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Abstract. Various mass fixer algorithms (MFAs) have been As NWP models become more complex, the number of
implemented in the Integrated Forecasting System (IFS) otracers increases and therefore the requirement for conser-
the European Centre for Medium-Range Weather Forecasteative schemes becomes more important. Furthermore, as
(ECMWF) to ensure mass conservation of atmospheric tracthe resolution increases towards cloud-resolving scales it be-
ers within the semi-Lagrangian (SL) advection scheme. Em-comes increasingly desirable from the parametrisation point
phasis has been placed in implementing schemes that despitd view to have a mass-conserving advection scheme as this
being primarily global in nature adjust the solution mostly may improve further the simulation of cloud processes.
in regions where the advected field has large gradients and SL advection (SLA) consists of two steps which do not
therefore interpolation (transport) error is assumed larger. — in principle — ensure conservation of mass: (i) finding de-
The MFAs have been tested in weather forecast, idealisegarture points and (ii) interpolating the advected field to the
and atmospheric dispersion cases. Applying these fixers tdeparture point location. However, the choice of method for
specific humidity and cloud fields did not change the accu-(i) and (ii) has a considerable impact for the amount of the
racy of 10-day forecasts. In other words, global mass tracemass non-conservation.
conservation is achieved without deteriorating the solution There is a class of SL schemes, the so-called inherently
accuracy. However, for longer forecast timescales or for fore-conserving schemes, which are able to achieve global, lo-
casts in which correlated species are transported, experial and consistent mass conservation for tracer and air-mass
ments suggest that MFAs may improve IFS forecasts. fields. Two examples are the SLICE (semi-Lagrangian inher-
ently conserving and efficient) transport scheme @ee
roukat and Allen 2012 and CSLAM (conservative semi-
Lagrangian multi-tracer) transport scheme (demiritzen
et al, 2010. These schemes are an application of a finite-
A drawback of semi-Lagrangian (SL) transport schemes,V()lUmeftype diS(_:retisation approach on the semi-Lagra_mgian
such as the one used by the European Centre for MediunreOntinuity equation. In general, they are complex algorithms
Range Weather Forecasts (ECMWF) Integrated Forecastingifficult to implement efficiently in an existing operational
System (IFRitchie et al, 1995 is that they do not formally model which uses a “traditional” SL method. Although in-
conserve mass as the pointwise nature of the SL method dod¥rently conserving SL methods are not currently used in
not take into account grid-box size and fluxes. Between theVeather forecasting operations there are schemes in this fam-
beginning and the end of each time step, the total model masdy Which are competitive or even more efficient than their
can differ by a very small amount. This difference, although Eullerlan finite-volume conservative counFerparts for appl|—_
not significant for the timescales of numerical weather pre-cations where a large number of tracers is advected (multi-
diction (NWP), may accumulate in the long run. A system- trager simulations). CSLAM is an example of such a method
atic drift in the total mass of air (or a tracer field) will even- While another example of a recent development based on the

tually affect the quality of the forecastijuburn 2008.

1 Introduction
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LMCSL (locally mass-conserving semi-Lagrangian) scheme Global conservation errors in tracer advection are larger
by Kaas(2008 is given inSgrensen et a{2013. and depend on the smoothness of the field. For example,
An alternative low-computational-cost approach to ensuresmoother fields such as ozone and specific humidity have
global mass conservation which can be easily applied on trasmaller conservation errors than fields with sharp features
ditional SL methods is the mass fixer algorithm (MFA). The such as cloud fields. This is demonstrated in Eigzhere the
task of a MFA is to change the tracer concentrations afterglobal mass conservation error is displayed for ozone, spe-
SLA in such way that the mass before and after advection iific humidity (Q), liquid cloud water content (CLWC), and
the same. A general problem of MFAs is to identify regions cloud ice water content (CIWC) for the same number of time
where it is most appropriate to change the solution of the SLsteps (1440) at different resolutions using two approaches for
scheme. the interpolation to the departure point. Mass conservation is
Different MFAs implement different strategies for dis- represented in Figl by a line identical to the horizontal 0
tributing the global mass loss or gain. The simplest ones coraxis. The global mass conservation error for a tracirex-
rect the solution uniformly by simply scaling each grid-point pressed as a percentage of its initial mass:
value with the ratio of the global mass before and after ad-

vection. This approach is currently used in IFS when long , 100 M{” - Mg’
time integrations take place in order to correct the total modeIE¢ - X M
mass and that of long-lived tracefslémming and Huijnen 0
2017).

L ) whereMg and Mf’ are the initial- and current-step global
More sophisticated MFAs attempt to compute a CorreCt'ontracer mass

which is proportional to the smoothness of the solution. A In the forecast experiments of Figj.all parametrisations

larger correction is applied in areas where the solution hagy iy and source terms have been switched off. This allows

large gradients and therefore the error is larger, and a V€¥ne to test the performance of the advection scheme using

;n;?nllaclzfrrectlon where the solution is smooth and the erMoNeal orography. In addition, the following two interpolation

The aim of th . MFAs th methods have been used: (i) the quasi-cubic ECMWEF inter-
€amo the Paper 15 to p_resent tracer S that V\.'erepolation Ritchie et al, 1995 with a quasi-monotone limiter
recently implemented in IFS in model cycle 39rl. Using

hi del | he b ¢ . hal nd (ii) a linear interpolation (indicated with LIN in plots).
this model cycle as the base for our experiments wWe shaly;q g (i) is used in IFS operationally for Q and ozone while

diﬁcusshresults fr?m NWP foreﬁazts, Iﬁng—_rgnge fgr‘e(I:aStf‘hethod (ii) is used operationally for the rougher cloud fields.
\f{\/ Iere the rr|1|ass '|xer|§ are applied to Ium| _'ty lan CfOUdThe experiments are run at the following horizontal and ver-
lelds as Well as idealised tracer and vo canic plume 1or€-+;.o| resolutions: (i) T159 L60 i.e. T159 in the horizontal (ap-
casts. Availability Of_ globally mass-conserving schemes fqrproximately equal to 125 km) with 60 levels in the vertical,
t_racers can be an important addition to IFS-based predlc(ii) T159 L91, (iii) T1279 L1 (approximately 16 km in the
thn systems such as the EQ—EartHa(zglgger et g1.2019 horizontal), and (iv) T1279 L137. To allow direct compar-
climate model or atmospheric composition forecast SYSteM$sons of the mass conservation error per time step, the four

where aerosols, greenhouse and reactive gases are trafgie aqg in Figl have been run for the same number of time

ported Hollingsworth et al. 2008. steps. At coarse horizontal resolution (T159) the time step is

The paper is structured as foI_Iows. The amount o_f the NON<iy times longer (60 min) than the corresponding time step
conservation by the SL advection scheme of IFS is demonfOr high resolution (T1279)

strated in Sect. 2. Section 3 describes the implemented MFA. "+ & o< uits shown in FidL indicate that the global mass

Thejr impact on the simulated figlds in different app!ications conservation error per time step tends to decrease as the res-
is discussed in Sect. 4. Conclusions are presented in Sect. Ylution increases. However, when horizontal resolution is in-
creased from T159 to T1279, the accumulated erroeal0
2 Air and tracer global mass conservation in IFS days decreases only for CLWC, CIWC with cubic interpola-
tion while remains roughly the same for the remaining fields.
In a 10-day IFS forecast, at the current operational resolutiorit seems that the opposite is true when vertical resolution in-
T1279L137 (approximately 16 km in grid-point space on 137 creases, the accumulated error &t 10 days decreases ex-
levels) using a 10 min time step, the total model air mass in-cept for CLWC and CIWC with cubic interpolation. So there
creases by less thandd % of its initial value. The formula- are differences between interpolation schemes and between
tion of the continuity equation, based on fRigchie and Tan-  fields of different smoothness but the overall indication is
guay (1996 scheme (see aldBCMWF, 2012 Sect. 3.6.2), thatin the IFS system mass conservation of tracers tends to
plays an important role in achieving this accuracy. Orogra-improve globally as resolution increases and the best way to
phy is removed from the advected mass field resulting in ademonstrate this is by comparing Fig with d.
much smoother field which can be accurately interpolated to
the Lagrangian grid (departure points).
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Figure 1. Mass conservation error of the IFS SL advection scheme as a percent of initial global mass for ozone, Q, CLWC, and CIWC at
different horizontal and vertical resolutions using a quasi-monotonic tricubic or trilinear (LIN, CLWC and CLIC only) interpolation scheme.

3 Description of the MFAs

any MFA will compute the global tracer mass immediately

before and after the advection step. Then a small correc-

The transport problem we consider here is the advection ofion is computed for each grid point in such a way that this
a scalar fieldp, which represents the mass mixing ratio of a global error is eliminated. In the simplest version of the pro-

tracer: portional or multiplicative fixer ofRasch and Williamson
D¢,y (1990, each grid-point value is multiplied by the ratio of
Dt S, bx=rx/p. (1) the mass before and after advection. Here, we will focus on

whereo. ando are the tracer and air density respectivel andthe more local algorithms. In particular, the following algo-
Px P yresp y rithms will be discussed: (i) the quasi-monot@®rmejo and

S represents sources or sinks that may be present. Consid -
SL time stepping from to 7 + Ar: %onde(Zooa scheme, (iizerroukat(2010 scheme, (iii) the

guasi-monotonériestley(1993 scheme, and (iv) th&ic-

¢;(+Af = ¢;vd L ALS Gregor (2005 scheme. These algorithms have been imple-
] mented in IFS and will be summarised in the following para-
» Whered denotes the departure point computed by the tra-graphs. It should be noted that their implementation is three-
jectory algorithm andp’ , is obtained by interpolating the gimensional (3-D) given that semi-Lagrangian advection in
known field ¢! at the computed departure point. 3f=0 IFS is fully three-dimensional.
then the global volume integral @f¢, at: ands+ Az (on To describe these different fixers, as implemented in IFS,
the model grid) should not change as this represents the taye use the following notationk is the number of model
tal mass ofy and the only process operating is advection |evels, starting from the top of the atmosphere and ending on
(transport). However, in practice, as the interpolation schemehe surface. Each model level hasgrid points. Each grid
generates errors this global conservation law is violated. box has horizontal surface arelg and heightAz; where

Global MFAs of different sophistication are described in zjx denotes the height of th&” model grid point of the"”
the published literature for SL transport models. In general,

www.geosci-model-dev.net/7/965/2014/ Geosci. Model Dev., 7, 9583-2014
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level. The total mass of a tracer with mass mixing ratio  Eq. @) is found using a Lagrange multiplier approach. The

¢ = p,/p, Wherep is the air-density field, is cost function
N K N K 2
Apik N K ( 1_ *) *
M= "A;> pyn(—Azp) =Y A; > du—2>, (2) E(gl A):}ZA.Z ik~ Pik) Arj
=1 k=1 =1 k=1 8 ’ 2= g

Azjk =zjk — 2jk-1 <0,
Apjk =pjk— pjr-1>0.

N K . Ap%fk 0
. . . Ly _)‘<ZAJZ¢]'I¢ ! _M>
The hydrostatic approximation (valid in IF®)p = —pgAz =1 k=1 8
has been used in ER)(to eliminateAz.
During the advection step, a tracer fied (i.e. the field  is defined seeking a pair of valugs®, ) such that
before the advection step takes place) is interpolated to the
departure point field (Lagrangian grid) and changegto  9E 0 IE

)

while its total mass changes from® to M*: 8¢}k an
ApS k Solving these two equations we obtain
ZA Z¢ : © ° )
SM
1 _ % . _
K . p/k ¢]k - ¢]k )\'wjkv A= N K Ap* ) (5)
:ZAqubjk Pt ZAJ it jk
Use ofAp7, in Eq. @) reflects the change of the surface pres- SM =M*—M°,
sure field due to advection. MFAs aim to corréétso that a
new field is derived which has a total mass equakt where the weighiv;; depends on the solution smoothness.
We choose it to be proportional to the difference between

3.1 Bermejo and Conde (BC) scheme the quasi-cubic, quasi-monotone interpolated fgiénd the

linear onep’:
The Bermejo and Cond€2002 algorithm is derived by a

variational principle. It computes a new quasi-monotone field . I\P

minimising its distance from the original one subject to the Wik = max[o, sgn(dM) (¢jk - ¢jk) ] : )
constraint of global mass conservation. The correction added

at each grid point depends on an estimate of the interpolaThe above weights are used to compute a “local correction”,
tion error. The global norm of this correction field has the j.e. the global mass surplus or deficit is distributed unevenly
smallest possible magnitude that can give mass conservatiog different grid points depending on the smoothness of the
and monotonicity. In the original publication, the scheme wassolution which is measured by the difference between a high-
tested on idealised two-dimensional cases of advection. Hergnd a low-order interpolant. For the IFS implementatin,

it has been implemented in IFS in 3-D mode and has beefyas set to 1 as tests showed no benefit from using the rec-

tested on active meteorological fields. ommended valug = 3. In fact, higher values led to sharper,
Let ¢* be the field which minimises the square of the bigger size increments which may not be desirable for the
weighted norm: model stability.

For convenience, in sections that follow, this scheme will
be calledBC fixer.

. 1 N K < Jjk ¢jk) Ap ik
fgllnlltﬁl—f/)*llﬁ):zz Z : (4) 3.2 Zerroukat's (ZE) scheme

Wik 8
) The BC fixer in IFS can also be run in a mode that cor-
subject to responds to a version of therroukat(2010 fixer. This
N K Ap* leads to smoother correction fields. The drawback is that
ZA _ Z 1/{& — MO guasi-monotonicity or positive-definiteness cannot be guar-
J

anteed. Here an implementation of this scheme is presented
which uses the same measure to assess the solution smooth-
wherew j; is a non-negative weighting factor. Haviag, = ness as th&8C scheme, i.e. the difference between a high-
0 means that the corresponding grid-point value is not al-order scheme (cubic Lagrange interpolation) and a low-
tered and is not included in the cost function. A solution to order scheme (linear interpolation). Here, this scheme will be

Geosci. Model Dev., 7, 965379 2014 www.geosci-model-dev.net/7/965/2014/
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calledZE fixer. It corrects each grid-point value as follows:

Gl =% — VikdM,  SM =M*—M°, ©)
% — o5 1P
Vik = N

Ap;‘fk ’

K
A 105k~ ojilf
1 k=1

Jj=

whereM® and M* are defined by Eq3) and agairg = 1 is
sufficient for practical purposes. If

>

=1

K Ap’f
k
Ajy vi— =1
=1 8

~

holds then global mass conservation is guaranteed:

L=

K Ap*

1 Jk 0

Aj E quk =M".
k=1 8

J

It is worth noticing that Eq.q{) can be re-written in a form
that resembles Eg5):

M
$ji =P —hwjk, A= I e ot (8)
Apjk
DAY wik
Jj=1

=1 8

SM=M—M°  wjr=I¢5 —okl’.

This implies that the derived fielg@! is also a solution of

969

satisfies
min({qbo,j,k} ,¢>L) < ¢ < maX({¢°,j,k},¢>L)7 9)

N K Ap*
DAY b
=1 k=1

*
Ik — MO,

8
where{¢?, j, k} denotes the set gf-field values before ad-
vection at grid-points surrounding thig, k) departure point
and¢* and¢’ the cubically and linearly interpolated fields
at the departure point respectively. The two conditions in
Eqg. (9) ensure conservation and monotonicity. The require-
ment for “highest possibled values is an accuracy require-
ment. It ensures that the final solution is as close as possi-
ble to the original high-order interpolation field. In regions
where the solution is smooth the blended scheme is weighted
towards the higher-order solution while in regions with low
degree of smoothness it is blended towards the linear solu-
tion.

A more detailed step-by-step algorithmic description of
Priestley’s algorithm is given in the Appendix Gfravel and
Staniforth(1994). Priestley’s scheme is an iterative scheme.
Two options have been implemented: the standard algorithm
which will be called heréPR and a variant of it, namely
PRgm The latter is essentially the same algorithm, the only
difference here is that a quasi-monotogel filter (Bermejo
and Staniforth 1992 has been applied immediately before
the application of the fixer. The result of this modification is
that the algorithm converges faster. Regardless which vari-
ant is used the solution will be always quasi-monotone, the
difference is only in the starting values.

the minimisation problem of Eq4]. One difference between 3.4 Mc Gregor's (MG) scheme

Eq. ©) and Eqg. 8) is the construction of the weights;y.
Using the unlimitedu jx = |7, — ¢]Lk|ﬂ means that all grid-

McGregor (2005 scheme which shall be called helG

points will be corrected. The sign of the increment is deter-fixer, is a MFA used in the climate model C-CAM

mined by the sign a§ M (which determines the sign aj: for
SM >0 (surplus)q&}k < ¢k Vj,k and forsM < 0 (deficit)

(Conformal-Cubic Atmospheric Model). This is a model us-
ing a SL scheme for horizontal advection and a total variation

¢1, > ;i Vj, k. However, as this one-directional correction diminishing (TVD) scheme for the vertical advectidlG

is not limited as in thdC case, it is possible that a new min- fixer can be applied to any interpolation technique includ-
imum or maximum value may be generated. In practice, if'"9 linear as opposed to the fixers considered so far which
a quasi-monotone scheme was used for advection this hagRoth require that the field is advected using a high-order in-
pened in less than 0.5% for humidity grid points but it can terpolant. An additional advantage of this scheme is that it is

monotonicity but only positive definiteness. Furthermore, it

differs from the other algorithms presented here, as it does
not use a local smoothness criterion to assess how much to
Priestley(1993 produced a well-known mass-fixing scheme. correct at each grid-point. At each time step it computes a
Its objective is to compute a globally conserving monotoneglobal diagnostic which judges the overall ability of the ad-
solution by blending the original high-order solution with a vection scheme to accurately advect fields. Nevertheless it
low-order solution thereby departing as little as possible fromdoes not correct by the same proportion each grid point but
the high-order one. This is equivalent to finding the highestis using instead two different scaling factors: one for points
possible values for the weights such that the “blended” that have positive advective increments and one for points
field that have negative advective increments. It tends to amplify
the solution when there is damping and suppress when there
is amplification.

3.3 Priestley’s (PR) scheme

Bk = ajik (¢7k - ‘»b./Lk) +oh. O0<ajp=1

www.geosci-model-dev.net/7/965/2014/ Geosci. Model Dev., 7, 9583-2014
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The algorithm can be described as follows: : . ; ; ‘ ‘ —2

— Step 1: compute total mass before and after advection,
MO andM* as in Eq. B).

— Step 2: let a minimum allowed valug™”. Scan each
grid point, compute and store:

A¢T =max(0,Adjx), Apj, =min(0, Agj)

where

T1279 L137 global mass % change: 100 x DM(t)/M(t0)

Q no fixer -6
— CLWC no fixer
; Ap?k 0 Q with BC fixer
min p
Apjk = max(gbjk, Pk ) - Hd)jk Ll - - Q with PR fixer "8
CLWC with BC fixer
- - CLWC with PR fixer
. . 0 200 200 600 800 1000 1200 1a00 °
— Step 3: compute total positive and negative increments time step
and their ratio: Figure 2. Mass conservation errors as a percentage of initial global
N K Ap*, mass for Q, CLWC at T1279 L137 resolution forecast with/without
+_ _ J +
AMT=Y"A;" A PRandBC MFAs.
j=1 k=1
N K Ap%, . . .
AM™ = ZAJ' Z J N _surroundlng the departure point does not generate new min-
== / ima or maxima. For the tests presented in the following sec-

AM- tion, two forms of the quasi-monotori@ermejo and Stani-
r=— T forth (1992 mini-max (minimum—maximum) limiter for cu-
AM bic interpolation will be used:

— Step 4: setry = min(r, +/r) and update: (i) The “default” limiter or filter used operationally in IFS:
the scheme is applied immediately after each 1-D cu-
bic interpolation (in longitude, latitude and height) takes
place. So, the steps taken are to interpolate in longitude
and then apply a 1-D limiter on the interpolated field.
Repeat this action for each of the remaining two interpo-
The last step is equivalent to lations (in latitude and height). For brevity this scheme
will be calledDEF limiter or filter.

0
ot Apjy

_ 0 +
i = Ejk%k FapAdj +

max(L, ap) Pk

Ap?k

0 + -
ot = Apzk¢jk+“¢A¢jk+A¢jk’ r=l (i) The standardBermejo and Stanifortl{1992 limiter:
Apik ¢Qk _,_%A(p{rk T iAka’ 1 t_h|s_ shgll be (_:alle(BShmlter or f||ter. In thls case thg
Pk A A limiter is applied after all three interpolations have fin-

and implies that the increment is scaled by a faetpwhich ished, i.e. this is limiting in 3-D at once.

reduces positive increments when their total mass exceedfe should also clarify that the term “cubic interpolation” will
the total mass of the negative increments. When the opposnﬁnmy here the quasi-tricubic interpolation scheme used by

is true then positive increments will be amplified and neg- kg (jinear interpolation along the edges of the stencil, fully
atives will reduce in magnitude. The new field satisfies the . pic in the interior: seRitchie et al 1995.

global mass conservation constraint:

N K Ap%, . .
ZAJZ¢1 K _ Mo 4 Testing of MFAs in IFS

In Fig. 2the global conservation error during the advection of
3.5 The quasi-monotone limiter Q and CLWC with and without MFA is displayed. It is shown

there that application of a MFA eliminates this error. This
The quasi-monotone limiter renders the interpolation locallyforecast run has the operational resolution T1279 horizontal
monotone, i.e. in the vicinity of the departure point the in- with 137 levels and is identical to the one that corresponds to
terpolation curve (or multidimensional surface) passing fromthe results of Figl; i.e. there are no sources or sinks of tracer
the departure point field value and the field values of pointsmass. For brevity we display only results from tB€ and

Geosci. Model Dev., 7, 965379 2014 www.geosci-model-dev.net/7/965/2014/
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Figure 3. (a) Q and(b) BC fixer increment for Q (in kg kg?) at t+24 h and 700 hPa height from a T1279 L137 forecast.

PR schemes but the other MFAs also give a globally massdevel which over flat terrain is near the 700 hPa pressure level,
conserving solution. The mass-conservation error before aniés compared with the field itself. The figure shows that the
after the advection was always close to machine precision. computed increments are at least three orders of magnitude
The impact of thd8C MFA on Q is demonstrated in Fi§. smaller than their corresponding field magnitude. The sign is
Cubic interpolation is used for the advection of this field. negative due to the fact that at this stage of the forecast, ad-
Here, physical parametrisations have been switched on andection increases mass and the fixer has to remove a global
the setup is the same as in an operational forecast. A singlsurplus. The fixer is acting mainly on areas where large gra-
time step increment from the fixer,a= 24 h and at a model dients are present where interpolation is expected to be less

www.geosci-model-dev.net/7/965/2014/ Geosci. Model Dev., 7, 9%58-2014
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Figure 4. Zonally averaged and time-averaged (24 h) vertical cross sectiong(&raQd different MFA increments (in kg k_gl) for Q (b—f).
Vertical axis: model level number.

accurate. In areas where the field is smooth the correction imidity are present. It is interesting to notice how similar the
very small regardless of the field magnitude. Similar resultszonally and time-averaged increments are B&, ZE and
have been produced from runs with the remaining MFAs. ForPRgm The fact that their difference is small means that the
brevity these will not be displayed here but they are publicly different algorithms converge roughly to the same solution.
available (see Fig. 5in Sect. 4iamantakis and Flemming  Larger differences can be noticed when any of the previous
2013. three fixers is compared witidG and even larger witPR

A zonally and 24 h time-averaged vertical cross section Usually, increments computed WBR differ in sign and
for Q is compared with corresponding cross sections of in-magnitude from the other fixers (see also Figs5). This
crement diagnostics in Fig. The average increment is 4-5 is because this algorithm computes a quasi-monotone and
orders of magnitude smaller than the magnitude of the fieldconservative solution iteratively starting from a cubic inter-
itself. It is concentrated in areas where large amounts of hupolated field. In the tests presented here it usually takes 3—4
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Figure 5. 48 h time series of global rms nornfs) and max normgb) of MFA increments for CLWC expressed as a percentage of the rms
norm of the field.

iterations forPR to converge. During this iterative process  Finally, to assess the computational cost of the fixers, 10-
both positive and negative increments will be computed today forecast tests with the high resolution control (T1279
derive a locally monotone solution. Mass has to be removed-137) have been done applying the fixers on Q, CLWC,
from overshooting points (negative increment) and added aCIWC, CRWC (cloud rain water content) and CSWC (cloud
undershooting points (positive increment). This is not thesnow water content). The extra CPU time consumed by these
case withPRgmwhich starts with a quasi-monotone field algorithms is (i) BC: 1 %, (ii) PRqm 2 %, (iii) PR: 3.5 %, (iv)
having no undershooting or overshooting points and thereMG: 0.75 %, and (VZE: 0.85% .

fore the only action that the algorithm needs to take is to As expected’Ris the most expensive amdG the cheap-
restore global mass conservation. Regarding the remainingst. All algorithms have been parallelised using MPI and
fixers it is worth mentioning that (XE produces the small- open MP directives.

est, in magnitude, increments but these are slightly more

widespread, (ilBC andPRgmare similar, and (iilMG pro- 4.1 Impact of humidity MFAs on temperature fields in
duces slightly different patterns than the previous two fixers. long runs

As expected, the quasi-monotone schemes did not produce ) . . .
any overshoots or undershoots. A very small percentage of'S there is a strong interaction between humidity and tem-

undershoots< 0.01 % of total points) was found witMG perature_, typically becausg of r_adiativ_e effects and cloud mi-
but no negative values were created. This percentage wa&OPhysics, we shall test in this section to what extent the

larger in theZE fixer for the cloud fields, slightly exceeding Mass fixer increments on humidity and cloud fields alter the
1.5%, while it was of similar magnitude for @40.01%).  emperature field. To show the impact we carried out four

Most of these undershoots generated negative values. 12-month forecasts with full physics at T159 L137 resolu-

In the plots presented here specific humidity was chosen t§10N- This is a standard test of IFS which is, done to evaluate
examine the local behaviour of MFAs. This choice was madeVhether a new scheme impacts the model's climate. The ex-
due to the meteorological importance of this tracer field andP€riments run are described in Talile

given that it includes regions that are relatively smooth as N Fig- 6a the temperature bias is plotted, i.e. the differ-
well as regions with large gradients. The MFA applied to €€ of the vertical cross section of a zonally averaged annual

the rougher cloud fields CLWC and CLIC resulted in sim- Méan temperature _field_ (averaged across the_ four forecasts)
ilar local patterns as shown for Q. The CLWC increments from its corresponding field from the ERA-Interim (ECMWF
were used as a diagnostic for demonstrating the step by steg€analysis) run. This figure displays a common problem in
behaviour of the MFAs. This is shown in Fi§.where the semi-Lagrangian models, the extratropical tropopause/lower
scaled global rms and max norms of the of CLWC fixer (ab- Stratosphere cold bias (s&enke et 8).2008. For the re-
solute) increments are displayed. These are scaled to be tHBaining plots, the difference of the same field (zonally av-
fraction (percentage) of the rms global norm of the advected®’@9ed annual mean temperature) from the control run is
CLWC field which is representative to its mean value. The USed- This is done to clearly demonstrate the impact of the
plot shows that the smallest increments are computed by thEhanges. As a general rule, warming around the extratropical
ZE fixer, followed byBC and PRgmwhile as expected and foPopause (in the region where the blue area in €agap-
explained befordR computes the largest incrementdG pears) would indicate an improvement while cooling would

increments are in the middle betweRR andZE. indicate further deterioration.
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Table 1. List of 12-month forecast experiments.

Experiment Description

control Operational setup: cubic interpolation on Q WiXBF limiter, linear
interpolation on CLWC, CIWC, CRWC, and CSWC (no fixer).

[control, MG] Operational setup addingG fixer.

[cubic qm Cubic on Q withDEF limiter, CLWC, CIWC, CRWC, and CSWC (no fixer).

[cubicgm BC] Cubic gmsetup addin®C fixer on above moist fields.

[cubicBSgni Cubic gmsetup usin@Slimiter instead oDEF.

[unfiltered cubicPR]  Pure cubic Lagrange for moist fields, quasi-monotone advection by
PRalgorithm on moist fields.

[cubicBSgm BC] Cubic BSgmsetup addind3C fixer on moist fields.

[cubic BSqm MG] Cubic BSgmsetup addingVIG fixer on moist fields.

[cubic BSqm ZE] Cubic BSgmsetup addin@ E fixer on moist fields.

Results show that none of these fixers deteriorates an eXore is deemed not suitable for tracer advection. Neutral
isting cold bias. When the fixers are combined with EieF scores should indicate that the fixer is making the interpo-
limiter the difference is small (results show a marginal im- lation conservative without damaging solution accuracy at
provement and have not been included here). On the conleast on the large scale.
trary a noticeable improvement, i.e. a reduction of the cold Overall, geopotential, wind, and temperature verification
bias, can be noticed when they are combined withBlg%e scores in the three global regions (Northern Hemisphere,
limiter. This shows in Fig6b—f. Good results are obtained tropics, and Southern Hemisphere) from runs with MFAs are
with the quasi-monotone algorithn®R andBC. As condi-  neutral and there is no forecast that is better in terms of ACC
tion in Eq. @) shows, thé®Rfixer is limiting the solution us- and RMSE. An exception is the temperature RMSE in the
ing a scheme similar tBSlimiter. Bigger positive impact is tropics at upper tropospheric levels which increases up to
obtained by fixers that do not guarantee quasi-monotonicity0.07 K (from approximately 26 to 133K) at: = 10 days
ZE followed by MG. However, the former generates nega- when any MFA is applied for humidity and cloud fields with
tives especially in the cloud fields which are rougher (3-5 %cubic interpolation options. The fixer contributes further (by
of grid points become negative after correction is applied).a small amount) to the existing cold bias. This happens be-
This is not the case for the latter where a negative fixer iscause a small amount of humidity is removed from the atmo-

built in. sphere as a small humidity surplus is detected by the fixer.
Reducing the humidity content of the troposphere has in gen-
4.2 Impact on NWP scores in 10-day forecasts eral a cooling effect while the opposite is true for the strato-

sphere due to reduction of radiative cooling. However, there

The accuracy of 10-day forecasts is typically assessed uds No impact on the corresponding ACC scores which remain
ing measures that describe the realism of the global geopo?€eutral.

tential or temperature fields. The forecast fields are com-

pared against the Analysis of the fields and expressed as rodt3 Simulation of correlated tracers

mean square error (RMSE) or anomaly correlation coeffi-

cient (ACC) M_/ill_<s, 2011). o Mass conservation is an important property for atmospheric
In general, it is not expected that a global MFA will im- 55 5jications where chemical species are transported. It is
prove forecasting skill in the short or medium range but nei- 5154 important that existing functional relationships in their

ther it should deteriorate the skill. To investigate this the .oncentration are maintained by the advection scheme (see
MFAs have been tested running 37 forecast cases, each stafty ritzen and Thubugn2012. The ability of IFS and the

ing 10 days apart from 01/12/2011 until 25/11/2012. The neyy developed fixers to preserve such relationships has

resolution used is T511 L137 and each forecast is run folyeen tested using case 11 from DCMIP (Dynamical Core
10 days using operational options for the model dynamicsy;oge| Intercomparison Project; sekrich et al, 2012. This
and physics. All fixers were activated on Q, CLWC, CIWC, 5 5 three-dimensional, passive advection, deformational flow

CRWC, and CSWC. Although these tests are specific 0gegjised test case in which four tracers are transported. The
moist physics tracers, they do have a general value. We Cayjtja| concentration of the first two tracer fieldg and g2
indirectly measure the impact a fixer has on advection byobeys the non-linear relationship:

measuring the overall forecast skill of the experiment: fore-
cast skill deterioration would imply that the tested algorithm
deteriorates the accuracy of the advection scheme and thergs(A,0,z) =0.9— O.Sqf()», 0,2),
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o

(a) control - ERAI (b) [cubic BSqm] - control

=

(c) [unfiltered cubic, PR] - control (d) [cubic BSqm, BC] - control

(e) [cubic BSqm, MG] - control (f) [cubic BSqm, ZE] - control

Figure 6. Experiments with th&Slimiter described in Tabld. Difference of vertical cross sections of zonally averaged annual mean tem-
perature fields(a): difference (in Kelvin) between control forecast and the ERA-Intefm{): difference (in Kelvin) between experiments
and control forecast.

wherea, 6, z is the longitude, latitude and height of a tracer. gion marked by the dashed-dotted convex shape correspond
The first one §1) is represented by two cosine bells placed atto unphysical mixing ratios. Real mixing in the atmosphere
the same height and latitude but at different longitudes. can only move scatter points to the concave side of the pre-
Results for this test case from IFS runs at T159 horizon-existing functional curve along mixing linekdguritzen and
tal resolution and 137 levels in the vertical (this is close to Thuburn 2012. Lack of spread indicates that the scheme is
the recommended resolution for this problem) are plotted inoverdiffusive as peak values are damped.
Fig. 7. These plots are correlation plots for the p@it, g2) The plots show that semi-Lagrangian transport with lin-
at+ = 6 days after the initial time. This is half the time re- ear interpolation is excessively diffusive but does not pro-
quired for the tracers to return to their original position; i.e. duce any unphysical mixing. The opposite is true when cu-
complete one full rotation around Earth. The initial concen- bic Lagrange is used. It results in a relatively large amount
tration of these tracers is given by the parabolic dash-dotteaf unphysical mixing and overshoots/undershoots (new max-
black curve. Pairgq1, g2) (red dots) that fall outside the re- ima/minima are created corresponding to values above 1 and
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Figure 7. g1—g2 (xy axes) scatter plots for correlated tracers-at6 days. Scatter pointg{, g2) atr = 0 follow the upper (parabolic) black

dashed-dotted curve.
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Figure 8. Relative mass residual in volcanic plume simulations
(SOy) for different schemes
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below 0). Significant improvements can be noticed when a
quasi-monotone limiter is used. TBEF limiter, being more
strict (and damping) has bigger impact as all points stay in-
side the convex shape. However, maximum field values are
damped. Th@&Slimiter reduces but does not eliminate com-
pletely the unphysical mixing occurring with cubic interpo-
lation. However, it preserves better the maxima.

When a MFA is combined with thBEF limiter it does not
change the mixing further: it preserves equally well the ex-
isting tracer correlations as shown in Figicompare panels
¢ and d). It also results in a small further reduction of maxi-
mum field values (result not included here). When the fixers
are combined with th&Slimiter we obtain very similar re-
sults with respect to tracer correlations compared with corre-
sponding results from thBEF limiter but slightly improved
results in terms of accuracy (preservation of maxima). In this
caseBC and PR give the best results. They both preserve
reasonably well the initial correlation (better than the corre-
sponding run without fixer) and maximum field values are
not too far from the analytical valueZE andMG fixers are
not as effective in preserving the functional relationship (es-
pecially the latter) as a small proportion of points are outside
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R

(e) [cubic qm, MG] at t = 24 hrs (f) [cubic qm, MG] at t = 150 hrs

Figure 9. Comparison of volcanic plume simulation with and without a mass fixer using quasi-monotone cubic Lagrange at T1279 L91
resolution. The plotted quantity is the total $Ebntent (in kg nT2) per model grid-point column. Experiments defined as in Table

the bounded sector. The former can produce small negativemitted into the atmosphere by a single point source and then
values in some regions. But they are both better in preservingransported by the winds. This case resembles the Grimsvétn
the maxima. volcanic eruption (se€lemming and Innes2013. Due to

In conclusion, applying any of the MFAs did not deteri- the highly localised nature of the advected plume, this case is
orate the mixing properties of the advection scheme and ira good test for assessing the local behaviour of a global MFA.
some occasions improved them (e.g. compare®@nd f).  The striking fact in this simulation is that the plume’s to-
This is a desirable result and suggests that MFAs can be &l mass is largely overestimated. A conservation error of al-
beneficial addition for a semi-Lagrangian scheme used fomost 20 % of the total mass of the field occurs during the first
transport of chemical tracers. The combination of a MFA time steps which eventually results in a more than 50 % gain.
with the BSlimiter works better anC andPRseem to give  This is shown in Fig8. The greatly improved performance

the best results. in terms of conservation of the non-limited cubic Lagrange
without MFA shown in this plot is due to the presence of
4.4 \Volcanic plume case study large negative undershoots which offset the overshoots when

the global integral is computed and is therefore misleading.

MFAs have also been tested on volcanic plume advection APPIYing a MFA results in a globally conserving solution
cases. Here a test case is presented where a tracgy iSO @S shown by the 0 residual line in Fig. The MFA applied
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there isBC but the same result is obtained by any of the other 2. Global conservation is achieved without deteriorating

algorithms. It also results in some reduction of the peak val- the solution. An exception is the volcanic plume case
ues of the field which is evident in Fi§. This can be ex- in which peak values are reduced. However, this side-
plained if we consider that a MFA diagnoses that the total effect is also related to the lack of sufficient resolution.

mass has been largely overestimated by cubic interpolation  Despite this, global mass conservation is important for
and has to remove mass to enforce conservation. As the mass emission parametric estimates because the mass conser-
is concentrated in a small area, across a few grid points, peak  vation error can reach up to half of the emitted mass.
values will be inevitably reduced when the MFA is applied.
Large interpolation errors as a result of large gradients and 3.
insufficient resolution near the source is the main reason for ,
this mass overestimation. The sensitivity with respect to the
specific mass fixer or quasi-monotone filter used was rela-

The impact on forecast skill was neutral.

Noticeable impact was found from the type of quasi-
monotone limiter applied. In long integratio®S im-
proves on the standard quasi-monotone scheme used in

tively small and all algorithms tested behave in a similar way. IFS.
The biggest difference was found between M@ fixer and
the remaining ones and this shows in FHg. Based on the above findings the recommendations on the use

Although it is difficult to obtain accurate results in test of the newly implemented MFAs in IFS are as follows:
cases of advection of small-scale point sources with coarse
(global)-resolution semi-Lagrangian models, useful qualita-
tive results can still be obtained. The MFA may reduce the
amplitude of the field but it will correct its total mass which

is necessary for emission parameter estimation. 2. If quasi-monotonicity is not essential and positive-
definiteness is sufficient, the cheapest fil&® is suf-

ficient. It is also the only one that can be applied for
advection with linear interpolation and would be rec-
ommended for any model using such mixed approach.

1. For quasi-monotone cubic advection of moist quanti-
ties,BC s the preferred option as it is shape preserving
and one of the cheapest.

5 Conclusions

A MFA is a technique to correct the global mass conserva- 3. The ZE fixer results in an accurate advection scheme
tion error that a non-formally conserving advection scheme and generates small increments. If quasi-monotonicity
introduces. It acts a posteriori to correct the solution after the is not essential, it should be the best option for fields
field has been advected. In the context of a semi-Lagrangian  having background values away from zero.
scheme this means to correct the field after it has been inter-
polated to the departure point and before other source terms 4. Currently theBC fixer is recommended for simulations
due to physical processes are added. with chemical tracers because it is one of the cheapest
Different MFAs have been implemented (cf. Sect. 3)inIFS ~ and performs well in advecting correlated tracers (cf.
based on different strategies for correcting the global mass ~ Fig. 7).
conservation error. They all follow a weighted approach, i.e.
weights are computed which determine how much to adjust
each grid-point value. The aim is to correct the advectediFAs may be inappropriate at non-hydrostatic, cloud-
field in regions where the interpolation error is large. Re-resolving scales. Future tests will include these regimes.
sults show that indeed these methods act in areas of stee@pngoing developments in the PantaRhei proj&TNWF,
gradients where the solution is not smooth while they ap-2013 will provide opportunities towards a strictly mass-
ply very small corrections elsewhere. They achieve globallyconserving scheme for these regimes. Until such develop-
mass-conserving solutions without deteriorating accuracy aments materialise, MFAs can provide a practical alternative
large scales. This has been demonstrated here by a set fifr the applications supported by IFS and are attractive due
12-month forecast tests verified against ERA-Interim andto their low computational cost.
standard 10-day forecasts at T511 L137 resolution verified
against ECMWF operational analysis. A small local degrada-
tion of existing biases cannot be completely ruled out sinceAcknowledgementsThe authors wish to thank Dr. S. Malardel for
the sign of the global mass error determines the sign of thé)rovidin.g.her idealised case.study. code and. Dr. John McGregor
corrections everywhere. The key results from this work arefor providing reference material for implementing one of the algo-
the following:

5. For volcanic plumesBCis also sufficient.
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