  al. ( 2 0 0 7).   D es cri pti o n  a n d  e v al u ati o n  of t h e c h ar a c-

t eristi cs  of t h e   N C A R  hi g h‐r es ol uti o n l a n d  d at a  assi mil ati o n s yst e m. J o ur n al  of   A p pli e d   M et e or ol o g y  a n d   Cli m at ol o g y , 4 6 ( 6),  6 9 4– 7 1 3.

htt ps:// d oi. or g/ 1 0. 1 1 7 5 / J A M 2 4 6 3. 1

C h e n,  F.,   Mit c h ell,   K.,  S c h a a k e, J.,   X u e,   Y.,  P a n,   H.  L.,   K or e n,   V., et al. ( 1 9 9 6).   M o d eli n g  of l a n d s urf a c e e v a p or ati o n  b y f o ur s c h e m es a n d

c o m p aris o n   wit h  FI F E  o bs er v ati o ns. J o ur n al  of   G e o p h ysi c al   R es e ar c h , 1 0 1 ( D 3),  7 2 5 1– 7 2 6 8.  htt ps:// d oi. or g/ 1 0. 1 0 2 9/ 9 5 J D 0 2 1 6 5

C olli a n d er,   A., J a c ks o n,   T. J.,  Bi n dlis h,   R.,   C h a n, S.,   D as,   N.,   Ki m, S.   B., et al. ( 2 0 1 7).   V ali d ati o n of S M A P s urf a c e s oil   m oist ur e pr o d u cts   wit h

c or e  v ali d ati o n sit es. R e m ot e  S e nsi n g  of   E n vir o n m e nt , 1 9 1 ,  2 1 5– 2 3 1.  htt ps:// d oi. or g/ 1 0. 1 0 1 6/j.rs e. 2 0 1 7. 0 1. 0 2 1

D as,   A.,   G h os h,  P. K.,   C h o u d h ur y,   B. U.,  P at el,   D. P.,   M u n d a,   G. C.,   N g a c h a n,  S. V.   &   C h o w d h ur y,  P. ( 2 0 0 9).   Cli m at e c h a n g e i n   N ort h   E ast

I n di a:   R e c e nt f a cts  a n d  e v e nts— W orr y f or  a gri c ult ur al   m a n a g e m e nt. I n Pr o c e e di n gs  of t h e   w or ks h o p  o n i m p a ct  of cli m at e c h a n g e  o n

a gri c ult ur e ( p p.  3 2‐3 7).

D ast o or,   A.,   &   Kris h n a m urti,   T.   N. ( 1 9 9 1).   T h e l a n df all  a n d str u ct ur e  of  a tr o pi c al c y cl o n e:   T h e s e nsiti vit y  of   m o d el  pr e di cti o ns t o s oil

m oist ur e  p ar a m et eri z ati o ns. B o u n d ar y ‐L a y er   M et e or ol o g y , 5 5 ( 4),  3 4 5– 3 8 0.  htt ps:// d oi. or g/ 1 0. 1 0 0 7 / bf 0 0 1 1 9 8 0 9

D ori g o,   W.,  d e  J e u,   R.,   C h u n g,   D.,  P ari n uss a,   R.,  Li u,   Y.,   W a g n er,   W.,   &  F er n á n d e z ‐Pri et o,   D.  ( 2 0 1 2).   E v al u ati n g  gl o b al  tr e n d s  ( 1 9 8 8 –

2 0 1 0)  i n  h ar m o ni z e d   m ulti ‐s at ellit e  s urf a c e  s oil   m oist ur e. G e o p h ysi c al   R es e ar c h  L ett ers , 3 9 ,  L 1 8 4 0 5.  htt ps:/ / d oi. or g/ 1 0. 1 0 2 9/

2 0 1 2 G L 0 5 2 9 8 8

D ori g o,   W.,   W a g n er,   W.,   Al b er g el,   C.,   Al br e c ht,  F.,   B als a m o,   G.,   Br o c c a,  L., et al. ( 2 0 1 7).   E S A C CI s oil   m oist ur e f or i m pr o v e d   E art h s yst e m

u n d erst a n di n g:  St at e ‐of ‐t h e  art  a n d f ut ur e  dir e cti o ns. R e m ot e  S e nsi n g  of   E n vir o n m e nt , 2 0 3 ,  1 8 5– 2 1 5.  htt ps:// d oi. or g/ 1 0. 1 0 1 6 /j.

rs e. 2 0 1 7. 0 7. 0 0 1

D o u gl as,   E.   M.,   Ni y o gi,   D.,  Fr ol ki n g,  S.,   Y el uri p ati, J.   B.,  Pi el k e,   R.   A.  Sr.,   Ni y o gi,   N., et al. ( 2 0 0 6).   C h a n g es i n   m oist ur e  a n d e n er g y fl u x e s

d u e t o a gri c ult ur al l a n d us e a n d irri g ati o n i n t h e I n di a n   M o ns o o n   B elt. G e o p h ysi c al   R es e ar c h L ett ers , 3 3 , L 1 4 4 0 3. htt ps:// d oi. or g/ 1 0. 1 0 2 9/

2 0 0 6 G L 0 2 6 5 5 0

Dr us c h,   M. ( 2 0 0 7). I niti ali zi n g  n u m eri c al   w e at h er  pr e di cti o n   m o d els   wit h s at ellit e ‐d eri v e d s urf a c e s oil   m oist ur e:   D at a  assi mil ati o n

e x p eri m e nt s   wit h   E C M W F's I nt e gr at e d  F or e c ast  S yst e m  a n d t h e   T MI s oil   m oist ur e  d at a s et. J o ur n al  of   G e o p h ysi c al   R es e ar c h , 1 1 2 ,

D 0 3 1 0 2.  htt ps:// d oi. or g/ 1 0. 1 0 2 9/ 2 0 0 6 J D 0 0 7 4 7 8

E b ert,   E.   E.,   &   G all us,   W.   A. Jr. ( 2 0 0 9).   T o w ar d  b ett er  u n d erst a n di n g  of t h e c o nti g u o us r ai n  ar e a ( C R A)   m et h o d f or s p ati al f or e c ast  v eri-

fi c ati o n. W e at h er  a n d  F or e c asti n g , 2 4 ( 5),  1 4 0 1– 1 4 1 5.  htt ps:// d oi. or g / 1 0. 1 1 7 5/ 2 0 0 9 W A F 2 2 2 2 2 5 2. 1

E b ert,   E.   E.,   &   M c Bri d e, J.  L. ( 2 0 0 0).   V eri fi c ati o n  of  pr e ci pit ati o n i n   w e at h er s yst e ms:   D et er mi n ati o n  of s yst e m ati c  err ors. J o ur n al  of

H y dr ol o g y , 2 3 9 ( 1– 4),  1 7 9 – 2 0 2.  htt ps:// d oi. or g/ 1 0. 1 0 1 6 / S 0 0 2 2- 1 6 9 4( 0 0) 0 0 3 4 3- 7

E k,   M.   B.,   Mit c h ell,   K.   E.,  Li n,   Y.,   R o g ers,   E.,   Gr u n m a n n,  P.,   K or e n,   V., et al. ( 2 0 0 3). I m pl e m e nt ati o n of   N o a h l a n d s urf a c e   m o d el a d v a n c es

i n t h e   N ati o n al   C e nt ers f or   E n vir o n m e nt al  Pr e di cti o n  o p er ati o n al   m es os c al e   Et a   m o d el. J o ur n al  of   G e o p h ysi c al   R es e ar c h , 1 0 8 ( D 2 2),

2 0 0 2 J D 0 0 3 2 9 6.  htt ps:// d oi. or g / 1 0. 1 0 2 9/ 2 0 0 2 J D 0 0 3 2 9 6

E nt e k h a bi,   D.,   Y u e h,  S.,   O ’N eill,  P. E.,   K ell o g g,   K. H.,   All e n,   A.,   Bi n dlis h,   R., et  al. ( 2 0 1 4). S M A P  h a n d b o o k — S oil   m oist ur e  a cti v e  p assi v e:

M a p pi n g s oil   m oist ur e  a n d fr e e z e /t h a w fr o m s p a c e . J P L  P u bli c ati o n;  P as a d e n a,   C A.   W e b   A v ail a bl e  at  htt ps:// m e di a. asf. al as k a. e d u/

u pl o a ds/s m a p % 2 0 p df/s m a p _ h a n d b o o k. p df

G a d gil, S.,   &   As h a,   G. ( 1 9 9 2). I ntr as e as o n al v ari ati o n of t h e s u m m er   m o ns o o n. J o ur n al of t h e   M et e or ol o gi c al S o ci et y of J a p a n. S er. II , 7 0 ( 1 B),

5 1 7 – 5 2 7.

Gill el a n d,   E.,   A hij e v y c h,   D.   A.,   Br o w n,   B.   G.,   &   E b ert,   E.   E. ( 2 0 1 0).   V erif yi n g f or e c asts s p ati all y. B ull eti n  of t h e   A m eri c a n   M et e or ol o gi c al

S o ci et y , 9 1 ( 1 0),  1 3 6 5– 1 3 7 6.  htt ps:// d oi. or g / 1 0. 1 1 7 5/ 2 0 1 0 B A M S 2 8 1 9. 1

Gr u b er,   A.,   D ori g o,   W.   A.,   Cr o w,   W.,   &   W a g n er,   W. ( 2 0 1 7).   Tri pl e c oll o c ati o n ‐b as e d   m er gi n g  of s at ellit e s oil   m oist ur e r etri e v als. I E E E

Tr a ns a cti o ns  o n   G e os ci e n c e  a n d   R e m ot e  S e nsi n g , 5 5 ( 1 2),  6 7 8 0– 6 7 9 2.  htt ps:/ / d oi. or g/ 1 0. 1 1 0 9/ T G R S. 2 0 1 7. 2 7 3 4 0 7 0

Gr u b er,   A., S c a nl o n,  T., S c h ali e,   R.   V.   D.,   W a g n er,   W.,   &   D ori g o,   W. ( 2 0 1 9).   E v ol uti o n of t h e   E S A   C CI s oil   m oist ur e cli m at e d at a r e c or ds a n d

t h eir  u n d erl yi n g   m er gi n g   m et h o d ol o g y. E art h  S yst e m  S ci e n c e   D at a , 1 1 ( 2),  7 1 7– 7 3 9.  htt ps:/ / d oi. or g/ 1 0. 5 1 9 4/ ess d- 1 1- 7 1 7- 2 0 1 9

H ar di e,   M.   A.,   C ot c hi n g,   W.   E.,   D o yl e,   R.   B.,   H ol z,   G.,  Liss o n,  S.,   &   M att er n,   K. ( 2 0 1 1).   Eff e ct  of  a nt e c e d e nt s oil   m oist ur e  o n  pr ef er e nti al

fl o w i n  a t e xt ur e ‐c o ntr ast s oil. J o ur n al  of   H y dr ol o g y , 3 9 8 ( 3– 4),  1 9 1 – 2 0 1.  htt ps:// d oi. or g/ 1 0. 1 0 1 6 /j.j h y dr ol. 2 0 1 0. 1 2. 0 0 8

H olt,   T.   R.,   Ni y o gi,   D.,   C h e n,  F.,   M a n ni n g,   K.,  L e M o n e,   M.   A.,   &   Q ur es hi,   A. ( 2 0 0 6).   Eff e ct  of l a n d – at m os p h er e i nt er a cti o ns  o n t h e I H O P

2 4 – 2 5   M a y  2 0 0 2 c o n v e cti o n c as e. M o nt hl y W e at h er   R e vi e w , 1 3 4 ( 1),  1 1 3– 1 3 3.  htt ps:// d oi. or g/ 1 0. 1 1 7 5 / M W R 3 0 5 7. 1

H u nt,   K.   M.,   &  Fl et c h er, J.   K. ( 2 0 1 9).   T h e r el ati o n s hi p  b et w e e n I n di a n   m o ns o o n r ai nf all  a n d l o w ‐pr ess ur e s yst e ms. Cli m at e   D y n a mi cs ,

5 3 ( 3‐4),  1 8 5 9 – 1 8 7 1.  1 – 1 3

H u nt,   K.   M.,   &   T ur n er,   A.   G. ( 2 0 1 7).   T h e  eff e ct  of s oil   m oi st ur e  p ert ur b ati o ns  o n I n di a n   m o n s o o n  d e pr essi o ns i n  a  n u m eri c al   w e at h er

pr e di cti o n   m o d el. J o ur n al  of   Cli m at e , 3 0 ( 2 1),  8 8 1 1– 8 8 2 3.  htt ps:/ / d oi. or g/ 1 0. 1 1 7 5/ J C LI- D- 1 6- 0 7 3 3. 1

I g u c hi,  T.,   K o z u,  T.,   M e n e g hi ni,   R.,   A w a k a, J.,   &   O k a m ot o,   K. I. ( 2 0 0 0).   R ai n ‐pr o fi li n g al g orit h m f or t h e  T R M M pr e ci pit ati o n r a d ar. J o ur n al

of   A p pli e d   M et e or ol o g y , 3 9 ( 1 2),  2 0 3 8– 2 0 5 2.

J a ms hi di,  S.,   Z a n d ‐P ars a,  S.,   K a m g ar ‐H a g hi g hi,   A.   A.,  S h a hs a v ar,   A.   R.,   &   Ni y o gi,   D. ( 2 0 2 0).   E v a p otr a ns pir ati o n,  cr o p c o ef fi ci e nts,  a n d

p h ysi ol o gi c al r es p o ns es  of citr us tr e es i n s e mi ‐ari d cli m ati c c o n diti o ns. A gri c ult ur al   W at er   M a n a g e m e nt , 2 2 7 ,  1 0 5, 8 3 8.

J a ms hi di,  S.,   Z a n d ‐P ars a,  S.,   N a g h d y z a d e g a n J a hr o mi,   M.,   &   Ni y o gi,   D. ( 2 0 1 9).   A p pli c ati o n  of  a si m pl e  L a n ds at ‐M O DI S f usi o n   m o d el t o

esti m at e  e v a p otr a ns pir ati o n  o v er  a  h et er o g e n e o us s p ars e  v e g et ati o n r e gi o n. R e m ot e  S e nsi n g , 1 1 ( 7),  7 4 1.  htt ps:// d oi. or g / 1 0. 3 3 9 0/

rs 1 1 0 7 0 7 4 1

J a ms hi di,  S.,   Z a n d ‐p ars a,  S.,  P a k p ar v ar,   M.,   &   Ni y o gi,   D. ( 2 0 1 9).   E v al u ati o n  of e v a p otr a ns pir ati o n  o v er  a s e mi ari d r e gi o n  usi n g   m ultir e-

s ol uti o n  d at a s o ur c e s. J o ur n al  of   H y dr o m et e or ol o g y , 2 0 ( 5),  9 4 7– 9 6 4.  htt ps:/ / d oi. or g/ 1 0. 1 1 7 5/ J H M- D- 1 8- 0 0 8 2. 1

K ell n er,   O.,   Ni y o gi,   D.,  L ei,   M.,   &   K u m ar,   A. ( 2 0 1 2).   T h e r ol e of a n o m al o us s oil   m oist ur e o n t h e i nl a n d r ei nt e nsi fi c ati o n of   Tr o pi c al St or m

Eri n ( 2 0 0 7). N at ur al   H a z ar ds , 6 3 ( 3),  1 5 7 3– 1 6 0 0.  htt ps:// d oi. or g / 1 0. 1 0 0 7/s 1 1 0 6 9- 0 1 1- 9 9 6 6- 6

Kis ht a w al,   C.   M.,   Ni y o gi,   D.,   R aj a g o p al a n,   B.,   R aj e e v a n,   M., J ais w al,   N.,   &   M o h a nt y,   U.   C. ( 2 0 1 3).   E n h a n c e m e nt  of i nl a n d  p e n etr ati o n  of

m o ns o o n  d e pr essi o ns i n t h e   B a y  of   B e n g al  d u e t o  pr est or m  gr o u n d   w et n ess. W at er   R es o ur c es   R es e ar c h , 4 9 ,  3 5 8 9– 3 6 0 0.  htt ps:// d oi. or g /

1 0. 1 0 0 2/ wr cr. 2 0 3 0 1

Kis ht a w al,   C.   M.,   Ni y o gi,   D.,   T e w ari,   M.,  Pi el k e,   R.   A. Sr.,   & S h e p h er d, J.   M. ( 2 0 1 0).   Ur b a ni z ati o n si g n at ur e i n t h e o bs er v e d  h e a v y r ai nf all

cli m at ol o g y  o v er I n di a. I nt er n ati o n al J o ur n al  of   Cli m at ol o g y, 3 0 ( 1 3),  1 9 0 8– 1 9 1 6.  htt ps:// d oi. or g / 1 0. 1 0 0 2/j o c. 2 0 4 4

1 0. 1 0 2 9/ 2 0 2 0 J D 0 3 2 4 0 0J o u r n al  of   G e o p h y si c al   R e s e a r c h:   At m o s p h e r e s

O S U RI   E T   A L. 2 2  of  2 4

https://doi.org/10.1029/2009GL037781
https://doi.org/10.1029/2009GL037781
https://doi.org/10.1016/j.compag.2011.12.001
https://doi.org/10.1175/JAM2463.1
https://doi.org/10.1029/95JD02165
https://doi.org/10.1016/j.rse.2017.01.021
https://doi.org/10.1007/bf00119809
https://doi.org/10.1029/2012GL052988
https://doi.org/10.1029/2012GL052988
https://doi.org/10.1016/j.rse.2017.07.001
https://doi.org/10.1016/j.rse.2017.07.001
https://doi.org/10.1029/2006GL026550
https://doi.org/10.1029/2006GL026550
https://doi.org/10.1029/2006JD007478
https://doi.org/10.1175/2009WAF2222252.1
https://doi.org/10.1016/S0022-1694(00)00343-7
https://doi.org/10.1029/2002JD003296
https://media.asf.alaska.edu/uploads/smap%20pdf/smap_handbook.pdf
https://media.asf.alaska.edu/uploads/smap%20pdf/smap_handbook.pdf
https://doi.org/10.1175/2010BAMS2819.1
https://doi.org/10.1109/TGRS.2017.2734070
https://doi.org/10.5194/essd-11-717-2019
https://doi.org/10.1016/j.jhydrol.2010.12.008
https://doi.org/10.1175/MWR3057.1
https://doi.org/10.1175/JCLI-D-16-0733.1
https://doi.org/10.3390/rs11070741
https://doi.org/10.3390/rs11070741
https://doi.org/10.1175/JHM-D-18-0082.1
https://doi.org/10.1007/s11069-011-9966-6
https://doi.org/10.1002/wrcr.20301
https://doi.org/10.1002/wrcr.20301
https://doi.org/10.1002/joc.2044


K ost er,   R.   D.,   Dir m e y er,  P.   A.,   G u o,   Z.,   B o n a n,   G.,   C h a n,   E.,   C o x,  P.,  et  al. ( 2 0 0 4).   R e gi o ns  of str o n g c o u pli n g  b et w e e n s oil   m oist ur e  a n d

pr e ci pit ati o n. S ci e n c e , 3 0 5 ( 5 6 8 7),  1 1 3 8– 1 1 4 0.  htt ps:/ / d oi. or g/ 1 0. 1 1 2 6/s ci e n c e. 1 1 0 0 2 1 7

Kris h n a m urt h y,   V.,   &  S h u kl a, J. ( 2 0 0 0). I ntr as e as o n al  a n d i nt er a n n u al  v ari a bilit y  of r ai nf all  o v er I n di a. J o ur n al  of   Cli m at e , 1 3 ( 2 4),

4 3 6 6 – 4 3 7 7.  htt ps:// d oi. or g/ 1 0. 1 1 7 5 / 1 5 2 0- 0 4 4 2( 2 0 0 0) 0 1 3 < 0 0 0 1:I AI V O R > 2. 0. C O; 2

K u m ar   D as,   A.,   B h o w mi c k,   M.,   K u n d u,  P.   K.,   &   R o y   B h o w mi k,  S.   K. ( 2 0 1 4).   V eri fi c ati o n  of   W R F r ai nf all f or e c asts  o v er I n di a  d uri n g

m o ns o o n  2 0 1 0:   C R A   m et h o d. G e o fi zi k a , 3 1 ( 2),  1 0 5– 1 2 6.  htt ps:// d oi. or g/ 1 0. 1 5 2 3 3/ gf z. 2 0 1 4. 3 1. 6

L ei,   M.,   Ni y o gi,   D.,   Kis ht a w al,   C.,  Pi el k e,   R.   A.  Sr.,   B eltr á n ‐Pr z e k ur at,   A.,   N o bis,   T.   E.,   &   V ai d y a,  S.  S. ( 2 0 0 8).   Eff e ct  of e x pli cit  ur b a n l a n d

s urf a c e r e pr es e nt ati o n  o n t h e si m ul ati o n  of t h e  2 6 J ul y  2 0 0 5  h e a v y r ai n e v e nt  o v er   M u m b ai, I n di a. At m os p h eri c   C h e mistr y  a n d  P h ysi cs ,

8 ( 2 0),  5 9 7 5– 5 9 9 5.  htt ps:// d oi. or g / 1 0. 5 1 9 4/ a c p- 8- 5 9 7 5- 2 0 0 8

M a hf o uf,  J.  F.  ( 2 0 1 0).   Assi mil ati o n  of  s at ellit e ‐d eri v e d  s oil   m oist ur e  fr o m   A S C A T  i n  a  li mit e d ‐ar e a   N W P   m o d el. Q u art erl y  J o ur n al  of

t h e   R o y al   M et e or ol o gi c al  S o ci et y:   A  j o ur n al  of  t h e  at m os p h eri c  s ci e n c es,  a p pli e d   m et e or ol o g y  a n d  p h ysi c al  o c e a n o gr a p h y , 1 3 6 ( 6 4 8),

7 8 4 – 7 9 8.

M o h a nt y,   U.   C.,   N a y a k,   H.  P., Si n h a,  P.,   Os uri,   K.   K.,   &   Ni y o gi,   D. ( 2 0 1 9).  L a n d s urf a c e  pr o c ess es  o v er I n di a n s u m m er   m o ns o o n r e gi o n:   A

r e vi e w. M a us a m , 7 0 ,  5 5 1– 5 6 0.

M o h a nt y,   U.   C.,   R o utr a y,   A.,   Os uri,   K.   K.,   &  Pr as a d,  S.   K. ( 2 0 1 2).   A st u d y  o n si m ul ati o n  of  h e a v y r ai nf all  e v e nts  o v er I n di a n r e gi o n   wit h

A R W ‐3 D V A R   m o d eli n g s yst e m. P ur e  a n d   A p pli e d   G e o p h ysi cs , 1 6 9 ( 3),  3 8 1– 3 9 9.  htt ps:// d oi. or g/ 1 0. 1 0 0 7/s 0 0 0 2 4- 0 1 1- 0 3 7 6- 1

N air,   U.  S.,   R a p pi n,   E.,  F os h e e,   E.,  S mit h,   W.,  Pi el k e,   R.   A.,   M a h m o o d,   R., et  al. ( 2 0 1 9). I n fl u e n c e  of l a n d c o v er  a n d s oil   m oist ur e  b as e d

Br o w n   O c e a n  eff e ct  o n  a n e xtr e m e r ai nf all e v e nt fr o m  a  L o uisi a n a   G ulf   C o ast tr o pi c al s yst e m. S ci e nti fi c   R e p orts , 9 ( 1),  1– 1 0.

N a mi as, J. ( 1 9 6 0).  F a ct ors i n t h e i niti ati o n,  p er p et u ati o n  a n d t er mi n ati o n  of  dr o u g ht. I nt er n ati o n al   Ass o ci ati o n  of  S ci e ntifi c   H y dr ol o g y

C o m missi o n  o n  S urf a c e   W at ers  P u bli c ati o n , 5 1 , 8 1– 9 4.

N ati o n al   C e nt ers f or   E n vir o n m e nt al  Pr e di cti o n/ N ati o n al   W e at h er  S er vi c e/ N O A A/ U S   D e p art m e nt  of   C o m m er c e. ( 2 0 0 0).   N C E P  F N L

o p er ati o n al   m o d el  gl o b al tr o p os p h eri c  a n al ys es, c o nti n ui n g fr o m J ul y  1 9 9 9.   R es e ar c h  d at a  ar c hi v e  at t h e   N ati o n al   C e nt er f or

At m os p h eri c   R es e ar c h,   C o m p ut ati o n al  a n d I nf or m ati o n  S yst e m s  L a b or at or y.

N a y a k,   H.  P.,   Os uri,   K.   K., Si n h a,  P.,   N a di m p alli,   R.,   M o h a nt y,   U.   C.,   C h e n,  F., et al. ( 2 0 1 8).   Hi g h ‐r es ol uti o n gri d d e d s oil   m oist ur e a n d s oil

t e m p er at ur e  d at as ets f or t h e I n di a n   m o n s o o n r e gi o n. S ci e nti fi c  d at a , 5 ( 1), 1 8 0 2 6 4.  htt ps:/ / d oi. or g/ 1 0. 1 0 3 8/s d at a. 2 0 1 8. 2 6 4

Ni y o gi,   D. ( 2 0 1 9).  L a n d s urf a c e  pr o c ess es. I n C urr e nt tr e n ds i n t h e r e pr es e nt ati o n  of  p h ysi c al  pr o c ess es i n   w e at h er  a n d cli m at e   m o d els

( p p.  3 4 9– 3 7 0).  Si n g a p or e:  S pri n g er.  htt ps:/ / d oi. or g/ 1 0. 1 0 0 7/ 9 7 8- 9 8 1- 1 3- 3 3 9 6- 5 _ 1 7

Ni y o gi,   D.,   H olt,   T.,   Z h o n g,  S.,  P yl e,  P.   C.,   &   B as ar a, J. ( 2 0 0 6).   Ur b a n  a n d l a n d s urf a c e  eff e cts  o n t h e  3 0 J ul y  2 0 0 3   m es os c al e c o n v e cti v e

s yst e m e v e nt  o bs er v e d i n t h e s o ut h er n   Gr e at  Pl ai ns. J o ur n al  of   G e o p h ysi c al   R es e ar c h , 1 1 1 ,   D 1 9 1 0 7.  htt ps:// d oi. or g/ 1 0. 1 0 2 9 /

2 0 0 5 J D 0 0 6 7 4 6

Ni y o gi,   D.,   Os uri,   K.   K., S u br a m a ni a n, S.,   &   M o h a nt y,   U.   C. ( 2 0 1 6).  T h e r ol e of l a n d s urf a c e pr o c ess es o n e xtr e m e   w e at h er e v e nts: L a n d d at a

assi mil ati o n s yst e m. I n A d v a n c e d  n u m eri c al   m o d eli n g  a n d  d at a  assi mil ati o n t e c h ni q u es f or tr o pi c al c y cl o n e  pr e di cti o n ( p p.  2 4 7– 2 6 6).

D or dr e c ht:  S pri n g er.

Os uri,   K.   K.,   N a di m p alli,   R.,   M o h a nt y,   U.   C.,   C h e n,  F.,   R aj e e v a n,   M.,   &   Ni y o gi,   D. ( 2 0 1 7). I m pr o v e d  pr e di cti o n  of s e v er e t h u n d er st or ms

o v er t h e I n di a n   m o ns o o n r e gi o n  usi n g  hi g h ‐r es ol uti o n s oil   m oi st ur e  a n d t e m p er at ur e i niti ali z ati o n. S ci e nti fi c   R e p orts , 7 ( 1),  4 1 3 7 7.

htt ps:// d oi. or g/ 1 0. 1 0 3 8 /sr e p 4 1 3 7 7

Pi el k e,   R.   A. Sr. ( 2 0 0 1). I n fl u e n c e of t h e s p ati al distri b uti o n of v e g et ati o n a n d s oils o n t h e pr e di cti o n of c u m ul us c o n v e cti v e r ai nf all. R e vi e ws

of   G e o p h ysi cs , 3 9 ( 2),  1 5 1– 1 7 7.  htt ps:// d oi. or g/ 1 0. 1 0 2 9 / 1 9 9 9 R G 0 0 0 0 7 2

Pi el k e,   R.   A.,  Pit m a n,   A.,   Ni y o gi,   D.,   M a h m o o d,   R.,   M c Al pi n e,   C.,   H os s ai n,  F., et  al. ( 2 0 1 1).  L a n d  us e/l a n d c o v er c h a n g es  a n d cli m at e:

m o d eli n g  a n al ysis  a n d  o bs er v ati o n al e vi d e n c e. Wil e y I nt er dis ci pli n ar y   R e vi e ws:   Cli m at e   C h a n g e , 2 ( 6),  8 2 8– 8 5 0.  htt ps:// d oi. or g/ 1 0. 1 0 0 2/

w c c. 1 4 4

Pr a k as h,  S.,   Mitr a,   A.   K.,   M o mi n, I.   M.,   R aj a g o p al,   E.   N.,   B as u,  S.,   C olli ns,   M., et  al. ( 2 0 1 5).  S e as o n al i nt er c o m p aris o n  of  o bs er v ati o n al

r ai nf all  d at as ets  o v er I n di a  d uri n g t h e s o ut h w est   m o n s o o n s e as o n. I nt er n ati o n al J o ur n al  of   Cli m at ol o g y, 3 5 ( 9),  2 3 2 6– 2 3 3 8.  htt ps:// d oi.

or g/ 1 0. 1 0 0 2/j o c. 4 1 2 9

Ri n d,   D. ( 1 9 8 2).   T h e i n fl u e n c e of gr o u n d   m oist ur e c o n diti o ns i n   N ort h   A m eri c a o n s u m m er cli m at e as   m o d el e d i n t h e   GI S S   G C M. M o nt hl y

W e at h er   R e vi e w , 1 1 0 ( 1 0),  1 4 8 7– 1 4 9 4.  htt ps:// d oi. or g/ 1 0. 1 1 7 5/ 1 5 2 0- 0 4 9 3( 1 9 8 2) 1 1 0 < 1 4 8 7: TI O G M C > 2. 0. C O; 2

R o d ell,   M.,   H o us er, P.   R., J a m b or,   U.   E.   A.,   G ott s c h al c k, J.,   Mit c h ell,   K.,   M e n g,   C. J., et al. ( 2 0 0 4).   T h e gl o b al l a n d d at a assi mil ati o n s yst e m.

B ull eti n  of t h e   A m eri c a n   M et e or ol o gi c al  S o ci et y , 8 5 ( 3),  3 8 1– 3 9 4.  htt ps:/ / d oi. or g/ 1 0. 1 1 7 5/ B A M S- 8 5- 3- 3 8 1

R o utr a y,   A.,   M o h a nt y,   U.   C.,   Ni y o gi,   D.,   Ri z vi,  S.   R.   H.,   &   Os uri,   K.   K. ( 2 0 1 0).  Si m ul ati o n  of  h e a v y r ai nf all  e v e nts  o v er I n di a n   m o ns o o n

r e gi o n  usi n g   W R F‐3 D V A R  d at a  assi mil ati o n s yst e m. M et e or ol o g y  a n d   At m os p h eri c  P h ysi cs , 1 0 6 ( 1– 2),  1 0 7 – 1 2 5.  htt ps:// d oi. or g/ 1 0. 1 0 0 7/

s 0 0 7 0 3- 0 0 9- 0 0 5 4- 3

R o utr a y,   A.,   M o h a nt y,   U.   C.,   Ri z vi,  S.   R.   H.,   Ni y o gi,   D.,   Os uri,   K.   K.,   &  Pr a d h a n,   D. ( 2 0 1 0). I m p a ct  of   D o p pl er   w e at h er r a d ar  d at a  o n

n u m eri c al f or e c ast  of I n di a n   m o ns o o n  d e pr essi o ns. Q u art erl y J o ur n al  of t h e   R o y al   M et e or ol o gi c al  S o ci et y , 1 3 6 ( 6 5 2),  1 8 3 6– 1 8 5 0.  htt ps://

d oi. or g/ 1 0. 1 0 0 2/ qj. 6 7 8

S a h a, S.,   M o ort hi, S.,   W u,   X.,   W a n g, J.,   N a di g a, S.,   Tri p p, P., et al. ( 2 0 1 4).   T h e   N C E P   Cli m at e  F or e c ast S yst e m   V ersi o n 2. J o ur n al of   Cli m at e ,

2 7 ( 6), 2 1 8 5 – 2 2 0 8.  htt ps:// d oi. or g / 1 0. 1 1 7 5/ J C LI- D- 1 2- 0 0 8 2 3. 1

S c h är,   C.,  L üt hi,   D.,   B e y erl e,   U.,   &   H eis e,   E. ( 1 9 9 9).   T h e s oil ‐pr e ci pit ati o n f e e d b a c k:   A pr o c ess st u d y   wit h a r e gi o n al cli m at e   m o d el. J o ur n al

of   Cli m at e , 1 2 ( 3),  7 2 2– 7 4 1.  htt ps:// d oi. or g/ 1 0. 1 1 7 5/ 1 5 2 0- 0 4 4 2( 1 9 9 9) 0 1 2 < 0 7 2 2: T S P F A P > 2. 0. C O; 2

S h ar m a,   K.,   As hrit,   R.,   E b ert,   E.,   Mitr a,   A.,   B h atl a,   R., I y e n g ar,   G.,   &   R aj a g o p al,   E.   N. ( 2 0 1 9).   Ass ess m e nt of   M et   Of fi c e   U ni fi e d   M o d el ( U M)

q u a ntit ati v e pr e ci pit ati o n f or e c asts d uri n g t h e I n di a n s u m m er   m o ns o o n:   C o nti g u o us r ai n ar e a ( C R A) a p pr o a c h. J o ur n al of   E art h S yst e m

S ci e n c e , 1 2 8 ( 1),  4.  htt ps:/ / d oi. or g/ 1 0. 1 0 0 7/s 1 2 0 4 0- 0 1 8- 1 0 2 3- 3

S hri v ast a v a,  S.,   K ar,  S.   C.,   &  S h ar m a,   A.   R. ( 2 0 1 7). I ntr as e as o n al  v ari a bilit y  of s u m m er   m o ns o o n r ai nf all  a n d  dr o u g hts  o v er c e ntr al I n di a.

P ur e  a n d   A p pli e d   G e o p h ysi cs , 1 7 4 ( 4),  1 8 2 7– 1 8 4 4.  htt ps:/ / d oi. or g/ 1 0. 1 0 0 7/s 0 0 0 2 4- 0 1 7- 1 4 9 8- x

S h u kl a, J.,   &   Mi nt z,   Y. ( 1 9 8 2). I n fl u e n c e  of l a n d ‐s urf a c e e v a p otr a ns pir ati o n o n t h e   E art h's cli m at e. S ci e n c e , 2 1 5 ( 4 5 3 9), 1 4 9 8– 1 5 0 1.  htt ps://

d oi. or g/ 1 0. 1 1 2 6/s ci e n c e. 2 1 5. 4 5 3 9. 1 4 9 8

Si k k a,   D.   R. ( 1 9 7 8).  S o m e  as p e cts  of t h e lif e  hist or y, str u ct ur e  a n d   m o v e m e nt  of   m o ns o o n  d e pr essi o ns. I n M o ns o o n   D y n a mi cs

( p p.  1 5 0 1– 1 5 2 9).   B as el:   Bir k h ä us er.  htt ps:// d oi. or g / 1 0. 1 0 0 7/ 9 7 8- 3- 0 3 4 8- 5 7 5 9- 8 _ 2 1

T a yl or,   C.   M.,   G o u n o u,   A.,   G ui c h ar d,  F.,   H arris,  P.  P.,   Ellis,   R. J.,   C o u vr e u x,  F.,   &   D e   K a u w e,   M. ( 2 0 1 1).  Fr e q u e n c y  of  S a h eli a n st or m

i niti ati o n e n h a n c e d  o v er   m es os c al e s oil‐m oist ur e  p att er ns. N at ur e   G e os ci e n c e , 4 ( 7),  4 3 0– 4 3 3.  htt ps:// d oi. or g / 1 0. 1 0 3 8/ n g e o 1 1 7 3

Tri er,  S.   B.,   C h e n,  F.,   &   M a n ni n g,   K.   W. ( 2 0 0 4).   A st u d y  of c o n v e cti o n i niti ati o n i n  a   m es os c al e   m o d el  usi n g  hi g h ‐r es ol uti o n l a n d s urf a c e

i niti al c o n diti o ns. M o nt hl y   w e at h er r e vi e w , 1 3 2 ( 1 2),  2 9 5 4– 2 9 7 6.

1 0. 1 0 2 9/ 2 0 2 0 J D 0 3 2 4 0 0J o u r n al  of   G e o p h y si c al   R e s e a r c h:   At m o s p h e r e s

O S U RI   E T   A L. 2 3  of  2 4

https://doi.org/10.1126/science.1100217
https://doi.org/10.1175/1520-0442(2000)013%3C0001:IAIVOR%3E2.0.CO;2
https://doi.org/10.15233/gfz.2014.31.6
https://doi.org/10.5194/acp-8-5975-2008
https://doi.org/10.1007/s00024-011-0376-1
https://doi.org/10.1038/sdata.2018.264
https://doi.org/10.1007/978-981-13-3396-5_17
https://doi.org/10.1029/2005JD006746
https://doi.org/10.1029/2005JD006746
https://doi.org/10.1038/srep41377
https://doi.org/10.1029/1999RG000072
https://doi.org/10.1002/wcc.144
https://doi.org/10.1002/wcc.144
https://doi.org/10.1002/joc.4129
https://doi.org/10.1002/joc.4129
https://doi.org/10.1175/1520-0493(1982)110%3C1487:TIOGMC%3E2.0.CO;2
https://doi.org/10.1175/BAMS-85-3-381
https://doi.org/10.1007/s00703-009-0054-3
https://doi.org/10.1007/s00703-009-0054-3
https://doi.org/10.1002/qj.678
https://doi.org/10.1002/qj.678
https://doi.org/10.1175/JCLI-D-12-00823.1
https://doi.org/10.1175/1520-0442(1999)012%3C0722:TSPFAP%3E2.0.CO;2
https://doi.org/10.1007/s12040-018-1023-3
https://doi.org/10.1007/s00024-017-1498-x
https://doi.org/10.1126/science.215.4539.1498
https://doi.org/10.1126/science.215.4539.1498
https://doi.org/10.1007/978-3-0348-5759-8_21
https://doi.org/10.1038/ngeo1173


T uttl e,  S.,   &  S al v u c ci,   G. ( 2 0 1 6).   E m piri c al e vi d e n c e  of c o ntr asti n g s oil   m oist ur e ‐pr e ci pit ati o n f e e d b a c ks  a cr oss t h e   U nit e d  St at es. S ci e n c e ,

3 5 2 ( 6 2 8 7),  8 2 5– 8 2 8.

V ai d y a,  S.  S.,   M u k h o p a d h y a y,  P.,   Tri v e di,   D.   K.,  S a nj a y, J.,   &  Si n g h,  S.  S. ( 2 0 0 4).  Pr e di cti o n  of tr o pi c al s yst e ms  o v er I n di a n r e gi o n  usi n g

m es os c al e   m o d el. M et e or ol o g y  a n d   At m os p h eri c  P h ysi cs , 8 6 ( 1– 2),  6 3 – 7 2.  htt ps:/ / d oi. or g/ 1 0. 1 0 0 7/s 0 0 7 0 3- 0 0 3- 0 0 1 9- x

Vi n o d k u m ar,   A.,   C h a n dr as e k ar,   A.,   Al a p at y,   K.,   &   Ni y o gi,   D. ( 2 0 0 8).   T h e i m p a cts  of i n dir e ct s oil   m oi st ur e assi mil ati o n  a n d  dir e ct s urf a c e

t e m p er at ur e  a n d  h u mi dit y  assi mil ati o n  o n  a   m es os c al e   m o d el si m ul ati o n  of  a n I n di a n   m o ns o o n  d e pr essi o n. J o ur n al  of   A p pli e d

M et e or ol o g y  a n d   Cli m at ol o g y , 4 7 ( 5),  1 3 9 3– 1 4 1 2.  htt ps:// d oi. or g/ 1 0. 1 1 7 5 / 2 0 0 7 J A M C 1 5 9 9. 1

Vi n o d k u m ar,   V.,   C h a n dr as e k ar,   A.,   Al a p at y,   K.,   &   Ni y o gi,   D. ( 2 0 0 9).   Ass es s m e nt  of  d at a  assi mil ati o n  a p pr o a c h es f or t h e si m ul ati o n  of  a

m o ns o o n  d e pr essi o n  o v er t h e I n di a n   m o ns o o n r e gi o n. B o u n d ar y ‐L a y er   M et e or ol o g y , 1 3 3 ( 3),  3 4 3– 3 6 6.  htt ps:// d oi. or g/ 1 0. 1 0 0 7/s 1 0 5 4 6-

0 0 9- 9 4 2 6- y

Xi n mi n,   Z.,   Mi n g,   Z.,   &   Bi n g k ai,  S. ( 2 0 0 0).   A  n u m eri c al st u d y  o n eff e cts  of l a n d — S urf a c e  h et er o g e n eit y fr o m “ c o m bi n e d  a p pr o a c h ” o n

at m os p h eri c  pr o c ess  P art II:   C o u pli n g — m o d el si m ul ati o n s. A d v a n c es i n   At m os p h eri c  S ci e n c es , 1 7 ( 2),  2 4 1– 2 5 5.  htt ps:// d oi. or g/ 1 0. 1 0 0 7/

s 0 0 3 7 6- 0 0 0- 0 0 0 7- 8

Y o o n, J.   H.,   &   H u a n g,   W.   R. ( 2 0 1 2). I n di a n   m o ns o o n  d e pr essi o n:   Cli m at ol o g y  a n d  v ari a bilit y. M o d er n   Cli m at ol o g y , 4 5– 7 2.

Z h e n g,   Y.,   K u m ar,   A.,   &   Ni y o gi,   D. ( 2 0 1 5). I m p a cts  of l a n d ‐at m os p h er e c o u pli n g  o n r e gi o n al r ai nf all  a n d c o n v e cti o n. Cli m at e   D y n a mi cs ,

4 4 ( 9– 1 0),  2 3 8 3 – 2 4 0 9.  htt ps:// d oi. or g / 1 0. 1 0 0 7/s 0 0 3 8 2- 0 1 4- 2 4 4 2- 8

1 0. 1 0 2 9/ 2 0 2 0 J D 0 3 2 4 0 0J o u r n al  of   G e o p h y si c al   R e s e a r c h:   At m o s p h e r e s

O S U RI   E T   A L. 2 4  of  2 4

https://doi.org/10.1007/s00703-003-0019-x
https://doi.org/10.1175/2007JAMC1599.1
https://doi.org/10.1007/s10546-009-9426-y
https://doi.org/10.1007/s10546-009-9426-y
https://doi.org/10.1007/s00376-000-0007-8
https://doi.org/10.1007/s00376-000-0007-8
https://doi.org/10.1007/s00382-014-2442-8


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG (Modified PDFX1a settings for Blackwell publications)
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


