A Real-Time 1/16° Global Ocean Nowcast/Forecast System

ABSTRACT R. C. Rhodes, H. E. Hurlburt, E. J. Metzger, J. F. Shriver

Data Assimilation Methodology
O1 deviation analysis using the model as first guess Forcing used 1n Operationa] NLOM

o Mesoscale data covariance from T/P + ER 5-2

An eddy-resolving global ocean nowcast/forecast system has been developed at the

Naval Research Laboratory (NRL). The system uses a 7 layer Navy Layered Ocean N ay La ered Ocean M ()del LO(W )

Model (NLOM) with 1/16? resolution and is running in real time at the Naval y y W A- J- ‘ i a“Cl'a ft an d J- M- DaStu gll C
Oceanographic Office (NAVQO). The large size of the model (4096x2304x7) and data calculated by Jacobs et al.

operational requirements makes it necessary to use a computationally efficient UNCLASSIFIED: 1/18° Global NLOM NRL global primitive Naval Re SearCh Laborat0| y o 3-day window for altimetry Winds: 1.0° FNMOC NOGAPS surface stresses

S5H ANALY SIS 20001021

assimilation scheme. Satellite altimeter data from Topex/Poseidon, ERS-2 and soon ERRARRAREAN SAHRRIAAANRASHRRARRR NS ;
FH : et equation ocean Thermal: 1.0° FNMOC NOGAPS heat fluxes

1 0 L T -xrl r AL7 Yo ! 1 - . 3 n | - 60N - Tl C oy U
Geosat-Follow-on provided by NAVOQO's Altimeter Data Fusion Center (ADFC) are _ P et EAVIRAR:: sp A O cirenlation model e Subsurface statistical inference via EOF regression
assimilated into the model. The method of assimilation is an incremental updating i #ip Tass - Gy O M Sm ed St ad o Including the abyssal layer which has a major
. . . . . . . . . by, A d - L ] o . . . ')
technique which includes: an OI deviation analysis, a statistical inference of lower son T EeE M e oo e 6 active layers lmpiﬂ]:t on th‘; upper ocean circulation, ST 1/8° MODAS SST analyses
. . . . i T W T 1 . Hurlburt et al. (1990, JGR-O
layer corrections determined from the surface observations as well as a geostrophic o [N ¢ e . - Pl anNnNin S St ems In CO or at e d ( )
u gE u u u ' ) it z u oo -
correction to the velocities outside of the equatorial region. The sea surface i 'Wﬂ"“ bz, T :- ] » Forced by real-time g y I F e Velocity changes via geostrophy * In order to utilize the most accurate altimeter data, the system starts
temperature is relaxed to the daily Modular Ocean Data Assimilation System =0 W 3] o N VO PRUSS AR Hnnny -+ NOGAPS surface o Outside of equatorial band three days back in time and uses analysis wind and thermal fDrciIlg as 1t
5\Y ASYSS S18 1 es s 1r ne . e T melv use . . 405 ST S e i : I*e’_j Bl i ; . . . . }
(MODAS) $ST analysis. The:esu.lt,s.fl om the model a1 e.mutmel} used .fm DEz I SRS < heat fluxes and wind . Incremental wodatine to minimize eravity wave assimilates altimeter and SST data up to the noweast time
~ ara paating gravit
front and eddy analyses and prediction. The forecast skill of the model is being 608 stresses - . generation
verified by comparing the forecast model to the analysis as soon as it becomes A0E GOE BOE 100E120E140E 160E 160 160WI4OWI20%W 0OW BOW 60W 40W 20W 0 20 » NOGAPS forecast wind and thermal fDI'lelg are used to pI'DdUCE a 4-
. . . . Cl» 200cm, . . . = = = - .
available. The results show that the model has predictive skill of the mesoscale ne s e s e 8 @ s st oceanoamenc o ® A ssimilates satellite Sverd| l |p TGC' 11 |010gy ¢ t*”*“‘_‘““““““ el edl Jn s Lol sfejeriaivgl el & Gy day forecast, except on Wednesdays when a 30-day forecast is made
PRI T : : - o . e | | oseme| | onmm Ampraved T g reiease. Drsautan unmS. . o pick up altim eter data with improved orbit removal
variability for at leas one month. Real-time results from the model can be viewed at altimetry data and _ _ _ _
the NRL web site http://www7320.nrlssc.navy.mil/global_nlom MODAS SST analysis o More recent altimeter data with less accurate orbits * Climatological wind and thermal foremg are used to extend the
are also used forecasts beyond 4 days
. PFWI.dES SSH ﬂﬂd Sea Surface Temperature at: 2n125w Sea Surface Temperature at: On140w
32 . ’ . . . ’ 32 . . y : . . . = = = . . . . . .
Front & Eddy - - - ' - = 1 7 7§ T @ * Relaxation to the daily MODAS SST analysis * In forecast mode, no altimeter assimilation 1s performed, but SST 1s
ags relaxed back to the nowcast SST with a climatological correction applied
forecast capability 30 T 307 T & PP
28t = 28 s
o o
o o
2% 5 26}
= =
% % {w128) 5T BMS error vs Forecast Length from 08-Dec-2000 to 05—Jan-2001 [w128) 55T RMS error vs Forecast Length fram 17-Jan-2001 to 16-Feb-2001
Eo4f. Eo4l- Global domain Global domain
. il i} . : ; 1F !
. MODAS Global Analysis: SST (°C) - | | = . | ——————————— : | |
Operﬂthﬂﬂl NLOM ruim CyCle 2.20-2001 i _ _ _ : _ _ ; ] i : _ s . - SSH ANALYSIS 20001020 SSHANALYSIS. 20001127
SG“N ) - - 3(} 22 : l' i o H 22 s 3 -' 1& 0.e R e T T S s s HT™ ¥ . . -
NLOM mple: ; - ' ; | : | s TR 5 1 : %7 g g
O Va lldatlon Exa le' Analysis wind and thermal forcing Forecast wind and thermal forcing t i OO : i i - i B, [t g’ < '
> - 45°N - 25 — TA0 | ; | 5 — TA0 | j—— 5 S ost
30-Day SST Forecast Error _ _ —— - — . Bosl :
Altimeter data assimilation 1210 12/20 12/30 01/09 0119 01/28  02/08 (2H8 11/30 1210 12/20 12/30 01/09 0149 01/28 02/08 02H8 g gLe
AIMS: MODAS 30 - MODAS 0 . Facte Cen 134350 10 J FMG MODAS 30-Peic 0+ T Pttt 135350 20 ; 40°N - 20 From 08-Dec-2000 to 18-Feb-2001 From 22-Nov-2000 to 18-Feb-2001 Eﬂ_ﬁ- EM
o - o - MODAS SST relaxation > MODAS SST relaxation with clim currectiunh (A) (C) @ |
. i . 0.4 ' -
T e EUMCE = 56 E 35°N - 15 Sea Surface Temperature at: 17n158w Sea Surface Temperature at: 26n0%94w 02k ,’ -:
: :__ . E on I I I I I I I I ' - T T T T T T T T T T T T T T 0.7 R e e e ']_.‘ 'ﬂ“” — s .
: 4z . . : : : : . : : : [ ——— 01t : : : — forecast | N | — - v Th -
.; O; . 10 97 - . o8 ; ; : - o —Li‘mi . . . . —Eﬁmi Gl 2odem e TR T Ty : l@mﬁ I? Iﬁs‘l#l I I'I!Fu'u'l s
"'“ﬁ‘é =-72 =-48 =-24 =0 =24 =48 =72 =96 30°N 1 : - : ; o 5 10 15 20 5 30 % 5 10 15 20 25 30 €l = 120 cm
e = : Foracast length (deys) Forecast length (cays) SSH ANALYEIS: 20001206
w& Y nsN 3 26 A 25 (A) HHH AMALY SIS AIU0T12D ﬂ;_:;r-"ﬂ I
E - Climatological wind and thermal forcing 0 5] o 24 g
-.7 h . 2 s : [w128) 35T RMS ervor vs Forecast Length from 20-Dee-2000 to 19=-Jan-2001 [w128) SST RMS emer vz Forecast Length fram 24-Jan-2001 to 20-Feb-2001
7 : : - . N A } . el @ : Global domain Glokal domain
P i i L R S T i LS R . Lz . PR oo TP NT ae  ,m fd  C E “ - - o . = =2k T T T T T T T
e e e e e M e e e MODAS SST relaxation with climatological correction BO"W oW 60"W S0™W 40"W 30"W 5 24| g | il ————— e | S e b S
Persistence error Climatologically-corrected Perzistence Error > s Sl ) : ; : : :
Nuval Reseurch Luborutary MODAS 2.1 E 23F E 1k o7
AN 30 0AY FORECAST P134.30.5 -MODAS Fack o AMIE 10 -N: : : f | 21 | | : | : . 5 GHE . »y A -
o — — — 22+ B e e s | ' 509 H -
_ ; 1:—96 1_'..—720 EE" — % gn.ﬁ- _ - b 1 ”.*, - k
wh T et i " S i o 12 i ; : i : i i : : o o - pp— = P 3 |-’II|HI |IIII|. L
....E RO, -?l.l[eanRI-.lISE=.6’.l‘ 1 g || [ NLOM : ; | 19l — NLOM : : E 0.6 E D.4r Cl= 2[.1]3;:[5 135E IS0E  195E  1BOE 1BS5E 1TOE 1VSE 180 REW BO [ GO A5V Al
RMSE computed over 30-day forecast period for e S0 T — NODC : ; | — NODC : | ? i | - - d2 5B B4 A0 4 @ 62 B N0 NAVAL CCEANOGRARHIC DFFICE €53 518 F52 22 7 BB 212 358 50 N =
: ] - . . I ———— A S @ o 03 i M e G s — | e | - o it i G s
the 1/16° North Pacific NLOM calculated from S ¢ SE 11/30 1210 12/20 12/30 01/09 01/19 01/29 02/08 11/25 11/30 12/05 12110 1215 12/20 12/25 12/30 01/04 01/09 2 _ _ o o e R S
48 realizations during 1998 — 1999. Experiments & - - From 24-Nov-2000 to 16-Feb-2001 From 24-Nov—2000 to 09-Jan—2001 5 5 : _ : 0.2y i 5 i SSH analysis (nowcast) in the Kuroshio region from the assimilative NLOM for a) 20 Oct 2000 and b) 20 Nov 2000 and in the
use analysis quality wind and thermal forcing SER (B) (D) lgpme—— ﬁ ik _ ﬁ_ Gulf Stream region for ¢) 27 Nov 2000 and d) 6 Dec 2000. Superimposed on each is the frontal analysis determined from satellite
. 1aH : iE : : : : - ToreCas ; E - ToreCas . . .
throughout the forecast. (Note: daily RMSE 2 . Real-time 1/16° slobal NLOM SST nowcasts vs. observed SSTs at @) 2°N 125°W (TAO), o 5 1;u 5 21;. Z:rsistem:e | o 5 < ;5 - persistear;ce IR imagery (black lines) from the Naval Oceanographic Office for the same day.
; ; o iy 1
for climatology is .95°C) N | b) 17°N 158°W (NODC), €) 0°N 140°W (TAQ) and d) 26°N 94°W (NODC). Forecastlength (days Forscastength (days
®) D)
NLOM 30 — day Forecast Error 30-day RMS SST forecast errors over the global domain for forecasts initialized on Real-time 1/16° Global NLOM - Kuroshio Resion
a) 6 Dec 2000, b) 20 Dec 2000, ¢) 17 Jan 2001 and d) 24 Jan 2001. g
(wi2d) S5H RMS error v Forecast Length frem 03-Jan-2001 to 02-Feb-2001 (w128) SSH Ancmaly correlation v Forecast Length frem 03-Jan-2007 to 02-Feb-2001
. 0 . . :
Real-time 1/16° Global NLLOM - Gulf Stream Region ; Guif Stream Region_ : e Guif Stream Region_
T - TT TTITT I T Il’ﬁ’_.l‘fw'_.]-fl TTTT TTTT | T I 16‘-——-'_—-'__N.“__—-___________‘_‘1-‘- n D-gﬁ
. . | Toralamragn P - 0y Pt i . ko ! ] _ : : T B v i i
oS et — 30-Day Zonal Averaged RMSE from 48 realizations of 1/16° i ’f ' SRR . SO SN ..;c: SN O, N
Mean BMEE (deg C) s painlat — : 5. 14 : _ o o
== pacific NLOM R . e " 1/16° Global NLOM vs. 1/32° Global NLOM |
CP= .70 /A -4y - 5 .
b =) .-"j \ _\,-,,:r'l. L — T | E . . * " # g A =4 -
| wtoma - 5 VY Persistence Error () mf g- ] Gulf Stream Example — Climatological Forcing R
$ o -’ 1 ALL Data i ] ] e o I ;. i - o r _9:"“ de D4 B B2 oGs KAVAL CCEANCERAPHE CFFIGE
---- Climatologically-corrected persistence error (CP) s B Forabast Longth rom 03-tan-2001 1o 03-Feb2041 2 e - \y — S s i b o
NLOM error with analysis quality forcing (NLOMI1) e B S RN N .Q. 1 : ; ; : ; fu_?s-- ' NLOM SSH analysis January 3, 2001
aL - 1 1 1 1 - 2.'1"122:: 54 $2 TA BB 217 s Az MAVAL CCTANDEARTHI T L E = ‘:‘:N_ 'LEN_
N'_LDM error with :_31131}?515 quality forcing for 4 Flays and | . oo G o ol L/16° Moan 1379 Moxn
o climatol ogical forcing to 30-days (current operational NLOM SSH analysis January 3, 2001 S SSH .
formulation). (NLOM?2) — chimatology | 068 : »
Toruil deverigs ANTE « 20 Dy Fovecind - 3Pl Zoral Amsrags FSE - 0 Dy Parscad - AL TTTTTTT I’ﬁ,—v}'q TT 1T L — forecast — forecast :
| MeanRIBE (g N e = M RIEE(de2T) AN e . % 5 10 18 20 25 30 % 5 10 15 25 30 -
acl oo ..55 . as | - .-?2 f / 1 = Forecast length (days) Forecast length (days) - R " 3 - >
.| HLOML = 63 ] JNLCML= 87 A = C :
-PNLDIIIIE='62 HLOMZ= &7 - [' % (B) (D) !nd. .I'l. | |||-|| L |||||ﬁ||~|||||'|i|||1T|||'I|-| - m |; | g w' ¥ If ﬁ'l
8 : { Sorin s _ ) ) *fi5E 1abe  1aSE 140€ 1aSE ISOE SBE  IGOE 1BSE  A7OE  175E 18D PMEE 1306 1BE  MOE 1455 1S0E  ISSE  1GDE  IBSE  7DE  I7SE 18D
Pring . - _. ' h’ : [w128) 33T RMS error va Furét?fs;;z;ﬁ:hﬁf:;rig:s-Jan-zum to 02-Fab-2001 [wlZE:SST Anomaly comelation vgzﬁzﬁgt;?gumm 03=Jan-2001 to 02-Feb-2001 h - A 15-day NLOM SSH forecast valid January 18, 2001 NLOM SSH analysis valid January 18, 2001
] Wiﬂtef any :—H ol ey !ll 'I" II_I'l 11 I:-! (S II. F*J!' — 15 prrsarsnsnsiness I ----- I E : I I I I : I I.ﬂ
° 15-day NLOM SSH forecast valid January 18,2001  NLOM SSH analysis valid January 18, 2001 g ——— . i 1/16° SSH 1/32° Mean - M el
0 — — —_ : ; “l ol Variahility Variahility =« _ 1
''''' i Y L L L L L L L P P UL L I L O L L LR, . ] U = dimatclogy = .
Zmu Aminge FMSE - 30 Doy Parscad - WS Torul By FZE - ¥ Cuy Fotecast - OHD 'b \;j:'-r"rr dj-d-)-’-l‘-’l ) -&’ Fﬁ/ﬁ‘jﬂ b i I;fri-';a[::lm g 1 B g a.aﬁ B ' | - =
) an N unfas §EEEE — ) an L et — K s X . ‘ it i 20 25 0 E % -
N = [ N 551 A== 2 o e s S a 5 oo -
CP= &9 CP= 54 :'é} , < A EM E Ty C e das .
oL HLOMI1 = £& f o A L HLOML = &3 Y o L [ e - — DB £ | T EEET TG e} [ " .
| HLOM2 = 53 / .z \II HLOM2= .62 _.-z.l Il"-.:" 35“_ ! f BC'N_ _.I'.. C} r‘ .' : ( ) E Eﬂ-?ﬁ' _l'll‘ISI A L .I‘l'l SO [, |f| PR PO Y |‘| | L 20 '.I'I'.I‘E.I ‘-‘Thl Pl i
i : 4 ~ A —~ / . . ‘ il i GE 132E 3BE 140E 9455 1S0E iS5 {ADE  1GSE  17DE  A¥SE  1&D TEE 130  i3SE  {a0E 1455  1SOE  ISSE  J@OE  IGSE  i7OE  IFSE  1@D
||‘I 1'|.i N |T| 1 |:| " e |-|‘|| P o 3ﬂ-dﬂj’MDM SSH forecast valid FE]]I'IIEII'}’E, 2001 NLOM SSH HII.EI.I‘_VSIS walid FEl:ll"llﬂ.l"‘_‘,F 2, 2001
1 Fall e LW W W A T 1}2- 068 : : o : i I
o 1 Summer acf 30-day NLOM SSH forecast valid February 2, 2001 NLOM SSH Analysis valid February 2, 2001 S f“’EF:tz* — f*-""e‘_:a;" — T T e e e
o 5 1iu 5 2; —';.swsu {,EQPE“':"“EWSJE\ED | mm— o — i
T e e m W W w @ T e v m. v e s = Forecast length (days) Forecast length (days| TOPEX/Poseidon SSH Variahility
(C) (E) 1993-2000
30-day forecast verifications for a) Gulf Stream north wall pathway error (km), b) RMS SSH error (cm), ¢) RMS SST error (°C), Note: The Gulf Stream pathway is more accurately simulated at 1/32° resolution. An upgrade of this global
d) SSH anomaly correlation and e) SST anomaly correlation over the Gulf Stream region for a forecast initialized on 3 Jan 2001. system to 1/32° (planned for FY03) should improve forecast skill in this region. v
L 1] - -
(w128) 35H RMS emor vs Forecast Length frem 03-Jan=2001 to 02-Feb-2001 (w128) 35H RMS emor vs Forecast Length frem 03-Jan-2001 to 02-Feb-2001 (w128) 35H RMS error vs Forecast Length from 03-Jan-2001 to 02-Feb-2001 Real_tlme 1/16 Glﬂbal NLOM - KurﬂShlﬂ Reglﬂn
Globkal domain Kuroshio Region Intra-Americas Sea
) e o 13000 M Rl 0 e i B L e e ) [ o i B . O . N T T T T T
. . . . . :
ol MODAS Validation Example: AXBT Survey :
gl ol ol :
5 5 5 MODAS results :
5 5 T4l '
g 2 b . ' i:
zol z Zsf 46 Climatological Temp AXBT Temp SSH + SST + Clim ;
o “ 5 i Satellite /rﬁ B e . = " - : :
il . . . _ _ _ il Measured © - - - b = o l "
i L[ chmatalagy | i [ climatalogy 1k L[ elmatelagy | 55H and SS5T by T " Temperature (Deg_ L) .
I :ﬁ?ﬂnce N ;Z"g:;tnm I :ﬁ?ﬂm ® § u MODAS 3-D synthetic T,S calculated w
tll) Elr 1iEI ]=i5 2':'3 _E'S—SEI ﬂﬂ Elr 1il:| 1=i5 2:','1 _EIS—SEI clﬂ flr '|i|:| 1=i5 : _2'5—3E| Temperature (Degs C) - tf :? from NLOM 3-“31_'}’515 SSH and ST 1:
Forecast length (days) Forecast length (days) Forecast length (days) poE R e wE  osE wn . 4 B A w1z W s 15 Pom :: . N for Januarjf 3, 2001 .
) (©) ®) o ¥ i ; .-
T 1041 I B amy I ' E e T LAICE o o
10 T Qo F T,§ from NLODM analysis SSH, SST
[w128) 35H Ancmaly comelation vs Forecast Length frem 03-Jan-2001 to 02-Feb-2001 [w128) 35H Ancmaly comelation vs Forecast Length froem 03-Jan-2001 to 02-Feb-2001 [w128) 35H Ancmaly correlation vs Forecast Length frem 03-Jan-2001 to 02-Feb-2001 i o : 15—!1&}? forecast T’S from NLOM SSH’SST for January 18. 2001 o
i Global domain . i . ___Kuroshio Region . ] , __Intra-Americas Sea Z _ R 7 > . o .
N L X 0 N £ a X i N L El'ﬂl & - |.l
- £ Green line represents ; . Vo -
095" 0.95¢ 095 £ 0 : " -
| . profile derived only - .
_osp _osp _ o o e using satellite measured
£ £ £ sy L L 0 height and temp erature : < ;
g".iﬁl' E".iﬁl' ED.%' 130°E [FEa] 1741 125°F 115K 18FE w gll p Cﬂld cﬂre Eddy I: E ::
TZE O oo gm0 o o T;"f o8t TZE 087 Decades of edited MOODS  Relationships are stored on "
Zors|- <o7s| Tors| profiles are used to derive an irregular mesh, varving = Climatology : :
i @ & i statistical relationships from 1 to 'S degree in === MODAS Synthetic , : N— , -'
07} 07 . 07 . ) o — MODAS P— " i e ™ -
; between surface height and  resolution to permit high Final Analysis S . T,S from NLOM analysis SSH, SST
0.65) - : . - 0.65) - . . 0.65) - : ; temp erature and resolution analyses in shallow — . -~ _ i Temperature 30-day forecast T, from NLOM SSH,SST for February 2, 2001
¥ ¥y 4,
— forecast — forecast — forecast : : ] : . In Situ BT . \ valid Febhruary 2, 2001
—_— pemiftence ] ; L ; — pEmiftence ; ; : : " m— pEmift&nEE | | L : subsurface tﬂ“p erature water regions ! T3 dIE . at 200111 ¥
Forecast length (days) Forecast length (days) Forecast length (days) R l T . lt d t d d . l
(B) (D) (F) ea - lme resu S up a e al y
30-day forecast verifications for the global domain a) RMS SSH error (cm) and b) SSH anomaly correl ation, the Kuroshio region ¢) RMS SSH error (cm) and http /wWwww7300.nrls sc.navy.mil/modas . .
- - " " " - - " .
d) SSH anomaly correlation and the Intra-Americas Sea (IAS) region ¢) RMS SSH error (cm) and £y SSH anomaly correlation for a forecast initialized on 3 Jan 2001. http . //WWW 732 O- n l"lssc. n avy- m ll/glO bal n lO m /ln deX-h tm l




