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Outline:

* Ocean Wave modelling at ECMWEF.
» Wind — wave interaction for surface momentum exchange.
* Wind — wave interaction for heat and moisture exchanges.

* Possible other interactions involving waves.
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Introduction:

Comparison of ECMWF analysis and forecasts
against buoy data (RMSE) from 1993 to present:

Significant wave height (SWH)

0001: WAVE HEIGHT R.M.S.E. from 12UTC from January 1993 to July 2022 at all buoys

« ECMWEF has been providing global sea state (waves) CT oo T E—— o072 P — 168
forecasts since 21 June 1992. wf il adi
i
« The quality of those has steadily improved: i
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Wave modelling at ECMWF

ECMWEF main focus is in the context of its Earth System Model in which the wave
model plays an active role in many exchanges between atmosphere and ocean.

Atmospheric
model
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ECMWF Earth System Model
(simplified view of the
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NOTE:

The coupling to NEMO/LIM

is only for the long forecasts

(i.e. not yet in the analysis)

The wave-ocean interactions

will not be covered in this presentation.
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Atmospheric model Atmosphere- ocean wave system
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Wave model (ecWAM)

Charnock par from IFS
The Charnock coefficient is linked to the amount of 0.08 :
momentum that is used to generate waves which '
varies depending on the sea state evolution: o e
0.02 i

0 5 10 15 20 25 3 35 40 45 50 55 60

U10 (m/s)

Forecast data from stream da, class rd, expver gyca, all Sea points with sea ice cover <= 0.3
from 20170904 00UTC, for steps from 6 to 240 by 6

the wave grows by this mechanism, the mechanism becomes more effective, so 5
the wave can therefore grow faster, which in turn makes the mechanism even more l | 1 O

cffective, etc.



Impact of sea state dependent momentum flux

Based on this, the first atmosphere-wave two-way coupled system was introduced in operation in 1998.
The example below shows how the tendency to over-depend lows was reduced by the coupling to waves:

MSL Pressure (ctrl) 97021512 +96 MSL Pressure (coupled) 97021512 +96

[

"‘_?( Pe— I
&=

Minimum pressure

N 959 hPa
952 hPa (( ; N \ /
I = coupled
uncoupled _ Z _ N
24
MSL Pressure (analysis) 97021912
960 hPa Coupled - uncoupled

Verifying analysis

DS\

Comparison of 4-day forecast of surface pressure over the North Atlantic, valid for 19 February
1997. Version of coupled model is 7213 /L31 —0.5deg.
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1. Impact of ocean waves on the surface stress

Drag Coefficient over open oceans
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sooefld © - with respect to wind speed
. " 1000000 .
. E, Operational model (June 2019)
6 "L e C, fits well observations
[ 10000 5 , _ _ for winds up to 20m/s
51 }1000 o 3 ! But it is too high for larger winds
ks (& 2F
3 % > 15F H ..
g g 1 olthuijsen et al. , 2012
o 94 —— COARE 3.0 |
Q4L ——COARE40
— ECMWF
| -0.5 : 3.00
. : 0 5 10 15 20
S I B R U, (M)
1 0 10m wind speed (m/s) 55
o e o84 st 610 240 by Edson et al., 2013

C,is sea state dependent !

Drag coefficient C, (x10%) E Drag coefficient C, (x10°) H

> It is now accepted that the drag coefficient should generally attained
maximum values for storm winds but should level or even decrease for
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Revised sea state dependent momentum flux: recent model change
Recent wave model changes have resulted in a better control of the drag for strong winds:
« The latest one was a reduction of the Charnock coefficient for winds above 33 m/s (June 2020).

» This is quite essential now that we can show that 4km runs yields better tropical cyclones:

Drag coefficient v 10m wind speed:

Tco2559 forecast step 24 to step 78 by 1 hrs
start date 2020-08-24, 12 UTC

londay 24 August 2020 12 UTC ecmf t+60 VT:Thur: sday'ﬂAng ust 2020 00 UTC surface 10 metre U wind component
0006 ||||||||| [RLRRRRRRER |RRRRRRRRR [rrrrrrrrs [RERRRRRRR [TprrrrrrT [RERRRRERR [rrrrrororoT Tco02559, 10m wind speed for expver = htgs

10m wind speed, Hurricane Laura 27 August 2020

Monday 24 August 2020 12 UTG eemf 1:60 VT:Thu sday’HAug ust 2020 00 UTC surface 10 metre U wind component
Tc02559, 10m wind speed for expver = hta0

- ECMWF before June 2020
0.005L | — ECMWEF since June 2020
’ = Edson et al. (2013)
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ut0 (ms™) CY48R1 But without the drag reduction
_ introduced in June 2020, it
Majumdar et al. (2022) would not have been the case.
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Revised sea state dependent momentum flux: recent model change

This has resulted in improved Tropical cyclone max wind - min pressure relationship:

a IF5 Cycle 46r1
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Maximum 10 m wind speed (m/s)
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b IFS Cycle 47r1

1010 A
1000 -
990 -
8980 +
970 -
960 -
950 -
940 4
930 -
8920 A
910 ~
900 -

890

1 2 3 4

5

[

Number of collocations

O Best Track data
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ECMWEF
Newsletter
Bidlot et al. 2020

Tco1279 forecasts from 0 UTC for period 25-08-2019 to 01-01-2020 (coloured shading and dotted line). Reported values (pink symbols
and dotted line) for tropical cyclones:Ambali, Belna, Bualoi, Calvinia, Dorian, Faxai, Fengshen, Hagibis, Halong, Humberto, Kammuri,
Kyarr, Lingling, Lorenzo, Maha, Matmo, Nakri, Phanfone, Sarai, Sebastien.
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Revised sea state dependent momentum flux: future model change (2024)

We revisited the problem with the inclusion of a model for the role of gravity-capillary waves  {jni®® ~ SECMWE

on the surface stress and the inclusion of a nonlinear wind input growth rate. 862

On the consequences
of nonlinearity and

With these new changes, the resulting drag coefficient starts to tail off for storm winds P
conditions, well before the arbitrary 33 m/s, in accordance with the sea state development.

Peter A.E.M. Janssen and Jean-Raymond Bidiot
(Research Department)

Note that this will have an impact on mid-latitude storms. —

Recent study by Curic and Haus (2020) found that the decrease in Cd might not be as sharp as
postulated in previous studies:

Tco2559 forecast step 24 to step 78 by 1 hrs
start date 2020-08-24, 12 UTC
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Impact on surface wind speeds

The future model change will help address the known underestimation of extreme ocean winds

All buoys 2020120100 to 2021033100
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Scatter Index = 0.066
corr.coef. = 0.990

symmetric slope = 1.002

Isq fit: slope = 1.000 intr= 0.007

U10 (hmkx)

Comparison of fc steps 24_42_6 ECMWF wind speeds with height corrected averaged buoy data.
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TCO1279 forecasts Step 24 With LSM=O and no Sea-ice ‘Comparison of fc steps 24_42_6 ECMWF wind speeds with height corrected averaged buoy data.

Better fit for high winds
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Change in wind speeds RMSE meridional cross section for different forecast range:
fairly neutral

Change in RMS error in VW (v11 + test2 27 no_heatflux—for 48R1 v11) Change in RMS error in VW (v11 + test2_27 no_heatflux—for 48R1 v11)
2-Jun-2020 to 31-Aug-2020 from 162 to 181 samples. Verified againslownfanalysis. 2-Dec-2020 to 28-Feb-2021 from 158 to 177 samples. Verified againslcwnfanajysis.
Gross-hatching indicates 95% i with Sidak ion for 20 il tests. Cross-hatching indicates 95% i with Sidak ion for 20 i fests.
T+12 T+24 T+12 T+24
1= 1 1 -~ 1
o 10 o 10 0.04 o 10} 1 w10 g 0.04
o o o | o i
< 100 < 100} 4 T = 100} 1 = 100f ¢
JJA 2020 e ¢ y ¢ if . : DJF 2020-21
2 400 3 40% 2 400f 1 2 400
3 8 3 8
T 700 3 T 700 % a 700p E o 700 1
1000 L oiaalil . o 1000 i ¥ 10003 3 e 1000 = 4
90 60 -30 0 30 60 90 90 -60 -30 0 30 60 90 90 -60 -30 0 30 60 90 -9 -60 -30 0 30 60 90
Latitude Latitude Latitude Latitude
T+48 T+472 T+48 T+72
1 1 - 1 ; - 1 y
L 4 vl -
g 10 ; g 1 0.0 s 10 1 s 10 0.02
< 100 < 100 = 100f E = 100}
] ¢ ] g , '
5 5 5 5
g 400 8 400 3 g 400t E 2 400 I E 2
a 700 a 700 E: E H T 700F g < 700 L H
1000 . 1000 A s 10001 v | 1000 L s
90 60 -30 0 30 60 90 90 -60 -30 0 30 60 90 I3 90 -60 -30 0 30 60 90 -9 -60 -30 0 30 60 90 g
Latitude Latitude S Latitude Latitude g
T+96 T+120 g T+96 T+120 z
1 ny 1 s ¥ z 1 ) 1 e &
<« 10 s 10f . 4 3 < 1of 4 o 10F J 3
a [ 4 \ S a a 2
< 100 < 100 000 ¢ < 100 b <100 § E 000
¢ g 5 g ¢ 5
2 400 P 2 400 £ 3 400 2 w0 ! <
4 : 4 e 8 8 g
a 700 i i a 700 s a 700 1 &« 70 i 1 2
NN
1000 ; 1000 i 2 1000 . 1000 z
-90 -60 -30 0 30 60 90 -9 -60 -30 0 30 60 90 £ -90 60 -30 0 30 60 90 -9 -60 -30 0 30 60 90 <
Latitude Latitude 8 Latitude Latitude 8
5
T+144 T+168 2 T+144 T+168 2
15 Y 1 p s a 1 = v 1 { ry =1
s 10pt s 10 " ‘ o 10ff % w 10 =
o o
I L fl i A NCEAY i §.. improvement
3 4of | 3z 400 H 400-' 7 aoof)! "
o o 4 ©
a 700 a 700 ' & 700}k 1 a 700 ;
1000 1000 1000 1AL 1000 |
-9 -60 -30 0 30 60 90 -9 -60 -30 0 30 60 90 -90 -60 -30 0 30 60 90 -9 60 -30 0 30 60 90
Latitude Latitude Latitude Latitude
1 hPa T+192 T+216 T+192 T+216
1= R 1 [ 4 1T S 1
g r + 4, g 1 " - ¢ 1 s 10 w10
< 100 o ‘ = 100 " ERRT ® £ 0 -
2 400 2 a00f ' -0.04 & ‘ 2 ’ / ~0.04
2 i 3 ng) 400 g % 400 ¢ #
& 700 i i a 700 ‘ & 700 [0 & 700
1000 A 1000l 1000 '™ i 1000 I 'y |
a -9 -60 -30 0 30 60 0 -%0 -60 -30 0 30 60 90 9 60 -30 0 30 60 90 90 -60 -30 O 30 60 90
Latitude Latitude Latitude Latitude

90S 90N 90S 90N
 aa)
~r ECMWF Analysis and forecast experiments at Tco399 "



2. Impact of ocean waves on heat and moisture fluxes

Sea state dependency on momentum is also affecting heat and moisture fluxes
because in the IFS those transfer coefficients depend on the squared rood of Cd

\Uln@
But, for the roughness length scale,

Roughness length for heat over open oceans | We St|" assume that the exchange
30297575 . . . .
is dominated by viscosity
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, O adjustable parameter

1 1.5 2
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TCo1279 forecast
hriw from 20190322 0 UTC, step 1to 72 by 1
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2. Impact of ocean waves on heat and moisture fluxes

x 103 |k

» Experimental evidences also point to a sea state/wind 3
dependency of the heat and moisture fluxes.
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Figure 18. The exchange coefficient for temperature, Ciyg. as a function of the neutral wind speed at 10 m, U)gy.

The dots correspond to 30-minute samples. The solid line with error-bars represents the values averaged over wind

speed bins of | m s~ The parametrizations proposed by Large and Pond (1982) and DeCosmo et al. (1996) are
also plotted.

Brut et al. 2005
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2. Sea state heat and moisture fluxes: future model change (2024)

Following an extension of the wind wave generation theory, a sea state dependent parameterisation for

the roughness length scales for heat and humidity has been tested.

It recognises that the waves enhances the transfer from the surface.
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Research Department

August 1997
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2. Sea state heat and moisture fluxes
Following Janssen (1997, TM239), ocean waves can also have an direct impact of the exchange of heat
and moisture, enhancing their exchange for windy (i.e. wavy) conditions:

Tco2559 forecast step 24 to step 78 by 1 hrs
start date 2020-08-24, 12 UTC
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With benefit in tropical cyclone conditions, but also in more normal conditions in the tropics (Janssen and Bidlot 2018).
See also SAC paper on tropical cyclones (Magnusson et al. 2021, ECMWF Tech Memo 888)
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10m wind speed for Hurricane Laura, Tco2559 (4 km), step 60 hours

4km runs yields better tropical cyclones:
S. Majumdar, L. Magnusson, P. Bechtold, J-R Bidlot, J. Doyle, 2022 : Advanced tropical cyclone prediction using the experimental global
ECMWF and operational regional COAMPS-TC systems, submitted to MWR.

Monday 24 August 2020 12 UTC ecmf t+60 VT:Thursday 27 August 2020 00 UTC surface 10 metre U wind component Monday 24 August 2020 12 UTC ecmf 1+60 VT:Thursday 27 August 2020 00 UTC surface 10 metre U wind component
Tco2559, 10m wind speed for expver = hi9s Tco2559, 10m wind speed for expver = htw2

>

<

W %W

CY48R1 All contributions for CY49R1,
except the sea state heat and moisture
£ ECMWF xcep S
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10m wind speed for Hurricane Laura, Tco2559 (4 km), step 60 hours

4km runs yields better tropical cyclones:
S. Majumdar, L. Magnusson, P. Bechtold, J-R Bidlot, J. Doyle, 2022 : Advanced tropical cyclone prediction using the experimental global
ECMWF and operational regional COAMPS-TC systems, submitted to MWR.

Monday 24 August 2020 12 UTC ecmf t+60 VT:Thursday 27 August 2020 00 UTC surface 10 metre U wind component Monday 24 August 2020 12 UTC ecmf 1+60 VT:Thursday 27 August 2020 00 UTC surface 10 metre U wind component
Tco2559, 10m wind speed for expver = hi9s Tco2559, 10m wind speed for expver = htat

CY48R1 All contributions for CY49R1
S ECMWF 18



Medium range analysis + forecasts:
Expected impact of the sea state dependent heat and moisture fluxes

- With these new changes, the resulting exchange * This has a strong impact on air temperature
coefficient for heat and moisture increase more over the oceans all the way throughout the

rapidly with increasing winds. troposphere, primarily, in the tropics and the
winter hemisphere:

Mean difference in Temperature
JJA DJF

coupled TCo1279 forecasts step 1 to step 72 by 1 hour Change in field mean in T (v11 + test2_27_no_heatflux-vi1 + test2_27_no_heatflux) Change in field mean in T (v11 + test2_27_heatflux-v11 + test2_27_no_heatflux)
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Expected impact of the sea state dependent heat and moisture fluxes

JJA

Medium range analysis + forecasts:

Mean difference in Temperature at 1000hPa

Difference in time-mean T (v11 + test2_27_no_heatflux — v11 + test2_27_no_heatflux)

12-Jun-2020 to 31-Aug-2020 from 162 to 162 samples. Combining own-analysis and forecast
No statistical significance testing applied
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Difference in time-mean T (v11 + test2_27_heatflux — v11 + test2_27_no_heatflux)

12-Dec-2020 to 28-Feb~2021 from 158 to 158 samples. Combining own-analysis and forecast
No statistical significance testing applied
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Analysis and forecast experiments at Tco399
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Change in wind speeds RMSE meridional cross section for different forecast range:
generally positive

Change in RMS errorin T (v11 + test2_27_heatflux-v11 + test2_27_no_heatflux)

Change in RMS error in T (v11 + test2_27 no_heatflux-v11 + test2_27 _no_heatflux) 2-Dec-2020 to 28-Feb-2021 from 15810 177 samples. Verfied a%ai[.smwn,andysis_
2-Jun-2020 to 31-Aug-2020 from 162 to 181 samples. Verified againslown—anaiysis. Gross-hatching indicates 95 with Sidak for20 tests.
Cross-hatching indicates 95% i with Sidak ion for 201 tests.
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3. Relative 10m winds

When both atmosphere and the wave models are also coupled to the ocean model, the surface ocean
currents are now used as boundary condition in the surface flux calculation in both models (until now, it was
only done in the atmospheric model).

Seasonal range forecasts: Impact on Sea Surface Temperatures:

Sea-Surface temperature [C] JUA Sea-Surface temperature [C] DJF
Mean ERA 5, 1981 - 2020 SST JJA Difference hmjr- hjvk, 1981 - 2020 Mean ERA 5, 1981 - 2020 SST DJ F Difference hmjr- hjvk, 1981 - 2020
- MAE: 0.053, MeanBias: -0.00 - MAE: 0,057, MeanBias: -0.004
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Analysis exp

Combined score cards (Tco399) for all contributions

CY43R3_for_48R1_v11l test2_30 (ht5w_and_ht5x) versus CY47R3_for_48R1_v11 (hsai_and_hsaj);
TCo399 own-analysis summer and winter scorecard

dates=[2020-06-02 00:00: 00,2020-06-02 12:00:00,2020-06-03 00:00:00,...,2021-02- 18 00: 00:00,2021-02-18 12:00:00]
steps=[24, 48, 72, 96, 120, 144, 168, 192, 216, 240]

wstreams=['grdx_an’, 'grdx_ob']

classs=rd

streams=["lwda’, 'lwwv']

expvers=(cntrl:['hsai’, 'hsaj'], exper:['ht5w', 'ht5x'])

reftypes=['an’, "'ob']
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ccaf=Anomaly correl ation,rmsef=Root mean square error,sdav=Standard deviation of analysis anomaly,sdef=Standard deviation of forecast error, seeps=Stable Equitable Error in Probability Space
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Future work

There have been quite recent a few developments
on wave-sea ice interactions. These will be
incorporated and tested in ECMWEF Earth System
Model.

Collaborations to study the use of wave information
on developing and implementing new
parameterization for gas exchange, sea salt aerosol
production or more generally bubble mediated fluxes
(see Adrian Callaghan’s talk).

Study the impact of sea spray for very strong winds

The role of ocean waves in controlling ocean albedo.

< ECMWF




Conclusions

Ocean waves are an active components of the Earth system.
ECMWEF has using sea state information for momentum exchange over the ocean for years

Extension to other surface fluxes is under consideration for future model cycles.

< ECMWF
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Questions ?
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