Implementation of modules for wet and dry
deposition into the ECMWF Integrated Forecast
System

Johannes Flemming (ECMWEF), Vincent Huijnen (KNMhdaLuke Jones (ECMWF)

MacCC

Deliverable
D G-RG 4.6



Abstract

A description and initial evaluation of the dry andt deposition schemes as implemented in
ECMWF's Integrated Forecast System (IFS) is presknDry deposition is based on pre-
scribed monthly deposition velocities. Wet depositis based on the GMI Harvard scheme.
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1. Introduction

A major new development in the MACC G-RG subprojechcerns the development of
inline chemistry within IFS, which is referred te €-IFS. The C-IFS system could resolve
limitations of the current coupled CTM-IFS systeffoy instance tracer concentration
displacement issues between the CTM and IFS. Runtre, it runs more efficiently on the

ECMWEF supercomputers and would therefore allowfiioer resolution or the set-up of a

model ensemble in the operational forecasts ofuture GMES atmospheric service.

Building blocks of the C-IFS system are the chemiahd photolysis module (see deliverable
4.4), as well as modules for dry and wet depositjdescribed in this document) and
emissions (deliverable 4.5).

Dry deposition describes the process of the remofvatmospheric traces gases and aerosol
to the earth surface without the interaction witkqgipitation or clouds. The dry deposition
intensity depends on the species and the propeitidse earth surface including vegetation to
absorb the trace components. Dry deposition dependshe vertical turbulent transport
(diffusion) because diffusion determines the cotragion close to the surface.

Wet deposition is the process of removal or trartspioatmospheric traces gases and aerosol
by cloud water or precipitation. It acts on spediest dissolve in water. Rain-out is the
removal of trace gases dissolved in cloud drofdgtprecipitation. Wash-out is caused by the
transfer of traces gas in falling rain below theud. Cloud droplets with dissolved traces
gases can be moved upward in convective cloudscandevaporate, which leads to the
vertical transport of trace gases.

2. Dry deposition simulation
The dry deposition fluX- ; at the model surface is calculated in C-IFS byrke approach

based on pre-scribed dry deposition velocity. Thedkposition velocity fields are a model
input, which is described with more detail in sextB.

F , is calculated from the mass mixing raltMR, the dry deposition velocity, and the

density at the lowest model layer in the followingy:
F o= v, MMRr

Given the long time step (3600 s) of C-IFS, thieuwdation of the concentration decrease by
dry deposition has to account for the implicit cwter of the dry deposition flux since it

depends on the mass mixing ratio itself. If noetakito account, the loss by dry deposition is
overestimated which could result in negative cotredion values. For example, a dry-

deposition velocity of 4.2 mm/s applied over a tistep of 3600 s would empty a grid box of
15m vertical extent if the respective flux was diamed using only the mass mixing ratio at
the start of the time step.

In C-IFS, there are currently three alternative sviycalculate dry deposition:



1. Add dry deposition flux to surface flux (togetheitwemissions) used in vertical
turbulent transport scheme

2. Separately calculate the followiMdMR time derivative because of dry deposition in
the lowest model layer using a implicit formulation
dMMR _ v,

=-—=MMR
dt DZ

3. Including dry deposition velocity as a first-orderaction for the surface as part of the
CBM5 chemical solver (TM5 only)

Approach 1 links the process of dry deposition wittrtical diffusion, which is more
favourable than the more separate treatment of déyosition in approaches 2 and 3.
However, it does currently not account for the iipcharacter of the dry deposition flux. It
is therefore necessary to constrain the dry depaosilux to avoid negative concentrations.
The current ad-hoc approach is to limit the depmsiflux equivalent to mass loss smaller
than 70% of the tracer mass at the start of the 8tap in the surface layer over the given
time step.

Approach 2 and 3 are applied after emissions ilgeand diffusion. Approach 2 allows the
application of different numerical solutions of ttigange of the mass mixing ratio because of
dry deposition. Approach 3 applies the implicit sggzh on a sub-time step and is supposed
to produce a solution close to the analytical $otut

Approach 2 allows the choice between the followingnerical schemes:

Explicit (Euler-Forward):
MMR - MMR=- ~2D t MMR
Dz
Implicit (Euler-Backward):
MMR - MMR=- ~2D t MMR
Dz
Centred implicit approach:

MMR-MM%=-§?tMMR;MM%

Analytical solution:

V
MMR = MMRexp - 2D t
R = MMR,exp - =2

The differences in the rate of mass mixing ratiarcye among the different approaches are
shown in Figure 1. Larger differences occur fohleigdeposition velocities or time steps. The
values of the deposition velocities in relatiortiie time step can be found in a regime were
the differences between the numerical approachaselarge. The centred implicit
approach is closest to the true solution whichasentostly to calculate.
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Figure 1 Change in normalised mass mixing ration MNR/MMR , because of dry
deposition (y-axis, MMR, is initial value) vs. a normalised dry-depositionvelocity (x-
axis) for different numerical solvers (see approacl2 above). The x-axis unit are scaled
by the ratio of model time step and surface layerdx height t/ Z. x = 1 corresponds to
a total tracer mass loss if a constant dry deposin flux (explicit) is assumed.

3. Dry deposition velocity input

The dry deposition fields are currently assumedstaont for the model forecast, which is
typically 24 to 72 hours. The dry deposition vel@s have to be prepared as IFS input file
before the model run. Currently the input file indeirpolated in time from monthly global
fields which had been prepared by averaging 3-lodiy deposition velocity field output
from the TM5 model. The monthly data set are abéelat the resolutions T159 and T255.

The dry deposition velocities were calculated usheyapproach from Weseley et al. (1989)
and Ganzeveld and Lelieveld (1995). It uses metegiaal and surface input data including 2
meter temperature, wind speed, surface roughnessalnwetness. At the surface the model
makes a distinction between uptake resistanceseigetation, soil, water, snow and ice (cf.
Table 1). The vegetation resistance is calculatguthe in-canopy aerodynamic, soil, and
leaf resistance. The stomatal resistance is cagalilanline, depending on e.g. the soil wetness
at the uppermost surface layer, where together thighcuticle and mesophyl resistances this
is combined into the leaf resistance.

The resulting annual means based on TM5 versioB-EMem-v3.0 (Huijnen et al. 2010), for
the year 2006, using ECMWF operational meteorokgyshown in Figure 2 to Figure 15 in
the appendix. Table 2 contains the all the spewibgh are subject to dry deposition and the
respective average, minimum and maximum dry deipasvielocities. It is foreseen to use the
SUMO model to calculate the deposition velocitypéoused in C-IFS.



Table 1 Selected soil, water, snow/ice and mesophgkistances according to Ganzeveld
and Lelieveld (1995) and Ganzeveld et al. (1998} $ nTl. The cuticle resistance is T0s
m-1, for all trace gases except for HN@and N,Os, where a value of 1 s nt is adopted.
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Table 2 The chemical trace species which are subjeio dry deposition in the extended
CBM4 mechanism and minimum, maximum and area-averagd dry deposition velocities
in mm/s.



4. Wet deposition

The module for wet deposition in C-IFS is currerdlyery simple scheme which is based on
the Harvard wet deposition scheme (Jacob et @0)20The calculation of the wet deposition
includes the following processes:

1. In-cloud gas scavening in liquid water based on rigelaw-equilibrium
concentrations in rain and snow

2. Gas release by evaporation of rain and snow

3. Wash out of gases by rain and snow falling throaigloutside clouds assuming a falll
speed of 5m/s

The processes 1, 2 and 3 are calculated sepagatdiafter each other for large-scale and
convective precipitation. Wet removal processesiateonsidered for ice clouds.

The effective Henry-coefficientsykand the reaction enthalpiedDH / R describing the
temperature dependcies are provided as model {(spattable 1). All gases are assumed to be
in Henry-equilibrium. The mass transfer between ghase and aqueous phase is not
considered to be a limiting factor for species. Tdss of dissolved gas by 1) in clouds and the
gain by 2) are determined by the change in theigtaton flux between the model levels
and the level above. The precipitation flux is sdato be valid over the cloud cover fraction
of the respective grid-box. The retention coediintj describing the retension of dissolved gas
in the liquid cloud condensate as it is convertedptecipitation (< 1 accounts for
volatilization during riming), is one for all spesiin warm clouds (T>268); it is 0.02 for all
species in mixed-clouds except for HNO3 (1.0) arDH (0.05). The effective available
liquid water content for 3) is determined by thegpitation flux assuming a constant fall
speed of 5 m/s.
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Table 3 The chemical trace species which are subjeio wet deposition and the effective
Henry-coefficients at 298 K and the reaction enthgiies.

5. Evaluation of dry and wet deposition budgets
An evaluation of the deposition budgets is perfan® assess the current schemes. These
annual budgets are compared against the offline Twi&lel using basically the same
chemistry scheme and emissions. The deposition disdgre a result of the model
input deposition vijocfields and wet scavenging
parameterization and therefore depend implicithotrer model parameterizations.

concentration fields and the

Although the order of magnitude of the dry depositbudgets is in general similar, the
absolute values of the budgets between TM5 and3Celih be different by 50%. For a few
tracers like SO2, SO4, MGLY and ALD?2 the depositiutgets show even larger differences
between TM5 and C-IFS, suggesting discrepancigkdnmodel input settings. It should be
noted that the impact of the various fluxes on ¢hemical composition depends on its

relative contribution to all production and losets.

R B R T'V('fe‘F’)"m 01 2 ./
3 3
) 3
! 3
4, 5 3 3
4, 5 . 3 3
4, 5 ! 3
4, 5 3
4& 5
14, 5 . ! 3
$# 4, 5 3 3
+& +4, 5 ! *
# . x|
$% *3 "3

&(




) ! ! *|

) * *| *

Table 4 Comparison of dry and wet deposition budgstfor a one year run for 2007 for
CIFS and TM5 (Tg species / yr).

6. Integration in the IFS code

The mass mixing ratios at the beginning of the tstep are used for the calculation of the
chemical tendencies. The tendencies of the cheroaralersion are added to the tendencies
describing emission advection, injection, dry dépms and diffusion as well as wet
deposition.

Routine name Called from Purpose Output

Chem_scav.F90 Chem_main.F90 Wet deposition | fhemical tendencies
either large-scale ar
convective precip

Chem_drydep.F90 Chem_main.F90 dry deposition Chadrreadencies
Gems_init.F90 Callpar.F90 Add ddeposition
to emissions

Table 5 Fortran routines added to or changed in théFS code.

7. Conclusions and Outlook

We have presented a first implementation of a basic wet and dry deposition scheme into
ECMWEF's Integrated Forecast System. The global btglgre in-line with the number for the

TM5 model. More testing is needed to investigatedpatial and temporal plausibility of the

deposition fields.

The following improvements should be implementedtfie dry deposition scheme:
1. Implicit treatment of dry deposition flux as paftti@cer diffusion (approach 1)
2. Investigate in more detail the difference of thiéedent numerical approaches
3. Use of input data from the SUMO model
4

Update of deposition velocities during model run
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The following improvements should be implementerttifie wet deposition scheme:
1. Transfer limitation of scavenging for highly solatdpecies such as HNO3
2. Scavenging in convective updrafts as part of thesection code

3. Overall checking and refinement

11
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Appendix:
Annual averaged dry deposition velocities
used in C-IFS
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Annual mean SO2 d.v. (mm/s)
T

Figure 2 Annual SO2 dry deposition velocity in
mm/s

Annual mean ROOH d.v. (mm/s)
T
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Figure 3 Annual ROOH dry deposition velocity in mnis, also used for PAN, OGRNTR,
ETHOOH, CH30H and CH30OOH
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Annual mean O3 d.v. (mm/s)
T
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Figure 4 Annual O3 dry deposition velocity in
mm/s.

Annual mean NO3 d.v. (mm/s)
T
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Figure 5 Annual NO3 dry deposition velocity in mm/salso used for NO2
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Annual mean NO d.v. (mm/s)
T

SLCISIN)
BN OOEN

BN
N ooRN

SaRE*2TRN B8RP REREPASRE SaRRS

[Y=YoT=Y=T=Y-YoY-Y-YoY Y- VN NN

Figure 6 Annual NO dry deposition velocity in
mm/s

Annual mean NH3 d.v. (mm/s)
T

Figure 7 Annual NH3 dry deposition velocity in mm/s
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Figure 8 Annual N205 dry deposition velocity in mmg, also used for MCOOH, HNO3,
HCOOH

Figure 9 Annual MGLY dry deposition velocity in mm/s, also used for CH20
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Figure 10 Annual ISPD dry deposition velocity in
mm/s

Figure 11 Annual HNO4 dry deposition velocity in mnis

18



Figure 12 Annual H202 dry deposition velocity in
mm/s

Figure 13 Annual ETHOH dry deposition velocity in nm/s
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Figure 14 Annual CO dry deposition velocity in mm/s

Figure 15 Annual ALD2 dry deposition velocity in mmis
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