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-4 Outline

* Presentation of the system
— What kind of reanalysis?
— TOPAZ ensemble setup
— Good health of an EnKF used in reanalysis?

* Performance of the 23-years reanalysis
— Longest realistic EnKF run so far (1200 cycles)
— Can the ice-ocean synthesis satisfy all data inputs?

— How large are the expected dynamical imbalances?
* Sea level rise
* Heat and salinity budgets?

e Future evolutions




* Exploited operationally at MET
Norway
* Since 2008
e Ecosystem coupled online in Jan. 2012
e 23 vyears reanalysis at NERSC
* Took 2 years to produce
* ~4 million CPU hours
e 3-years ecosystem reanalysis
* Assimilation of both physical and
ocean colour data
* MyOcean (Arctic MFC)
* 10-mems ensemble forecast
* Free distribution of data (average)
* Dynamical viewing (Godiva2)

RT Data used by ECMWF wave forecast
model

e Surface currents

Layer: Met.no Thredds > Arctic Ocean Physics Analysis and Forecast, [, Gantamhar 2014

Layer: Met.no Thredds > Arctic Ocean Biogeochemistry Analysis and
Forecast, 12.5km daily mean (dataset-topaz4-bio-arc-myoceanv2-be) >
gross_primary_productivity_of_carbon

?

September, 2014
« <« Today

> »

Units: kg m-2 s-1 Sun Mon Tue Wed Thu Fri Sat
1 2 3 4 5 6
Date/time: 24 Sep 2014 | 00:00:00 : |UTC first frame last frame 7 8 9 10 11 12 13

14 15 16 17 18 19 20

21 22 23[ 24]25 26 27

Select date

Fit layer to window

test image Open in Google Earth

Overlay opacity: | 100% =

Powered by OpenLayers and OGC standards
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You're dreaming:
Too many observations
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Model

dv
(—=‘L’W+TO+V' o)

Observations

dt

Physical consistency
du  Ov  Ow
Or ' Ou | 0=

Dv 1
—_—— . — — 9 < Vv 4 o - .
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Long window optimization ¢ Y —Poly. (Y)

Single model trajectory
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Short windows optimization
More accurate, but interrupted
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Rea/'nél”ysis strategy

e Short windows (1 week)
— Easier to match observations and events
— Closer to linear regime

— But frequent discontinuities at assimilation times
* How large? Integral effect?

* Filtering method (EnKF)
— Information flows only forward.

— Cheaper than smoothing / iterative methods
* But less efficient for parameter estimation

— ldentical to the real-time forecasting system

* Inhomogeneous observations network (1991-2013)
— Implies inhomogeneous reanalysis results




e 3D numerical ocean model

— Hybrid Coordinate Ocean model, — — — — |
HYCOM (U Mlaml), 12 km grl d DIADEM2H.Temperatunesectioncross Faero-Iceland Ridge (Nov)

* Hybrid vertical coordinate
— lIsopycnal in the interior

|

— Z-coordinate at the surface
— TOPAZA4 uses 28 layers

* Hybrid coordinates in the Arcti

— High stability of the Arctic water
column

— Sharp pycnocline

— Less spurious diapycnal mixing
(critical at high model resolutlon)
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Forecast Analysis

Memberl
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1. Initial uncertainty

3 Member100

—
—_——~

2. Model uncertainty (winds, surf. Tem)

3. Measurement uncertainty @ervah@




« Initial error (2 months before the first assimilation cycle)
— “Time warp” of members extracted from a 20-years free run
— Sampled on the same season.
— Meant to represent errors due to model spinup.

* Model errors
— Random perturbations of heat fluxes, winds, precipitation, clouds
— Horizontal correlation =200 km
— Time correlation =3 days
— Amplitude: 2m air temp = 3 deg C, radiative fluxes = 0.07 W/m?,

— Winds perturbed non-divergent (in geostrophic balance)
» From SLP perturbation, 10 mBar amplitude

— Internal parameters of sea ice dynamics

— Constant bias detection for
« SSH and SST offsets
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le of ensemble

8 Examp

Ice thickness (m)

10 members
All equally likely

hicemO0O ()
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Example of ensemble

Sea ice velocity (m/s)
Rdim: 1 of 10 : Rdim: 1 of 10

Same ensemble
Different variable




TOPAZ domain and the locations of the
sampling profiles
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Ensemble BJA methods

* Ensemble update EnKF Kalman gain:
a — f
Vi = +Kn(d Hy') ) K, =y fyfTHT,
* Factorize by y! (Evensen 2003)
99— 1y H g THT+ R -1
1 - 1 fn T ( \V n\V n )

T: Transform matrix (size 100 x 100)

* Advantages:
— Solution lies within the ensemble subspace
— Linear balances conserved

* Drawbacks:
— Solution lies within the ensemble subspace

— Non-linear balances “linearized” around ensemble mean




- e — —— SRF of TSLA, 23/4/2008

SRF of SST, 23/4/2008

Assimilation |

SRF of UICE, 23/4/2008 =
m2
° DEnKF’ asynChrOnOUS | SRF of VICE, 23/4/2008 ‘ )
|
— 100 members SRF of T, 23/4/2008
— Local analysis (~90 km radius) SRF of S, 2aM0%0 ,
— Ensemble inflation by 1%
(mult.) - h
* Badideain non-observed areas ... . Op %‘5‘ . 16
* Observations (400.000): 4 e
— Sea Level Anomalies (CLS) o I,
— SST (NOAA, then UK Met) - A
— Sea Ice Concentr. (OSI-SAF) St =} K
LT ™
— Sea ice drift (CERSAT) 5% 0° % {08
— T/S profiles (Coriolis, IPY) ¢
& . om; ot ’
O : 7(:3.
SRF: local spread reduction factor ¢ g 2
e ol

tr(HPTHTR-1)
SRF =/ )1 f
' GEHPHIRT) T T (omeo
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lce concentratlon multlvarlate update

summer

0.8

[ K.A. Lisceter
et al. 2003]
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Impact on salinity



Whyr'd‘ namlc Data Assimilation in the Arctic?

Example of ice-salinity-eorrelations in the Barents Sea

ice
formation/

"

Sakov et al., the TOPAZ4 system, OS 2012
Also see Lisaeter et al. Oc. Dyn. 2003
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Sea Level Anomaly Innovation Statistics

Innovation Bias
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Independent data: surface drifters

9 January 2008: SLA from TOPAZ reanalysis + drifters (+ 4 days)
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Arctic-wide sea level change

Sea Level Anomaly [m]
0.1 | | | | | | | | | | | | |
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Same performance wrt tide gauges O IMprovenents, o cesracaan



Temperature Inn t n Statistics 0-100m Temperature Innovation Statistics 100-300m
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Salinity Innovation Statistics 0-100m
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— QST IA

TOPAZ Reanalysis (bias corracted)

31 TOPAZ Free Run

T
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Trend: 0.032 K/yr

Improved by assimilation (of SST or of sea ice?
Arctic SST [°C] Mont

2006 2007 2008 2009 2010 2011

Lly Anomalies and Trend

1

1 I

— OSTIA (0.030 “Clyr)
0.8H TOPAZ Reanalysis (bias corrected) (0.032°Clyr)
TOPAZ Frea Run {0.021 °C/yr)

0.6

0.4

o
N

SST Anomaly [°C]
(=]

0.2
0.4
0.6
0.8
3 1 1 1 1 i ] 1
1999 2000 2001 2002 2003 2004 ﬁnﬁ 2006 2007 2008 2009 2010 2011



500

Depth [m]

2500

3000

Evolution of Tem at depths

Arctic Mean Temperature Difference [PC] w.r.t. Initial Conditions

Warm bias develops, nailed down by Francois to a combination of:
1. Summer bias in ice concentrations from OSI-SAF (melt ponds)
2. SmaII drift in spinup simulation (|n|t|a| ensemble)

3. Ensemble inflation of 1%
Cure: remove inflation
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Arctic Mean Salinity Difference [PSU] w.r.t. Initial Conditions

5. 6. 7.'8. 9.

|Aqo faxs

1991

1992

1993

1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011
Time

0.5

0.4

0.3

0.2

Salinity Differanca [PSU|



50°W Profiles: 114952 50°0 Profiles: 109575
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1’} Current velocities near surface

Long—term Mean Velocity [m s™'] at 15 m Depth
Period: 1991-2010

TOPAZ Reanalysis TOPAZ FREE

......

Mean Velocity [ms™]
—— EET O\
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Kohl, JPO 2007.
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x 10° Arctic ice area anomalies

1.5 .
Free
1h Reana ||
— OSISAF
0.5

Free run shows a slower trend.
=1.51  Corrected by assimilation (as expected)
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Example 3-days end of March 2013

Observed ice drift: 20130329 - 20130331

. . )=

Model ice drift: 20130329 - 20130331
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IABP buoys, TP4: Reanalysis

Assimilation of ice drift data from
scatterometers / PMW
Does not help

Faster acceleration after 2007
(Buoys only)
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Ice drift seasonality

shortcoming of the EVP rheology
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lce thickness
validation

(Kwok, JPL)

Underestimates thick ice
Overestimates thin ice

Common feature of other models
(Johnson et al. JGR 2012)
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iIckness validation
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Summary reanalysis performance

 Good added value from observations
— Seaice extent
— Sea surface temperature
— Surface circulation
— T&S Intermediate water masses (0-300 m depths)

* No improvement/degradation against the free run
— Sea level seasonal signal . NEEDS HIGHER
— Deep waters RESOLUTION (v+h)
— Sea ice drift velocities + seasonal cycle off (dynamics)

— Seasonal cycle of ice thickness
* Improved by mistake ...

CANNOT BE TUNED, NEEDS

* Degradations BASIC DEVELOPMENTS
— Snow depths (mistake)

— Too thin sea ice (consequence)



