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ABSTRACT

This document describes a preliminary adaptation of tregieited forecast system at ECMWEF to incorporate ocean sur-
face currents from an external source. An impact study ip®ed in a data-assimilation environment, which allows fo
both a proper adjustment of the atmospheric boundary dondind a suitable adaptation of the ingestion of obsematio
that are sensitive to the ocean surface. It is found thatffleeteon surface stress is only about half of what would have
been intuitively obtained by subtraction of the ocean aurfiem the surface wind of a system in which no account for
ocean currentis given. As a result, compared to the inRu@pproach, the effect on wind-generated ocean waves id foun
to be reduced.

1 Introduction

The European Centre for Medium-Range Weather ForecastsI{#H) has a coupled ocean-atmosphere sys-
tem for seasonal and monthly forecastingtdrt et al, 2008. The seasonal system is fully coupled. The
monthly forecasts are at present only coupled from day 10aoctsv(which runs at a lower resolution). More-
over, in contrast to the seasonal system, that coupling mioteisclude ocean currents.

At first sight, the importance of ocean currents seems mihbe strength of typical ocean currents is in the
order of a few tenths of mg, which is small compared to typical surface wind speed ofiago8 ms?.
Nevertheless, in tropical areas the ratio between the twdeal ms?! versus 5 ms!. For ocean-wave fore-
casting there may be a noticeable effect. Tropical oceaeisisgrcan deflect swell, which affect the propagation
over the length scale of an ocean basin afdDDkm. Wave-current interactions in western boundaryecusr,
such as the Gulf Stream, are well known.

At ECMWEF, work has recently started to include the effect ofan current on the ECMWF atmosphere and
ocean-wave model component for the medium range. Althobghtdchnical development in the ECMWF
integrated forecast system (IFS) has in principle been &etexh it should be stressed that at this stage no
proper assessment has been made. The results describedpresentation should therefore be interpreted as
preliminary. The focus will be on ocean waves and surfacalwin

In Section2, it is described how the boundary condition of an atmosph®del is adapted to include ocean
surface current. Some simple considerations are presentieow an ocean current is expected to change the air
flow near the surface. Secti@handles the incorporation of ocean current in the ECMWF ioeeave model
WAM. Results of a few hindcast runs are presented in Sedti@ection5 deals with necessary changes in the
assimilation component of the ECMWF model. In seciioan impact study of the coupled wave-atmosphere
system is described. The document ends with a discussioecitio87.
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2 Inclusion of ocean current in the atmospheric boundary layer

In principle the inclusion of an ocean surface current indbmmospheric component is straightforward. Let
the flow with respect to a coordinate frame that is fixed witpezt to the Earth be denoted by,s This is

the usual frame in which numerical weather models, inclgdd€MWF, are defined. All what is required to
include surface current is that the no-slip condition atghgace demands that the (absolute) flow at height
z= 0 equals the ocean currein, rather than being zero:

UabgZ= 0) = Toc. 1)

In the ECMWEF operational integrated forecast system (IB®),lowest model level (out of 91 levels) is de-
signed to be close to a height of 10m. It is assumed that betwes layer and the surface the constant
(turbulent) stress assumption is valid, using a form of Me@bukhov stability theory. For a certain value
of stressT = pyu.U,, Wherep, is the air density, the friction velocity andu, its magnitude, the following
vertical equation, together with boundary conditidhié to be satisfied:

aaabs_ U, Z+ 2y
9z K(z+2) ¢M< L > @

Herek = 0.4 is the von Karman constarby, is a stability-dependent gradient function dng the Obukhov
length. Detailed definitions on these quantities may bedanrrart IV.3 of thd FS-documentatio2006. The
roughness lengthy depends for light wind on the kinematic viscosity(1.5x10~°> m?s~1) and on a Charnock
relation for strong wind as:
v u?

ZozaMu—*"f‘achE- €)
Hereay = 0.11,g =9.81 ms 2 is the gravitational acceleration, ang, depends on the sea state, and is on
average M18. Typical values fogy are within the range from 0.01 mm to 1 mm, i.e., the sea suitagery
smooth. Integration oflf3) in the ECMWF model, which includes the determination of ¥haéue of stress,
depends on the details of the flow higher up in the atmosphere.

Given a solution follaps definele as the flow relative to a frame moving with the ocean current:
Uabs(2) = Urel(2) + Uoc. (4)
This relative flow then also satisfie®)( but with the more familiar boundary condition:
Urel(0) = 0. ®)

The formal solution ofZ, 5) is given by:

ﬁreI(Z)ZU—K*{h’l (if’) _wM(ZtZOHwM(%)}, (6)

where®y (n) =1—nWy,(n). Therefore, it is the relative flow, rather than the absoflate that is connected
to the surface stress. Also, the surface dZggonnects the stress withe (10 m), rather thartizpg 10 m):

T/Pa = Cp Uit (10 m). ©)

Among other quantities, it is the stress that provides theroanication of the atmosphere with other compo-
nents. This is for instance the case for the growth of ocaanfa(se) waves.

The question arises how the presence of an ocean currenaffeitit the flow. The answer depends on the
relative importance between the boundary conditions astiniace and higher up in the atmosphere. Let the
wind profile in the absence of ocean currents be givetidgy, In this casainocyris equal to both the absolute
and relative flow. In Figurd an example of a wind profile in a neutral boundary layer withi@ibn velocity
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Figure 1: Logarithmic wind profiles near the ocean surfacaimabsolute frame. The blue dotted profile is
for u, = 0.3 ms ! without ocean current. The green dash-dotted profile regtssthe situation of an ocean
current of1 ms! aligned with the wind direction and where the stress has lfied, and the red dashed
profile for a similar situation, but where the wind speed atdght of100 mhas been fixed.

of 0.3 mstis presented by a blue dotted line. In this ci4g = 0, so @) follows the well-known logarithmic
profile. This choice corresponds 29= 0.17 mm andunocy(10 M) = 8.24 mst.

Assuming that the boundary condition at the surface wouldidate conditions higher up in the atmosphere
would imply that the surface stress remains unchanged.eSimess is related to the relative wind, profi (
would not be altered. The entire absolute wind profile (idirig higher up in the atmosphere) would be shifted:

Uabs(Z) ~ UnoculZ) +Uoc, Urel(2Z) ~ Unocul(2)- (8)

This is in principle a viable solution, sindie satisfies 2, 3, 5). Only the boundary condition higher up is
to be shifted bylg.. In Figurel Ugpsis displayed by the green dot-dashed curve for the situdhiahthere
is an ocean current of 1 m%in the direction of surface wind. Roughness length andidricvelocity are

unchangedyapg 10 m) is enhanced by 1 mé to 9.24 mst.

A more plausible assumption is that the boundary in the fremsphere would be dominant. This favours the
maintenance of the absolute wind profile, and it is the nedgtrofile that is now shifted:

Uabs(2) ~ Unocul2), Urel(2) ~ Unocul(Z) — Uoc. 9)

Sincele has changed, and thus according @ the stress, this solution does not exactly sati®y3( 5),

and the entire profile has to be reintegrated. For the exapipkented in Figude assume that the boundary
condition is unaltered at a height of 100 m. When, for the sdik@mplicity it is assumed that the constant stress
approximation could still be used at this height, reintégraof (1-3), together with conditionizpg100 m) =
Unocur(100 m), leads to the red dashed profile. As a result, surface stressoaghness length are somewhat
reduced ¢, from 0.30 ms?!to 0.27 ms?, andz from 0.17 mm to 014 mm). The absolute wind speed has
increased from 84 ms? to 844 ms, rather than to remain unchanged 85 uggested. In this case, it
appears that the stress goes down while the (absolute) wewtiggoes up. This can be explained simply by the
picture that the movement of the surface in the directiomefflow decreases the friction (stress) at the surface,
which therefore slows down the flow near the surface to alesdent. The change in relative wind speed is
0.80 ms, rather than what was expected 18y (1.00 ms™?).

In practice both the boundary conditions at the surface agitkh up in the atmosphere will play a role. The
example of Figurel may be over simplistic, but it does illustrate that a movirggan current will affect
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surface stress, and therefore the entire wind profile. Am&fre height, absolute wind speed is expected to
increase somewhat for an ocean current in the directioneofithv (‘less friction'), and to decrease somewhat
when the current is opposite to the flow (‘more friction®). Asesult, assumptior®) will not be completely
correct. Therefore the effect of ocean current on surfaesstannot be immediately guessed from operational
ECMWF 10-metre wind in which no information on ocean curigad been supplied to the boundary condition.
Although in lowest approximation the assumption that altsolvind at 10-m height is unaffected by an ocean
current may be reasonable, some fractkasf Uy will be absorbed iniapg 10 m), leaving a fraction 1 x for

a change in relative wind, and thus the surface stress. finerehe effect of ocean current on surface stress
may be smaller than one may expect at first sight. The simgmple given above suggests a reduction in the
order of 20%. Of course, only a proper integration of the nhedth inclusion of (1) can provide quantitative
estimates.

3 Theinclusion of ocean current in ocean wave forecasting

At ECMWEF, ocean-surface wave forecasting is an integrdlgfahe IFS. This is achieved by two-way coupling
of the atmosphere model with a wave mod#hr{ssen2004). The ocean-wave model is a derivative from
WAM (Komenet al., 1994, which is a third-generation model that provides an evofubf the wave spectrum

F (R,Y(,t) . This quantity represents the energy density of ocean waitksvave vectok within an area around
positionX that is sufficiently large compared to the length of the wakiemselves. The basic transport equation
is given by:

o . .. d a_ 9 (F\_
{E"‘(Cg"‘uoc)'ﬁ_(ﬁ(z)'ﬁ}(E)—Sn+S1I+Sjs+S)ot- (10)
Here P
o(K,%) = \/glIKl| tanh(|[K]|d(x)). ¢=—r0 and QK1) =0+K U (11)

are respectively the intrinsic frequency, group velocitg dispersion relatiord is the local water depth. This
equation expresses that any change in wave a¢ioiw) is imposed by (in space) local sources and sinks,
which are wave growth due to wind inp&,, non-linear interaction between wav8g, and dissipation due
to white-cappingSys and bottom frictionS,o. At ECMWEF, an equation foF rather thanF /o is solved by

an appropriate rewriting oflQ). Details on the physical description and numerical immatation of the
operational WAM model at ECMWF may be found in Part VII of if&-documentatiof2006).

The wind inputS,, which is based on a formulation dansserf1991), describes the interface with the atmo-
sphere. Wave growth due to wind mainly depends on the ratiodes the component of friction velocity, in
wave propagation direction and phase speed, and someoaiddliijuantities such as air density and atmospheric
stability. These quantities are provided by the atmosplanmponent. For historical reasons, the neutral wind
at 10-metre height, rather than the friction velocity isgeakto the wave model:

—

u.. .10
Uy = 2 In(2 2
K 7

)- (12)

According toJansser§1991), the ocean-wave spectrum influences the Charnock paramgterhis wave-age
dependent quantity is passed back to the atmosphere, wieuséd in 8) to update the sea-surface roughness
length.

Regarding ocean currents, there are two contributionst &frall, the effect of the current on the wind profile,
as described in the previous section, will affect the strasd thus the neutral wind2). This change should
in principle be incorporated in the atmospheric componéthe|FS.

The other contribution regards the advection term in theofh§l0) and dispersion relatio® in (11). Due
to a horizontally inhomogeneous ocean current field, wafractton may occur, swell will deflect, and ocean
waves can even be blocked or reflected. This intrinsic efaaicean waves is in principle incorporated in the
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Figure 2: An example of an ocean surface current field fromNiERCATOR ocean model provided on
a 0.5x0.5-degree grid for 3 October 2007. Arrows denote the directioolors the strength of the ocean
current. Courtesy of MERCATOR.

standard formulation of the wave model. It should be noted iththe derivation of{0) it has been assumed
that the ocean current does not depend on depth in the fewtenstres near the surface where they could
influence the ocean waves.

4 An ocean-wave hindcast study

In this section some potential impact of ocean current oweeeaves will be explored in a hindcast environ-
ment. In such a set-up, the wave model is forced by given ECMWWdysis fields. Any feedback from the
waves on the atmosphere (W) is disregarded. Another simplification is that the dethidfect of ocean
current on the atmosphere is not taken into consideratibis. dssumed that the model absolute wings is
unaltered, and that the entire effect of the ocean curreabserbed in the relative curretf. Therefore a
separate set of atmospheric analyses fields does not haegtovided to incorporate the effect of ocean cur-
rent on the wind forcing. Relatior®) applied to the neutral wind, can be followed, instead. Although these
assumptions may not appear to be perfectly justified, thgyrdeide a simple but effective way to investigate
the direct impact of ocean currents on ocean waves.

The question on the source for ocean current now arises. irRatgnts are a sufficient resolution on a global
scale and a proper assimilation system, such that redisttares are resolved and well described. Examples
would include a sharp definition of the Gulf stream, equataniirrents and counter-currents, and eddies. For the
reason of consistency it is desirable that the ocean maatal fwhich the currents will originate has been forced
with ECMWEF (analysis) fluxes. Several candidates have beersidered. One example is the TOPAZ3 system
from NERSC TOPAZ 2007. It is based on the modified HYCOM ocean model with a resofutietween
8-12 km. Its data assimilation embodies an Ensemble Kalniter BEsing 100 members. Atmospheric forcing
is from ECMWEF. This model is only run in the Atlantic area. Wdugh this system, therefore, is not suitable
for conducting a global impact study, some experimentdimmbeen performed for the high-resolution limited
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area wave model that is run operationally at ECMWF for thetiNéitlantic and Mediterranean. Results of
these experiments, though, will not be reported in this duent.

Another good candidate is the ocean model fldBRCATOR (2007). This system involves the NEMO ocean
model and is run on a horizontal resolution 029 degrees on a global scale (disseminated products are only
available at (b degree). Daily analysis fields are available and are baseal kalman-Seek method. Its
atmospheric forcing also arises from ECMWF. The impactistigresented in this document will be based on
this system. An example of a MERCATOR ocean surface currelat i displayed in Figurg. It shows a very

well defined Gulf stream and Loop current.

Several hindcast experiments were conducted for the pbebadeen 17 March and 20 April 2008. All ex-
periments involved the same setup of the global wave modakhwas run at a slightly reduced horizontal
resolution than the present operational resolutios (&grees, rather than3® degrees). The number of wave
directions (24) and frequencies (30) was equal to the dpeedtconfiguration.

A control experiment (to be called HCNTRL) involved a runhdut any current effects. A second experiment
(denoted by HCWIND), only took the effect of the current or thind input into account. This was, as
discussed above, handled by the choice:

Uin(HCWIND) = Tin(HCNTRL) — Tio(MERCATOR). (13)

A third experiment (named HCWADV) concentrated on the effafccurrents on the wave advection. The
forcing wind field was not adapted for this run, 8g(HCWADV) = U,(HCNTRL). A fourth experiment,
including both the effect on wind forcing and wave advecii@s conducted as well. Since its results appeared
more or a less the sum of the results from the HCWIND and HCWAINS, this experiment will not be further
discussed.

Some average results are summarized in Fi@uréop panel shows the average difference in wind speed of
applied wind forcing for the HCWIND experiment. Locally féifences can exceeds0 mst. On average,
ocean currents are in the direction of the prevalent windhregso the relative wind speed has reduced. This
is for instance the case along the Antarctic Circumpolar @A\Current and the North and South Equatorial
currents. As a result, wave height has reduced in most areasdithe globe, especially along the ACC. In the
tropics, the Equatorial Counter Current enhances theivelatnd speed. Here, wave height is increased. No
clear effect from the Gulf stream on wind speed emerges ft@rtdp panel of Figur8. The reason for this

is that the Gulf Stream current and the typical westerly wiack not aligned. When a vector difference would
have been plotted a clear difference would have emergedefféet on wave height in the region in the North
Atlantic is a slight decrease in wave height. On average ékpanse of wave height is modest. In isolated
extreme cases, though, the effect may be up to 1 m. So althbegiverage wave climate does not change too
much, from the point of view of case by case ocean-wave fetegathere may be a significant effect.

The lower panel of Figur8 shows the average response of wave height on the advectiepatiterns for this
HCWADV experiment are more large scale than the effect froenHHCWIND run. It indicates that typically
swell is affected, which acts on a long spatial scale. Thexre@me more intense responses in the tropics, which
are related to sharp gradients in the ocean current. TheEastaof the Philippines, for instance, indicates a
response to the New Guinea Coastal Current.

5 Theinclusion of ocean current in the ECMWF 4D-Var assimilation system

The provision of the boundary conditioft)(has been prepared in the ECMWEF forecast model some time ago
by Anton Beljaars. It would be straightforward to see theeffin a model integration. Starting from some
initial condition and enforcing some ocean current fielde lthe MERCATOR field as used in the previous
section, the difference with a standard control run thatrditlinclude currents can reveal the impact of such
change. The initial condition for the model forecast arisem a data assimilation suite, where knowledge
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Figure 3: Average difference in forcing wind speédlin(HCNTRL) — Uoc(MERCATOR)|| —
[|Un(HCNTRL)|| (top panel) between HCWIND and HCNTRL, and average difterém significant wave
height of HCWIND versus HCNTRL (middle panel), and HCWADSusgeHCNTRL hindcast (lower panel).
Units are ms* for wind speed and m for wave height.
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from a previous forecast (also called the first guess or backgl) is mixed with new observational data. Such
assimilation steps are essential, since without them, drexést will soon loose any connection with reality.
Since both the experiment and control would start from tmeesanalysis, it takes some time for the effect of
ocean currents to become visible. It would be better and mamsistent to include the effect of ocean currents
in the assimilation system as well. In this way the inforroatbf the ocean current will be able to cycle through
the system. The impact is then to be assessed by the compafismo assimilation suites, one with and one
without ocean current. Many systems that use the ECMWF mailebundary condition are based on analysis
fields, rather than forecast fields. An example are ocean istiemselves. Both MERCATOR and TOPAZ,
for instance, use ECMWF fluxes to drive their ocean modelsoAlom this point of view it is desirable to
properly adapt the assimilation system, since ocean+ttimérmation that flows in from the model first-guess
can be wiped out by surface observations when the effectezrocurrent is neglected in the assimilation. The
adaptation of the assimilation system would be a requirénvben the usage of ocean currents is to become a
part of the operational assimilation and forecast systeBCMWF.

ECMWF uses the method of incremental four-dimensional dssémilation (denoted by 4D-Vatourtieret al.
(1994). For a given assimilation window, data is collected anahpared to the model state via a cost function
J that is to be minimized with respect to an incremértthat corrects the background at the start of the
assimilation window. Schematically,is given by:

J(OX) =+ do = %5XTB*15X+ %(H dx—d)TR(Héx —d). (14)

As stated above, the background is a short forecast fromréwiopis analysis cycle. Thia term expresses the
confidence in this field via the background error covarianegrimB. At the end of the minimization, the final
incrementdx? is added to the background to provide the analysiz® = x? + ox2.

The comparison between model and data is obtained via arvalisa operatoH. It expresses what the value
of observation should be according to the model. In 4D-Vardbmparison between model and observation
incorporates the timing of the observation as well. As a fioncof initial model stateH therefore includes a
model integration from initial time to observation time. (tt¥), H is a suitable linearization dfi around the
background, while the covariance matrix of observatiorsiR expresses the accuracy of the observational
network. The innovation vectar is given by:

d=y°—H(xP), (15)

where the set of observations within the assimilation wm@orepresented as a vecigt. The model integra-
tion started from the background over the entire assiroiatvindow, that is required to calculake for each
observation in 15), is called the trajectory run (or outer loop). It is perfadnat the same resolution as the
forecast model. Minimizationld), though, is performed at a reduced resolution (inner lo®p)s means that
incrementsdx and linearizatiorH are performed at a lower resolution, while innovatabis calculated at full
model resolution. The sequence of outer and inner loop riatéd a few times, in which the high resolution
trajectory is readily updated. For the following discussithough, the complication of inner and outer loops is
not essential and its technical implications will not belier mentioned. A detailed description may be found
in Part Il of thelFS-documentatiof2006).

The contribution of ocean current to the assimilation sysigbasically concentrated in the observation oper-
atorH. First of all, the trajectory run that involves the plaindggtation of model fields on model levels from
the background over the assimilation window should satisfyndary conditionX). This is straightforward,
since that part is already available. Secondly, for obsems that measure quantities near the sea surface the
observation operator may have to be adapted. Such changesdhbe handled separately, since the physics
package that is used id to calculate surface quantities from model variables atehtaVels, is not shared
with the physics in the forecast modédrdinaliet al., 1994). For instance, the wind at an observation height
Znear or below the lowest model levgl is estimated on the basis of a method®gleyn(1988. Given the
constant stress approximation no wind turning takes pladettze wind vector is given by a simple reduction

R from the wind vector at the lowest model level. Geleyn pr@sake use of simplified gradient functiosg,
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in (2) which then allows for the estimation of the valueRfrom available model quantities at lowest model
level plus a knowledge of roughness lenggh Since the method of Geleyn is based on a hon-moving surface,
it should now be applied to relative wind:

Urel(Zobs) = RUrei(z.) = R (UL — Uge), (16)
where it is realized that the model wiiig at lowest model level is defined in the absolute frame.

Let for a surface vector wind observatidfs, the observation operatét be denoted byi™% Then the part
of J, in (14) that belongs to that specific observation is given by

Jsurfwind _ Hamod - aobs’ ‘2
5 =

o (17)
where gy determines the observation weight. It now depends on theaalf the surface wind observation
how ™ is to be adapted. One source of wind observations that is estsively at ECMWF is from
scatterometer datds@ksen and Janssé2004), Hersbach and Janssg007)). A scatterometer is a microwave
radar that emits pulses at well-defined frequency and peléon to the ocean surface. The magnitude of
recorded backscatter is a measure for the strength of greatillary surface waves. Since these waves respond
to the local surface stress on a short time scale, they cagglaeded as fully grown wind waves. Therefore, it is
reasonable to suggest a one-to-one relation between ladigksand stress. Although different scatterometers
may sense the surface at different frequencies (e.g., @-@aku-band), a unique relation between backscatter
and stress should exist for each of them. For practical resadoackscatter is usually related to 10-metre
(neutral) wind, on the basis of an empirical geophysical ehdanction. Examples are the QSCAT-1 model
function for Ku-band (QuikSCAT, NSCAT, for an overview s€helton and FreilicH2005), and CMOD5
(Hersbactet al., 2007) for C-band (ERS and ASCAT). Observational evidence thattsmmeter measure wind
relative to a moving ocean surface was founcKigjly et al. (2002).

Another source of surface wind observations is from buoysmil data. Moored buoys, such as the TAO array
evidently measure wind with respect to an absolute frameuinmary, the adaptation of observation operator
im°d depends on the nature of the observation as:

scatterometer : UM% = Uye(z0) = R (T —Toc), (18)
buoy/ship:  U™'=TapdZons = RUL+ (1—R)Toc. (19)

In the absence of ocean currentsg)(and (L9) reduce to the observation operators for the operatiorsainga-
tion system, i.e.liM= Riiqngz ). The observation operator for scatterometer data shatblgspeaking act
on equivalent neutral windL@), or even better oii, (to account for sea-state effectsz), rather than relative
wind. Although the modification for neutral wind has beenpared (by a suitable redefinition B), this will
not be discussed here. The lowest model level is in pracécgaiose to 10 m, sR~ 1 in (18).

For buoy observations, adaptatidi®) tries to hold on absolute wind. Many buoys measure wind aighi of 4

or 5m, soR < 1. Relation 19) then illustrates that ocean currents can have an effeat observation operator
for wind measured in a fixed frame. In case model wind and oceament are not aligned the observation
operator will involve a change in wind direction. In praetithough, the effect will be small. For the example
given in Figurel, e.g.,R= 0.92 so nearly unity.

6 A dataassimilation impact study

This section will present some results of an impact studyiwia data assimilation environment. In contrast
to the hindcast study as discussed in Secfiothe ECMWF analysis winds that force the ocean-wave model
are now subject to changes induced by the ocean currenter tiaian being prescribed. In the final 4D-Var
trajectory, wave data (such as altimeter wave height and ®A®R spectra) are assimilated and waves and
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Figure 4: Difference in neutral wind speed (top panel, ms™1), 10-metre absolute wind (middle panel,
in ms™1) and significant wave height (lower panel, m) between the DAWIND and DACNTR experiment
averaged over the period 17 March to 20 April 2008.
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atmosphere are two-way coupled. In an assimilation exmrirmformation that is ingested in one cycle is
propagated forward into the next cycle. It may be clear thiatdetup provides a more consistent frame work.

The adaptation of the assimilation system as describedeirptavious section was prepared. The observa-
tion operator 18, 19) was adapted. Regarding linearization (ité.in minimization 14), associated tangent-
linear and adjoint code was updated. An infrastructureteribclusion of an ocean current from an external
source was developed in a way that is similar to the ingesti@gea-surface temperature and sea-ice fraction at
ECMWEF. Since boundary conditiord)(is respected in both the trajectory of 4D-Var and in the sfaecast

run that connects subsequent analysis cycles, the futlteffaocean current is incorporated in the neutral wind
(12). ltis, therefore to be passed on directly to the ocean-wawdel without any further corrections.

Two data assimilation experiments were conducted, a diACNTR) without, and an experiment (DAWIND)

with the inclusion of ocean currents. In the latter experibanly the effect on the wind forcing (via the neu-

tral wind from the adapted atmosphere) was taken into ad¢cdtor technical reasons (that have meanwhile
been resolved) it was not possible at the time to conductrd giperiment that includes the effect on wave
advection.

The data assimilation experiments were performed for theegaeriod as the hindcast study of Sectbfl7
March to 20 April 2008). For the DAWIND experiment, the sanwan current fields frofrMERCATOR
(2007 were used. The resolution of the wave model was again 55 ktheirhorizontal, and 24 directions
times 30 frequencies in wave-vector space. The horizoatailution of the atmospheric model was reduced
compared to the ECMWF operational system, i.e., T511, rdlttze T799 in spectral space, which corresponds
to 40 km versus 25 km. The number of vertical levels was theesg@h). The assimilation window was,
like the operational suite, 12 hours, although experime&m@ee not run in early-delivery mode (see Chapter
II, IFS-documentatiorf2006). For each day, a 10-day forecast was started from the sinatgntred around
OOUTC. The impact on these forecasts will not be discussesl teough.

The top panel of Figurd displays the average change in neutral wind spé&gpdt analysis time. The effect
appears to be significantly smaller than what was assumértihihdcast study (top panel of Figu8g Only
about half of the effect of the ocean current is absorbed bydlative windl, (6), which, apart from stability
effects is closely related to the neutral wirk®). The remaining 50% is shifted into a change in the absolute
wind. This is shown by the middle panel of FiguteWhere ocean current and wind are aligned, absolute wind
in general increases (like displayed in Figdje where ocean current and wind are opposed absolute wind
speed decreases. This seems especially to be an issueliodies.t Hence, it appears that the assumpt@n (
that absolute wind can be regarded as nearly unaffectedhmtwhe hindcast runs were based, is not justified.
In line with a reduced effect on wind forcing, the respons¢hef ocean-wave model is smaller as well. The
lower panel of Figuret shows the impact in significant wave height for the DAWIND esment, which is
indeed much smaller than the impact in the HCWIND hindcastidie panel of Figure).

7 Discussion

The reduced impact on the relative and neutral wind, duedadbponse of the absolute wind to an applied
ocean current can originate from several effects. A firstia@nt is along the lines of the simple example
presented in Sectichand Figurel. It was shown there, that strictly speaking assumpt®ril¢es not provide

a valid solution. Due to a lower (enhanced) stress in casgnooerrent is aligned with (opposed to) the surface
wind, the friction of the boundary layer with the ocean scefas enhanced (reduced) which, given more or
less unaltered geostrophic conditions in the free atmasphéll result in higher (lower) surface wind. For the
example of Figurel, where the original blue profile was slightly shifted (redfile), the effect was guessed
to be 20%. Boundary conditioriL) acts in both the 4D-Var trajectory and the short forecastbatween
assimilation cycles. Therefore this effect is present ithllbe assimilation and forecast.

A second factor behind the reduced effect on relative wing anginate from the adapted assimilation system.
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Since scatterometer data now act on relative model windaslkenilation system will try to hold on the same
values for stress at observed locations for the DAWIND an€€DAR experiment. For the example in Figure
the assimilation system would favour the situation of aifthe original blue profile (DACNTR) to the green
curve (DAWIND), i.e., for a 100% shift of the ocean currentoirthe absolute wind. Although at ECMWF
scatterometer data is ingested in most areas within a 64moerwindow, the adapted observation operator
will compete with other observations in which no adaptaiarere required. Among other reasons, this will
limit the effect from scatterometer data. At first thoughtnight be contradictory that the proper treatment of
scatterometer data limits the impact. One should, howesalize, that the reason for this is not related to the
experiment that includes ocean current (DAWIND), but duartancorrect assimilation of scatterometer data
as absolute wind in the DACNTR experiment. For this reasma,limited extent, operational ECMWF surface
wind may represent wind in a relative frame rather than intzsokute frame.

As mentioned, the work presented in this document is pralinyi Sofar, only a first assessment is being made
in the basic understanding of the effect of an ocean curretii@ ECMWF assimilation and forecast system. In
the next step, impact on forecast skill is to be taken selyolifie issue could be raised to what level of accuracy
ocean currents are to be, and can be provided. A comparisaedeMERCATOR(2007) andTOPAZ (2007
showed that although both ocean models contain similar stgitures (tropical currents and counter-currents,
Gulf Stream, Kuroshio Extension, etc.), differences inrkeblved Eddies are noted. Possibly some averaging
may have to be performed to filter out uncertain featureso Atsmay be queried to what level it is justified
to keep the supplied currents constant during a 10-dayriatieg. For extreme and rapidly moving systems,
such as tropical cyclones, a response of the ocean curreant ewolving atmosphere, may require a two-way
coupled ocean-atmosphere system from the start of thedstrec
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