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Recent Improvements in the ECMWF Model Climate SECMWF

Abstract

The progress achieved since 2005 in simulating today’satémvith the European Centre for Medium-
Range Weather Forecasts (ECMWF) model through improvedipalyparametrizations is described. Re-
sults are based on climate integrations at an intermedgatedntal resolution (T159) using major model
versions employed operationally at ECMWF since June 20@seRt improvements to the physical para-
metrization package are shown to substantially reduce-$baugding systematic model deficiencies in the
tropical precipitation, convectively coupled tropicalwea, and circulation features in the Northern Hemi-
sphere extratropics including synoptic-scale variap#ind Euro-Atlantic blocking. The climate integra-
tions are augmented by a set of monthly forecast experim@ysconsidering the atmospheric response
in a seamless sense, that is, from time-scales of hours tg manths, an attempt is made to understand
the impact of changes to the convection and radiation sche@eerall, the largest and mostly beneficial
impact results from the introduction of a major revisionhe tonvection scheme made in November 2007.
This is true for systematic errors in the tropics and extyztrs over a wide range of timescales as well as
for the short-range and medium-range deterministic farteskill over the Northern Hemisphere.

1 Introduction

A frequently asked question is how well state-of-the-ami@pheric models simulate today’s climate and how
systematic errors have changed in time though improveniemdel formulation (e.g., Jung 2005, Reichler

and Kim 2008). An assessment of three generations of coumptetls by Reichler and Kim (2008) shows that

atmospheric components of state-of-the-art models ataialrnot perfect but better than their predecessors.
The authors explain this in terms of improvements in phygiesametrizations and increased horizontal and
vertical resolution.

A comprehensive study of systematic errors in the ECMWF rhale their evolution from the 1980s has been
presented by Jung and Tompkins (2003) and Jung (2005). Ehedies reveal substantial systematic error
reduction in the medium-range (about 3—10 days), partiguthuring the 1980s and 1990s. However, even the
model versions used in the early 2000s produced still sntiatasystematic errors beyond the medium-range
such as an underestimation of synoptic activity in higitddes, underestimation of the frequency of occurrence
of Euro-Atlantic blocking, a strong anti-cyclonic circtitan bias in the North Pacific and short-comings in the
tropical hydrological cycle.

In the meantime considerable effort at ECMWF has been dévotienprove the physical parametrization pack-
age in order to reduce the above-mentioned model problehesaif of this study is to give an overview of the
physical parametrization updates introduced since Ju@ib 2Ad to describe, and where possible understand,
their impact on the climate of the ECMWF model. As it turns,aeicent improvements have been mostly
beneficial in terms of alleviating some of the long-standingblems found in the ECMWF model (and more
generally in other models).

The paper is structured as follows: The experimental sehgpaadescription of the parametrization changes
considered in this study will be given in section 2. This ibdiwed by the results section which starts with a
discussion of systematic errors and their changes forgitaton, convectively-coupled equatorial waves and
the extratropical circulation including extratopical tymes and blocking. In this first part the focus will be on
long seasonal integrations. In the second part of the sesedition, an attempt will be made to better understand
the changes due to major modifications to the convection ad@tion scheme. To this end the transient
response will be studied over a wide range of time scalesn(fiours to months.) Finally, the discussion is
contained in section 4.
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Table 1: Main characteristics of the ECMWF model versionsdlis this study.

Version Introduced Modifications

29R2 2005/06/28 Modification to convection scheme

30R1 2006/02/01 Increased vertical resolution (L60 to L91)

31R1 2006/09/12 Revised cloud scheme (ice supersaturatmmerics);

implicit computation of convective transports;
introduction of turbulent orographic form drag (TOFD) satee
revised parameterization of sub-grid scale orographig dra
32R1 not operational New short-wave radiation scheme;
introduction of McICA cloud radiation interaction
MODIS land surface albedo;
retuned ice particle size;
retuning of GWD (increase by a factor of two)
32R2 2007/06/05 Minor changes to the forecast model
32R3 2007/11/06 New formulation of convective entrainmamd relaxation time scale;
reduced vertical diffusion in the free atmosphere;
modification to GWD scheme at the top of the model,
new soil hydrology scheme
33R1 2008/06/03 Slightly increased vertical diffusion;
increased orographic form drag;
retuned entrainment in the convection scheme
bugfix scaling of freezing term in convection scheme
changes to surface model

2 Methods

2.1 Experimental design
2.1.1 Seasonal forecasts

The realism of the ECMWF model climate is assessed using I8hmong integrations with model versions
employed operationally at ECMWF since June 2005. The moedions along with their key-changes are
summarized in Tabl&; a more detailed description of the changes will be giveméfollowing section.

All integrations were carried out using observed daily sefase temperature (SST) and sea ice fields as lower
boundary conditions. Simulations were started on 1 Noverabeach of the years 1962-2005. Results for
the standard meteorological seasons (DJF, MAM, JJA and @B analyzed. In this study, however, the
focus will be on boreal winter. As shown in Jung (2005), 30dafyintegration (i.e. the spin-up in November)
during boreal winter is enough for systematic atmospheraulation errors over the Northern Hemisphere to
have reached their asymptotic seasonal mean values. Adjretions were carried out employing a horizontal
resolution of T159 (about 1.9). Integrations with version 29R2 were carried out usinged@ls in the vertical.

For model version 30R1 and more recent versions 91 level ussd in the vertical.

Additional sensitivity experiments were carried out basadmodel version 33R1 for winters of the period
1990-2005 in order to better understand the impact that s recent model changes in radiation, convection,
vertical diffusion, soil hydrology and turbulent orograpifiorm drag (see Tabl& and below for more details
about those changes) had on the ECMWF model climate. No ptteas made to retune the individual schemes
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when implemented in version 33R1.

2.1.2 Monthly forecasts

A set of monthly forecasts was carried out in order to studggient aspects of systematic model error and their
sensitivity to model formulation using ECMWF model versi8BR1 at T159 with 91 levels in the vertical.
As for the seasonal integrations observed daily SST andcseéields were prescribed as lower boundary
conditions. Initial conditions were taken from the ERAdn reanalysis (Simmons et al. 2007). Monthly
forecasts were started on the!"l6f November, December, January and February for each of theens
1989/90-2007/08 (a total of 76 forecasts). Three additiseasitivity experiments were carried out based on
model version 33R1, one reverting to the previous conveditheme in isolation, one similarly reverting to
the previous radiation scheme, and the third experimenbainyg both of these changes.

2.2 Statistical significance

Statistical significance testing has been used extensindlyis study. For reasons of legibility, however, re-
sults from statistical significance tests have not beenrpurated in most of the figures. In the following all

differences between models and observations and diffenedel configurations are statistically significant at
the 95% level unless mentioned otherwise.

2.3 Description of recent parametrization changes

In the following a more detailed description of key-modehies listed in Tablg will be given.

2.3.1 Convection scheme

A major revision to the convection scheme has been implezdeimt November 2007 (version 32R3). The
changes introduced include a convective entrainment hatieig sensitive to environmental moisture, a deep
convection closure where the convective available pakstiergy is relaxed towards a neutral state using a
spatially-varying relaxation time-scale, and a fully inefilnumerical formulation. The most important con-
sequence of these changes is that convection and the zabedynamics are no longer explicitly coupled
through a mass entrainment that is proportional to largéesmoisture convergence. A more detailed descrip-
tion of the changes to the convection scheme along with thiggacts on some aspects of the ECMWF model
climate are given in Bechtold et al. (2008).

In June 2008 (version 33R1) a constant background entrainimes been added to the relative humidity-
dependent entrainment rate in order to reverse the sligitadation in upper-tropospheric tropical winds in-
troduced in version 32R3.

2.3.2 Cloud scheme

In September 2006 (version 31R1) a number of changes to dliel sicheme physics and numerics were im-
plemented. The numerical changes were made necessary bgrttez increase in vertical resolution from 60
to 91 levels in version 30R1. This revealed a significantie@irresolution sensitivity of the model climate at
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high resolutions, due to a combination of the ice microptaisassumptions and the previous cloud scheme
numerical solution methodology (see Tompkins 2008 foritigta

The numerical solver for the prognostic cloud water equatias therefore changed to use a forward-in-time
upstream implicit solution. In conjunction with this, theepious cloud ice microphysical assumption, that ice

settling into sub-cloud clear air is converted into snowswpdated. Instead, from version 31R1, ice settling
into sub-saturated cloud free air would undergo sublinmatighile the conversion of ice to snow was handled

by an explicit autoconversion parametrization. This usedgarametric form of Sundqvist et al. (1989) that

already represented warm rain processes, with Lin et aB3jl8ate constants that were adjusted for use in a
large-scale rather than cloud resolving model, and alsedaae adverse effects on the climate of the model
while improving medium-range forecast skill.

At the same time, the opportunity was taken to reject the agkumption that no supersaturation can exist,
in favour of a new cloud parametrization that permits suggerstion in clear sky part of gridboxes at cold
temperatures below 235K at which homogeneous nucleationr®c Once ice nucleation has occurred, espe-
cially by homogeneous nucleation processes which prodigieibe number concentrations with respect to
heterogeneous nucleation (Demott et al. 2003), the supeatian in clear sky is the most important to repre-
sent. This is because the rapid growth of ice crystals by sl8po reduces the in-cloud supersaturation back
towards negligible levels within a typical GCM timestep ihdynamical circumstances bar the strongest of
updraughts (Lohmann and Kaercher 2002, Gierens 2003).ilDefahese complications and the physics of
the new scheme itself are given in (Tompkins et al. 2007)hiwork, the impact of allowing supersaturation
is shown to be that expected; an increase in upper tropostugnidity at the expense of the occurrence and
opacity of cirrus ice clouds. Tompkins et al. (2007) alsositates the improvement of the model with respect
to ground-based observations of permanent contrails feyffon the existence of a supersaturated air mass) as
well as in situ aircraft and remote satellite observatiohgpper tropospheric humidity and supersaturation.

2.3.3 Orography

The Turbulent Orographic Form Drag (TOFD) parametrizatbBeljaars et al. (2004b) was introduced in the
ECMWF model in September 2006 (model version 31R1) to remtedrag on the flow due to sub-grid scale
orography (SSO) with horizontal scales below 5000 m. TOF&hialternative to the previously used “effective
roughness length” concept. The scheme is controlled bytHredard deviation of subgrid orography in the
scale range of 2 to 20 km, derived from a 1 km orographic dataHee desired spectral range of sub-grid
scale orography with scales smaller than 5000 m is obtaiges®uming a universal power spectrum. In June
2008 (version 33R1) a constant of proportionality in the DOparametrization (see Eqn. (15) in Beljaars et
al. (2004b)), has been increased from 12 to 27. This is elguivéo an increase of the standard deviation of the
SSO by a factor 1.5.

Version 31R1 included a ‘cutoff’ or ‘effective’ mountain ilglt in the computation of gravity wave drag from
the SSO scheme. The mare physically realistic cutoff manritaight resulted in a decrease in gravity wave
drag (GWD), reducing the excessive deceleration of flow theHimalayas and Rocky Mountains (Orr, 2007).
However, climate runs showed an increase in the positivalagimd bias over winter northern hemisphere mid-
latitudes, suggesting that the reduction in GWD had beeasskee. This problem was solved in version 32R1
by doubling the ‘cutoff’ mountain height and thereby in@ieg the amplitude of the gravity waves ‘generated’
by the SSO scheme by a factor of two.

TOFD, SSO gravity wave drag and low-level blocking momentendencies can be significant over orogra-
phy, resulting in large increments when the model time stdprig. Moreover, to some extent the processes
are coupled, leading to a time step sensitivity if each ofridative parameterization schemes evaluates its
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tendencies independently (Beljaars et al. 2004a). Howeweene degree of dependency (and a corresponding
reduction in time step sensitivity) was introduced in vensB1R1 by solving the relevant momentum tendency
coefficients in a joint implicit calculation (Orr 2007).

2.3.4 \ertical diffusion

Turbulent diffusion in the stable boundary layer and in ttemftroposphere is larger than that expected from
local Monin-Obukhov (MO) similarity theory in many modelscluding the ECMWF model, which employs
the Louis, Tiedtke and Geleyn (1982) scheme (LTG hereafterder to increase the realism of the ECMWF
model, the diffusion coefficients were reduced to valuessisbent with MO theory above the surface layer
in November 2007 (version 32R3, see Bechtold et al. 2008 étaild). This change led to stronger shears
and inversions, more stratocumulus (10-30% locally), eolg-0.3K) and moister (Agkg?!) near-surface
atmosphere over land (based on annual mean observatidal steonger ageostrophic winds and larger baro-
clinic growth rates in the extratropical storm tracks. Thebanges are all improvements over previous model
versions.

The larger baroclinic growth rates interestingly improwkd short-term accuracy of the model (day 1-3), yet
led to excessive activity and a worsening of objective ssameéhe medium-range up to 10 days. Unresolved
shear instability was identified as a missing source of ferime in the model. An investigation of power
spectra of vertical shear in the ECMWF model simulations &6Tto T, 2047 indicated too little shear near grid
truncation scales. This shear deficiency, which amountbdats20%, peaks at around 900hPa. Parameterising
this shear component in the diffusion coefficient explainswa half of the LTG diffusion increase over MO
theory. Additionally, it was noted that the TOFD parametation is working sub-optimally when coupled with
MO diffusion coefficients. With an adjustment of the TOFD ffioents in model version 33R1 a significant
performance improvements could be achieved.

In summary, the LTG broadly enhanced diffusion formulatizas replaced with MO theory in version 32R3.
An additional parametrization of the turbulent source fromesolved shear and orography was added in model
version 33R1. The combined new formulation still producessiderably less stable layer turbulent transport
than the LTG formulation with better model performance.

2.3.5 Radiation

A new package of radiation transfer parametrisations wasdoced in the ECMWF model with version 32R1.
It includes the short-wave part of the Rapid Radiation Tiemslodel (RRTM: lacono et al. 2008) (comple-
menting the long-wave part of RRTM (Mlawer et al. 1997) inlwoed into the ECMWF model in June 2000),
the Monte-Carlo Independent Column Approximation (Mcl@&rker et al. 2002, Pincus et al. 2003), revised
ice cloud radiative properties, and a more extensive usereflaced radiation grid. The impact of this new
radiation package on various configurations of the ECMWIEdasting system is discussed in Morcrette et
al. (2008a,b).

2.3.6 Soil hydrology

A revised soil hydrology has been introduced in June 2006iwe 33R1) for the Tiled ECMWF Scheme for
Surface Exchanges over Land (HTESSEL: Viterbo and Belja885, Viterbo et al. 1999, van den Hurk et
al. 2000, Balsamo et al. 2008). The revision addressed two sirt-comings of the land surface scheme:
the absence of surface runoff and a global uniform soil textuA new dataset for soil type based on the
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Food and Agriculture Organization (FAO) was included, agdrblogical classes (up to six) were assigned to
each grid cell. A revised infiltration scheme with sub-grigiface runoff description was also introduced and
evaluated. In point comparisons with field site experimémse modifications show a shift in the soil moisture
range to give better agreement with observations. The kg#ipgraphic parameters (wilting point and field
capacity) associated to each soil texture produced a lagjewater holding capacity. In drylands the shift of
the soil moisture range gave slightly better evaporatidre ifter-annual variability of root-zone soil moisture
showed improvements with a satisfactory match to a 8-yeatiramous dataset. Quantitative evaluation of the
land surface runoff at monthly time-scales shows a net irgareent of runoff timing in relevant catchments,
when evaluated in a set of regional stand-alone experinfse¢ésBalsamo et al. 2008 for details). Atmospheric
coupled hindcasts revealed a small positive impact on theeidimate. A reduction of data assimilation
increments at the surface was obtained in the ECMWF modeh&soil moisture field.

3 Results

3.1 Model climate
3.1.1 Precipitation

The observed mean precipitation climatology during bovdater from the Global Precipitation Climatology
Project (Adler et al. 2003) is shown in Figuta. Largest values are found in the tropics, particularlyrove
central South America, Africa and the Maritime ContinenttHe Northern Hemisphere extratropics the largest
mean precipitation is found in North Atlantic and North Racstorm stracks.

Model versions 29R2, 30R1 and 31R1 show very similar sydiemeecipitation errors, both in the tropics and
extratropics: In the tropics, precipitation is generathp tveak (strong) over the continents (oceans). Positive
precipitation biases are particularly problematic in ttogical Atlantic, the southern parts of the Caribbean (in
relative terms), the Indian ocean, and just north off theagmuin the tropical Pacific. Positive precipitation
biases in the eastern North Atlantic are indicative of anenestimation of Euro-Atlantic blocking events and
a too weak storm track in higher latitudes (see below, foraxtatails). It is worth pointing out that the above-
mentioned precipitation biases have been a feature of tid\#E model for many years (e.g., Brankovic et
al. 2002, Jung and Tompkins, 2003).

Changes in version 32R1 (see Tatft)eled to a substantial increase of precipitation over tralpaontinents
which, over the Southern Hemisphere, extends well intoreplital regions. For central South America and
parts of the Maritime Continent this increase is beneficiakducing the “dry bias” of earlier model versions.
The precipitation increase in model version 32R1 over e¢maind southern parts of Africa seems to be detri-
mental.

The largest change of systematic precipitation errors roeduwith the introduction of version 32R3. Mean
precipitation changes were mostly beneficial in the senaettiey led to reduced systematic precipitation
errors. This is particularly true in the central and eastespical Pacific, in the Caribbean and over central
South America. In other areas such as the Andes and near Rapu&uinea, version 32R3 led to increased
precipitation biases. Finally, it is worth pointing out tleven for the most recent model version considered in
this study (33R1), there are still substantial systemaitiare in simulating mean precipitation including regions
such as the tropical Indian ocean and the western tropicaii©a

Figure 2 shows systematic precipitation errors for sensitivity exkpents with model version 33R1 in which
specific parametrization schemes have been replaced Inyptieeiecessors. Evidently, the introduction of the
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€ 32R1-GPCP

Figure 1: Observed mean precipitation (mmdayfrom GPCP for winters (December—February) of the period 2.9
2001 (upper left panel) along with systematic precipitatérors for various versions of the ECMWF model: (b) 29R2,
(c), 30R1, (d) 31R1, (e) 32R1, (f) 32R2, (g) 32R3 and (h) 38Rtel climatologies have been computed using data from
1962-2005.

new radiation scheme in version 32R1 was responsible farcextidry biases over the tropical continents. The
bulk of the improvements in tropical mean precipitationgrsavith the introduction of version 32R3, on the
other hand, can be explained by the new convection scheme.inflhence of changes in vertical diffusion,
TOFD and the soil hydrology scheme on mean precipitatiodgigirns out to be relatively small (Figu2g

Technical Memorandum No. 623 7



ECMWF Recent Improvements in the ECMWF Model Climate

a Control-GPCP d Reduced TOFD-GPCP

-10 -10

Figure 2: Systematic precipitation error (mmday during wintertime (December—February) for version (a)R33 (b)
33R1 with convection from 32R2, (c) 33R1 with vertical giffin from 32R2, (d) 33R1 with reduced TOFD from 32R3, (e)
33R1 with radiation scheme from 31R1 and (f) 33R1 with salkdlpgy scheme 32R2. Results are based on differences
of mean fields between the model (1990-2005) and obserahtistimates from GPCP (1979-2001).

3.1.2 Extratropical circulation

Figure 3 shows how recent model changes have influenced mean atnniespineulation errors in terms of
Northern Hemisphere 500 hPa geopotential height fields@zZb6reafter) during boreal winter. Very similar
errors—reflecting too strong a zonal flow—are found for modakions 29R2 to 32R2. In fact, for earlier
model versions a very similar systematic error structurs fwand for Z500 (e.g., Brankovic et al. 2002, Jung
2005). With the introduction of model version 32R3 in NoveanR007, however, systematic Z500 error in
the North Pacific/North America region reduced substdgtidlhe same is true for the North Atlantic region
(Figure 3), where the circulation was too cyclonic from model versRaR2 to 32R2. In version 31R1 this
error was further enhanced due to an excessively strongstzeric polar vortex in the 91 level version of the
model (not shown) which was a result of a too weak drag exdayetie SSO gravity wave parametrization in
the stratosphere (Orr 2007).

Additional sensitivity experiments for winters of the et 1990-2005 based on model version 33R1 (not
shown) shed some light on the role of the various paramétizg@hanges. The introduction of the new con-
vection scheme, introduced in version 32R3, reduced sydter@d500 errors over the North Pacific, North
America. In the Euro-Atlantic region, both the introductiof the new convection scheme and the increase of
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a 29R2-ERA40 d 32R1-ERA40

: > \
A W\

o

b 30R1-ERA40 @ 32R3-ERA40

f 33R1-ERA40

Figure 3: Mean systematic errors of 500 hPa geopotentiajhtfields (shading in dam) for winters (December—February)
of the period 1962—2005 and various versions of the ECMWHFainga) 29R2, (b) 30R1, (c) 31R1, (d) 32R1, (e) 32R3 and
(f) 33R1. Also shown are mean fields (contours) obtained &arambination of ERA-40 (1962-2001) and operational
ECMWEF analysis data (2002—2005). Mean systematic errgpsificant at the 95% confidence level are hatched. Notice
that negative values are contoured (as well as shaded).

TOFD led to a reduction of the westerly wind bias.

3.1.3 Blocking

The capability of models to capture the observed frequehtjooking events is crucial, given the importance
of blocking for local weather conditions. This is partialyarue for Europe where, during wintertime, blocking
events lead to an interruption of the predominantly mildteaesterly winds. It is well-known that many
climate models underpredict the observed frequency ofroesce of blocking, particularly in the Euro-Atlantic

region (e.g., D’Andrea et al. 1998, Boyle 2006). The sameiitamly true for earlier versions of the ECMWF
model (e.g., Jung 2005).
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Figure 4: Frequency of occurrence of wintertime Northernntigphere blocking events (December—February) for the
period 1962-2005: ERA-40 (black), version 33R1 (red),iver82R3 (blue) and versions 29R2-32R2 (green). Blocking
frequencies have been determined using the methodologhdidiland Molteni (1990). Also shown are 95% confidence
intervals for ERA-40 data (grey shading).

The observed and simulated frequency of occurrence of BiortHemisphere blocking using model versions
29R2 to 33R1 are shown in Figu#efor winters of the period 1962—-2005. Here, blocking freqties were
computed using the method introduced by Tibaldi and Mol(&890). The observations show two well-known
maxima in the North Pacific and Euro-Atlantic region. In thertkk Pacific region simulated blocking frequen-
cies were substantially underestimated until the intrédoncof model version 32R3 (blue and red curves). The
same is true for the Euro-Atlantic region. It is highlightit in the Euro-Atlantic region, for the first time,
it is possible to obtain realistic blocking frequencies limate simulations (at T159) with version 32R3 and
33RL1. In the North Pacific region, on the other hand, simiigsriovements have been previously achieved by
the introduction of a more realistic aerosol climatologydntober 2003 (Rodwell and Jung 2008) (the error
re-appeared in the following model version) and by impletimgna stochastic parametrization of subgrid-scale
physical processes (Jung et al 2005). The fact that difte®eim the blocking frequencies between model ver-
sion 29R2 to 32R2 are much smaller than the impact that thedin¢tion of version 32R3/33R1 had highlights
the significance of the changes to the convection schemehariddreased TOFD.

The additional sensitivity experiments with version 33R%&eal that improved blocking frequencies in the
North Pacificwith the introduction of version 32R3 can primarily be expéad by changes to the convection
scheme (not shown). Fd&uro-Atlanticblocking events, on the other hand, both the new convectbemse
and larger TOFD increase the frequency of occurrence oklrigc The impact of the changes to the vertical
diffusion and radiation scheme are of secondary importaaee the impact of the soil hydrology scheme on
the frequency of occurrence of Euro-Atlantic blocking egda negligible.

3.1.4 Synoptic activity

Previous studies have revealed that older versions of tHd\lE model tend to underestimate the level of
synoptic activity in high latitudes of the Northern Hemispd (Jung 2005), especially at relatively low hor-
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a 29R2-ERA40 d 32R1-ERA40

Figure 5: As in Fig.3, but for synoptic activity of 500 hPa geopotential heightdigshading in mday!). Notice that
negative values are contoured (as well as shaded).

izontal resolutions (Jung et al. 2006) such as the one era@loy this study (i.e., 1159). Figure5 shows
systematic errors in synoptic activity of daily Z500 fields fnodel versions 29R2 to 33R1. Here, “synoptic
activity” is defined as the standard deviation of highpassréid Z500 fields. A tendency filter was employed
for highpass-filtering (see Jung 2005 for details). Two maggprovements stand out. Firstly, the introduction
of version 31R1 led to higher, and more realistic levels ofogtic activity in the high-latitudes of the Northern
Hemisphere. One possible explanation for this improverigetite revision to the cloud scheme (in particular
the more realistic treatment of ice supersaturation). Aditexhal sensitivity experiment with version 30R1,
in which the new cloud scheme of version 31R1 is used, confihissconjecture (Figuré). Secondly, there
was a distinct improvement over the Northern Hemispheréa tié introduction of version 32R3 (FiguBs,
particularly in the North Pacific region. Additional expmaents reveal that the improvement over the Northern
Hemisphere can largely be explained by changes to the cimwescheme and increased TOFD (not shown).
This is consistent with the results obtained for the larcgdesatmospheric circulation (see above). The changes
in vertical diffusion (in version 32R3) led to a significamichbeneficial increase in the level of synoptic activity
in the North Atlantic storm track and in the Nordic Seas.

In the Southern Hemisphere the level of synoptic Z500 agtseems to have deteriorated slightly (implying
that the model is overactive) with the introduction of versi32R1 (Figureb). In fact, the increased level
of synoptic activity in the Southern Hemisphere storm tsaickversion 32R1 is a feature of all seasons (nhot
shown). The results are based on the period 1962—-2005, wittides the pre-satellite era for which only
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a Old Cloud Scheme-ERA40

Figure 6: As in Fig.5, but for the period 1990-2005: (a) control integration withrsion 30R1 and (b) 30R1 with new
cloud scheme from version 31R1. Notice that negative valgesontoured (as well as shaded).

relatively few observations were available to constraim banalysis (i.e. model particularities influence the
reanalysis). The same diagnostics computed for the satelia only (1980-2005) show that the increase in
synoptic activity in the Southern Hemisphere with the idtrction of version 32R1 was actually beneficial

(not shown). For the Northern Hemisphere the results aréhrtasgs sensitive to the choice of the period (pre
satellite vs satellite era), which can be explained by ttadlability of a much better conventional observation

system.

3.1.5 Convectively coupled tropical waves

Previous studies show that current state-of-the-art géieerculation models display a wide range of skill in
simulating convectively coupled tropical waves (e.qg., &iml. 2006). Wavenumber-frequency spectral analysis
of outgoing longwave radiation (OLR) anomalies is the mashmonly used way to diagnose convectively
coupled tropical waves (Wheeler and Kiladis 1999). Obs@mal data suggest that relatively more power is
located in the eastward propagating Kelvin wave part, tlicly the Madden-Julian oscillation (MJO), than in
the westward propagating Rossby wave part. For the ECMWFefrtbd opposite was true for model versions
prior to 32R3; with the introduction of 32R3, however, theveaumber-frequency characteristic of tropical
OLR anomalies became much more realistic (not shown, selet@deet al. 2008 for further details).

The changes described in Bechtold et al. (2008) are analpsexdre detail, with the left panels of Figuie
showing wavenumber-frequency diagrams for the symmesneponent of tropical precipitation anomalies in
version 32R2 produced by the cloud (upper panels) and ctiomescheme (lower panels). Note that the split
into “large-scale” and convective rainfall does not neagfsreflect real-world physics, but it is useful for
diagnostics purposes (Tompkins and Jung, 2004). In ve@2&?, the contributions from the cloud scheme
and the convection scheme are comparable in terms of variaRollowing a suggestion by Tompkins and
Jung (2004), one might explain the change towards increegedectively coupled Kelvin wave activity in
model version 32R2 by an increase in the relative contputif the cloud scheme to the total precipitation
variability. The right panels of Figuré which depict corresponding diagnostics for version 325k®ws that
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Figure 7: Mean wavenumber-frequency spectra for the symenemponent of precipitation computed by the cloud
(upper panels) and convection scheme (lower panels) foemadsion 32R2 (left) and 32R3 (right). Results are based on
winters of the period 1962—2005. The mean annual cycle has kemoved prior to the computation of the wavenumber-
frequency spectra. The same contour interval is used iroaf panels.

this isnotthe case. In fact, in version 32R3 the convective precipitadcheme has a much larger contribution
to total precipitation anomalies than in previous versidvisreover, thestructureof the wavenumber-frequency
spectrum for convective precipitation has changed in var82R3; with Kelvin waves playing a much more

important role. The reason for these changes, howevertigatdully understood and is subject of ongoing
research.

3.2 Transient adjustment

From the results based on the seasonal integrations disteedar it is very difficult to understand how exactly
changes in model formulation affect the climate of the mgsiace longer model integration permit the various
processes to interact. Furthermore, in long integratioadehproblems may influence remote regions through
wave processes making it difficult to decide whether a aethange is of local or remote origin (e.g. Rodwell
and Jung 2008). In the following, an attempt is made to beitelerstand the influence of the changes to the
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Figure 8: Mean difference in velocity potential at 200 hParftour interval is 0.4 rfs~1, negative values are dashed)
and outgoing long wave radiation (shading in W between the experiments with new and old radiation scheaje:
D+1, (b) D+2-D+10, (c) D+11-D+30 and (d) D+31-D+120. Experients were carried out with model version 33R1:
(a)—(c) monthly forecasts and (d) seasonal forecasts (sethdds for details). Notice that negative values for OLR are
contoured (as well as shaded). OLR is defined positive upwvard

radiation and convection scheme. To this end, the trana@djnstment of the models from the first day of the
integration up to the time at which most of the adjustment d@mapleted (about one month) is considered.
Differences from D+1 to D+30 are based on monthly forecaststhose from D+31 to D+120 on seasonal
forecasts. It should be noted. therefore, that while botlecthe winter season December through March, the
different forecast ranges considered here (D+1, D+2-DB#1,1-D+30 and D+31-D+120) sample slightly
different periods.

3.2.1 Influence of radiation scheme

Differences in OLR and the velocity potential at 200 hRgg) between a model run with new and old radi-
ations scheme is shown in Figusdor various forecast ranges. Within approximately the fi&tdays of the
integration the ECMWF model with the new radiation schenaehes its new equilibrium in the tropics. The
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a D+1 C D+11-D+30

Figure 9: Mean difference in 500 hPa geopotential heightriihbetween experiments with the new and old radiation
scheme: (a) D+1, (b) D+2-D+10, (c) D+11-D+30 and (d) D+31-020. Contour interval is (a) 0.5 m, (b) 5 m and
(c)—(d) 10 m. Experiments were carried out with model ver8iBR1: (a)—(c) monthly forecasts and (d) seasonal forescast
(see Methods for detalils).

influence of the new radiation scheme is largest over trofaca areas including the Maritime Continent and
encompasses increased convective activity (the conwibditom the cloud scheme remains unchanged, not
shown), reduced OLR and increased upper-troposphericgdine outflow. The structure of the atmospheric
response at D+1 (Fida), which localizes the primary sensitive regions, suggtstt interaction between ra-
diation, the surface and convection are crucial. This isnia With the mechanism put forward by Morcrette
et al. (2008a), that is, more solar radiation reaches thfamwith the new radiation scheme, which leads to
enhanced convection. The increased convective heatinglasided by the large-scale dynamics in form of
large-scale ascent. The streamfunction response at 20(hbPshown) associated with the diabatic heating
anomalies is reminiscent of linear equatorially trappetVidevaves (e.g. Hendon 1986).

In the extratropics no mean influence of the new radiatioeisEhon Z500 is seen during the first 10 days or so
into the forecasts (Fid). Beyond D+10, however, a significant mean Z500 respons&abkshed. Supported
by tropical and subtropical stream function anomalies énupper troposphere (not shown), the Z500 response
shown for the North Atlantic region is consistent with a Rnyssvave train emanating from South America.
Beyond the first month of the integration the tropical origfrihe wave train becomes somewhat less apparent;
this could partly be explained by the influence of other ramedtects and by eddy-mean flow interactions in
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Figure 10: Same as in Fi@, but for the difference between the new and old convectioarse.

the North Atlantic storm track.

3.2.2 Influence of convection scheme

The initial response (D+1) in the tropics over land to thedadtiction of the new convection scheme (Figa)

is similar to that seen with the new radiation scheme (B&y. This suggests that the mechanism over land
is somewhat similar. Over sea, the opposite response casubd,fthat is, convective activity is reduced and
the large-scale circulation responds such that the redumegkctive heating is balanced by reduced adiabatic
ascent. Throughout the forecast the response to the nevecamv scheme remains relatively stable, espe-
cially over land. However, there also appears to be somefioation (e.g. tropical Pacific and Indian ocean)
suggesting that non-local processes come into play.

Unlike for the radiation scheme, the introduction of the re@mvection scheme has anmediatgD+1) influ-
ence on mean Z500 forecasts in the extratropics (Fig) suggesting that the convection change did have an
influence on extratropical dynamics. On average, D+1 fatscaf Z500 are higher in the North Pacific and
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CD+11-D+3

Figure 11: As in Figure9, but for the difference between new and old convection sehem

North Atlantic region. Figure2 reveals that higher (lower) values for Z500 (relative \aity) with the new
convection scheme occur primarily for cyclonic circulati@atures. The largest changes occur in areas of cold-
air outbreaks associated with medium-to-large amplituogsBy waves, where the more active new convection
provides more vertical stabilisation in the convectivehstable cold cyclonic sector through vertical mixing
and condensational heating (not shown). The more activeectime damping therefore appears to prevent
spurious intensification of cold sector cyclonic systenengwally affecting weather further downstream.

Throughout the forecast the mean Z500 response changesviamespecially in the North Pacific. As for
the radiation scheme, it is plausible that the extratrdpeEsponse is modified by stationary Rossby wave trains
which are triggered by changes in mean tropical diabatititngé~ig. 10). However, given the direct influence
of the changed convection scheme on the intensity of egpial cyclones, a reduction of the strength of
the westerly winds in the North Pacific and North Atlantic @asonal time scales might be explained by a
reduction in large-scale streamfunction forcing by thadrant eddies (see, e.g., Hurrell 1995 for details on the
transient eddy forcing of the large-scale rotational flow).

Given that the new convection scheme shows a significaneindiel in the extratropics early on in the forecasts
it is worth asking whether the introduction of the new coniethas been beneficial in terms of short-range
and medium-range predictive skill. The difference in mehaotute error of D+1 to D+4 Z500 forecasts
between the model with new and old convection scheme is shoWwigure13. The introduction of the new
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Figure 12: Difference in (a) Z500 (in m) and (b) relative vioity (10~°s~1) between D+1 forecasts with new and old
convection scheme as a function of D+1 relative vorticityhwald convection scheme. Results are shown for all grid
points (regulars® x 5° latitude-longitude grid) in the Euro-Atlantic region (465°N and 5@W-1CE). Relative vorticity
(Z500) was spectrally truncated to retain only total waverers in the range 4—15 (4—21) prior to transformation into
grid point space.

convection scheme was clearly beneficial for Z500 forecast the Northern Hemisphere. Over Europe D+1
to D+4 forecast errors dropped by as much as about 10% of theseseen in the control integration (with old
convection). This is another example where model improvesnled to both a better model climate as well as

improved weather forecasts (see Rodwell and Jung, 200&nfexample associated with the African summer
monsoon).

3.2.3 Linearity

So far, results from sensitivity experiments have beenridestin which the impact of recent model changes
has been assessed for each scheme independently. This@pphowever, is only efficient if non-linearity
plays a secondary role, that is, the average response obasiatjle model changes (linear response) is similar
to the response found in an integration in which all the d&ffe model changes are incorporated simultaneously
(non-linear response). Given the large number of modelgdmudiscussed in this study it is computationally
prohibitive to test all combinations. However, it is worttidaessing this issue for two of the most important
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a Old Convection
Z -

b New-0ld Convection

Figure 13: Mean absolute error (in m) of D+1 to D+4 Z500 forets: (a) control forecast with old convection, (b)
difference in mean absolute error between forecasts withh @ed old convection. Experiments are based on version
33R1. Notice that negative values in (b) are contoured (dkaseshaded).

parameterization changes, that is, that for convectioR82nd radiation (32R1).

The linear response of the ECMWF model (version 33R1)x#gp and OLR in the tropics to the new radiation
and convection schemes can be inferred from Figiee The linear response is obtained by averaging the
two separate responses to the new radiation and convecti@me together. The non-linear response, which
is obtained from a separate model integration in which bo#hnew radiation and convection scheme are used,
is shown in Figurel4b. The difference between the non-linear and linear respoeftects the non-linearity of
the response (Fidl4c). The first thing to notice is that in general the linear and-finear response are very
similar suggesting that the results described in previegtians are meaningful. However, non-linear effects
do play a role; especially for OLR, non-linear effects irase the strength of the response, especially over
South America and the ITCZ over Africa. Fggoo there is some non-linearity to the north of the Equator, the
cause of which is not clear. There is also some non-linefoitthe Z500 response; which, however, is confined
to the sub-tropics (not shown).

4 Summary and discussion

Results from a set of seasonal integrations with recentores®f the ECMWF model show that recent improve-
ments of the physical parametrization package led to aantist reduction of many long-standing systematic
model errors. Notable improvements include the tropicarblpgical cycle, and the atmospheric circulation
in the Northern Hemisphere extratropics including extrgital cyclone statistics as well as the frequency of
occurrence of Euro-Atlantic blocking events. Although leat the upgrades described in this study led to
distinct improvements of the ECMWF model climate, the bgjgangle change occurred in November 2007,
when the convection scheme was substantially modified.

While most of the physics changes in the ECMWF model desgribbehis paper are beneficial there are still

some issues which will need to be addressed in the near futheeobserved phase speed and periodicity of the
Madden-Julian Oscillation, for example, are still pooiiipslated, even by the latest model version. Moreover,
some aspects of the model climate have slightly deteridriateecent years such as the Indian Summer Mon-
soon and near-surface zonal winds in the tropical Pacificlatier which tends to be detrimental for seasonal
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a Linear Response
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Figure 14: Mean anomalies of the velocity potential at 20@ (ntour interval is 0.4 8s~5) and outgoing long wave
radiation (shading in W?) for D+31 to D+120: (a) Mean response of two separate experits with new convection
and new radiation scheme, respectively (‘linear’ respQnée response of the experiment with joint implementatibn
new convection and radiation scheme (‘non-linear’ resgnéc) difference between (b) and (a) (i.e. ‘non-linedjityll
results are based on seasonal integrations. Note the differontour shading for OLR compared to previous figures.
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forecasts of the EI Nino/Southern Oscillation phenomenbemthe atmosphere model is coupled to an ocean
model (Tim Stockdale, personal communication). Numegs@lerimentation suggests, however, that some of
the deterioration of the ECMWF model climate associateth vatent changes to the parametrization package
can be reduced by employing a horizontal resolution highan that used in this study (T59).

In order to understand the processes that led to improvenierthe ECMWF model climate, a large set of
additional monthly forecast experiments was carried oyt.dBgnosing how the model response changes as
a function of lead time, it was possible to distinguish betwéocal and remote effects. Using this seamless
diagnostic approach, it turns out that the change of thatiadi scheme influenced the extratropics primarily
remotely from the tropics. The new convection scheme, orother hand, has a direct impact, both in the
tropics and extratropics. In the extratropics the new cotime scheme reduces the strength of troughs in areas
of cold air outbreaks of developed extratropical cycloridse results of this study suggest that it is through the
better simulation of diabatic processes in cold air outksehat the new convection scheme leads to improved
short-range and medium-range forecast skill in the Nontlhégmisphere extratropics.

In a previous study, Jung et al. (2006) found that the levelabptic activity simulated by the ECMWF model
is strongly dependent on the horizontal resolution employerom this they argued that resolutions higher
than T 159 are necessary in order to obtain a realistic represamtaf the observed synoptic-scale systems.
Their study was based on experimentation with model ver2@R2. In fact, this study shows, that even at
a resolution of T159 a more realistic level of synoptic activity can be aceteV¥f the parameterization of
subgrid-scale physical processes is improved (in this teseloud scheme).

There are some interesting issues whose investigationlgy@sd the scope of the present study. It would be
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very important to understand, for example, how an increasduilent orographic form drag increases the fre-
quency of occurrence of Euro-Atlantic blocking events.tR@mmore, it is still unclear how the new convection
scheme interacts with the dynamics to produce a more rieakgiresentation of tropical convectively-coupled
waves.

Acknowledgemen®r. Antje Weisheimer kindly provided the ECMWF model scripainches used to carry
out the sensitivity experiments. Comments by two anonyneuigwers were very helpful for improving the
quality of the paper.
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