Air-Sea Interactions in Earth-System Modelling

Role of Ocean Waves in an Earth-System Model.
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* - Wave modelling and its role in air-sea iteraction.
« - Towards an Earth-System model at ECMWF.
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ECMWEF global forecast models for medium range forecasts

High resolution / Ensemble systems

TC01279/TC0639°

~9km/~18km

Wave model (ECWAM) 14km/28km*

Twice per day, ECMWF run a high resolution forecast model up to 10 days ahead.

It also runs the lower resolution system (51 forecasts) up to day 15 in order to
characterise the forecast uncertainty.
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Ocean Wave Modelling: Wave Spectrum

The irregular water surface can be decomposed into a number
of simple sinusoidal components with different frequencies (f)
and propagation directions (&).

A E(f.0)

The distribution of wave energy
among those components is called:

“wave energy spectrum”, p, g F(f,8. -
e

water density: p,, and gravity: g
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Ocean Wave Model

The 2-D spectrum follows from the energy balance equation
(in its simplest form: deep water case):

T F L5656
ot

Where the group velocity Vg is derived from the dispersion relationship which
relates frequency (f) and wave number (k) for a given water depth (D).

S;,: wind input source term (generation).

S, hon-linear 4-wave interaction (redistribution).

Sqiss: dissipation term due to whitecapping (dissipation).
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Wind Input and its interaction

Following Miles (1957), S,, depends on the surface stress 7 = O, u’

and is proportional to the wave spectrum:

2
U..
S,, = »F r =L e (L)
Pw C

with c the phase speed of the waves, p, air density and p,, water density, and
B is a function of z, the roughness length experienced by the airflow.

The wave growth by wind implies a momentum loss/drag of the airflow,
In such a way that the drag is proportional to the steepness of the waves.
As a consequence, for steep waves the roughness length z, is larger than for gentle waves.

In other words, there is a strong mutual interaction between wind and waves,
where the strength of the interaction is determined by the wave-induced stress:

L . L
Tw = g Jdew do % Sin l.e. the momentum flux due the wind input
ye,

a
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Impact of sea state dependent momentum flux
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Sensitivity study: Impact of no waves feedback to the atmospheric model

Change in error in SWH (no WAM feedback to IFS — Coupled_43r1 (partial coupling))

1-Jun-2015 to 30-May-2016 from 356 to 365 samples. Verified against 0001.
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Sensitivity study: Impact of no waves feedback to the atmospheric model
Normalised difference in standard deviation of error for Z

1-Jun-2015 to 30-May-2016 from 356 to 365 samples. Verified against 0001.
Confidence range 95% with AR(1) inflation and Sidak correction for 12 independent tests
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1-Jun-2015 to 30-May-2016 from 356 to 365 samples. Cross-hatching indicates 95% confidence. Verified against 0001.

T+12 T+24
1 1
- X
10. {:‘ ‘ j b s 10}
100} < 100|
g
400 @ 400f ; EE
&
700 %gﬁ £ & 700}
1000 aEAE 1000 Lo DL i
-90 -60 730 60 90 -90 -60 -30 30 60 90
Latltude Latltude
T+48 T+72
1 T 1
10f + - E s 10} -
@ =)
100} ¥ 4 < 100t ﬁu -
400} % 400t
700} @ aF a 700 % B
1000 1000
-90 -60 -30 30 60 90 -90 -60 -30 30 60 90
Latltude Latltude
T+96 T+120
1 1
10fF &g s 10}
- S
100f + #1 ¢ " T g
400} E 1 3 400t B i
8 - B
700} % . g g « 700} i i E
1o00L_LE A 1000 iE
-90 -60 -30 30 60 90 -9 -60 -30 0 30 60 90
Latltude Latitude
T+144 T+168
1 T 1
10} . 1 © 1o|-
o
100 ] b < 100}
]
400F 4 5 400
il_) =
700 : 1 T 700 E
1000 i3 1000
-90 60 -30 0 30 60 90 -9 -60 -30 0 30 60 90
Latitude Latitude
T+192 T+216
1 1
10} 1 & O
100f ] < 100}
e
400F 1 % 400'-
700F 1 £ 700}
1000 1000
-90 60 -30 0 30 60 90 -9 -60 -30 0 30 60 90
Latitude Latitude

& ECMWF

0.10

0.05

0.00

-0.05

-0.10

Difference in std. dev. of error normalised by std. dev. of error of control

worst

0.02
0.01
0.00
-0.01

-0.02
-0.03

0.02
0.01
0.00

-0.01
-0.02

Normalised difference  Normalised difference

Normalised difference  Normalised difference

0.02
0.01

-0.01
-0.02

0.02
0.01

-0.01
-0.02

Normalised difference  Normalised difference

0 Z: SH —90° to -20°, 50hPa

022 Tropics —20° to 20°, 50hPa

Z: NH 20° to 90°, 50hPa

0.015 0.01
0.010 0.00
0.005 0.01
0.000f -

-0.005 -0.02

-0.010 -0.03

012345678910
Z: SH -90° to -20°, 100hPa

Z: Tropics —20° to 20°, 100hPa

012345678910

012345678910
Z: NH 20° to 90°, 100hPa

o8
0.005 0.01
0.000¢- 0.00

-0.005

-0.010 -o.0t

-0.015 -0.02

012345678910
Z: SH -90° to -20°, 200hPa

Z: Tropics —20° to 20°, 200hPa

012345678910

0123456782910
Z: NH 20° to 90°, 200hPa

0.020 0.015
0.015 0.010
0.010 0.005
0.005 0.000

0.000F- -

-0.005
-0.010

-0.005
-0.010
-0.015

012345678810
Z: SH -90° to -20°, 500hPa

Z: Tropics —20° to 20°, 500hPa

0123456782910

012345678910
Z: NH 20° to 90°, 500hPa

0.03 0.020

0.015
0.02 0.010
0.01 0.005

0.000
0.00 -/ 10008
-0.01 Z0.010

0123456782910
Z: SH -90° to -20°, 850hPa

Z: Tropics —20° to 20°, 850hPa

012345678910

012345678910
Z: NH 20° to 90°, 850hPa

0.00¢-

0.03 0.02
0.02 0.01
0.01
0.00F—
0.00
_0.01 -0.01
-0.02 -0.02

012345678810
Z: SH -90° to —20°, 1000hPa  Z:

012345678910
Tropics -20° to 20°, 1000hPa

0123456782910
Z: NH 20° to 90°, 1000hPa

0.00F-—

g
0.010 0.01
0.005 0.00}-
0.000-

-0.005F 7 -o.0t
Z0.010 —0.02

012345678910

Forecast day

ECMWF ANNUAL SEMINAR, 5-8 SEPTEMBER 2016

012345678910
Forecast day

012345678910
Forecast day

no WAM feedback to IFS - Coupled_43r1 (partial coupling)
no Charnock feedback to IFS — Coupled 43r1 (partial coupling)
no Stokes from WAM to IFS - Coupled_43r1 (partial coupling)

>0
means
worst

12



Sensitivity study: Impact of no wave feedback to the atmosphere

Difference in time-mean T (no WAM feedback to IFS-Coupled_43r1 (partial coupling))

Mean forecast
difference in T

11-Jun-2015 to 31-May-2016 from 356 to 356 analyses.
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Sea state dependency on heat flux
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Sensitivity study: Impact of no waves feedback to the atmospheric model

Normalised difference in RMSE for T

Change in error in T (no WAM feedback to IFS—Coupled_43r1 (partial coupling))

1-Jun-2015 to 30-May-2016 from 356 to 365 samples. Cross-hatching indicates 95% confidence. Verified against 0001.
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Sensitivity study: Impact of no waves feedback to the atmospheric model
Normalised difference in RMSE for Z

1-Jun-2015 to 30-May-2016 from 356 to 365 samples. Verified against 0001.

Change in error in Z (no WAM feedback to IFS-Coupled_43r1 (partial coupling)) Confidence range 95% with AR(1) inflation and Sidak comrection for 12 independent tests
1-Jun-2015 to 30-May-2016 from 356 to 365 samples. Cross-hatching indicates 95% confidence. Verified against 0001. 3 Z: SH -90° to -20°, 50hPa Z: Tropics —-20° to 20°, 50hPa Z: NH 20° to 90°, 50hPa
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Atmospheric TCo01279/TC0639

model okm/18km Towards a coupled system
/\ All configurations >
5
S Since 2002
-
)
a
w

< ssaunsno
< Aisuap Iy

A
; PUIM [el3NaN
"~

Wave model (ECWAM) 14km/28km

y(u.) =0.5(y@@O. +o.)+ @@ —ov))

Gustiness parameterisation:
i _ Z

o.. = function [u* and flj

> Z;lIs the height of the lowest inversion,
£ U.. L is the Monin-Obukhov length
2 ﬁ(zo)[ - j )

Pw
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Atmospheric TCo01279/TC0639

model okm/18km Towards a coupled system
/\ /\ All configurations >
Since 2010

ssauybnoy
HHP S8)01S

<<pu!M |esjnaN
< ssaunsno
< Aisusp Iy

Wave model (ECWAM) 14km/28km

The surface Stokes drift is used to parameterise the wave induced mixing
In the SST warm layer scheme in the IFS

for the representation of the SST diurnal cycle

(Takaya et al. 2010) Stokes drift:

27T -’
u(z) =4 f / fke?* 2 F(f,0) dfdo
0 0
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Atmospheric TCo01279/TCo0639 Towards a fully coupled system

model 9km/18km (currently only operational in EPS)
L o = All configurations >
= » o Y ) Every
Q) = ® = o
E o o S ) IFS Ensemble FC
— n prly -y (@) 1
= 7 2 = 2 time step
\"-/ \/ \/ g E Single executable

Wave model (ECWAM) 14km/28km

Ever
Coupﬁling 5 Ensemble systems only:
time step Wave effects - Medium range forecast

- Monthly forecast

(1 or 3 hours)
- Seasonal forecast

ORCA1 742
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Wave effects in NEMO

Stress: As waves grow under the influence of the wind, the waves absorb momentum (t,,) which

otherwise would have gone directly into the ocean (71,) .

Stokes-Coriolis forcing: The Stokes drift sets up a current in the along-wave direction. Near the
surface it can be substantial (~1m/s). The Coriolis effect works on the Stokes drift and adds a new

term to the momentum equations.

Mixing: Mixing: As waves break , turbulent kinetic energy is injected into the ocean mixed layer,

significantly enhancing the mixing.

Stress

Stokes drift Wave-induced turbulence

_c ECMWF ECMWF ANNUAL SEMINAR, 5-8 SEPTEMBER 2016



Atmospheric TCo01279/TC0639

model okm/18km Towards a coupled system
E Q :'_? /\ /\ All configurations >
= n o Py 2,
(1) =2 oD (@] o
s o > < o Ensemble FC
S| (4] |2 S @ |
\Q'/ \/ \/ g = Single executable
t Wave model (ECWAM) 14km/28km

ORCA1_ 742

c ECMWF ECMWF ANNUAL SEMINAR, 5-8 SEPTEMBER 2016 21



Wave effects in NEMO:
sea state modulated surface stress

29T o0 k
Toc = Ta — Pwd / / — (Sin + Sas) dwd?.
0 o W

Normalised mean of the momentum flux into the ocean from ERA-Interim analysis

from 1 October 2010 to 30 September 2012
80°N

60°N

40°N by,
20°N k
0°N [
20°5 |

40°S

60°S

160°E 160°W 120°W 80°W 40°W O°E 40°E 80°E

[ I . R I I N —
0.93 0.94 0.95 0.96 0.97 0.98 0.99 1
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Wave effects in NEMO:
sea state modulated surface stress

DJF

0.48
Boreal winter 0.36
- 0.24

4 0.12

-0.12
Boreal summer —0.24
-0.36

-0.48

Results from standalone runs, forced by ERA-interim fluxes and sea state.

Averages are over a 20 year period
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Atmospheric TCo01279/TC0639

model okm/18km Towards a coupled system
REREAYA
e Q = All configurations
=F n o pY) %)
s |=| |2 S S
< ) o Q ) Ensemble FC
s |o| [ =] @
\Q'/ \/ \/ & = Single executable
Wave model (ECWAM) 14km/28km

()] 2 oo
S u.(z) = 4??/ f fke? 2 F(f,0) dfd®
(D 0 0
(0p}
o
= Du 1 1 o7
Dt P o+ (u @ - p Oz
ORCA1 742 U,(z) vertical profile

approximated using
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Wave effects in NEMO:
Stokes-Coriolis Forcing

Boreal winter

Boreal summer

Results from standalone runs, forced by ERA-interim fluxes and sea state.

Averages are over a 20 year period

<> ECMWF
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-0.24

-0.36

-0.48

SST
mean difference
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Atmospheric TCo01279/TC0639

model okm/18km Towards a coupled system
e Q = All configurations >
(=g n o Py, )]
s |=| |2 S S
< ) o Q ) Ensemble FC
S| (9] |2 |3 @
\Q'/ \/ \/ & = Single executable
Wave model (ECWAM) 14km/28km
=
c
=3
c
®
=
o D, = —pwg/ d mpaui.
() -
Q ]
<

ORCA1_ 742
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Wave effects in NEMO:
Input of turbulent kinetic energy

The turbulence modelling is based on an extension of the Mellor-Yamada scheme
with sea state effects introduced following Craig and Banner (1994). Here, the
turbulence is enhanced by means of the energy flux from waves to ocean column
which follows from the dissipation term in the energy balance equation:

D, = _pwg/ dk Sgiss = mpa”i-

Normalised mean of the energy flux into the ocean from ERA-Interim analysis
from 1 October 2010 to 30 September 2012

80°N
m.: 60°N .
NEMO  <oN Rl
default 20°N B
m=3.5 ONE
20°5
40°s
60°s
160°E 160°W 120°W 80°W 40°W O°E 40°E 80°E
[ [ I | | I

P 1.8 2 2.2 2.4 2.6 2.8 3 3.2 3.4 36 38 4 4.2 44 46
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TKE EQUATION

If effects of advection are ignored, the turbulent kinetic energy (TKE) equation
describes the rate of change of turbulent kinetic energy e due to processes such as
shear production (including the shear in the Stokes drift), damping by buoyancy,
vertical transport of TKE, and turbulent dissipation £. It reads

de  d 5 5
E_a—z(#’qa )+VmS VIIN — &,

where e = g2 /2, with g the turbulent velocity, S = dU /dz and N? = gp; 'dp/dz,
with NV the Brunt-Viisilid frequency. The eddy viscosities for momentum, heat, and
TKE are denoted by Vv,,, v, and v,. E.g v,,, = [(2)g(z2)Sy where /(z) is the mixing
length and Sj;y depends on stratification.

Wave-induced turbulence is introduced by the boundary condition:

de
@; - ‘bﬂc‘a -

while effects of Langmuir turbulence are introduced by the term involving the shear
in the Stokes-drift profile.

28



Wave effects in NEMO:
iInput of turbulent kinetic energy

Boreal winter

SST
mean difference

Boreal summer

Results from standalone runs, forced by ERA-interim fluxes and sea state.
Averages are over a 20 year period
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Atmospheric TCo01279/TC0639

model okm/18km Towards a coupled system
2| lo| 2 4 £\
2 Q = All configurations >
=3 n o A )
o =, ) o o
E = > S = Ensemble FC
5 & Z =] iy
\9-/ \/ \/ g =, Single executable
Y ) Operational
t Wave model (ECWAM) 14km/28km from day 0
- ) since 2013

SSais
H1Ip S9X01S
ABlaua 1ue|nqm_|_:

ORCA1_ 742

c ECMWF ECMWF ANNUAL SEMINAR, 5-8 SEPTEMBER 2016 30



Atmospheric
model
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Towards a coupled system

All configurations >

Ensemble FC

Wave model (ECWAM)
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Single executable
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= ® =1 | © i ! 5 | active sea ice model
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o 2 > 121 18 Implementation:
D ¢ - CY43R1
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Ice model (LIM) ORCAO0.25°_Z75
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Wave effects in NEMO

Temperature [K]

Surface temp northern extratroplcs 90- day runnlng mean

50m temp northern extratroplcs 90- day runnlng mean
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Comparison of surface (left) and 50 m depth (right) EN3 ocean temperature observations (Ingleby
and Huddleston, 2007) in the northern extra-tropics in the CTRL run (blue) and a run with all three
wave effects switched on (green).

The upper curves show the standard deviation

while the lower curves represent the bias.

A 90-day running mean is employed.
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Normalised difference in RMSE for Z

Change in error in Z (Partial Coupling no WAM feedback to NEMO-Coupled_43r1 (partial coupling)

Pressure, hPa Pressure, hPa Pressure, hPa Pressure, hPa

Pressure, hPa

Sensitivity study: no wave feedback to NEMO

1-Jun-2015 to 30-May-2016 from 356 to 365 samples. Cross-hatching indicates 95% confidence. Verified against 0001.

1-Jun-2015 to 30-May-2016 from 356 to 365 samples. Verified against 0001.
Confidence range 95% with AR(1} inflation and Sidak comrection for 8 independent tests
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Impact of Coupling on tropical cyclone forecast:

Tropical cyclone core pressure mean error in the Western Pacific (hPa) of the
operational high resolution system (HRES) in 2013-2014:

Error (hPa)
-70 -50 -30 -10 10 30 50 80 &0 |
[ 60 = A
40 too
5 20 20 weak
0O of 2 o
20°N |- e £ . - 20 too
S —— strong
-80 \ 4
-80
-100

0 24 48 72 96 120 144 168 192 216 240 264 288 312 336 360
Cyclone age (hours)

Cyclone age (hours)

Red dots: north of 20°N
Blue dots: south of 20°N

Rodwell et al., 2015: New Developments in the Diagnosis and Verification of High-Impact Weather Forecasts. ECMWF Technical Memorandum
759. http://www.ecmwf.int/en/elibrary/technical-memoranda
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TC01279+ORCAO025 fully coupled

TGo1279/0ORCA025 fully coupled

Typhoon Haiyan at peak
intensity on November 7,
2013
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MSLP (hPa)

NEOGURI centre pressure, CY43R1 latest testing

1000

TL1279

NEOGURI

990 1
980
970
960
950
940
930
920

MSLP (hPa)

O1 full =
| 05T —

910

04/07

06/07

08/07
Date

10/07 12/07

EST : estimated from observations

0025: ORCAO0.25°_Z75
01: ORCA1.0°_Z42

1000

TCo01279

980
960
940
920
900

Est
2025 full
0025 part

| ST —+—

880

04/07

06/07

OST : prescribed OSTIA SST (uncoupled)

Lo
i’ ECMWF EUROPEAN CENTRE FOR MEDIUM-RANGE WEATHER FORECASTS

08/07
Date

10/07

36

12/07



Differences between coupled and uncoupled for NEOGURI TC01279 (CY43R1)

TCo1279 Difference (ORCA025 lullsy coupled) OSTIA SST in minimum MSLP (hPa) over 240 hours based on 1 hourly output TCo1279 Difference (ORCA025 fully cougpled) OSTIA SST in maximum 10m wind (m/s) over 240 hours based on 1 hourly output
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NEOGURI SST comparison

SST (degC)

SST (degC)

Station 52514 initial position 21.4N,129.9E
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Soulik

Uncoupled - estimated core MSLP (hPa)
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Future developments:

<> ECMWF
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x 103

pact of Coupling: revisit parameterisations?

Drag Coefficient over open oceans
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Impact of Coupling: revisit parameterisations?

x 10° Sy pReqee ey opan enene In ECWAM, from about 1.3 times the peak frequency the

ETTT LA model has an omega—-4 spectrum which is caused by the
5 » kX '=5'{=___:__r__ nonlinear interactions pumping energy from the low

ool : e ‘ *'H ﬁ frequency waves to the high frequency waves. In fact, we
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Impact of Coupling: revisit parameterisations?

Exchange coefficients

dependency on wind speed

Right: for heat (Ch)
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Effect of waves on heat flux :

Current operational :

Roughness length for heat over open oceans
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Effect of waves on heat flux :

Enhancing heat transfer:

1 O_l_ X . ( Zl - X_ ) Roughness length for heat over open oceans
Z X . 0.0005f2 i - 832456
p— 1 O - - . -
T Z,—X soves I o - 118740
(1 O+X+ )( 1 + ) ZT ' : ) . _ i T s {16937
X 003 g 2416
+ :
° w345
fffffffffffff £
L 1 ) —_ { 2 ( 1 )2}1/ 2 = 5°
X, =z, +3z, )z, +G&z,) ¥ . 8
- 2 ° friclgi:)n velocityz(?nls)
Z _ a U* 1 5 V ;;Ez?gfrf::gaoi‘zmmz step 0 to 168 by 3
1 g ( T i 1) ZV o
1 -Wy2 KU.
T

Wave induced stress:

r —u?2 r,=ldowdo K s

E wind

Janssen, P.A.E.M., 1997: Effect of surface gravity waves on the heat flux. ECMWF Technical Memorandum
239. http:/lwww.ecmwif.int/en/elibrary/technical-memoranda
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x 103

Impact of Coupling: revisit parameterisations?

Drag Coefficient over open oceans

0.008 .- = R =
- R L
0.007 - L -
- -t - ; 1 EAC.
0.008 - -8 - ol
6 - S XA
e - 1}
0.005 e - m r
- - - - [
3 e~ . .= ol
0.004-fi r--= e
i - - F e
S L
0.003fi- B o LT P
3 ’ \ ,._,i:l;ﬁ"'."."' ELE
- " om I
- - -1
== il e - w_!
ooor [ AR
e RES T E
o001 e e R R T
- r—r' ERL A
! - -
- I I
0 5 10 15 20 25 30 35 40 a5 50 55
10 10m wind speed (m/s) 55
T1279 forecast
gbl3 from 20140702 step O to 168 by 3
Drag Coefficient over open oceans
-3 ol ®
X 10 F- - .
- - o
0.008
- -
0.007 ; .. i
- R LT
0.006 - s _.:' =
. - - gl - .
6 0.005 o = LW
3 -~ L:r T
o L - .' ol it
0.004 ' - e R . == I(l;,h,,,
Hi
i - = i
i '.,-."{ - . |
0.003-4t [ B S S -t e
| s L
= - Er
3 0.002 : C T"_ I _'.'ﬁ_ it 1
. -
s e -
0.001 Ry LN T . -
! =k o - -
} L 3I - _-t R S R
o 5 10 15 20 _ 25 30 a5 40 a5 50 55
10 10m wind speed (m/s)

T1279 forecast

gbm2 from 20140702 step 0 to 168 by 3

& ECMWF

number of collocations:

number of collocations:

3203849

492565

75728

11643

1790

276

43

7

1

3189076

490577

75466

11609

1786

275

43

Exchange coefficients
dependency on wind speed
Left: for momentum (C,)
Right: for heat (C,)
Operational version

Experimental version

Sea state depend C,;,
and

Maximum wave spectral
limitation.

ECMWF ANNUAL SEMINAR, 5-8 SEPTEMBER 2016

x 10

Dalton number over open oceans
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Impact of Coupling on tropical cyclone forecast
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Sensitivity study: wave dependent heat and moisture fluxes

1-Jun-2015 to 30-May-2016 from 356 to 365 samples. Verified against 0001.

Change in error in Z (sea state dependent heatflux—Coupled_43r1 (partial coupling)) 1-Jun-2015 to 30-May-2016 from 356 to 365 samples. Verified against 0001.
1-Jun-2015 to 30-May-2016 from 356 to 365 samples. Cross-hatching indicates 95% confidence. Verified against 0001, Confidence range 95% with AR(1) inflation and Sidak correction for 8 independent tests — Z: SH —90° to —20°, 50hPa Z: Tropics —20° to 20°, 50hPa Z: NH 20° to 90°, 50hPa
3 Z: Tropics —20° to 20°, 50hPa Z: NH 20° to 90°, 50hPa » 0 0
T+12 T+24 S X 0.00 0.00 E -50 _100
i s e § o0 00 St £ 100
« 10K s 10 H 0.15 £ -0.02 -0.05 1 -0.04 S -150 -200
[ ! [ o o -0.04 -0.06 S _200
s 1oor & oo PR 2 00 -0.10 1 -0.08f § 230 S jgg
Fl El . S _0.08 -0.10F - -
g g 0 ‘ g% E Z010 -0.15 Z042 = 0123456788910 0128345678910 012345678910
£ 700 ] £ 700 : 2 0123456780910 012345678910 012345678910 !
E L ] . Z: SH -90° to -20°, 100hPa Z: Tropics —20° to 20°, 100hPa Z: NH 20° to 90°, 100hPa
1000 E 1000 H 3 8 Z: SH -90° to -20°, 100hPa Z: Tropics -20° to 20°, 100hPa Z: NH 20° to 90°, 100hPa a 0 0 0
-90 -60 -30 0 -9 -60 -30 0 30 60 90 5 002 0.00 0.02 -50
Latitude Latitude 0.10 g 0o 0.00 = 100
£ 002 -0.05 i -0.02 g
T+48 T+72 7 -004 -0.04 e -15
= 1 TR ] 2 -0.06 -0.10 1 -0.06 § —200¢
w© o 10 2 g -008 -0.08 s 250
< g H E _040 -0.15 -0:10 012345678910 012345678910 0123456780910
= = H o
s 5 100 2 2 0123456780910 012345678910 012345678910 ]
E g — Z: SH -90° to —20°, 200hPa Z: Tropics —20° to 20°, 200hPa Z: NH 20° to 90°, 200hPa
2 : i g 400 s 2 2Z: SH -90° to -20°, 200hPa Z: Tropics —20° to 20°, 200hPa Z: NH 20° to 90°, 200hPa o0 e 0
® ] © £ S 002 0.00 0.02 £ -20 -
T 3 3 a 700 0.05 ] o 0.01 -0.02 4 0.01 = _40 -4
: E 1000 - £ 000 -0.04 1 000 § o o S
30 60 90 9% 60 30 0 30 60 90 g g -oot -0.06 1 -0.01 S a0 -100 S N
Latitude Latitude @ 2 -0.02 -0.08 -0.02 3 7 —1 193 " T~
@ T -0.03 -0.10 -0.03 £ -100 - -40 -~
T+96 T+120 z E 004 -0.12 -0.04 0123456780910 0123456788910 0123458678910
1 aneWNNRARZH 1 . B z 0123456780910 012345678910 012345678910 N R ) " R . R
10 H 1ok | 3 ) —  Z:SH -90° o -20°, 500hPa  Z: Tropics —20° to 20°, 500hPa Z: NH 20° to 90°, 500hPa
& & 2 3 Z: SH -90° to -20°, 500hPa Z: Tropics -20° to 20°, 500hPa Z: NH 20° to 90°, 500hPa w 25 0
< 100f < 100f -0.00¢ § 002 0.00 0.02 g 20 -10F=
g i g g 2 oot .02 ] oo 510 v A
3 400} H 3 400r < E _0.04 1 .00l S 10 -30 A
8 - 8 ) g o 000 T 5 40 RN
& 700f H e & 700f 3 s & o -0.08 ] -oo § 0/ e a0 ——
i N - - E = @ T -0.08 i -0.02 s - i — ~
"’0990 _63) e 100‘_’90 — ':Gf) % z E 002 -0.10 -0.03 012345678910 012345678910 0123456780910
Latitude Latitude A z 0123456780910 012345678910 012345678910 ]
g — __Z: SH -90° to -20°, 850hPa Z: Tropics -20° to 20°, 850hPa Z: NH 20° to 90°, 850hPa
] ® . o o . ; o o . o o 7
T+144 T+168 0055 8 0 02Z. SH -90° to —20°, 850hPa 0 0%. Tropics —20° to 20°, 850hPa 0.02 Z: NH 20° to 90°, 850hPa “Z 5 10 10
£ S o . X
! ! a5 e S 001 0.01 0.01 5
e r g 'r 5 0.00}- 0.00 g
better &.. :
2 a0} 2 400} g 00 -0.02 -0.02 g -i5
4 @ E -002 -0.03 -0.03 0123456788910 012345678910
a 700} @ 700} = 012345678910 012345678910 012345678910 ]
— Z: SH -90° to -20°, 1000hPa  Z: Tropics —20° to 20°, 1000hPa Z: NH 20° to 90°, 1000hPa
1000 1000 -0.10 3 Z: SH -90° to —20°, 1000hPa  Z: Tropics —20° to 20°, 1000hPa Z: NH 20° to 90°, 1000hPa % 20 5 0
90 60 -30 0 30 60 90 -9 -60 -30 0 30 60 90 £ 002 0.03 > © 15 ob. =
Latitude Latitude ) 0.02 = 10 -5
g oo 8 -10
T+192 T+216 S oo™ 0.01 5 5 B
i 5 3 0.00 F £al> § 0 -20
£ _0.01 3
10f E 10} T -0.01 -5 -25
£ & E _0.02 -0.02 X = 012345878910 012345678910 0123456780910
< 100} g < 100 15}
o & =z 0123456782910 012345678910 012345678910 Forecast day Forecast day Forecast day
5 o0t ] > 400 -0.15 Forecast day Forecast day Forecast day
2 2
é-.') 700F E &) 700F - no WAM feedback to IFS
1000 1000 P no WAM feedback to IFS - Coupled_43r1 (partial coupling) sea state dependent heatlux
90 -60 -30 60 90 90 -60 -30 50 90 - sea state dependent heatflux — Coupled_43r1 (partial coupling) S Coupled 43r1 (partial coupling)

0 30 0 30
Latitude Latitude

_c ECMWF ECMWF ANNUAL SEMINAR, 5-8 SEPTEMBER 2016 48



Sensitivity study: wave dependent heat and moisture fluxes
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Change in error in Z2T (sea state dependent heatflux — Coupled_43r1 (partial coupling))

1-Jun-2015 to 30-May-2016 from 356 to 365 samples. Verified against 0001.
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Sensitivity study: wave dependent heat and moisture fluxes
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Sensitivity study: wave dependent heat and moisture fluxes
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Possible future developments: whitecap faction W¢

Wave whitecap fraction is used in many parameterisations in air-sea interaction:
- sea spray production flux
- gas transfer velocity
- bubble production

It is also used to specify sea surface emissivity
In satellite temperature radiances retrieval.

( W) foamfree foam [Monahan and O’Muircheartaigh, 1986]

0.12
0.10
0.08
0.06
0.04
0.02
0.00

Wave whitecap fraction is usually
modelled in terms of wind speed:

Whitecap Fraction

0O 5 10152025 30
Wind speed (m/s)
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Possible future developments: whitecap faction W¢

But, following work by Kraan et al. 1996, Scalon et al. (2016) showed that
It can be modelled quite well using the wave model whitecap dissipation

source term:
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Future developments: wave sea-ice interaction

| Waye model (WAM)
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Sea ice attenuates waves,
and waves contribute to sea ice break-up and freeze-up.

Several parameterisations have been developed to deal with waves attenuation.

How waves affect sea ice is now an new field of research.
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Sea ice damping modeling: simple scattering model in

14/09/2000, 03 UTC

ECWAM

17/09/2000, 00 UTC
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Sea ice damping modeling: simple scattering model in ECWAM

in-situ observations on 25/09/2012, 00 UTC
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Sea ice damping modeling: simple viscoelastic model in WW3

12-Oct-2015 22:00:00

From Rogers et al. 2016. I
Data from the Sea State DRI ol
from the Beaufort Sea 100 f
E 10!k
g
giwdg
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! solid lines : buoy
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Figure 6. Example comparisons of 1-d spectrum, for three different SWIFT buoys,
corresponding to the same time (2200 UTC 12 October). Dark and light gray lines correspond to
an f~ and f” tail slope, respectively. Solid red, dark green, and blue lines are measured spectra.
Corresponding dashed lines are from the model hindcast.

All these modelling efforts are currently limited by the lack of detailed sea ice information,
particularly affecting the tail of the spectrum

& ECMWF
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Conclusions:

ECMWEF has a fully coupled atmosphere-wave-ocean circulation

forecasting system, currently operational in the Ensemble Prediction
System.

Work is ongoing on using a higher resolution ocean components
(ORCAO025z75) planned for end of 2016 in the Ensemble forecasts and
later in the High resolution system.

There is a clear benefit in coupling the different models, but it creates
new challenges as model parameterisations will need revisiting and new
processes might need to be added.
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Thank you for your attention ...
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Partial coupling:

OSTIA SST | OSTIA+ NEMO ASST

NEMO SST, FULL-COUP

>
Day0 Day4 Days8

Figure 2: Partial coupling of the SST: At initial conditions the OSTIA SSTs at high resolution is evolving
using the SST tendencies from the NEMO model applying an offset to ORAS SST. After 4-days of forecast
integration the offset in temperatures between OSTIA and ORASS is progressively reduced towards 0 at

day 8 when the SST is fully driven by NEMO model.
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Ocean surface current impact on waves:

Currents — no currents

Mean wave height difference (ffxl wave - fixd wave)
from 20091228 0Z to 20100228 182

e T B o

=

Impact of modified winds due to currents  jgEagt. e il o LN
On Waves ,:; - r‘,’ 7 ;. © o S ) ’ ~f‘ ,“ -0.05

Direct impact of currents on waves

Combined impact of currents on waves
Gallet B. and Young W.R., 2014, JMR 72

m o W W ww ww = W e 3 e

— Bidlot J, 2012, ECMWF research memo
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Sensitivity study:

& ECMWF

ECMWF ANNUAL SEMINAR, 5-8
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Ocean Wave Modelling

The 2-D spectrum follows from the energy balance equation (in its simplest form: deep water
case, no surface currents):

a—F @V — Sin + SnI + Sdiss
ot

Where the group velocity Vg is derived from the dispersion relationship which relates frequency (f)
and wave number (k) for a given water depth (D).

> Group speed for different water depth
w° =g k tanh (k D) v -
__2;_20
_ow £,
9 ok % 10
S
© 5
=2 f
o

Frequency (Hz) 0.40

D: water depth
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Sensitivity study: Stokes to IFS (double counting)?

ORCAO025 Z75 has a much finer vertical resolution than ORCA1 _Z42
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Figure 1: Vertical discretisation of the ocean layers in the top 50m below the surface in ORCA1_Z42

(blue) and ORCA025_Z75 (red).

Wave effect on the upper ocean mixing is both passed to NEMO,
but also to the atmospheric model.
The SST from NEMO is modified by the waves,
there shouldn’t be any need to also modify again (?)

& ECMWF
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Sensitivity study: No Stokes to IFS
Normalised difference in RMSE for T

Difference in time-mean T (no Stokes from WAM to IFS-Coupled 43r1 (partial coupling)) Change in error in T (no Stokes from WAM to IFS—Coupled_43r1 (partial coupling))

11-Jun-2015 to 31-May-2016 from 356 to 356 analyses.
1-Jun-2015 to 30-May-2016 from 356 to 365 samples. Cross-hatching indicates 95% confidence. Verified against 0001.
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Impact of Coupling on tropical cyclone forecast
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Impact of Resolution on tropical cyclone forecast

For instance Typhoon Haiyan: forecasts from 4%, 5t and 6" November 2013, 0 UTC
all from operational analysis.

1010

min -
MSLP (hPa)
050  sso-
S 240+
g
900 =
_ 2013 o Typhoon Haiyan at peak
Black: estimated from observations intensity on November 7,
Red: old operational Ensemble resolution (32 km) 2013

Blue: old operational HRES configuration (16 km)
Green: new HRES configuration (10km) (CY41R2)
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Impact of Coupling on tropical cyclone forecast

For instance Typhoon Neoguri: forecasts from 6 July 2014, 0 UTC
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Black: estimated from observations
Green: old operational HRES configuration (uncoupled) (prescribed OSTIA SST) (16km)

Red: experimental: 16km fully coupled to NEMO (ORCA025_Z75)
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Surface current feedback on atmosphere
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Mean analysis difference in 10m wind speed: rd feb8 dcda - rd febp dcda
from 20091221 to 20100228
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Currents — no currents

Mean analysis surface current speed: rd feb8 dcda
from 20091222 to 20100228

>»Absolute winds receive about
50% from ocean currents
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