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Abstract. The vertical transport of tracers by a cumulus portant trace gases such as ozone (Lelieveld and Crutzen,
ensemble at the TOGA-COARE site is modelled during a1994; Lawrence et al., 2003).

7 day episode using 2-D and 3-D cloud-resolving setups of |n recent years cloud-resolving models (CRMs) have been
the Weather Research and Forecast (WRF) model. Lateralsed by numerous investigators to study the transport of trac-
boundary conditions (LBC) for tracers, water vapour, andgrg (e.g. Scala et al., 1990; Wang and Chang, 1993; An-
wind are specified and the horizontal advection of trace gasegronache et al., 1999: Skamarock et al., 2000; Wang and
across the lateral domain boundaries is considered. Furerinn, 2000: Pickering et al., 2001; Ekman et al., 2004). In
thermore, the vertical advection of trace gases by the largegach of these studies the evolution of a single deep convec-
scale motion (short: vertical large-scale advection of tracerstjye storm was simulated. Lu et al. (2000) presented the first
VLSAT) iS Considered. It iS ShOWﬂ that inCIUding VLSAT mu|ti_day 2-D mode' Study Of trace gas transport by a cumu-
partially compensates the calculated net downward transpol;s ensemble. They applied periodic lateral boundary con-
from the middle and upper troposphere (UT) due to the masgjitions (PLBC) and observed large-scale advection (LSA)
balancing mesoscale subsidence induced by deep convegarms for water vapour and potential temperature, but ne-
tion. Depending on whether the VLSAT term is added or glected the corresponding terms for tracers. Particularly in
not, modelled domain averaged vertical tracer profiles cansjtyations with vertical wind shear, model calculated tracer
differ significantly. Differences between a 2-D and a 3-D fie|ds obtained with PLBCs will not necessarily be meaning-
model run were mainly attributed to an increase in horizon-fy) if the model is run longer than the timggy=L/Umax
tal advection across the lateral domain boundaries due to thg tgkes the tracer to be advected across the entire length of
meridional wind component not considered in the 2-D setupthe domain and the tracer’s chemical lifetime is longer than
or comparable ta,4,. Herev,,,,=max(v(z)) is the maxi-
mum domain averaged horizontal wind speed, and the
horizontal domain length. On the other hand if LBCs for
1 Introduction trace gases and for the wind are specified, the horizontal
wind is allowed to change the vertical tracer gradients and
Deep convective clouds can rapidly transport trace gaseghus the vertical transport. In this study a framework is pre-
from the lower troposphere to the upper troposphere (e.gsented which enables investigators to drive cloud-resolving
Gidel, 1983; Chatfield and Crutzen, 1984; Dickerson et al.,chemistry transport models with observed data for longer pe-
1987; Pickering et al., 1990) where in many cases theirriods taking into account large-scale influences that in pre-
chemical lifetimes are longer and horizontal winds often arevious CRM transport studies were neglected. In this ap-
stronger. On the other hand, tracers are transported dowrproach water vapour, tracer concentrations and wind com-
wards due to the mass balancing mesoscale subsidence ipenents are specified at the lateral boundaries of the domain,
duced by deep cumulus clouds and due to downdrafts insidevhile for other variables PLBCs are applied. Furthermore
deep convective clouds. Both upwards as well as downwarda VLSAT term is included. Chatfield and Crutzen (1984)
transport have been found to influence global budgets of imnoted in their early study of cloud transport that the influ-
ence of the synoptic-scale circulation should be described in
Correspondence ta¥l. Salzmann order for the air chemistry results to be credible. In con-
(salzmann@mpch-mainz.mpg.de) trast to their study, in the approach presented here we do not
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1798 M. Salzmann et al.: Modelling tracer transport by a cumulus ensemble

attempt to model the large-scale circulation, but instead in-2.2 Large-scale advection

corporate its influence in the CRM by specifying LBCs for

tracers and adding a VLSAT term. Pickering et al. (1990) Tropical deep convection tends to occur under conditions of
considered horizontal tracer advection in a one-dimensionalarge-scale low level convergence and tropospheric ascent,
photochemical model in order to achieve agreement betweeR-g- in the rising branch of the Hadley or the Walker circu-
modeled and observed profiles of nitrogen monoxide and carlation which cannot be reproduced by a limited area CRM
bon monoxide. In their study, the term representing horizon-With the domain sizes computationally affordable today. In
tal advection was independent of the horizontal wind. Heremany studies large-scale advection (also referred to as large-
it will be argued that large scale influences also have to bescale forcing or advective forcing) tendencies for the water
considered in multi-day CRM studies of tracer transport. Invapour mixing ratioy and the potential temperatufebased
Sect. 2 the model and the model setup are described focusir@ observations are added to the right hand side of the prog-
on the treatment of LBCs and the VLSAT in this study. The nostic CRM equations and the model is run in the so-called
results of sensitivity studies with different model setups for Semi-prognostic manner firstintroduced by Soong and Ogura
modelled meteorology and tracer transport are presented ifit980). The LSA tendencies can be expressed as:

Sects. 3 and 4. An extended discussion of the results and the _ —
method follows in Sect. 5. 90 —_—7-V6— w% (1)
ot 9z
LS
aq aq
<—q) - k7-Vi—w L @)
2 Model description and model setup 9t J1s 9z

where overbars denote horizontal domain averaged values
2.1 Model description and k=1 when PLBCs forg are used and=0 (no hori-
zontal LSA ofg) whenever LBCs fog are prescribed. In-

A modified height coordinate prototype version of the non- stead of prescribing the large-scale advection entirely from

hydrostatic, compressible Weather and Research and For&@PServed values it is also possible to calculate the second
cast Model (WRF) is used in this study. The WRF model term on t.he right hand side from obs_erved_valugss to-

is a community model which is being developed in a col- 9¢ther with model calculated values @fandé as done by
laborative effort by the National Center for Atmospheric S0°Ng and Ogura (1980). Sensitivity studies testing both
Research (NCAR), the National Centers for EnvironmentalmethOds yielded sufficiently similar results for the purpose of
Prediction (NCEP), the Air Force Weather Agency, Okla- this study, and we decided to use the aforementioned method
homa Univesity and other university scientists. It was de-Of prescribing the entire right hand sides of Egs. (1) and (2)

signed as a regional model which is capable of operating afrom observations (see Fig. 1) based on data from Ciesiel-

high resolutions. The source code as well as additional inSKi €t @l. (2003). In addition to prescribing the LSA terms,

formation can be obtained from the WRF model web site S00Ng and Ogura (1980) retained the products of domain av-

at http:/iwrf-model.org. The basic equations can be founderaged and perturbation variables in their model, while in

in Skamarock et al. (2001) and the numerics are described@" other studies (e.g. Xu etal., 1992; Johnson et al., 2002)

in Wicker and Skamarock (2002). Microphysical processesthese terms were neglected. Hereandd were specified

are parameterized using a single-moment scheme (Lin et a|§nt|rely based on observations and these products were also

1983) which is not part of the WRF model distribution. The "€9lected. Fog andd, perturbations are usually small rel-

scheme is described by Krueger et al. (1995) and is basefftive to their basc_e (horizontally averaged) values, while e.g.
on a study by Lord et al. (1984). The mass mixing ratiosfor a trace gas with a sgrface_ source and a low tropospheric
of water vapour, cloud water, rain, cloud ice, graupel, snowPackground concentration this is not the case when the up-

and tracers are transported using the Walcek (2000) monowards transport of the trace gas in deep convective clouds sets

tonic advection scheme instead of the third order Runge!": For trgcers ameth_od of including large-scale transport is
Kutta scheme which is currently implemented in the WRF US€d which was previously used fgrand6 (Xu and Ran-

model prototype. The third order Runge-Kutta scheme isdall, 1996; Xu and Krueger, 1991). The vertical advection

used to solve the momentum equations and the theta equé’-f these tracers due to the large-scale vertical velagiiy

tion using fifth/third order spatial discretizations for horizon- 'S c@lculated, thus allowing horizontal inhomogeneity of the
talivertical advection terms. Shortwave radiation is param-YL-SAT. If the LBCs for tracers and wind are prescribed and

eterized using the Goddard shortwave scheme (Chou et alth® average horizontal wind components are nudged towards
bserved values, only the vertical advection du@ g must

1998) and for parameterizing longwave radiation the RRTMC ) ) :

scheme (Mlawer et al., 1997) is used in the simulations. SubP€ considered and the VLSAT term is calculated from:

grid scale turbulence is parameterized applying Smagorin-(é)_u) 7}
LS

sky’s closure scheme (e.g. Takemi and Rotunno, 2003). 9t = T Wobs 5 ©)
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Fig. 1. Time-height contour plots showing observed vertical and horizontal large-scale advection tendencies of potential temperature and

water vapour mixing ratio. Times are given in UTC.
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whereu is the modelled tracer mixing ratio and,,, is de- der advection scheme were used, spurious upwind transport
picted in Fig. 2c. Ifir were inserted in Eq. (3) instead of would in principle be possible and a more sophisticated out-
u the tracer advection by,,s would be non-local and the flow boundary condition may become necessary. In the runs
tracer would be spuriously dispersed across the entire modalsing specified lateral boundary conditions for water vapour,
domain. In addition it would become necessary to apply atime-dependent water vapour boundary values were specified
non-local scaling of the values in order to ensure positivebased on observation-derived data from the Ciesielski et al.
definiteness and mass conservation simultaneously. In sim2003) dataset.
ulations of chemically reactive trace gases this would often
cause significant problems. The average horizontal wind i2.4 Simulation of the TOGA-COARE case
nudged towards observed values (see Fig. 2):

A seven day period from 19-26 December 1992 at the site

<%> — _ V" Yobs (4) of the TOGA COARE (Webster and Lukas, 1992) Intensive
ot ) s Tadj Flux Array (IFA, centered at2S, 156 E) is modelled which
wherev=(u, v), as in e.g. Xu and Randall (1996) and John- overlaps with the peri.od chosen by the GEWEX Cloud Sys-
son et al. (2002) with an adjustment timg,; =1 h. tem Study (GCSS S_(:le_nce Team, 1993_) Working Qroup 4 as
the 2nd case of their first cloud-resolving model intercom-
2.3 Lateral boundary conditions parison project (Krueger and Lazarus, 1999) and was also

investigated by Wu et al. (1998), Andronache et al. (1999),
In semi-prognostic model studies of deep convection PLBCsSu et al. (1999), Johnson et al. (2002) and used in a model
are used and LSA terms for water vapour and potential temeomparison by Gregory and Guichard (2001). During this
perature are prescribed providing a means of simulating obperiod the IFA region is influenced by the onset of a west-
served events. With PLBCs no fluxes into the model domainerly wind burst (see Fig. 2a) and three consecutive convection
from the outside are allowed and the domain averaged nemaxima develop between 20 and 23 December and a fourth
upward transport of air is zero. While fgrandé the hori-  and strongest maximum with its peak on 24 December at the
zontal LSA terms (see Fig. 1b and d) can be small comparedimes of maximum large-scale ascent (Fig. 2¢) and vertical
to the vertical LSA terms (in Fig. 1a and c), this can not beg andd LSA (Fig. 1a and ¢). The WRF-model as described
expected to be the case for moderately long lived trace gasef) Sect. 2.1 is run with 2 km horizontal resolution and 350 m
as will be demonstrated in this study. Thus, if no horizon- vertical resolution up to 19 km and decreasing resolution up
tal LSA terms for tracers are prescribed in multi-day studiesto the model top at nearly 24.7 km with a total of 63 grid
of trace gas transport, PLBCs should not be used for tracerpoints in the vertical direction. The timestep is 5s and small
with lifetimes longer than those discussed above. Thereforetime varying random contributions (in the rang®.01 g/kg
we decided to retain PLBCs for the potential temperature andor 2-D runs andt-0.0125 g/kg for the 3-D run) are added to
the air density but specify LBCs for tracers and for water the water vapour mixing ratio in the sub-cloud layer during
vapour. In this approach, periodic boundary conditions arethe first 2.5 h of the simulation. Ten tracers with horizon-
also retained for the horizontal wind components,iband  tally and vertically constant initial concentrations in 1750 m
v are nudged towards their observed values with extremelthick horizontal layers are included in the model runs. For
short adjustment times (twice the model timest#epat the  three of these tracers a detailed analysis of the model results
lateral boundaries. Consequently, the LBCsifandv can  will be presented in the following. The tracers are assumed
be considered prescribed LBCs. The vertical velogitgnd to be chemically inert, insoluble and to have no surface or
the concentrations of all hydrometeors in the liquid and thetropospheric sources or sinks in the domain. At the lateral
ice phase are set to zero at the lateral boundaries. The vaboundaries, the tracer concentrations are assumed to be con-
ues forg and the tracer concentration (partial density) stant and equal to their initial concentrations.
at the lateral boundaries are specified in a zone which was
chosen to be 2 grid points wide. Feyv andw this width 2.5 Sensitivity studies
is set to three points and additionally a four point wide re-
laxation zone is used in which the adjustment time increasedhe results from three 2-D runs, using a domain length of
linearly in order to avoid the generation of spurious waves.500 km are discussed in detail. These three runs were per-
The microphysics scheme is not applied in an eight-pointsformed in order to study the sensitivity towards different
wide boundary zone in order to avoid spurious condensalBC and towards applying VLSAT. In the first run PLBCs
tion. This boundary zone is not considered in the analysisare used. In the second run the water vapour, the concentra-
of the model results and not included in the domain lengthgtions of the hydrometeors in the liquid and the ice phase and
cited below. With the choice of LBCs presented here, tracerghe wind are specified at the lateral boundaries as described in
and water vapour are transported smoothly into the domairSect. 2.3. The tracer concentrations prescribed at the lateral
at the upstream lateral boundary. At the outflow boundaryboundaries are kept constant and are set equal to the initial
the same boundary condition was applied. If a higher or-tracer mixing ratios. For brevity, runs with specified tracer

Atmos. Chem. Phys., 4, 1797-1811, 2004 www.atmos-chem-phys.org/acp/4/1797/
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Fig. 2. Time-height contour plots of observéa) zonal(b) meridional andc) vertical wind components.

Table 1. Sensitivity runs, for abbreviations see text.

Setup Boundary Conditions Large Scale Advection

2-D sensitivity runs

2-D (500 km) PLBC horiz. and verg., 6

2-D (500 km) SLBC vertg, 6

2-D (500 km) SLBC vertg, 6, and TLSA
3-D vs. 2-D sensitivity runs

2-D (248 km) SLBC vertg, 6, and TLSA

3-D (248 kmx 248 km) SLBC vertg, 6, and TLSA
additional sensitivity runs

2-D (1000 km) SLBC vertg, 6, and TLSA

2-D (500 km), WRF Lin-scheme SLBC vett, 6 ,and TLSA

and water vapour boundary conditions subsequently will beruns using domain lengths of 248 km and 1000 km were per-
referred to as specified lateral boundary condition (SLBC)formed. The results from these runs are mentioned occa-
runs. In the third run the LBCs (and the calculated meteo-sionally and are not discussed in detail here. Except for the
rology) are the same as in the second run, but additionallydifference in domain size, the setup of these runs was identi-
a VLSAT term (Eq. 3) is added when solving the tracers’ cal to the setup of the third 500 km domain run, i.e. SLBCs

continuity equations. In order to study the dependence ofvere used and the VLSAT was considered. In Sect. 3, re-
the model results on the domain size, two additional modelsults from an additional 2-D run are mentioned. The setup

www.atmos-chem-phys.org/acp/4/1797/ Atmos. Chem. Phys., 4, 1797-1811, 2004
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of this run was identical to the third 500 km domain length 20 - - - - T
run, but instead of the single-moment microphysics scheme  oserved %
described in Sect. 2.1, the Lin-scheme implemented inthe | . PLBC |
standard WRF model was used. In addition to the 2-D runs 15t - -SLBC '
described above, a 3-D run was performed. In this run, again ~+-SLBC 3D J
SLBCs were applied and the TLSA was considered. The
same vertical grid configuration was used as in the 2-D runs
and the horizontal domain size was 248%848 km. The re-
sults of the 3-D run are compared to results from the 248 km
2-D run. An overview over the different setups used in the
sensitivity runs is presented in Table 1.

height (km)

0 S 10 15 -1.0 -0.5 0.0 0.5 1.0
3 Modelled meteorology Q (g/kq) Qmodel—Qobserved (g/kg)

The model computed precipitation rates generally compare_. _ _ ) _
well with the observed data (see Fig. 3). The total observed'9: + Vertical profiles of observed and mOd.el!Ed doma'“ and time
amount of rain for the seven day period from 19-26 Decem_averaged temperatures and water vapour mixing ratios.

ber 1992 is calculated from the Ciesielski et al. (2003) data

to be 149.1 mm and the simulated amount is 152.2 mm for Figure 4 depicts the differences between model calculated
the run with PLBCs. In SLBC runs the values are 162.6 mmand observed average temperatures and water vapour mixing
for the 2-D and 171.8 mm for the 3-D run and thus some-ratios. The cold temperature bias in the model runs in the
what higher than the observed value. On the other hand ifroposphere is comparable to the bias in the 2-D-CRM study
a comparable 2-D run also using SLBCs but the Lin-schemedf Johnson et al. (2002) and for the 3-D run to the bias in
from WRF instead of the one described in Sect. 2.1, the comthe 3-D CRM model study of Su et al. (1999). The cold bias
puted value is 143.7 mm and is thus somewhat lower than thavas e.g. discussed by Johnson et al. (2002). The different
observed value (not shown in the figure). In general, withq biases in the SLBC runs compared to the PLBC runs are
PLBCs a large over- or underestimation is unlikely to oc- & consequence of the horizontal transport of water vapour
cur in a semi-prognostic setup since the computed amount dghto the domain, and of the differences in total precipitation
surface precipitation is largely constrained by the input datadiscussed above.

for the water vapour LSA. In contrast, with SLBCs the do- For the 500 km domain 2-D runs the Hootter diagrams
main averaged horizontal flux divergence for water vapourin Fig. 5a and b show squall lines propagating westwards at
at a given height level is determined by the model and is al-moderate speeds of mostty3 m/s (low propagation speed
lowed to deviate from the measured values of the horizontaimplies a steep slope in the diagrams) and faster eastwards
LSA, thus more easily allowing either an over- or an under-moving single clouds (thin “lines” in the diagrams) for both
estimation of the surface precipitation. PLBCs and SLBCs.

Atmos. Chem. Phys., 4, 1797-1811, 2004 www.atmos-chem-phys.org/acp/4/1797/
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Fig. 5. Hovmbller diagrams: 1 mm/h contour of model computed rainfall rate¢fpPLBCs andb) specified water vapour and wind LBCs.
(c): Same as (b) but for 248 km long domain.

Perhaps the most striking differences between the two send  Modelled tracer transport
sitivity runs occur between 20 December and 23 December.
In the run with PLBCs a single large squall line develops The transport of the ten tracers included in the sensitivity
during the first two days of strong deep convective activity runs was analysed using different methods. For the purpose
and during the next two days mostly single clouds and smallof describing the main characteristics, it was found to be use-
squall lines dominate. In the SLBC run during the entire ful to choose three tracers for a detailed discussion. Subse-
period, single clouds co-exist with large squall lines occur-quently these tracers will be referred to as tracer A, B and C.
ring during the latter half of the first four days of strong deep Tracer A was initialized in a lower tropospheric layer, tracer
convective activity. In Fig. 5¢c a Hovitler diagram for the B in the mid-troposphere, and tracer C in the UT.
248 km domain 2-D run which will be utilized for the 2-D
vs. 3-D tracer transport comparisons in the next section it-1 Tracer Ain 2-D runs
shown. In this run the largest squall lines have smaller hori- o N
zontal extents and shorter lifetimes than in the larger domairf-1-1  Periodic lateral boundary conditions

run. o . .
Tracer A was initialized at a horizontally and vertically con-

stant concentration in a lower tropospheric layer between 0
and 1750 m height. The time height contour plot of hori-

zontally averaged modelled tracer mixing ratios (see Fig. 6a)
shows the effect of rapid upward transport immediately after

www.atmos-chem-phys.org/acp/4/1797/ Atmos. Chem. Phys., 4, 1797-1811, 2004
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1.00 Fig. 6b). Initially the LT mixing ratio decreases as in the
0.90 case of PLBCs. But between 21 December and 22 Decem-
080 ber the westerly wind burst sets in and wind speeds in the

LT increase (see Fig. 2a). Tracer mass transported away
from the LT inside the updrafts of the deep convective clouds
is replenished by tracer mass horizontally advected into the
model domain. Around the same time the wind increases in

height (km)

0.70

0.60

0.50

T 0-40 the UT and tracer mass is continously advected out of the

z R domain across the lateral boundaries. The amount of tracer

2 025 advected into the domain in the LT and the amount of trac-
P ers advected out of the domain at UT levels could be quan-

titatively assessed calculating the time-integrated horizontal

—0.15
- L oo and vertical advection tendencies. Integrated over longer
= episodes, the tendencies of horizontal and vertical advection
5 o at each vertical level approximately balance. As for the run
e with PLBCs (Fig. 6a), UT mixing ratio maxima with con-
)19 12020 1221 1222 1225 tayon a5 1226 0.0 tours sloping towards the Earth’s surface indicate the strong
dote (1992) effect of mesoscale subsidence. When the VLSAT term is

taken into account (see Fig. 6c¢) this effect of the mesoscale
Fig. 6. 2-D sensitivity runs: Time-height contour plots of domain subsidence is also visible particularly at the time of the max-
averaged tracer mixing ratios for tracer A initialized at a horizon- jjmum in convective activity on 24 December, but once in-
tally and vertically constant concentration in a layer between 0 ancﬁected into the UT. the tracer mass often remains there for
1750 m altitude. The mixing ratio values plotted in this figure are considerably Iongér times. For tracer A domain averaged
normalized to the maximum initial mixing rati¢a) Periodic lateral . : - . .

o - . vertical profiles are plotted in Fig. 7 reflecting the differences

boundary conditions(b) specified water vapour and wind lateral . e -

between the results of the different sensitivity runs discussed

boundary conditiongc) specified lateral boundary conditions and R ;
vertical large scale advection for tracers. Contour levels are: 0.0here. Significant differences between the SLBC run and the

0.02, 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9. andun with PLBCs already become apparent in Fig. 7b (less

1.0. than 24 h after the onset of deep convection in the model).
The profiles in Fig. 7 will be discussed in more detail in
Sect. 5.

the onset of modelled deep convectior~&3 UTC on 19
December. Within the next day the amount of tracer in the
boundary layer decreases rapidly, while in the UT a local
maximum of the tracer mixing ratio forms (at the height of o N
the cloud anvils). The altitude of this maximum starts de-4-2-1 Periodic lateral boundary conditions

creasing immediately because of tracer mass descending due

to the mass balancing mesoscale subsidence induced by tfi@¢acer B (see Fig. 8a) was initialized at a constant concentra-
deep convection. Furthermore the mixing ratio of the tracertion in a layer between 7000 and 8750 m height and is chosen
close to the surface is sufficiently depleted so that air ad-as a representative mid-tropospheric tracer. At the onset of
vected rapidly upwards would not contain high enough tracerdeep convection this tracer is less effectively transported up-
mixing ratios to account for the formation of further UT mix- wards since the levels of maximum entrainment of deep con-
ing ratio maxima. Later the vertical mixing is increased sincevective clouds are located in the lower troposphere (LT). The
some of the descending tracer is re-entrained into deep coramount of tracer B in the UT increases much less rapidly than
vective clouds and transported upwards. Four days after thénhat of tracer A (compare Fig. 8a to Fig. 6a), because tracer
onset of deep convection the tracer is well mixed throughoutB is less efficiently entrained into deep convective cells than

4.2 Tracer Bin 2-D runs

the model troposphere. tracer A. The finding that tracer B is entrained less efficiently
than tracer A and that tracer A is predominantly detrained in
4.1.2 Specified lateral boundary conditions the UT provides a different perspective than the “convective

ladder” effect postulated by Mari et al. (2000). Tracer B is
As previously mentioned specifying LBCs for tracer allows also transported downwards due to the mesoscale subsidence
for tracer advection across the model’s lateral boundariesand after two days of active deep convection a substantial
and the total amount of tracer inside the domain to be in-part of it has reached the LT from where it is then rapidly
fluenced by the mean horizontal wind. Like in the case oftransported upwards. At the end of the studied period this
PLBCs tracer mass is rapidly transported from the lower tro-tracer is still not homogeneously distributed throughout the
posphere (LT) to the UT when deep convection sets in (seentire troposphere.
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Fig. 7. Domain averaged vertical tracer profiles for tracer A every 12 h after the modelled convection sets in for a run with PLBCs (dotted
line), a run in which the tracer concentrations were specified at the lateral domain boundary (dashed line) and a run with specified LBCs and
VLSAT (solid line). Mixing ratio values were normalized to the maximum initial mixing ratio.

4.2.2 Specified lateral boundary conditions effect of the mesoscale subsidence is also apparent for the
SLBC run in Fig. 9b where the mixing ratio contours slope
] . . downwards from the inflow toward the outflow boundary. In
During the first two days of the model run, the domain aver-he ryn in which the VLSAT term was included on the other

aged mixing ratio for tracer B evolves similarly to its counter- ,5nq a large fraction of the tracer mass has remained at its
partin the run with PLBCs when the VLSAT term is omitted nitial height. Between 21 and 22 December (see Fig. 8b

(see Fig. 8b). When the VLSAT term is incorporated (Seegain) when the westerly wind burst sets in, the total amount
Fig. 8c) the mesoscale downward transport on 20 Decembegs racer B in the domain decreases as a consequence of
is largely compensated. In Fig. 9 the mixing ratio contours mespscale subsidence, wind shear and transport across the
of tracer B on 20 December 14:00 GMT are depicted for theteral domain boundary. First the tracer is transported down-
three different sensitivity runs. In the run with PLBCs the \yards because of the mesoscale subsidence to altitudes be-

mesoscale subsidence has caused the center of tracer mMas$d® 5 km where the average westerly wind is strong. From
subside to nearly 3km below its initial location. The strong
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Fig. 8. As Fig. 6 for tracer B initialized at a constant concentration Fig- 10. As Fig. 6 for tracer C initialized at a constant concentration
between 7000 and 8750 m. between 12250 and 14 000 m.

T o the easterly wind at above 5 km height reaches a local maxi-
dote: 1992/12/20 10 AT mum which transports “fresh” tracer into the domain. For a
1 smaller domain (e.g. 248 km, see Fig. 12a) the depletion of
the tracer mass in the domain is weaker because during the
time t,4, it takes the tracer to be advected across the entire
length of the domain a smaller fraction of the tracer mass is
0 transported downwards due to the mesoscale subsidence. For
alarger model domain (1000 km) the depletion is also weaker
(figure not shown) becausgy, is long enough so that not all
of the tracer transported downward is transported out of the
domain during the period before tracer mass is replenished
by the increasing easterly wind.

height (km)

height (km)

0.0
1.0

4.3 Tracer Cin 2-D runs

4.3.1 Periodic lateral boundary conditions

height (km)

Tracer C (see Fig. 10a) was initialized in an upper tropo-
00 spheric layer between 12 250 and 14 000 m. About 12 h after
distance in x—direction (km) the onset of the deep convection the first convection towers
penetrate this layer and initiate downwards transport. The
Fig. 9. Tracer B: X-Z contour plot of the normalized mixing ratio air inside the anvils carries a low tracer mixing ratio and
~16 h after the onset of modelled convection. The contour intervalreplaces the air with high mixing ratios in the UT (which
is 0.1. Dashed lines indicate the initial tracer location, the solidis pushed downwards along the lower edge of the anvils).
line is the 0.1 g/kg mixing ratio contour of the sum of all masses of Mesoscale subsidence acts to further transport tracer mass
hydrometeors in the ice and the liquid phase. towards the Earth’s surface. On 22 December a reduction in
domain averaged mixing ratio located~a10 km altitude is
calculated. The decrease in mixing ratio leading to this min-
there it is rapidly transported eastwards to where it leavesmum is attributed to the transport of air with a low tracer
the domain across its lateral boundary. For the tracer in themixing ratio from the LT to the UT. At the time of the subse-
VLSAT run, in total more tracer mass remains inside the do-quent increase of mixing ratio in the UT some air containing
main because the transport due to the mesoscale subsidenkigh tracer mixing ratio has reached the LT from where it
is largely compensated by the VLSAT. Around 24 Decemberis again transported upwards inside deep convective clouds.
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Fig. 11. As Fig. 6 but(a) for the 248 km long 2-D domain ar(th) Fig. 12. As Fig. 11 for a tracer initialized at a constant concentration
for the 248 kmx 248 km horizontal area 3-D domain. between 7000 and 8750 m.

Four days after the onset of deep convection the tracer i$s the amount of tracer that remains in the lower troposphere.
fairly well mixed throughout most of the model troposphere. In the 3-D run, meridional tracer transport in the layers below
the initial tracer mass location acts to advect tracer mass out
4.3.2 Specified lateral boundary conditions of the domain. Cross-boundary advection in the meridional
direction is also found to play an important role for the differ-
As for the run with PLBCs tracer C is influenced by the pen- ences of the domain averaged mixing ratios of tracer C (see
etration of deep convective towers and by mesoscale subskig. 13). Again subsiding tracer mass is advected out of the
dence (see Fig. 10b and c). Because of the UT easterly winddomain in the 3-D run due to the non-zero meridional wind
some of the tracer mass advected downwards is replenishezcbmponent, while in the 2-D run advection in the meridional
from outside the domain. If VLSAT is taken into account direction is not considered. Figure 14 shows the maximum
in the model (see Fig. 10c) considerably less tracer mass isloud top heights in the domain for different runs. The cloud
transported to the LT than for the run with VLSAT switched top height was defined as the first model level where the

off (Fig. 10b). sum of all cloud meteor masses integrated downwards start-
ing from the model top exceedsl®3kg/m?. Most notably,
4.4 Comparison 2-D vs. 3-D model runs the maximum cloud top heights for the 3-D run are generally

above those for the corresponding 2-D run. For the 500km
Here, tracer transport results from a 3-D run with a domain 2-D runs, the maximum cloud top heights are largely
248 kmx 248 km horizontal domain size are compared to re-independent of the boundary conditions applied. Differences
sults from a 2-D run with a 248 km long domain. As de- in the downwards transport of tracer C are most likely caused
scribed in Sect. 2.5 both runs were performed using SLBCsy the application of VLSAT rather than by systematically
for the tracers and taking into account the VLSAT term. For different cloud top heights. Differences between 2-D and
tracer A, the results from both runs are depicted in Fig. 11.3-D tracer transport model runs can also arise due to dynam-
The time-height contours of the domain averaged tracer mixical or microphysical reasons (e.g. Wang and Prinn, 2000).
ing ratio are smoother for the 3-D run than for the 2-D run, This study focuses mainly on the differences due to cross
but the main features in Fig. 11a and b are similar, particu-boundary transport. Cross boundary transport is believed to
larly during the first two days of active deep convection whenbe the main reason for the differences between the results of
the meridional wind component (see Fig. 2b) is small. Onthe 2-D and the 3-D run presented here, but further research,
22 December the southerly wind component in the UT startsncluding a 3-D simulation with PLBC, is needed in order to
increasing as well as the northerly wind component in thebetter differentiate between the different processes involved.
mid-troposphere. In the mid-troposhere tracer mass is ad-
vected out of the 3-D domain across the southern boundary
on the 23rd (compare Fig. 11b). On 25 December an increass Discussion
ing southerly wind component in the mid-troposphere leads
to an increase of tracer advection out of the domain acros$lany trace gas compounds with tropospheric lifetimes be-
the northern boundary which is reflected in the t-z contourtween a few hours and a few weeks such as carbon monoxide
plot for the 3-D run. For tracer B (see Fig. 12) one difference or NOy (nitric oxide + nitrogen dioxide) have a source close
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Fig. 13. As Fig. 11 for atracer initialized at a constant concentration Fig. 14. Domain maximum cloud top heights. The sampling time

between 12250 and 14 000 m. was 30min and a 3h moving average is plotted. The cloud top
height was defined as the first model level where the sum of all
cloud meteor masses integrated downwards starting from the model

. . . 3
to the Earth’s surface. Measured vertical mixing ratio pro- 0P €xceeds-30~ kg/m?.
files of these compounds in the vicinity of deep convection

are often “C- shaped, i.e. have a maximum in the LT andtrace gas dispersion due to deep convective clouds. How-

. ) . ever, in order to obtain the necessary input data for such a
a second maximum in the UT (e.g. Dickerson et al., 1987;_. . L . .
. | . ; simulation, a comprehensive field campaign of the size of the
Gidel, 1983). On the other hand in post convective environ- . : ;
. . S TOGA-COARE campaign encompassing both meteorologi-
ments profiles of trace gases with a sink in the LT often have
- ) - ) cal and trace gas measurements would be necessary. No such
a minimum in the LT and a second minimum in the UT (e.qg. . .
, L campaign has been planned. Nevertheless, input data from
Kley et al., 1997). Sometimes such a profile is referred to as; ; . . :
“D"-shaped different sources, including both field campaigns and results
' ) ] o from global chemistry transport models (GCTMs) could be
Traper A.can be considered an idealization of a modera.tellyjsed to specify the necessary boundary conditions for CRMs
long lived, insoluble trace gas with a surface source. Its ini-yith the setup proposed here.
tial profile represents its idealized profile in an environment .1 the transport of idealized tracers was studied and the

which has not been influenced by (either local or remote),q,nqary conditions were kept fixed. For more realistic stud-
deep convection recently. Figure 7 shows vertical profiles of;

J . - ies, time-dependent boundary values for trace gases can be
r_nodel calculated tracer_ prgﬁles for th|§ tracer. Dur_lng _the prescribed to the extent they are available.
first 36 h the tracer profile in the run with PLBCs still dis-

lavs the tvpical “C”-sh d by intermittent d Another potentially useful application for the setup de-
plays the ypica -Shape caused Dy Intermitient deep Con<gq a0 iy this study could be the comparison between tracer
vective transport. After roughly three days the tracer is well

. . . transport results from CRMs and parameterizations used in
mixed. If a constant wind speed of 5m/s is assumed, thre b P

days would correspond to a horizontal transport distance o lobal models. I global chemistry transport models con-
RN . o ective transport constitutes a major source of uncertaint
~1300 km which is still smaller than the entire Pacific Warm P ] y

: . since it is highly sensitive to the convective parameteriza-
Pool suggesting that moderately long lived tracers would becion applied (Mahowald et al., 1995) and even to the treat-

weII_ mixed after havm_g beer_1 _advected at thls_wmd spee%ent of transport based on the mass fluxes provided by in-
straight across the entire Pacific Warm Pool. This could POSyividual schemes (Lawrence and Rasch, submitted, 2004)
ssult_)gglso Ze expftfa_c?edt?sla resglt In a tracer CRM study WItIhbloud-resolving models (CRMs) in combination with single

s an. asutliciently large domain size. column models (SCMs) could perhaps help to better evalu-

If chemistry transport CRM results are to be compared toate these parameterizations and thus reduce this uncertainty.

measurements from field campaigns covering a limited areagor TOGA-COARE a comparison between different single
a multi-day simulation with PLBCs will probably be of lim-  column models including tracer transport was presented by
ited use since for moderately long lived tracers the effect ofRasch et al. (2003). A similar framework as the one pre-

horizontal advection on these time scales is not negligiblesented here could be used in multi-day single column model
as demonstrated by the differences in Fig. 7b to f and dis-

cussed previously. On the other hand, if LBCs would be 1 awrence, M. G. and Rasch, P. J.: Tracer transport in deep
specified from measurements, the method presented in thisonvective updrafts: plume ensemble versus bulk formulations, J.
study could in principle be used for CRM simulations of Atmos. Sci., submitted, 2004.
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(SCM) studies. Comparisons between SCMs and CRMsdmately one day. Figures 15 and 16 of Lu et al. (2000) can
would draw substantial benefits from the method presentedbe compared to Figs. 6a to 10a for the first days of modelled
here. In current global models convective tracer transport isleep convection. Lu et al. (2000) chose to re-initialize their
commonly parameterized using the assumption that the upmodel every 60 h and used a domain length of 512 km. Using
wards advection of air mass inside the convective clouds isensitivity runs for a 500 km domain, it was demonstrated in
balanced by the mesoscale subsidence in the same vertictilis study that the modelled tracer transport is highly sensi-
model column. The tracer transport due to large-scale ascertive to the choice of LBC, even on timescales of a few days.
is calculated separately using the so-called operator splitting-urthermore it was shown that including VLSAT changes
technique. This method used in global models is analogousome main characteristics of the modeled tracer transport.
to the method used here, in this CRM study. In multi-day CRM studies of tracer transport in regions with
The setup with specified LBCs for water vapour allows large scale vertical ascent, such as the Pacific Warm Pool, the
for larger differences between modelled and observed surVLSAT term has to be considered. Since current CRMs do
face precipitation than the setup with PLBCs and thus couldnot allow the exchange of airmass across the lateral domain
possibly be useful for evaluating different microphysics boundaries, the VLSAT must be considered as well as the
schemes. corresponding terms fer andé.
A drawback of specifying LBCs for tracers and retaining
PLBCs for the air density is that the advection of tracer mass
at a given height level due to the domain averaged horizontab Conclusions
air mass convergence or divergence into or out of the domain
is neglected. The domain averaged mass flux divergence (adh setup designed for modelling multi-day tracer transport in
vection) of the tracers is due to the difference in influx and & current CRM was described and the transport of idealized
outflux across the domain boundaries in this study. While thetracers was studied. The results obtained with this setup were
tracer mass flux at the inflow boundary depends on the speccompared to results obtained with a setup previously used
ified tracer concentration and the wind, the mass flux at thén a similar case study (Lu et al., 2000). In the new setup,
outflow boundary is influenced by the modelled tracer trans-specifying LBCs for tracers allows the effects of horizontal
port inside the domain. In small domains containing a singletracer advection into and out of the model domain to be con-
convective system and under conditions of weak horizontasidered. Less than 24 h after the onset of deep convection
average winds, the domain averaged mass flux divergencé#® the model, the results for the different setups started to
due to large scale wind convergence and divergence into angiffer significantly. In general, if no large scale advection
out of the model domain is likely to become important. terms for tracers are prescribed from observations, PLBCs
The results of runs using SLBCs for tracers are domainshould not be used for model studies of tracer transport if the
size dependent, although in this study the differences besimulated timer,;,, is longer than the advective time scale
tween the runs with 500 km domain size (see Figs. 6¢ tofadv=L/VUmax aNd7;>744,, Wherer, is the tracer’s chemical
10c) and 248 km domain size (see Figs. 11c to 13c) are oftefife time. For studies of reactive, or soluble tracer transport,
small. For either much smaller or much larger domains, aprescribing horizontally homogeneous horizontal tracer LSA
stronger domain size dependence may be expected. This déerms from observations could in some cases be problematic
main size dependence should not be considered a drawbadlecause large horizontal gradients can form in the simula-
of the method but is an advantage in cases in which model retions. This would have to be examined in future studies.
sults from future multi-day chemistry transport CRM studies ~ Furthermore it was demonstrated that including a VLSAT
are to be compared to measurements. term, which was not included in previous studies of tracer
In the case study presented here, the VLSAT often has &ansport, partially compensates the net-downward transport
strong effect on the domain averaged vertical profiles, partic-of tracers from the middle and upper troposphere due to the
ularly whenr,, is long (e.g. Fig. 7e—g, k, and 1) and should mesoscale subsidence induced by deep convection. This term
not be neglected. In CRM studies of reactive tracer transporgshould be considered in future multi-day limited area CRM
the over-estimation of downwards trace gas transport, as see#iudies of tracer transport.
in tracers B and C, could otherwise for example lead to unre- For the first time, tracer transport results from a multi-
alistically high chemical N@sources in the mid-troposphere day 3-D model run were presented and compared to results
due to the thermal decomposition of subsiding PAN (per-from a 2-D run. Differences between the 2-D and 3-D run
oxy acetyl nitrate) or pernitric acid. The spurious downward were mainly attributed to an increase in horizontal advection
transport of tracers when the VLSAT is neglected can easilyacross the lateral domain boundaries due to the meridional
be mis-interpreted as the effect of mid-level detrainment.  wind component in the 3-D model runs which was not con-
The results for the PLBC runs in this study are similar to sidered in the 2-D simulations.
the results presented by Lu et al. (2000), i.e., in the model The model setup used in this study facilitates comparisons
runs with PLBC, the tracers are transported from the mid-with either trace gas measurements from multi-day field cam-
and upper troposphere to the LT with a timescale of approx-paigns or with results from single column cloud models, thus
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possibly providing one means to help evaluate deep convec- Kelly, T. J., Daum, P. H., Delaney, A. C., Greenberg, J. P., Zim-
tive transport parameterizations used in global models. merman, P. R., Boatman, J. F, Ray, J. D., and Stedman, D. H.:
A drawback of the new setup arises from retaining PLBCs Thunderstorms: An important mechanism in the transport of air
for air density. In the future a model setup allowing the con- _ Pollutants, Science, 235, 460-465, 1987. o
vergence or divergence of airmass into or out of the modeF<man A- M. L., Wang, C., Som, J., and J. Wilson: Explicit sim-
domain at a given height could be considered for trace gas ulation of aerosol physics in a cloud-resolving model, Atmos.

. - Chem. Phys., 4, 773-791, 2004,
transport studies. One possibility would be to try to de-  gpotp- 1680-7324/acp/2004-4-773.

velop a method using nested models in combination withgcss science Team: The GEWEX Cloud System Study (GCSS),
e.g. a gridded input dataset based on meteorological mea- gy, Am. Met. Soc., 74, 387—399, 1993.
surements from the TOGA-COARE campaign. In contrastGidel, L. T.: Cumulus cloud transport of transient tracers, J. Geo-
to conventional CRMs, the WRF model was designed as a phys. Res., 88, 6587—-6599, 1983.
regional model which is capable of operating at high resolu-Gregory, D. and Guichard, F.: Aspects of the parameterization of
tions. WRF allows for multiple nesting, and air quality mod- organized convection: Contrasting cloud resolving model and
elS based on WRF are Currently belng developed at dlfferent Single-Column model realizations, Q J. R. Meteorol. SOC., 128,
institutions including NCAR. 625-646, 2001. _ _

The setup as described here will be used to investigatgc’hnson' D. E., Tao, W.-K., Simpson, J., and Sui, C.-H.: A study

the effect of | bl the di . f of the response of deep tropical clouds to large-scale thermody-
e efiect of a cumulus ensembie on the dispersion of re- ., ;. forcings, Part I: Modeling strategies and simulations of

active trace gases such as ozone. For this purpose a tropo- toga COARE convective systems, J. Atmos. Sci., 59, 3492—
spheric chemistry mechanism based on the global Model of 3518, 2002.

Atmospheric Transport and Chemistry — Max Planck Insti- Kley, D., Smit, H. G. J., bmel, H., Grassl, H., Ramanathan, V.,
tute for Chemistry (MATCH-MPIC, Lawrence et al., 1999;  Crutzen, P. J., Williams, S., Meyerwerk, J., and Oltmans, S. J.:
von Kuhlmann et al., 2003, and references therein) has been Tropospheric water-vapour and ozone cross-sections in a zonal
implemented into the CRM. Furthermore, a more compre- plane over the central equatorial Pacific Ocean, Q. J. R. Meteorol.
hensive study about the sensitivity of the tracer transport re- S0c., 123, 2009-2040, 1997. _ _

sults to different model configurations such as different resorueger, S. K. and Lazarus, S. M. Intercomparison of multi-day

lutions, microphysics schemes and domain sizes is planned. simulations of convection during TOGA COARE with several
' cloud-resolving and single-column models, in Preprints, 23rd

i i ) . Conf. on Hurricanes and Tropical Meteorology, Amer. Meteor.
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