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Assimilation of scatterometer data as equivalent-newtirzd SECMWF

Abstract

This document describes the assimilation of scatterondeetiar as equivalent-neutral 10m vector wind into
the four-dimensional variational data assimilation (4BA\tomponent of the integrated forecasting system
(IFS) at the European Centre for Medium-Range Weather Bste(ECMWF). For given surface stress this
guantity (also simply denoted by neutral wind) provideswlied at 10m height for which stability effects

in the surface layer (SL) have been neglected. Sofar, at EEMAtterometer data has been assimilated as
10m (non-neutral) wind, i.e., the actual wind at 10m heigletiding stability effects. Since it is believed
that scatterometer data relates more closely to surfaegsdinan wind, the usage of an observation operator
that is sensitive to neutral rather than to non-neutral vgimould be more accurate.

Although it is straightforward to adapt the standard obatown operator for surface wind, it is realized that
the current assimilation system uses an estimation of exgheoefficients that is based on an old version
of the ECMWF SL parametrization. Such coefficients are negliio perform a proper vertical interpolation
from the lowest model-level wind.

The reason for this is that only a limited set of model infotiora is passed to the location where the
observation operator is evaluated. In this document it &cideed how neutral wind can be included into
this set, such that the correct information from the actdalkc&n be accessed. This also embraces the
incorporation of the influence of the 4D-Var control vectoitihe minimization on this diagnostic surface
field. Although not further explored here, this latter exdien could be applied to other diagnostic surface
fields as well.

Several assimilation experiments are performed at a résplof T511 in early-delivery mode for 109 cases
in the Autumn of 2009. From these it is verified that depaduretween scatterometer and model wind
speed are slightly reduced when an observation operatoefdral wind is used. Impact on forecast skill is
found to be relatively neutral, with some (not significarapjive impact over the Southern Hemisphere for
the atmosphere and ocean surface waves. Most favourablesrage obtained for an experiment in which
neutral wind is fetched from the actual ECMWF SL.

The usage of scatterometer data as neutral wind has becentefwlt configuration in IFS cycle 36r3,
which represents the starting point of a future cycle (364)he currently operational suite (36r2).

1 Introduction

Space-born scatterometer data provide accurate infaymati speed and direction of surface wind over the
global oceans. Since the launch of the ERS-1 satellite w1881, global coverage of scatterometer data has
been available without interruption. Applications vargrfr near-real time assimilation into numerical weather
prediction models (NWP), the forcing of ocean models, tmalie studies accessing the now 19-year data
record.

At the European Centre for Medium-Range Weather ForecB&MVF) scatterometer winds have been as-
similated in the operational integrated forecasting sys(d-S) from 30 January 1996 onwards. The four-
dimensional variational assimilation system at ECMWF (&} allows for a dynamically consistent use of
observations. In this way, information of scatterometafamie winds is propagated to the entire troposphere
(Isaksen and Janssen, 2004). Currently (May 2010) dataeis fuesm the AMI scatterometer on-board the
European Remote sensing Satellites ERS-2 (from June 1986rdg), from the ASCAT instrument on the
MetOp-A platform (from June 2007 onwards), and data from3kaWinds instrument on-board QuikSCAT
has been used from February 2002 until its failure in Nover2bé9.

A scatterometer is a microwave radar that emits pulses &tdeéhed frequency and polarization to the Earth
surface. A backscatter is recorded, from which over theajlobeans information on the local surface wind
conditions can be obtained. The main physical process &db@s Bragg scattering where backscatter is related
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to the intensity of surface water waves with wavelengths dina comparable to that of the emitted pulse. By
choice of the scatterometer wavelength in the centimetrgaahe strength of gravity-capillary surface waves is
sensed. These in turn, are determined by the local surfeessstor in effect, the local surface wind condition.
Since backscatter response also depends on the relatiles laatg/een the incident pulse and capillary wave
direction, information on wind direction can be extractedveell. In practise, an empirical relation (called
geophysical model function, GMF) is established betweahkdzatter and 10m vector windp.

The connection between stress and 10m wind depends amosgauiaintities on the stability of the surface
layer (SL). If one assumes a constant stress layer at thecguaihd a form of Monin-Obukhov stability theory
(Monin and Obukoy1954), this relation can be estimated as:

ute) =5 log (F120) - way (FE2) ()} v @

whereT = pau..U,, with p, air density,u, the friction velocity and, its magnitudez= 10m, andck = 0.4 is the
von Karman constant. This relation in principle depenalsariations in atmospheric stability (expressed by the
stability functionWy, and Obukhov length), air density, and ocean surface curregt Inthe ECMWF formu-
lation roughness length over the ocean depends for light wind on the kinematic visgas(1.5x10 °ms™1)
and on a Charnock relatio€barnock 1955 for stronger winds
2
Y u
= oM — + Qch—. 2

VA M 0 + Och g 2
Hereay = 0.11,g = 9.80665ms? is the gravitational acceleration, angh, depends on the (ocean-wave) sea
state Janssenl1991). This introduces a sea-state dependency on the relatisrebe stress and surface wind
as well.

At ECMWF scatterometer wind is assimilated as 10m wipgl Variations in stability, air density, ocean current
and sea state (which affect the relation with stress) aeeetbre, not accounted for. Although such fluctuations
may be small on average, locally it may have a non negligifitce For atmospheric stability, e.g., locally
seasonally dependent differences appear. An estimatisnabf effects within the ECMWF framework can be
found inHersbach20103.

To address the issue of stability, the concept of equivaientral wind is popular. It represents the relation
between stress and wind in case stability effects are regle€he neutral windi,(z) at heightzis given by:

Un(z) = ~*0g(1+2/2). 3)

Such winds (from now on simply denoted by neutral), thefaepresent the wind (usually at 10-metre height)
for given surface stress in case the marine boundary laysx meutrally stratified. On average, the marine
boundary layer is weakly unstable, and the global averageri€utral wind appears 0.2ms™* stronger than
the non-neutral wind (se2g.Brownet al. (2006). For QuikSCAT, the empirical relation between scatterom
eter backscatter and wind has been trained on neutral wiB€CMN-2, QSCAT-1 GMF, se®Ventz and Smith
(1999); Freilich and Dunba(1999; Ebuchiet al.(2002). For ERS-2 and ASCAT such relation has been based
on (non-neutral) wind (CMOD5 GMF, sétersbactet al. (2007). Recently an extension for neutral wind has
become available (CMOD5.N GMF, s®erhoefet al. (2008; Hersbach(20109).

In this manuscript it is described how scatterometer databeaassimilated as neutral wind in the ECMWF
assimilation system. This can be achieved by an appropeietnsion of the generic observation operator
for surface wind. In Sectio@ a brief overview of the ECMWF 4D-Var system is presented. aidebn the
extension of an observation operator for neutral wind avergin Section3. While doing so, a few issues
are addressed. Some technical complications are desdrib®ection4. All necessary modifications have
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been compiled in a model branch from IFS cycle 36rl_@#B6R1neutralfull_dependencies), which was
later merged into IFS cycle 36r3. Some new features are sieclin Sectio®, while a more extensive list is
provided in AppendixB. The results of a number of impact studies are describedatiddé, and the document
ends in Sectiof with a discussion.

A list of acronyms as used and IFS subroutines as mentiontisidlocument may be found in Appendix

2 Four-dimensional data assimilation (4D-Var)

ECMWEF uses the method of incremental four-dimensional dsgamilation (denoted by 4D-Vatourtieret al.
(19949). 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) =Jp+Jo = %5XTB*15X+ %(H ox—d)TR Y(Hox —d). (4)

The background is a short forecast from the previous argabygile. Thel, term expresses the confidence in
this field via the background error covariance maBixAt the end of the minimization, the final incremeyn®
is added to the background to provide the analysig?® = x? + dx2.

The comparison between model and data is obtained via anvalise 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 fiencof initial model stateH therefore includes

a model integration from initial time to observation timen (), H is a suitable linearization dfi around
the background. The covariance matrix of observation sfRoexpresses the accuracy of the observational
network. The innovation vectat, also called the first-guess departure, is given by:

d=y°—H(x"), (5)

where the set of observations within the assimilation wind® represented as a vectgt. The model inte-
gration started from the background over the entire asaiioil window, that is required to calculalte and
innovationd for each observation irbj, is called the trajectory run (or outer loop). It is perf@unat the same
resolution as the forecast model. Minimization 4, though, is performed at a reduced resolution (inner loop)
It requires tangent-linear (TL) and adjoint (AD) equatidosthe entire path from incremenix to observation
cost function (which embraces a model integration to apjeitgtime plus the translation from the resulting
model state to observation equivalent). The sequence ef and inner loop is iterated a few times, in which
the high resolution trajectory is readily updated (cudetitere are three inner loops). In a final trajectory run
analysis departures are evaluated:

d? =y° —H(x%). (6)

A more detailed description may be found in Part Il of tR€-documentatioii2009).

2.1 Some relevant technical details

The evaluation of the non-linear observation operétas handled by the routineop. Here, required model
information is fetched from a set of arrays in memory. The§#Mzarrays include values from model fields
at the appropriate time step which have been horizontatrfolated to observation location as well (in a
routineobshor ). Besides wind, temperature, humidity and a number of afnantities on model levels the
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hop
<—— Get model information

from GOM arrays

surbound | «<—— Pre-calculations
exchco <«—— Compute exchange

coefficients

ppuviOm | «<—— Vertical interpolation

(Geleyn)

Figure 1: Snippet of the flow chart for the observation operdtop

GOM arrays contain information on a number of model surfagledi During the integration of the non-linear
trajectory, the GOM arrays are filled step by step. This isagad by routinegsobs andcobsl ag, which
are part of a routinecan2m This latter routine also contains routigp_nodel that takes care of all model
computations in grid-point space. This includes the ECMW¥sics parametrizatiore€ _phys/ cal | par).
The actual computation dfi occurs at the end of the trajectory in one go for all obseowati i.e., after all
GOM arrays have been filled.

The evolution of TL and AD perturbations applied to lineatian H occurs in routinesiopt | andhopad.

For model guantities on model levels the influx of linear pdrations and the passing back of AD dependencies
are channelled by associated GOM arrays. For model surields Buch arrays are not used, which effectively
means that all perturbations and dependencies in thesditesare neglected. Since surface fields are not
part of the control vectox, this does make sense for 3D-Var (which was the operatiamatament when
GOM arrays were introduced). In 4D-Var, however, where msunyace fields are updated diagnosticly each
time step (incal | par), such fields are affected by changes in the control vectonitél time, and strictly
speaking, dependencies should be incorporated.

Surface fields reside in memory via a dedicated modsile { ace fi el ds_m x) where they are bundled
into specific groups. Routines are availableginsur f _f | ds) that greatly facilitate the inclusion of a new
field, its initialization, and its inclusion into the interfated trajectory that is used in the minimization. Other
operations, such as archiving at specified intervals, upglatec phys and communication with GOM arrays,
is more tedious.

3 Observation operator for equivalent neutral 10m wind

For surface data the non-linear observation operdtds handled in the routinegr ei nt s andppobsas,
which are both called ilmop (Cardinaliet al., 1994 Vasiljevicet al, 1992. A flow diagram is presented in
Fig. (1). Routinepr ei nt s is responsible for the pre-calculation of a number of quisti while the actual
evaluation oH takes place ippobsas. At the start ofpr ei nt s required model information is fetched from
the GOM arrays. From these horizontally interpolated gtiest exchange coefficients for momentum and
heat are determined, which are required in the verticarpolation from lowest-model level to observation
height. This latter step is performedppobsas.
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3.1 \Vertical interpolation

For operators that involve observations of wind or tempeeabelow the lowest model levie{currently around
10m) the interpolation method d@eleyn (1988 is used. It is based on Monin-Obukhov theory in which
simplified versions for stability functions are chosen. B interpolation of wind, this method requires the
relative windu; = u(z) — uc between the lowest model windz) at heightz and surface current., as well
as the knowledge of the exchange coefficidntandbp. These are defined as:

bv = log(1+2/2), ()
bo =« ([[ull/[u]), (8)

and are calculated at an earlier point of the code (see nbgestion). Hergy is the surface roughness length
for momentum and. the friction velocity. The interpolated model windz) at a heightzis estimated as:

u(z) —uc = tlJJ_||3 [Iog (1+(z/z|)(ebN —1)) —S} 9)
where (2/2) (b —bo) o
2/7)(by — stable case,
5= { —log (1N+ (z/Dzl)(e(bN*bD) —1)) unstable case. (10)

Although based on simplified stability functiopén ) = 1+ asn for stable andp(n) = (1—ayn )~ for unstable
stratification, whera is the ratio between height and Obukhov lengbeleyn(1988 shows that9) provides
a good estimate for the near-surface wind profile, and hasdoralues foz = z andz= 0.

The neutral wind speedl,(z) at heightzis connected with the logarithmic profil8)( Since in @), substitution
1/zy = exp(by — 1) /7 had been made, it directly follows that interpolati®) ¢an also be used for the exact
evaluation of neutral wind, where the Ihs is replacedipiz) andSby:

S= 0 for neutral wind. (1)

For stable cases neutral wind will be weaker &> 0), while for unstable cases it will be strong&<( 0) than
the relative real windi — uc. Only for neutral stratification both coincide. Over thelggboceans, the surface
layer is typically weakly unstable, and 10m neutral windespis on average.Pms ! stronger than real wind.

In IFS, the method of Geleyn is coded in the routpyguv 10mwhich is called byppobsas. The extension
(11 for neutral wind is simple, and was incorporated in cycle&239 he incorporation of surface current, which
was not part of the original method Gfeleyn(1988 was included here as well. A study on its potential effect
on the ECMWF forecast and assimilation system can be fouhitetbach and Bidla2009. Note that in the
operational configuration, and for all applications dis&gsin this document, surface current is set to zero.

3.2 Exchange coefficients as used in the operational obsetia operator

The method of Geleyn relies on the availability of the exg®aooefficientdy andbp. Evaluation ofoy (7) is
straightforward, since it is directly related to surfacagbness, which is in principle part of the GOM arrays.
Quantitybp depends in detail on stability, and requires knowledge of, €riction velocity, surface stress or
Obukhov length as it is calculated in the parametrizatioithfw cal | par ). Neither of such quantities are
available. As an alternativép is based on an estimate frdoouis et al. (1982, which was used in a previous
physics package for IFS. In this methibgl is estimated frontoy and a stability-dependent correction factgr
as:

bp = bn/+v/fw, (12)
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Surface roughness (m), 20090801,00UTC (fcO1) 6H Forecast surface roughness (m), 20090801,00UTC (fc01)
Globe 1.1055 Land 3.8344 Sea 0.001 Ice 0.001 MIN 0.001 MAX 99.999 Globe 0.1444 Land 0.5004 Sea 0.0002 Ice 0.0008 MIN O MAX 1.9848

120°W ° ° ° ° 120°W 60°W 0° 60°E 120°E

Figure 2: Global maps of surface roughness (SR, left) folO&TC 20090901 DA (fc01) analysis, and the +6H forecast
surface roughness (FSR, right panel).

where,

1-10R/(1—-75Rbny/1+2/25) unstable (R <0),
fm = (13)

(14+10R/v/1+5R) ! stable (R >0).

Over the ocean the Richardson numBers estimated from temperature, wind and humidity at lowestieh
level, and skin temperature, which are all available in ti@\Garrays. Other input quantities such as saturated
humidity and wetness (set to unity over the ocean) are afidgtestimated from wind, humidity and tempera-
tures as well. Irpr ei nt s this latter is handled by routineur bound, while R;, by, and fy, are evaluated in
routineexchco.

In the TL and AD calculations, perturbations in (diagngsskin temperature and surface roughness are ne-
glected.

3.3 Comparison with an offline calculation of the IFS surfaceayer physics

The estimation otouis et al. (1982 does not correspond to the latest version of the IFS suttge (SL)
parametrization that is used in the forecast model, wharateqs for the turbulent transfer of momentum, heat
and moisture are addressed simultaneously. This lattersedgthin the routinesdf mai n (vertical diffusion),
which is called undecal | par. A concise description may be found in Part V.3 of tR&-documentation
(2009. For the situation over water, a stand-alone version ofi#&SL physics is available, which can be
used to test the similarity between the two schemes. Althahig package, called OCFLX, addresses the same
set of equations, these are solved in an iterative way,adstéthe ‘more than implicit' time-stepping method
that is used in IFS. Input to OCFLX are the wind temperaturd;, humidity Q;, geopotential heigh®, and
pressurel at lowest model level, surface skin temperature and thenea@ae Charnock parameter. Output
are the surface fluxes for momentum (strégsheat and moisture, corresponding roughness lengthsaiand
densitypa.

Results from an offline extraction abuis et al. (1982 from pr ei nt s are compared to OCFLX on the basis
of archived fields for the +6H T799 forecast component from Eraily-Archive (DA) analysis for 0OUTC
20090801 of an analysis experiment with identifier fcO1. r@ssure, the exponent of the logarithmic surface
pressure (LNSP) is used, and the geopotential height isndieted from:

® = aRT(1+RyQ), where a=1— Iog(%)B(l— B), (14)
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with R = 287.0597..., Ry = 0.60777... and B = 0.997630119324. For a typical casg & 289K, Q, =
0.01kg/kg) this corresponds to a height nf= @, /g = 10.093m.

For OCFLX, exchange coefficienly; andbp are calculated from7( 8), where friction velocity is determined

as:
[UL[] = £/ 11T/ Pa- (15)

Forexchco, the value for saturated humidity as calculated by OCFLXsisd,) while wetness is set to unity
(asitis insur bound). An important point is that the GOM array for surface rougbsm does not contain the
actual forecast surface roughness (archived as FSR) agatelt in the SL, but is filled with an analysis surface
roughness field (SR), instead. This latter is based on dilogy. Over the ocean, it contains a value of 1mm,
which is typically an order of magnitude too high. A comparivetween SR and FSR is presented in R). (
which clearly demonstrates the difference between the ®ldsfi For this reasoiy (7) and fy (13) are based
onz = 1mm. Forz = 10m this givesoy = 9.2, while for the +6H forecast as indicated above, an average
value ofby = 11.3 is found from using FSR.

For both methods, the 10m neutral wind is calculated acogriti ©), with S= 0, andz= 10m. As mentioned
above, the lowest model levelis usually close to 10m, in which cas®) ¢educes to:

Un(z10) =~ (bn/bp)u;. (16)

For Louis et al. (1982 the ratioby /bp is equal to the square root of correction facfgr(13), and as a result,
the effect onby by using SR rather than FSR is divided out for stable cases.ufrstable cases there is a
residual dependency.

The resulting 10m neutral wind is compared to the 10m windrelsized in the Meteorological Archival and
Retrieval System (MARS). The difference is positive fortale and negative for stable cases. F3jypfovides
scatter plots for this stability correction for OCFLX (hoontal axis) versusxchco (vertical axis). The left
panel shows thagxchco as used in the operational modej & 1mm) under estimates unstable corrections,
and shows quite some scatter for stable conditions. On geestability corrections are@ms* lower, i.e.
0.14ms* versus ®ms* for OCFLX.

Surprisingly, the usage of FSR (middle panel) deteriordtescomparison with OCFLX. Reason for this may
be that it seems that theuis et al. (1982 scheme had been calibrated for a fractipfzy = 5500. At the time
that this formulation was used in the ECMWEF SL, the lowest eldel/el was located at abogt= 30m, which
translates t@ ~ 5.5mm. The right-hand panel of Fig3)(shows results forp = 5mm, from which it is seen
that the agreement is indeed improved for unstable casestdte cases, whelfgy (13) does not depend on
by, all three choices give equivalent results.

The framework ofLouis et al. (1982 may give reasonable results for 10m neutral wind becausepiation
(16) mainly depends on the ratioy /bp. For vertical interpolation to other heights, however, the high
value forzy will introduce biases. An example is buoy wind, which is tglly observed at a height of 4 to
5m. The situation for the vertical interpolation to 4m isgdés/ed in Fig. 4). Depending on 10m wind speed,
corrections vary from OnTs to —2.5ms ™, with an average of-0.6ms*. Interpolation based onouis et al.
(1982 with zy = 1mm overestimate the magnitude of the correction by on gec@d3ms! (left panel). For
moderate winds the mismatch is largest. For winds strorfgar 14ms? the sign changes (middle panel),
which corresponds to the regime where the actual FSR bedanges than 1mm. Itis clear that a correct value
for by is important for interpolation to heights other than 10m .thivi the framework oLouis et al. (1982
best results are expected to et 5mm in the correction factod @), but to usezy = FSR in the definition®)

for by. This is confirmed by the right-hand panel of Fid),(which shows a large reduction in the wind-speed
dependent interpolation error. This would require that FESpassed to the GOM arrays, rather than SR.
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Figure 3: Scatter plots for the deviation of 10m neutral fr@m non-neutral wind over sea (T799 6-hour forecast from
the 00 UTC 20090801 DA, fc01 analysis) between OCFLX (cuBé&rformulation) andexchco (Louiset al.(1983),
where the latter is based on a surface roughnesg ef tmm (left), 3 = FSR(middle), and g= 5mm (right panel).
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Figure 4: Scatter plots for the correction of 4m non-neutkéthd from 10m non-neutral wind over sea (T799 6-hour fore-
cast from the 00 UTC 20090801 DA, fc01 analysis) between XQEurrent SL formulation) andxchco (Louiset al,
1982, using the standard choice of SR for surface roughneds, {leé difference betwedmuiset al.(1982 and OCFLX
(middle), and a similar difference for a blend between SREBR as explained in the text (right panel).
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Figure 5: Scatter plots for the deviation of 10m neutral wirmm 10m non-neutral wind over sea (T799 6-hour forecast
from the 00 UTC 20090801 DA, fc01 analysis) for OCFLX witheitien (left) and without iteration (middle panel) versus
exchco_vdf, and the difference in the estimation of non-neutral 4m vgipeled (right panel).
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3.4 Extension of the non-linear observation operator

From the previous sub-section it emerges that it is degréblhave direct information on stability in the
observation operator as it is calculated inside the SL. Thisbe established by an appropriate extension of
the GOM arrays. One could pass b directly, or use friction velocity,, from whichbp can be calculated
from (8). Since the current goal is the construction of an obsemaiperator for 10m neutral wingh(z;0), it

is proposed to add neutral wind itself. From this, quariiycan be reconstructed as:

]
Tun(zo)]

By definition (of the constant stress layer) no wind turniegurs in the SL, and therefore, substitution bf)(
into vertical interpolationq) with S= 0, directly provides neutral wind again. In other words,

H (X) = un(z10). (18)

Extension 17) together with 7), is implemented in a new routine callesdchco_vdf .

bp =log(1+ z10/2) a7

Besides the inclusion of neutral wind in the GOM arrays, idésirable that for surface roughness SR is
replaced by FSR. It should be noted, however, that over tearo€ESR has a dynamic range of a few orders
of magnitude. For this reason, it can locally vary subs#dlgti which may lead to inaccurate results in the
horizontal interpolationdbshor ). Over water, there is an alternative to reconstagdtom (3, 2). For given
neutral wind and Charnock parametey, these equations can be solved fgiby iteration. In cycle 36r1, a
routine is availableZ0sea) that gives an accurate estimationzgfwithout the need of iterationHersbach
20109. The usage of this routine will result into more accuraténestes forzy over the ocean. Besides the
neutral wind, this requires the inclusion of the wave Cheknparameter into the GOM arrays as well.

The Charnock parameter can be directly fetched from therceeee model component of IFS, while the
neutral wind is to be fetched fromdf nai n. In the default version of cycle 36rl, neutral wind is not-cal
culated, though. A logical place to include its computatisrwhere the 10m (non-neutral) wind is deter-
mined Eppcf | ). Originally, sppcf | was only called in the forecast model at time steps that requpost-
processing for archiving. Nowadays, it is called every tstep inside the trajectory run as well, since the 10m
wind is required for the assimilation of all-sky microwawaiancesBaueret al., 2006. Routinesppcfl is
called undewvdf mai n after the computations in the SL have completed. It has adoethe same stability
functionsWy and Obukhov length. Over the ocean, the extensionsgpcf | calculates neutral wind from
lowest-model level windi(z) as:

log(1+ z10/20)
(log(1+2/20) —Pm((z+2)/L) +¥Pu(z /L))
Over land, the computation is somewhat more complicatedediere a 10m wind is returned that is represen-

tative for open terrain, rather than over the average lapswithin the model grid box. Details may be found
in Hersbach(20103.

Un(z10) = (u(@) — uc). (19)

Like for exchco results from the new routinexchco_vdf are compared to OCFLX offline, on the basis
of the same +6-hour forecast as used in Sec8id For that forecast, the neutral winti9) as calculated in
sppcfl has been archived on the basis of the in MARS existing paems1¢U10N,V10N). Together with
archived FSRby andbg are calculated iexchco vdf , and substituted in9j. For 10m neutral wind, the
result is, again, compared to the 10m (non-neutral) windhénleft panel of Fig. ), such obtained stability
corrections (y-axis) are plotted against results from OXBt-axis). From this it is seen that both the relative
bias and scatter is smaller than for exchco (left panel of(8jjy Especially for stable cases the comparison
betweerexchco_vdf and OCFLX is excellent. For unstable cases, however (whiehmore common over
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the ocean)exchco vdf somewhat under-estimates OCFLX. Over all cases, the awstability correction is
0.03ms* weaker, i.e., A7ms? versus ®Oms* for OCFLX. Most of the scatter is found to occur for light
winds (seeHersbach(20109). As mentioned above, there is a difference in which thbuient equations for
momentum, heat and moisture are addressed. For OCFLX theselaed in an iterative way, while a ‘more
than implicit* time-stepping is used mdf mai n. If instead of the default of three iterations, no iterati@re
performed in OCFLX, the comparison wigxchco _vdf appears to improve for unstable cases (middle panel
of Fig (3)). The fact that scatter is reduced considerably indicttasfor part, differences between OCFLX
andvdf mai n may indeed be connected to a difference in solution method.

Since routineexchco_vdf provides good estimates fby andbp, it can also be used for vertical interpolation
to other heights. The example foe= 4m is given in the right-hand panel of Fig)( From this it is seen that
the comparison with OCFLX is much better than what is foundefochco (see Fig. 4)).

For 10m neutral wind, Fig.6) provides global maps for all stability corrections as relgd in this Section.
From this it is seen, that the regional patterns for less tharage unstable (blue) and more then average
unstable (red) areas are very similar for most approachedy for the usage of FSR ihouiset al. (1982
(lower left), unstable patterns are largely missing. Thmilakity in patterns is not too surprising, since all
are driven by the difference between air temperature and teknperature. And this input is the same for
all approaches. For the scheme that is used in the operatibearvation operator, i.eLouis et al. (1982

with zo = Imm (top left), perturbations are clearly weaker than onkihsis of the offline package OCFLX
(middle right). Better amplitudes are obtained fpr= 5mm (left middle). The usage of neutral wind from
extension 19) in vdf mai n (top right) produces unstable corrections that are sljighidaker than OCFLX. It
does corresponds much closer to results for OCFLX witheuaiion in the solution method (bottom right).

3.5 Extension of the linearized observation operator

As mentioned above, perturbations in surface parametersarincorporated in associated GOM arrays. For
this reason any TL perturbation in, is cut to zero, while any AD dependency that is accumulatdtbjpad

is nullified later on. The combination 017) and Q) exactly deliverai,, as shown in18). This means that the
observation operator for neutral wind is independent oratians dx. Therefore its contribution to the cof

is a constant, and effectively, the associated obsenstion not assimilated.

One way to avoid this problem is the assumption that a varidti neutral wind, due to a variation in model
state is mainly driven by a change in the lowest model levebinand not so much by a change in stratification.
Since the effect of stability is largely contained in theiodip /by (as e.g. according to the approach by
Louiset al. (1982), it is reasonable to keep this ratio constant. This melaisforbp the TL of (17) can be
approximated by:

Sbp = <@> Sbn. (20)
b

For the usual case that the lowest model leya$ close to 10m, this leads to a perturbation in neutral wind
(16):

b
SH = dup ~ <—N> du(z). (21)
bp
For the AD, similar equations apply. Perturbationsi{z ) are well propagated in the associated GOM arrays,

so in effect approximation2Q) and its AD analogue allow for a proper assimilation of neluvind.

The more consistent way forward is to resolve the issue oafiseciated GOM arrays for diagnostic surface
fields. For the TL this means that the calculation of perttioba are to be added to the TL of routines that
calculate these parameters insiil | par , that these are horizontally interpolated to observatamation,
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and that they are stored into the responsible GOM arrayholpt | these perturbations are then read from
memory, which then provide non-zero contributions to péstions inH. For the AD, dependencies in surface
parameters as built up mopad are stored in the associated GOM array. These, in generateranvalues are
read in the AD of the corresponding routine<ial | par , and in this way contribute to the dependency of the
initial control vector on the cosk

For neutral wind, this extension appears to be possible. nEtessary extensions in the Téppcf | stl)
and AD sppcf | sad) routines tosppcf | s are made, which latter provides the simplified-physicsivers
of sppcfl . For standard cycle 36r1, the associated GOM arrays aredgirellocated. They are just not
used. Appropriate extensions in routinesbst | / ad provide the communication with the model physics,
while extensions in the routings ei nt st | / ad provide the connection with the observation operator. The
resulting proper flow of perturbations in neutral wind, nowallow for the exact TL and AD tol(7). These
are coded irexchco_vdf t | andexchco_vdf ad. These routines also contain an option for approximation
(20), and depending on a logical in the argument list, one of W rmethods is used. Fap dependencies
are effectively handled by the TlzQseat | ) and AD (zOseaad) of the estimation from neutral wind and
Charnock parameter inOsea. Variations in the Charnock parameter are neglected, shratewould require
the TL and AD of the ECMWF wave model (WAM).

4  Technical complications

4.1 Issues regarding the trajectory run

In Section3.4it was shown how information on stability could be fetchemhfirthe physics ical | par , by the
inclusion of neutral wind in the GOM arrays. In Fi@)&ome detail is provided on the flow in the trajectory run.
The high-level routinest epO takes care of all computations within one time step (NSTER7Q, NSTOP).
From this it is seen that the horizontal interpolation adagie of surface fields into GOM arrays occurs before
diagnostic surface fields are updated. For that reasoritiat time step (NSTEP=0) surface fields contain their
initialized values. These are based on the +3-hour forecaice fields from the previous DCDA analysis that
had been read in byu_sur f _f | ds. Those surface fields that are not supplied by this firstguel remain
un-initialized. This is, e.g., the case for FS&)(@and neutral windy,). As a result, the observation operator as
discussed in SectioB.4 will fail since it will find un-initialized values in the GOMraays for neutral wind.

Prior to the execution of 4D-Var, the set of required firseéggifields are retrieved from MARS, or if still on
disk from the ECMWF Field Data Base (FDB). At script levelyaaxtra fields can simply be added to a list of
requested parameters. For FSR, i.e., this would be stfaiglard. For 10m neutral wind, however, the situation
is more complex because it is not archived in the DCDA forecakis is only done for the operational DA
forecast. Here neutral wind does not, like other parametessilt from a calculation inside IFS, but is derived
from other fields from FDB, instead. In Secti@ it was shown how the computation of neutral wind can
be included insppcf | . This paves the way for archiving from inside IFS which regsithe extension of a
set of relevant routines that takes care of the post-prowe$sULLPOS). Details may be found idersbach
(20109). This then allows for the addition of neutral wind to th& Ibf to be retrieved first-guess fields, and for
the initialization of the relevant GOM arrays at the firsteistep.

Another consequence of the flow in the trajectory run is thatGOM arrays are filled with surface fields that
have been updated the previous time step. As, e.g., can hérsgeFig. (7), the GOM arrays at NSTEP=1rely
on the results in the parametrization from NSTEP=0. Thistswecessarily incorrect, since there are diagnostic
fields that are strictly speaking valid for the next time stepr neutral wind and 10m wind, however, this is not
the case, and for that reason, the values for neutral wirtteiGIOM arrays are out of sync with other variables
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suOyoma 1 su_surf_flds <«—— Read initiél GRIB
: (surface) fields

step0 NSTEP=0

| <—— Model fields
<—— Fill GOM arrays
<«—— Update diagnostic

surface fields

step0 NSTEP=1

| <«—— Model fields
<— Fill GOM arrays
<«—— Update diagnostic

surface fields

Figure 7: Snippet of the flow chart for the trajectory run

(such as fields at model levels). The update of neutral wirfthak time step NSTEP=NSTOP is not used in
the observation operator.

4.2 Issues regarding the minimization

For one specific iteration in the minimization, the TL is ruorf initial time to final time, which is followed by
a run of the AD code from final time back to initial time. Simiflow diagrams as shown in Figr)apply to
st epOt | andst epOad.

Since for the first time step neutral wind is taken from a fingéss field, its value will not be affected by any
perturbationdx in the control vector at the start of the assimilation wind@s a result, the cosl, will be a
constant for all observations for neutral wind that fallidiesthis first time slot. When the full dependencies of
neutral wind are correctly handled by the associated GOByathis will lead to a zero gradient with respect
to such data. Assumptio2@) assumes that perturbations in neutral wind are dominatgettiurbations in the
lowest model level wind. Since these are influenced by thé&alwvector, this approach will lead to a non-zero
dependency for the first time slot. Therefore, to take fullaadage of the incorporation of perturbations in
neutral wind, one should use the full TL and AD fexchco_vdf for all time steps, except for the first one,
where assumptior2() is to be used. The choice for which approach to take can beso@mntly provided by
the inclusion of a logical in the GOM arrays that indicatesetiier surface fields have been updated sofar.

When a quantity is calculated in a non-linear code, its atlj@lue is usually to be nullified in the corresponding
AD code. When this rule is not obeyed, there is a risk thatremas dependencies leak into upstream parts
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of the code when the same variable is reused. A typical exaisjthe calling of a certain routine for several
time steps. Although variables are reused, they physicaflyesent quantities at different time steps, and for
that reason the adjoint of updated global variables need ®ho at the start of the call to the AD code. When
the nullifying rule has been used consistently, such atli@riables will be zero automatically. As a safeguard
one could nullify all variables explicitly at the start ofettadjoint routine, which eliminates any leaking from
un-careful adjoint coding.

At the start ofec_physad such a reset is performed for all surface field perturbatidrt®e risk is that this
could overdo the job, since it also resets perturbationsoébles that have not been updated yet. An example
is the AD of the neutral wind that is read from the GOM arrayshie AD of cobsl ag andcobs. These
guantities, which describe the influence of the controlmeon the cost via the computation of neutral wind,
must not be nullified at the start o€ _physad. The remedy is not to reset surface field perturbations angmo

It was carefully checked that this did not have side effestich effectively means that for surface fields the
adjoint has been properly coded.

In the minimization the same variables are used for TL and Afuysbations. To avoid interference, one should
ensure that all perturbations other than those for the cbwéctor are zero at the start of a TL run (from O to
NSTOP), and similarly at the start of an AD run (from NSTOP jo This can be guaranteed by resetting
variables at the very start and at the very end of a run. Féaeaifields this is performed iec_physt | and
ec_physad. With the incorporation of surface perturbations inside ¢fbservation operator, this has to be
done at a higher level of the code. The proper locatiosician2nt | andscan2mad which encapsulate all
calculations for surface fields. For this reason the reggtif surface field perturbations is moved upwards to
these routines.

5 Implementation for cycle 36r3

All extensions as discussed in Secti®have been coded in a branch daY 36R1 neutralfull _dependencies,
which was later merged into cycle 36r3 (for details, see AppeB). Some had been prepared before and were
already present in cycle 36rl. These include the adaptafigpuv10m the inclusion ofzOsea, and their

TL and AD versions. The decision on the choice on the varigu®os is handled from the following logicals,
which can be set at script level via the nameaNsiVOBS:

e LSCATT NEUTRAL (existing): If .true., for scatterometer wind verticalenpolation 9, 11) is used.
Regarding the inversion from scatterometer observed battks to wind, ®ms™ is added to wind
speed for QuUikSCAT, while for ERS-2 and ASCAT geophysicadeidunction CMODS5.N Hersbach
2010h, rather than CMOD5.4Abdalla and Hersbagt2007) is used.

If .false., scatterometer wind is assimilated as 10m narirakwind (currently operational).

e LVDFTRAJ (new): If true, for scatterometer data exchange coeffisiant based on neutral wind from
the ECMWEF physicsé€xchco_vdf ) and surface roughness is basedob_6 ea) Hersbach20109. In
principle this new method could be used for other surfacalwinservations as well (such as buoys). It
was decided, though, to concentrate on scatterometer dsttaXlso, if .true., the Charnock parameter,
which is used to estimat® is placed in the full time-dependent trajectory (as retdrhg the coupled
wave model) rather than in the constant trajectory (usinglaevofac, = 0.018).

If .false., the method oBeleyn(1988) is used éxchco, currently operational).

e LVDFMIN (new): If .true., for scatterometer data the full depengenicperturbationsdx via neutral
wind is incorporated. If .false., the ratioyn /up) is kept constant in the minimization.
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e LZOFC (new): If .true., FSR is placed in the GOM arrays rather th&n(&uirrently operational). This
FSR is also used ibouis et al. (1982, which is not optimal, as discussed in Sect®® Therefore, this
switch should not be used at the moment.

At script level, the value of SCATT_NEUTRAL (set in prepifs) is used forLVDFTRAJ as well. For that
reason, the system remains bit-identical wheSCATT_NEUTRAL is .false. (which is the default in cycle
36rl). LVDFM Nis set to .true.LZOFC s set to .false., and a script change is required in casdsthist
intended. Inside IFS, some quality control is performdéf(r un). LVDFTRAJ is reset to .false. when
LECMAF (configuration for ECMWF) ot 3DFGAT (physics is run in trajectory) is .false..

5.1 Sanity checks

The AD and TL of the routineppuv10m z0sea, exchco_vdf andsppcf| s were thoroughly tested. It
was checked that the TL and AD code for individual routinesamaand it was verified that finite differences
convert to TL results in the limit towards zero perturbatgre. In a reduced resolution of T42, a similar test
on the match between the TL and AD was performed for the edbr&/ar minimization. This option, which

is provided in IFS by the setting of a varial\dESTVAR=3, was passed successfully for the configurations
as described below, giving similar results to that for anegixpent that was based on a clean 36R1 branch.
This gives confidence on the move of nullifying statementsstoface field perturbations at initial and final
time fromec _physt| andec_physad toscan2nt | andscan2nad, and the removal of such statements
in ec_physad at all other time steps.

It was ensured that array boundaries were not violated aatchtin-initialized variables were not used in the
rhs of any computation.

6 Impact studies

In order to test the various options as described in the pusvEection, for the period from 15 July 2009 to 31
October 2009 a number of experiments are conducted at TEHrlyrdelivery mode. Details on configurations
may be found in Tableg(1).

Except for a CONTROL run (experiment identifier f8tz), whigked a clean version of cycle 36r1, all experi-
ments are based on the branch.@d36R1neutralfull_dependencies . The assimilation of scatterometer wind
as neutral wind, using information from the ECMWEF physicstfbnon-linear and linear) is explored in an
experiment EXCHCOVDF. The usage of a neutral wind observation operator on déiseskof the estimation of

bp by Louis et al. (1982 and the usage of SR intw is investigated in an experiment EXCHCO.

The effect of the usage of FSR rather than SR in the standanfigocation of cycle 36rl, i.e., assimilating
scatterometer data as non-neutral wind, Wibhiis et al. (1982 is explored in an experiment FSR. Note that this
change has virtually no effect on the assimilation of 10mdadata, since for that case vertical interpolatiéh (

is basically the identity operator. It does have an effedherassimilation of wind at other observation heights,
such as for buoy data. Prior to this experiment, two otheegrpents had been run that had used FSR rather
than SR as well. These two experiments assimilated scatéten wind in the new fashion (LVDFTRAJ=.true.),
one, like EXCHCQVDF taking account of neutral wind perturbations (LVDFMINr=e.) and one neglecting
them (LVDFMIN=.false.). Both appeared to give rise to vamitar forecast skill, but, unfortunately performed
worse (at a 95% significance level) than the CONTROL. It wdg then realized that the usage of FSR rather
than SR is not optimal for theouis et al. (1982 scheme. By running experiment FSR, the effect of using
forecast surface roughness can be isolated.
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Name | Expid | Description

CONTROL 8tz based on dalCY36R1backstitch
LSCATT_NEUTRAL=.false.

EXCHCO.VDF | favr LSCATT.NEUTRAL=.true. LZOFC=.false.

LVDFTRAJ=.true. LVDFMIN=.true.
EXCHCO folk LSCATT_NEUTRAL=.true. LZOFC=.false.

LVDFTRAJ=.false. LVDFMIN=.false.
FSR faxa | LSCATT_NEUTRAL=.false. LZOFC=.true.

LVDFTRAJ=.false. LVDFMIN=.false.

Table 1: List of experiments as discussed in this documelhiardin a T511 early-delivery assimilation environment
and have been run from 15 July 2009 to 31 October 2009. Thendedhird and fourth experiment are based on
dal_CY36R1neutralfull_dependencies.

The default configuration for daCY36R 1neutralfull_dependencies (i.e,SCATT_NEUTRAL=.false.) should
give equal results to a clean cycle 36rl. This was confirmedrbgxperiment (favq), which was run for a
number of days. Indeed, bit-wise identical results weraiokd with respect to the CONTROL.

6.1 Condition numbers

For all experiments displayed in Tablé.{) very similar condition numbers were found in the minimiaat
This indicates that the fetching of AD and TL information Barface field perturbations is handled well, and
does not affect the performance of the minimization scheme.

6.2 Departure statistics

In Hersbach(20109 it was observed that for two one-month periods scatteremeind first-guess departures
(5) are slightly reduced when based on neutral rather thameatral wind. This is confirmed in the present
study. For both the EXCHCQ'DF and EXCHCO experiment, first-guess (and analysis depes} are some-
what reduced for ERS-2, ASCAT and QuikSCAT. For ASCAT, ressake presented in Fig8), from which

it emerges that the largest reduction is found in the Nontthégmisphere. Statistics are very similar for both
experiments.

For ASCAT and QuikSCAT, maps of average first-guess depgtare displayed in Fi@) for the CONTROL
(left) and EXCHCQVDF experiment (right panels), respectively. For EXCHCOpsiare similar to EX-
CHCO.VDF (not shown). The blue patterns around Newfoundland hadHudson bay indicate areas of stable
conditions, which are typical for late Summer. They are ceduin the EXCHCOVDF, and this is probably
the reason why for this season the reduction in departutistgta is largest in the Northern Hemisphere.

Analysis departuress] are in general much lower than first-guess departgsince this expresses that the
data is assimilated. A similar improvement is observed fathlexperiments as shown Fig)(as well. It
emerges that this occurs for all time slots. Also for the firge slot (not shown), where the model neutral wind
results from a first-guess field, and, therefore, is not imiteel by the control vector, this appears the case. For
the EXCHCQVDF experiment this means that linearizati@0), which is only used for the first time step, is
working well. When, in contrast, for this step the full degencies in neutral wind are retained it appears that
the analysis departure is only marginally smaller than tts¢-fjuess departure. This, which was checked by an
experiment that was run for a few days, indeed reflects thaiéh case scatterometer winds that fall in the first

16 Technical Memorandum No. 629



629 "ON WNPUBIOWSA [edIuyda]

LT

"eyep 8y} 0} 1} Jenaq

B a]edlipul suoneinsp piepuels Jgjrews ‘(sjpued JsarepdsiwaH uiayinos pue (aippiw) saidol) (doy) assydsiwaH
uJayLIoN 01 Buipiodoe palneils ale sonsnels “(sesayrsul) JOY1INOD ayi Joj esnau-uou pue ‘(sjpued 1ybu) ODHD

-X3 pue (43]) 4A/ODHIXT 10} [eANSU "'l B4pdn UONBAISSJO B} Ul Pasn Se puim WQT LVYOSY 10} ‘TE0T6002

01 GT/0600Z Wol} parginwnade sainuedsp (sjpued-gndmy sisAfeue pue (Ua|) ssanb-1siiy Jo sonsnels :g ainbH

FULLDEP v CONTROL 2009071500-2009103112(12)
ALL ASCAT-U10m/V10mspeed N.Hemis
used wind data

EXCHCO v CONTROL 2009071500-2009103112(12)
ALL ASCAT-U10m/V10mspeed N.Hemis
used wind data

background departure o-b

analysis departure o-a

background departure o-b

analysis departure o-a

nb= 1084117 (ref= 1077622) rms= 1.13 ( 1.19 ) nb= 1084117 (ref= 1077622) rms= 0.871 ( 0.894 ) nb= 1084121 (ref= 1077622) rms= 1.13 ( 1.19 ) nb= 1084121 (ref= 1077622) rms= 0.869 ( 0.894 )
mean= -0.317E-02( -0.729E-01) std= 1.13 ( 1.19 ) mean= 0.721E-01( 0.107E-01) std= 0.868 ( 0.894 ) mean= 0.685E-02( -0.729E-01) std= 1.13 ( 119 ) mean= 0.638E-01( 0.107E-01) std= 0.867 ( 0.894 )
min= -10.6 ( -10.6 ) max= 163 ( 138 ) min= -583 ( -595 ) max= 6.26 ( 6.35 ) min= -10.8 ( -10.6 ) max= 16.7 ( 13.8 ) min= -597 ( -595 ) max= 6.35 ( 6.35 )
300000, 300000 300000, 300000
P - T— [ = S—
270000 : 270000 270000 i 270000
240000 H 240000 240000 H 240000
210000 210000 210000 210000
180000 180000 180000 180000
150000 150000 150000 150000
120000 120000 120000 120000
90000 90000 90000 90000
60000 60000 60000 60000
30000 30000 30000 30000
0 T T t i T T 0 0 T T t f T T T 0
75 5 25 0 25 75 75 5 25 0 25 5 15 75 5 25 0 25 5 75 75 5 25 0 25 5 75

FULLDEP v CONTROL 2009071500-2009103112(12)
ALL ASCAT-U10m/V10mspeed Tropics
used wind data

EXCHCO v CONTROL 2009071500-2009103112(12)
ALL ASCAT-U10m/V10mspeed Tropics
used wind data

background departure o-b

nb= 1221196 (ref= 1215788) rms=

mean= -0.937E-01( -0.732E-01) std= 1.25

125 ( 127 )

(127 )

nb= 1221196 (ref= 1215788) rms= 0.839 ( 0.845 )
mean= 0.711E-01( 0.651E-01) std= 0.836

analysis departure o-a

(0842 )

background departure o-b

nb= 1221233 (ref= 1215788) rms=
mean= -0.553E-01( -0.732E-01) std=

126 ( 127

126 ( 127 )

nb= 1221233 (ref= 1215788) rms= 0.844 ( 0.845 )
) mean= 0.788E-01( 0.651E-01) std= 0.840

analysis departure o-a

( 0842

)

min= -9.91 ( -10.1 ) max= 128 ( 125 ) min= -579 ( -599 ) max= 629 ( 6.47 ) min= -109 ( -10.1 ) max= 123 ( 125 ) min= -596 ( -599 ) max= 6.09 ( 6.47 )
400000, 400000 400000, 400000
360000 360000 360000 360000
320000 320000 320000 320000
280000 280000 280000 280000
240000 240000 240000 240000
200000 200000 200000 200000
160000 160000 160000 160000
120000 120000 120000 120000
80000 80000 80000 80000
40000 40000 40000 40000
o T T f T T T 0 o T T f T T T o
7.5 -5 2.5 0 25 5 75 7.5 5 2.5 0 25 5 75 <75 -5 -2.5 25 5 75 <75 5 2.5 25 5 75
FULLDEP v CONTROL 2009071500-2009103112(12) EXCHCO v CONTROL 2009071500-2009103112(12)
ALL ASCAT-U10m/V10mspeed S.Hemis ALL ASCAT-U10m/V10mspeed S.Hemis
used wind data used wind data
background departure o-b analysis departure o-a background departure o-b analysis departure o-a
nb= 1464632 (ref= 1462255) rms= 1.16 ( 1.20 ) nb= 1464632 (ref= 1462255) rms= 0.882 ( 0.898 ) nb= 1464690 (ref= 1462255) rms= 1.17 ( 1.20 ) nb= 1464690 (ref= 1462255) rms= 0.881 ( 0.898 )
mean= 0177 ( 0120 ) std= 115 ( 1.19 ) mean= 0.105 ( 0.577E-01) std= 0.876 ( 0.896 mean= 0.189 ( 0120 ) std= 115 ( 1.19 ) mean= 0.960E-01( 0.577E-01) std= 0.876 ( 0.896 )
min= -12.5 ( -10.8 ) max= 195 16.0 ) min= -594 ( -5.92 ) max= 6.26 ( 6.11 ) min= -13.1 ( -10.8 ) max= 16.6 ( 16.0 ) min= -594 ( -5.92 ) max= 6.06 ( 6.11 )
500000 500000 E 500000 500000 @
450000— i 450000 H 450000 i 450000 H
400000 : 400000 H 400000 : 400000 H
350000 350000 350000 350000
300000 300000 300000~ 300000
250000 250000 250000 250000
200000 200000 200000 200000
150000 150000 150000 150000
100000 100000 100000 100000
50000 50000 50000 50000
[ 0 0
7.5 5 2.5 0 25 75 '7‘.5 ‘5 2‘5 (‘J 2‘5 g 7.‘5 7.5 5 2.5 0 25 5 75 7‘5 ‘5 2‘5 f‘) 2‘5 ‘5 7‘5

PRIMaU-1US[eAINba Sk elep 13)3W04811eds JO UoNe|IWISSY

AMIWDITS




SECMWF Assimilation of scatterometer data as equivalent-neuiirad

Wind speed bias (m/s) of cmasca vs ECMWF FGAT Wind speed bias (m/s) of cmasca vs ECMWF FGAT
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Figure 9: Geographically time-averaged first-guess depias over the indicated period for ASCAT (top) and QuikSCAT
(lower panels) 10m wind speed for the CONTROL (non-neuél), and the EXCHCOV/DF (neutral, right panels)
experiment.

time slot are effectively not assimilated.

6.3 Forecast skill

The impact on average global forecast skill on geopoteati&D0 hPa (Z500) in the atmosphere, and on signif-
icant wave height (SWH) at the ocean surface is presentei)iff{l®). For the EXCHCQVDF and EXCHCO
experiment, plots that indicate the statistical signifeeafor Z1000 and Z500 are presented in Fid4, (2).

In general the EXCHCQVDF exhibits the slightly better performance. Regarding Morthern Hemisphere,
all experiments under-perform the control around day 8 &wpptential, although EXCHC®DF is more
comparable with the CONTROL. For EXCHCO and FSR, a negatiygact which is significant on the 95%
level is found for 21000, while for EXCHCQYDF this is on the brink of significance. For ocean waves, iohpa
is more neutral, with EXCHCQ/DF giving a tiny (non-significant) improvement over the COROL. Over
Europe (see FiglQ), similar results are found.

Over the Southern Hemisphere, a modest positive impactuisdfdor EXCHCQVDF and EXCHCO (not
significantly, though) on geopotential. For ocean wavesCHKO.VDF clearly provides the best skill.

In general, the FSR experiment performs worst.

A more detailed view of the effect on forecast skill is preserin Fig (L4), which shows the normalized average
difference in day 3 forecast skill with respect to the CONTRGr Z21000. From this it emerges that no clear
areas can be identified where forecast skill generally imgs@r deteriorates. The patchy patterns east of
Japan are possibly the result of small scale and temporalifitions in atmospheric stability over the Kuroshio
extension. At other levels, similar results are observed.
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Figure 10: Anomaly correlation coefficient averaged ove® tases over the Northern Hemisphere (left) and Southern
Hemisphere (right panels) of the 500 hPa geopotential (o) significant wave height (lower panels) for the CONTROL
(red), EXCHCQVDF (blue), EXCHCO (green) and FSR (brown) experiment. Higlalues indicate a higher forecast

skill.
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EXCHCO.VDF versus CONTROL, Z1000, Northern Hemisphere EXCHCO versus CONTROL, 21000, Northern Hemisphere

0. 0.
0.2+ 0.2+
015 015
0.1 0.1
0.05 0.05
0- 0-
-0.05-] -0.05-
0.1+ 0.1+
-0.15— -0.15—
0.2+ 0.2+

0. 0.
L 11 L 11
Forecast Day Forecast Day

EXCHCCOQ.VDF minus CONTROL, 2500, Northern Hemisphere EXCHCCO minus CONTROL, Z500, Northern Hemisphere

0. 0.
0.2+ 0.2+
0.15+4 0.15+
0.1+ 0.1+
0.05— 0.05—
0- 0-
-0.1+ -0.1+
-0.15+ -0.15+
0.2 0.2

0. 0.

1 1 L 11
Forecast Day Forecast Day

Figure 11: Normalized difference in anomaly correlatiorefficient averaged over 109 cases over the Northern Hemi-
sphere of the 1000 hPa (top) and 500 hPa (lower panels) geopiat for the EXCHCOVDF (left) and EXCHCO (right
panels) experiment. Positive values indicate an improvemeéhile the bars express the 95% confidence level.

EXCHCOQO.VDF versus CONTROL, 21000, Southern HemisphereEXCHCO versus CONTROL, 21000, Southern Hemisphere

0. 0.
0.2 ‘ 0.2
0.15+ ‘ 0.15+
0.1 0.1
0.05+ 0.05+

0- 0- ==

-0.05- -0.05
0.1 0.1
-0.15 ‘ -0.15
0.2+ ‘ 0.2

0. 1 0.

10 11 10 11
Forecast Day Forecast Day

EXCHCCQ.VDF minus CONTROL, Z500, Southern Hemisphere EXCHCCO minus CONTROL, Z500, Southern Hemisphere

o. 0.
0.2+ 0.2
0.15- 0.15+
0.1+ 0.1
0.05 0.05+
o- 0-
-0.05- -0.05
0.1+ 0.1
-0.15 -0.15+
0.2 0.2

0. 0.
10 11 10 11
Forecast Day Forecast Day

Figure 12: Normalized difference in anomaly correlatiorefficient averaged over 109 cases over the Southern Hemi-
sphere of the 1000 hPa (top) and 500 hPa (lower panels) geopiat for the EXCHCOVDF (left) and EXCHCO (right
panels) experiment. Positive values indicate an improvemeéhile the bars express the 95% confidence level.
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EXCHCO.VDF versus CONTROL, 21000, Europe EXCHCO versus CONTROL, Z1000, Europe
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Figure 13: Normalized difference in anomaly correlatiorefficient averaged over 109 cases over Europe of the 1000
hPa (top) and 500 hPa (lower panels) geopotential for the BRO_VDF (left) and EXCHCO (right panels) experiment.
Positive values indicate an improvement, while the barsesgthe 95% confidence level.
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Figure 14: Normalized 3-day forecast error differences tfoe geopotential height at 1000 hPa compared to the CON-

TROL for EXCHCQVDF (left) and EXCHCO (right), averaged over the 109-dayige20090715-20091031. Negative
values indicate an improvement.
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6.4 Analysis differences

The effect on the average level of analysis fields was fourtaetaery small (not shown). For surface wind,
surface pressure, and significant wave height rather soalé fluctuations appear over the Tropics. In general,
no real coherent differences are found.

7 Discussion

In this document the assimilation of scatterometer dategas&vaent-neutral 10m wind has been assessed in
the ECMWEF assimilation system. Rationale for the adaptatiche scatterometer observation operator is that
scatterometer data is sensitive to surface stress, whatbser related to neutral than to non-neutral 120m wind.
Indeed, it is found that the usage of an observation opefatareutral wind has a positive effect on departure
statistics. Based on experiments performed at T511 in-ggliyery mode for 109 cases in Autumn 2009, the
impact on forecast skill appears rather neutral, althougthe Southern Hemisphere some positive impact is
found. The usage of scatterometer wind as neutral wind hesnie the default in cycle 36r3, and it is the
objective to introduce this method in the operational siatecycle 36r4.

The adaptation of the observation operator for surface-(rartral) wind to neutral wind is in principle straight-
forward. One complication is that the method that extrajesldhe available lowest-level model wind to ob-
servation heighGeleyn (1988 relies on the knowledge of neutral and non-neutral excharggfficientshy
andbp, respectively. These quantities are not directly avadlattlthe relevant part of the code, and have to be
reconstructed. Currently (cycle 36rl), they are recongpatethe basis dfouis et al. (1982, which represents
an old version of the ECMWF surface layer (SL) package. Foh Ipeutral 10m wind and non-neutral 4m
wind (buoy data) differences are found with respect to autalion based on the actual model SL. Although
these differences are not large, they are not negligible meispect to the magnitude of the adaptations that are
to be made to the observation operator for neutral wind. Eugral exchange coefficient is directly related to
surface roughness. Rather than using of the actual modaksuroughness (FSR) a climatological field (SR)
is used, which is typically one order of magnitude too higlerowater. It appears, though that this constant
climatological value (of 1mm) gives better results fayuis et al. (1982 than FSR does, probably because
this SL scheme was developed for a fixed ratio between lomeskel level and roughness length, and FSR
sensitively depends on surface wind speed.

To improve on this situation, a method was described thawalifor a recalculation of exchange coefficients
from the current physics parametrization. It was shown thigt can be achieved by the inclusion of 10m
neutral wind in the GOM arrays, which provide the commurnaabetween the model and the observation
operator. Besides for the obvious case of an operator for d@mral wind, this quantity also provides the
correct determination of (non-neutral) wind at other hesgh

The fetching of neutral wind from the model physics assitigla system, requires that account is taken of
tangent-linear (TL) and adjoint (AD) perturbations. If pstich observation operator would not depend on the
control vector in 4D-Var, and as a result associated obSengare not assimilated.

Sofar, perturbations in surface fields have been negleatedei ECMWF assimilation system. This is the
correct approach in the frame work of 3D-Var, where no modlelgration is performed and unless the control
vector contains surface fields itself, this will not influenaformation at the surface. For 4D-Var, though, the
situation is different. Many surface quantities are updategnostically every time step, and in this way the
control vector does affect those fields. Neutral wind is adgexample.

It appears possible to extend IFS in such a way that full aticisugiven for perturbations in diagnostic surface
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fields. For the case of neutral wind it is found that the adaiion system performs very similarly to the case
where 10m wind is estimated from lowest model wind. Also, wiperturbations in 10m neutral wind are
neglected, departures for scatterometer data appeaveblainchanged, i.e., the data is not assimilated. As
an alternative a simpler option is provided as well. It isusdj that perturbations in neutral wind could be
estimated from lowest (non-neutral) wind under the assiomphat stability does not significantly change in
the minimization. It was found that both methods led to samiksults in the minimization.

One complication is that the storage of model quantities @®M arrays occurs before the call to the physics
package which updates such quantities. For the first timg $terefore, values have to be fetched from
first-guess fields. For neutral wind this requires the piowi®f a (archived) model field, which required an
appropriate extension in the FULLPOS part of the IFS codeceSsuch initial surface fields are not influenced
by the control vector, for this first time step perturbatitrase to be fetched from lowest model level wind to
guarantee the assimilation of associated observatiorescdimplication at the first time step could be remedied
by storing model-field information into GOM arrays after @l to the model physics. Such a change would
make the system more transparent, and it is suggested ithaotiid be taken into consideration for the follow-
up of IFS.

Rather than the inclusion of neutral wind in the GOM arrayse could also consider the fetching of the
exchange coefficients themselves. Although surface ragghis a fast changing quantity over the ocean, the
neutral coefficienby, which is directly related to this behaves much more mildiis facilitates horizontal
interpolation. The omission of TL and AD perturbationshi and bp effectively result in the neglect of
changes in stability during the minimization such as exg@dsn @1). In other words, an observation operator
for neutral wind will in this case still be able to incorpaassential information from the control vector. Such
a replacement of neutral wind implies that the exchangefic@gits are to be added in the list of surface fields.
In addition, in the current order in which the model physgsalled, initial first-guess fields are to be provided,
i.e., archiving into MARS.

The incorporation of perturbations in neutral wind in thenimization as discussed in this document could be
applied to other diagnostic surface fields as well. One datéicould be the skin temperatu@ardinaliet al.
(1994 found that it was difficult to assimilate 2m temperaturerdaed, because a change in this quantity was
not accompanied by a dynamically consistent change insitimperature. This could lead to unphysical
changes in the lapse rate. It would be worthwhile to inveséigvhether the account of perturbations in the
diagnostic skin temperature could improve on this situnatio
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A Acronyms and abbreviations

A.1 General acronyms

4D-Var Four-dimensional variational data assimilation
AD Adjoint
AMI Active Microwave Instrument
ASCAT Advanced SCATterometer
CMOD C-band Geophysical MODel function
DA Daily Archive
DCDA Delayed-cutoff Daily Archive
ECMWF European Centre for Medium-range Weather Forecasts
ERS European Remote sensing Satellite
ESA European Space Agency
ESRIN European Space Research INstitute
FDB Fields Data Base
FSR Forecast surface roughness
FULLPOS Part of IFS that handles the post-processing faidiel
GMF Scatterometer Geophysical Model Function, relatingdio backscatter
GOM Set of arrays that provide horizontally interpolateddeldnformation to the
observation operator
IFS ECMWEF Integrated Forecasting System
L3DFGAT IFS logical that indicates that the ECMWF model is run in thiaimization
LECMAF IFS logical that indicates the configuration for ECMWF
lhs left-hand side
LSCATT_NEUTRAL IFS logical that controls whether scatterometer data isrélsged as neutral wind
LVDFM N New IFS logical that controls whether perturbations in redwind are to be included
LVDFTRAJ New IFS logical that controls whether neutral wind is to belied from the IFS SL
LZOFC New IFS logical that stores FSR rather than SR in the GOM array
MARS Meteorological Archival and Retrieval System
NAMOBS IFS namelist relating to observation operators
NSCAT-2 GMF for the NSCAT scatterometer
NSTEP Time step in IFS, ranging from 0 (initial) to NSTOP (fitimne step)
NSTOP Final time step
OCFLX Offline version of the IFS SL physics over water
QSCAT-1 GMF for the QuikSCAT scatterometer
rhs right-hand side
SL Surface Layer
SR Analysis surface roughness, which is based on climatolog
T511 A triangular spectral grid with 511 waves along the égua
TL Tangent linear
uTC Coordinated Universal Time
U10N u-component for 10m neutral wind as archived in MARS
V10N v-component for 10m neutral wind as archived in MARS
WAM third-generation ocean-WAve Model
Z1000 Geopotential height at 1000 hPa
Z500 Geopotential height at 500 hPa
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A.2 Relevant IFS subroutines

cal | par Handles the ECMWF parametrization

cobs Prepares model fields for storage into GOM arrays

cobsl ag Fills GOM arrays

defrun Defines and checks control parameters

ec_phys Handles the ECMWF physics

exchco Routine undehop that estimates exchange coefficients basetauris (1979
exchco_vdf New routine undehop that estimates exchange coefficients frodf mai n
gp_nodel Handles model calculations in grid point space

hop Evaluates the observation operator

obshor Provides the horizontal interpolation from model fields bs@rvation location
pppobsas Routine undehop that calculates the observation operator for surface vasens
ppuv1iOm Routine undehop that handles the vertical interpolation of wind

preints Routine undehop that estimates exchange coefficients for surface obsengti
scan2m High-level routine that encapsulates all computationsrid-goint space
sppcf | Routine under df mai n that computes 2m temperature and 10m wind
sppcfls Simplified-physics version afppcf |

st ep0 High-level routine that handles all operations for one tastep

sur bound Routine undehop that pre-calculates quantities that are requirecefachco
surfacefiel ds_m x Module that defines groups of surface fields

susurf flds Handles the initialization and setup for surface field

vdf mai n Routine in the ECMWF physics that includes the calculatibthe SL

z0sea Estimates surface roughness from neutral wind and Chanpacmeter

Any associated tangent-linear and adjoint routines hawautinex | andad, respectively.

B Overview of code changes

The changes that were made in.@Y 36R 1 neutralfull_dependencies , and which have been merged into cycle
36r3 are:

e The introduction of the diagnostic surface fields (group XB), and their archiving into MARS of:

— Neutral wind at 10 m x-component, y-component (131.228,222)
— Friction velocity (003.228)

e The calculation of 10-m neutral wind components and frictielocity in VDIAG (sppcf | _nod), For
neutral wind, adaptations in simplified physics and its edlfangent-linear code have been made as well
(sppcfl s.nmod, sppcflsadnod, sppcflstl _nod).

e Usage of first-guess fields of 10-m neutral wind componewt®chst surface roughness, and forecast
surface roughness for heat as input to the analysis.

e The introduction of 10-m neutral wind components in the GOMys. A logical LUPD informs whether
surface fields have been updated.

e The introduction of the logicals LVDFTRAJ, LVDFMIN and LZ@-in YOMOBS.
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e Communication of perturbations in 10m-neutral wind congus to corresponding GOM arrays
(cobsad/ t ). It would be straightforward to extend this new structurether surface fields.

e Regarding the horizontal interpolation from model fieldebservation locationclobs), the bookkeep-
ing on which fields behave like scalars of vectors, is madeertransparent.

e The resetting of surface perturbations at start and fingksite the adjoint and tangent-linear code has
been moved to a higher level froet _physad/ t | toscan2ndad/ t| . In addition, only perturbations
are reset, rather than the complete (un-necessary) reassatiated non-linear surface fields.

e Information on the magnitude of the neutral-wind GOM arreygrinted for scatterometer data
(gat hergom prtgom.

e Similarly to the requirement of the assimilation of all-skycrowave radiances (LEMWAVBaueret al.
(2000), it is ensured that the post-processing of surface winteing called under ephys when
LSCATTNEUTRAL=.true. guphl i ).

e When LSCATTNEUTRAL=.true., Charnock is saved in the high-res trajggtavhich is then inter-
polated to the resolution of the minimization (KTRAJ=1dn_sur f f| ds). Otherwise, a constant
Charnock (value 0.018) is used in the minimization (KTRAJ=2
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