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[1] The transport of stratospheric air deep into the troposphere via convection is
investigated numerically using the UK Met Office Unified Model. A convective system
that formed on 27 June 2004 near southeast England, in the vicinity an upper level
potential vorticity anomaly and a lowered tropopause, provides the basis for analysis.
Transport is diagnosed using a stratospheric tracer that can either be passed through or
withheld from the model's convective parameterization scheme. Three simulations are
performed at increasingly finer resolutions, with horizontal grid lengths of 12, 4, and 1 km.
In the 12 and 4 km simulations, tracer is transported deeply into the troposphere by the
parameterized convection. In the 1 km simulation, for which the convective
parameterization is disengaged, deep transport is still accomplished but with a much
smaller magnitude. However, the 1 km simulation resolves stirring along the tropopause
that does not exist in the coarser simulations. In all three simulations, the concentration of
the deeply transported tracer is small, three orders of magnitude less than that of the
shallow transport near the tropopause, most likely because of the efficient dilution of
parcels in the lower troposphere.

Citation: Chagnon, J. M., and S. L. Gray (2007), Stratosphere-troposphere transport in a numerical simulation of midlatitude
convection,J. Geophys. Resl12 D06314, doi:10.1029/2006JD007265.

1. Introduction turbulence generated by gravity wavédo[istaoui et al.

. 2004] or convective updrafts/downdrafiéllendore et al.
[2] The chemistry of the lower stratosphere and LJpp5{)05; Reid and Vaughgn2004]) or with local potential

troposphere is sensitive to episodes of cross-ropopalsgiciv, (pvy sources and sinks (e.g., the diabatic genera-
mass transport. This sensitivity arises because of the | of a negative PV anomaly near the tropopause and

contrast in air characteristics on either side of the tropgs | .0+ “clevation of the PV-defined tropopause e
pause. For example, the concentration of ozone has b h, 1995;Lamarque and Hes<.994]) pop g

observed to jump across the tropopause _from trace Ie\_/els '4 Gray [2003] analyzed the mechanisms by which STE
the troposphere, whereas water vapor is abundant in ;

tronosphere and scarce in the stratosphere is achieved in a sophisticated numerical weather prediction
bosp P : model. Using an online tracer (i.e., a tracer whose evolution

[¢] Holton et al. [1995] review the various dynamicalis redicted within the modeling system, rather than via an

processes that lead to stratosphere-troposphere exch% fie postsimulation analysis of model output), she found
(STE) on the global scale, including the role of the Brewetﬁat uppto half of the total ySTE in a two da;l? si)rﬁulation of

Dobson circulation in inducing upward mass flux in thﬁorth Atlantic weather systems (including three baroclinic

tropics and downward mass flux in the extratropics. Obscﬁr- ; -
, . .~ >frontal systems) was accomplished by subgrid-scale param-
vational evidence [e.gStohl et al. 2003a] suggests a W'deeterizec}/ procgsses. The pmodel’sycon\g/ective S(F:)heme

range of tempo_ral_and spat_|al scales on Wh'(.:h STE ¢ counted for a large proportion of this parameterized
occur, and also indicates a wide range of associated dyn?r@rmsport
iy .

o processes that ey sccomplish o encourage 105) e purpose of tispaper s to furter investgae the
P X pICS, 9 ¥G¥ that convection may play in transporting stratospheric

frequently within midlatitude cyclones, upper level jet‘T!racer into the troposphere. In particular, we examine the

g?gjlﬁ[zlg\ggb]?n&ég?%?gﬁg;: ;g:isar(]foer gvreen\;lse\gr’esz?giiv épothesis that convection may facilitate deep transport of
shalfow Theée larger-scale featuregs represent the co tospheric air to near-surface elevations, and we analyze
: 9 P sensitivity of transport estimates by a numerical model

for STE, but smaller-scale (faster) phenomena embed S%e manner by which convection is represented. Convec-

tsrﬁglallenr-rsnca;{eacr%%uegts;%rn%ucgeozafsghc)ecigﬂ \?vﬁ?\hr%?gﬁ '(I' 6n may lead to transport for the following reasons. Extra-
P y 9 ?rgpical convection often takes place in the vicinity of an

upper level PV anomaly and an associated tropopause fold.
'Department of Meteorology, University of Reading, Reading, UK. These folds can be quite deep, frequently extending to the
700 hPa pressure level. The deep and turbulent circulations

Copyright 2007 by the American Geophysical Union. ithi ; i
0145 0027107/2006JD007 265509.00 within the convective system, taking place near such a
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Table 1. Summary of Model Configurations for the Three Simulations

Simulation

A B C
Dx, km 12 4 1
Start time (on 27 Jun 2005), UT 0100 1600 1600
Lateral boundary condition source global model simulation A simulation B
Horizontal grid points (EW NS) 146 182 188 126 400 380
Vertical levels 38 38 76
Dzatz=8km, m 820 820 405
Convective parameterization scheme status on on off
Horizontal diffusion (order, value) none none 4th, 1.430° m*s !

lowered tropopause, imply a possibility for deep exchan@dfice, was used to simulate the convective system
that warrants investigation. Observational evidence for desgscribed in section 3. The UM v.5.5 solves the nonhydro-
stratosphere-to-troposphere transport (STT) by convectiatic, compressible equations of motion on an Arakawa
has been presented for the southern tropical Indian Oc€&agrid and a terrain-following Charney-Phillips vertical grid
[Randriambelo et al.1999], where lower troposphericusing a semi-implicit semi-Lagrangian temporal integration
ozone values were measured as high as 200 ppbv, severtheme (sePavies et al[2005] for a detailed description
times larger than is typicalR@ndriambelo et al[1999] of the dynamical core). With the exception of the density
were not able to attribute this tropospheric ozone unambiigid, all prognostic variables, including tracers, use cubic
uously to deep transport. Other sources, such as biomaagrange interpolation. We use the standard suite of physics
burning, were also possible.) Investigations of deep eschemes employed by the operational UM, e.g., boundary
change in the extratropics have examined troposphereléyer parameterizatiom@ck et al, 2000]; radiation scheme
stratosphere transport (TST) of boundary layer air within tfiedwards and Slingol996]; and the mass-flux convective
warm conveyor belt region of extratropical cyclongsarameterizationdregory and Rowntreel990]. The trig-
[Sprenger and Wernli2003]. Mullendore et al.[2005] ger for this convective parameterization is dependent on the
presented an idealized numerical modeling study in whitfitial parcel buoyancy. The total mass flux in a hypothetical
boundary layer tracers were shown to penetrate the tropobgrid-scale cloud ensemble is then calculated assuming a
pause and find a level of neutral buoyancy in the stratpecified timescale for the adjustment of convective avail-
sphere. The present study concerns STT by convectiorabie potential energy (CAPE) (usually 30 min). Entrainment
the vicinity of a lowered tropopause. and detrainment, as well as diabatically cooled downdrafts,

[6] This study comprises a numerical investigation @fso contribute to the total redistribution of mass (including
stratospheric tracer transport, the basis for which is a caseer) within the parameterization.
study of a convective event that took place on 27 June 200p] Three limited area domain integrations are performed
over southern England and the North Sea. The convectamna rotated grid for analysis, each utilizing a progressively
initiated and organized near a lowered tropopause andfiaer spatial resolution. Table 1 provides the parameter
associated upper level potential vorticity anomaly. Thalues chosen for these three integrations and Figure 1
model employed is the (UK) Met Office Unified Modeldepicts the arrangement of the respective domains. The
(UM), version 5.5, which is nonhydrostatic, compressibleutermost domain (labeled “A”), corresponding to the run
and parameterizes convection via the mass-flux schemevith Dx = 12 km, is the standard operational limited area
Gregory and Rowntref1990]. Note that the study bgray domain used by the UK Met Office. The initial condition for
[2003] used version 4.5 of the UM which is hydrostatic anthis outermost domain is provided by a mesoscale analysis
unlike version 5.5, used an advection scheme for tracers #ia0100 UT on 27 June 2004, and lateral boundary con-
was different from that used for other the dynamicditions for this outermost domain are supplied by a global
variables. model integration of the UM. Simulation “A” then supplies

[7] The paper is organized as follows. Section 2 descritée lateral boundary conditions for a smaller domain
the essential qualities of the numerical model viz. simul@abeled “B”), for which Dx = 4 km, that proceeds from
tion of STT. Specifically, an online tracer is incorporated 600 UT and captures the convective system during its life
the model that may be passed through the convective aydle (the convective system initiates at approximately
boundary layer parameterizations. Section 3 introduces #8890 UT). This 4 km configuration is also used operation-
case study by presenting the available observational daltg by the Met Office. A third simulation (labeled “C”) is
during the period of interest. Section 4 presents the resplésformed on an even finer gridx = 1 km) whose lateral
from model simulations with horizontal grid lengths oboundary conditions are supplied by simulation “B.” This
12 km (the present operational standard), 4 km, and 1 kmn is also initialized at 1600 UT, and the domain is
Section 5 discusses these results and suggests avenuestrieiched sufficiently westward in order to allow for the

additional study. convection to initiate and organize within the domain. All
simulations are run until 0000 UT on 28 June 2004, after
2. Model Configuration and Strategy which time the convective system rapidly decays. Ancillary

] - _ data such as orography and vegetation distribution are
[e] The (UK) Met Office Unified Model (UM) version 5.5, provided on the 12 km grid; in the 4 km and 1 km runs,
an operational forecasting model employed by the Mgese data are interpolated from the 12 km grid.
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Figure 1. Arrangement of the grids for the simulations Bx(= 12 km), B ODx = 4 km), and
C (Dx =1 km).

[100 The diagnosis of cross-tropopause mass transportHiswever, the suitability of the convective parameterization
accomplished by analyzing an online passive tracer, tasoperate at this awkward resolution is somewhat suspect.
opposed to a tracer that is analyzed offline using modelorder to avoid accumulation of high values of CAPE at
output. The advantage of using an online tracer is thathe subgrid-scale, which often leads to unphysical “grid
facilitates a prediction of the tracer governed by the sapant storms,” the convective parameterization has been
numerical techniques, both physical and dynamical, as tdapted in the 4 km run following the methodRdberts
rest of the model variables. Specifically, this implies thf2003]. Specifically, the CAPE adjustment time is specified
(1) the online tracer evolution may be affected by the smadks an increasing function of CAPE which consequently
scale, fast processes that may accomplish cross-tropopaunseres that the largest values of mass-flux occur at the
transport, such as convection, but must usually be paramallest spatial scales (i.e., where the CAPE is largest). This
eterized and (2) the numerical integration schemes that paeameter adjustment is used in the operational 4 km
used to predict the fields that determine the location of ttesolution UM. At a resolution of 1 km the convection
tropopause are also the schemes used to predict the distliteme is turned off. Although the convection is repre-
bution of tracer (see earlier in this section). With respectgented explicitly, the grid-scale convection that develops at
the first point above, if we were to use reanalysis winds tis resolution does not produce the full spectrum of
grid-scale winds to predict the transport of tracer, then webulent motionsBryan et al, 2003] that might be vital
would not be able to account for small-scale processestdrSTE. This is a liability that we will have to accept if we
our model simulations the tracer may be passed throughwhish to retain the advantage of simulating a real event in a
convective and boundary layer parameterizations and sobmplicated synoptic-scale environment. Furthermore, at
jected to the mixing implied by these schemes (i.e., a “full km resolution, the physics schemes have undergone an
physics” tracer). Additionally, we introduce tracers that asppreciable amount of testing and parameter tuning by
withheld from these schemes in order to isolate the cahe Met Office (H. Lean, personal communication, 2005)
tributions from these schemes to the tracer evoluticathough not to the extent that it is used operationally at this
However, the contribution from the boundary layer schertime. Ultimately, these three resolutions afford the ability to
to STT was insignificant relative to advection and thexamine the direction of convergence of tracer transport.
convective parameterization scheme and will therefore bp2] Diagnosis of STT is accomplished as follows. The
dropped from the analysis in the proceeding section.  tracer is initialized at 0100 UT on 27 June 2004 with a

[11] Although it is clearly advantageous to account fanixing ratio of 1 above the tropopause and zero elsewhere.
parameterized mixing processes, the clarity of our analy8isy nonzero concentration of tracer existing below the
will retain the uncertainty associated with the parameténepopause at a later time is evidence of STT. The tropo-
izations themselves. By comparing three simulations guse is defined as the 2 PVU surface (1 PVU (potential
progressively higher resolution, some of this uncertainigrticity unit) = 10 K m?kg *s 1). As in the interior, the
can be removed. At a horizontal resolution of 12 km theacer is set in the lateral boundary conditions to a value of
convective parameterization accounts for a large proportibabove the 2 PVU surface and zero elsewhere. We distin-
of the rainfall within the convective system. At a resolutioguish between “shallow” exchange and “deep” exchange
of 4 km the convection is still largely parameterizedhy integrating tracer in the free troposphere (between the
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2 km height and the 1.5 PVU surface near the tropopausehaar the southeast coast of England then propagates
the former case, and in the lower troposphere (betwesastward into the North Sea reaching the coast of the
50 and 2000 m heights) in the latter case. The 1.5 PVU lelgtherlands before weakening after 0000 UT on 28 June
was chosen as the upper bound for the free troposph@@®4. By 2100 UT on 27 June 2004 the convection has
tracer integral in order to avoid inclusion of spuriousrganized into a mature convective system, as indicated in
transport across the 2 PVU tropopause where the traEsyure 2b, positioned off the coast of the Netherlands in the
initially has a step function profile. The 1.5 and 2 PVWorth Sea. (Although the convective system does not strictly
surfaces are located by searching downward from the topradet all ofMaddox’s[1980] criteria for a mesoscale con-
the model domain for the first levels at which these valuesctive complex (MCC), it does possess an organized
are obtained. In a tropopause fold, the tropopause level nsayicture characterized by a large region f>t®?) of

be a multivalued function of height. The search algorithm obntinuous cold cloud top (<32 C) for nearly six hours.
Gray [2003] is used to find all points connected to th#&lesoscale convective systems occur at a frequency of

continuous 1.5 and 2 PVU surfaces. approximately two per year over the UK and are most likely
to form within a so-called “Spanish plume'Gfay and
3. Case Description Marshall, 1998], although this was not present on 27 June

. 2004.) The lowered tropopause appears to be located on the
[13] On the afternoon of 27 June 2004 a region @outhern edge of the convective system. This relationship
convection developed near the southeast coast of Englgaélveen the location of the tropopause fold and the convec-
and moved eastward into the North Sea toward the coasti@é system, one not uncommon in midlatitude summer,
the Netherlands. Figure 2 presents the satellite water vap@ikes this an interesting test case for analyzing STT. In
channel imagery from Meteosat-8 at a time prior to thRe following sections such an analysis is performed numer-
organization of the convection (1400 UT) and a time aftpfally and a more complete depiction of the dynamical
the convective system has formed (2100 UT). At 1400 Wbntext in which this convection formed will be presented.
several important features are evident in the water vapqi¢ Figure 4 presents radar-derived precipitation rates
channel imagery (Figure 2a). A warm and dry regioffrom the Met Office Nimrod data set) at similar times
indicated by dark shades over southern England, is #1600 and 2115 UT) to those shown in Figure 2. These data,
location of a stratospheric intrusion, in this case a tropghich will provide some validation of the numerical sim-
pause fold. Tropopause folds are a common precursoryfgtions in the following sections, corroborate much of what
convection in midlatitudes because they often imply Has been discussed above. At 1500 UT (Figure 4a) showers
potential instability Griffiths et al, 2000]. Figure 3 presentswere scattered across the western half of Great Britain, with
the skew-T log-p thermodynamic sounding at 1200 Ugne stronger cell positioned over South Wales, but no
near the region where the convective system ultimatelyident large-scale organization. At 2115 UT (Figure 4b)
organizes (De Bilt, Netherlands), demonstrating a relativel\{convective system is positioned over the North Sea near
moist and warm layer near the surface capped by a dgg® coast of the Netherlands in the same location as
layer of dry air in the middle troposphere, a profilhdicated by the satellite water vapor channel imagery
characteristic of a potential instability. The profile is als@ompare to Figure 2b). This convective system is the focus

conditionally unstable containing 191 J Rgpf CAPE. The of the analysis presented in the remainder of this paper.
tropopause fold is a region of a positive upper level PV

anomaly. The advection of PV at upper levels can forge
large-scale ascent. These features are of primary relevatice
to this study because the lowered tropopause implies gn7 This section presents the simulations of the convec-
increased likelihood of deep STT if convection takes platiee system on 27 June 2004, demonstrating the transport of
near the fold. stratospheric tracer in relation to the convective system. The
[14] Several other features of the synoptic weather patteesults for the simulations with progressively finer spatial
on 27 June 2004 that are visible in Figure 2a deserve brie§olution Dx =12, 4, and 1 km) are presented in sequence,
mention here, but will not be subsequently treated in mubkginning with the 12 km simulation. The 12 km simulation
detail. An upper level jet with a northeast-southwest tiltewill be used to identify the larger-scale (i.e., mbesseale
axis is indicated by a cold streak of cirrus clouds that follovesd larger) horizontal (i.e., latitude-longitudinal) depen-
the coastline of continental Europe. (The jet is cleartience of STT on the upper level forcing and the convective
discernible in the model analyzed and simulated upper lesgstem. Because the 12 km and 4 km simulations are
winds (not shown).) This jet is associated with the uppegualitatively very similar at the large scale, the vertical
level PV anomaly and tropopause fold discussed abodependence of STT and its mechanisms will be explored
Another obvious feature in the NE corner of Figure 2a isusing the 4 km simulation which provides better resolution
region of clouds stretched along an axis oriented NW-S&d a cleaner analysis at smaller scales. The 1 km simulation
near which there is moderate precipitation during much will be used to demonstrate the scale dependence of the
the period of interest (see Figures 4 and 5). (This featurssisulated STE and its related mechanisms when the con-
also evident as a broad deformation axis in the modadctive parameterization is inactive. The results at these
analyzed and simulated upper level winds (not shown).) varying resolutions are discussed and compared in section 5.
[15] During the hours following 1400 UT, convection . .
forms near the leading edge of the eastward propagatthy: The 12 km Simulation o .
upper level PV anomaly. Sferics data (not shown) demontie] The general characteristics (e.g., timing, location,
strate that the system forms between 1700 and 1800 &patial extent, and duration) of the simulated convection

Results
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Figure 2. Water vapor channel satellite imagery at (a)1700 UT and (b) 2300 UT on 27 June 2004. The
location of the convective system (CS) is annotated in Figure 2b.

compare reasonably well with those that we can infer frasyistem originates from a region of scattered convection in
the available satellite imagery (Figure 2), sferics data (rsmiutheast England between 1500 UT and 1800 UT (see
shown), and radar data (Figure 4). Figure 5 presents figures 5e and 5f). During this early stage, there is no
evolution of simulated rainfall rate from 1500 UT orexplicit component contributing to the rainfall in this region.
27 June 2004 to 0000 UT on 28 June 2004, partitionddhe scattered nature of the simulated rainfall rate at this
between an explicit contribution and that from the conveearly stage (Figures 5a and 5d) resembles that of the radar
tive parameterization. As expected, the parameterized coerived rainfall rate (Figure 4a). After 1800 UT, the region
vection contains more structure near the grid scale, wherehgonvective rainfall intensifies and organizes over the
the explicit component is relatively smooth. The convectivéorth Sea. The organized convective system is partly
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these features. The upper level PV advection was likely to
have been a crucial mechanism in the initiation and main-
tenance of the convective system.

[20] Figure 7 presents the distributions of free and lower
tropospheric tracer. The free tropospheric distribution
(Figures 7a—7d) suggests that shallow STT takes place
mainly in dynamically active regions of the upper tropo-
sphere where significant gradients and advection of PV are
present. In the southern third of this domain, where there is
little upper level activity, there is also very little STT. In the
vicinity of the axis of the lowered tropopause (see Figure 6)
there are extended “ribbons” of free tropospheric tracer.
The largest quantities of free tropospheric tracer are located
along the southern and downstream edge of the lowered
tropopause axis within the tropopause fold. Figure 8 presents
a latitude-height cross section of tracer and PV across the
axis indicated in Figure 7c at 2100 UT. The tropopause fold,

ocated between 48 and B, is the region where most of

Figure 3. Skew-T log-p thermodynamic profiles at De Bil{ e u .
. . pper level STT has taken place. Another striking
at 1200 UT on 27 June 2004 courtesy of the University gloq,re in Figures 7 and 8 is the east-west extended region

Wyoming. of free tropospheric tracer near the northern edge of the
domain (e.g., near 6Bl in Figure 8). This feature corre-
S onds to the previously mentioned upper level frontal
ructure evident in the satellite water vapor channel imagery
-igure 2). Although this feature contributes significantly to
transport in the upper troposphere, it is not analyzed in
iditional detail because it is not convective and does not
nerate the deep transport which is the focus of this
vestigation.
21] The lower tropospheric tracer (Figures 7e—7h) is
zero near the regions of parameterized rain (compare
igures 5e—5h). In the vicinity of the convective system,

resolved in the simulation, as indicated by the expli
component of rainfall rate after 1800 UT. The total rainf
is approximately partitioned equally between the two co
ponents. At 2100 UT, during its mature stage, the gene
position and size of the simulated convective system co
pare well to that indicated by the radar data (comp

Figures 5c and 5g to Figure 4b). The simulated maximu
precipitation rate in this 12 km run (6.1 mm/hr) is less thal
the 16—32 mm/hr observed by the radar, whereas the 4 Rﬂ

and 1 km runs produce maxima of 34 mm/hr and 90 mm . .

: . .. _Jower tropospheric tracer first occurs at 1800 UT (although
respectn_/ely_ (see _below). Th_e ra_dar derived precipitat valuespbe?ow the minimum contour level in Fiéure 7f9)]
rate, which is provided on a grid with cells of 4 km by 4 k tl{\%‘ increases in magnitude and spatial extent as t'he

cross-sectional area, are most appropriately compared to ; ; \
4 km run and are expected to yield higher (lower) maximupgnvective system strengthens and organizes following the

values when compared to data on a coarser (finer) g (‘?.th Qf the conyectivg System across th? Nort_h Sea. In fact,
Although the larger-scale characteristics of the convect éth's 12 km simulation and the 4 km simulation, only the
system were accurately simulated in all three runs Hfcer that is allowed to pass through the convective
increasingly finer resolution, the finer details such d&rameterization is transported into the lower troposphere
maximum precipitation rate were very sensitive to moda} will be demonstrated below. As mentioned in the

configuration. Such sensitivity, which may impact thgrevious section, the boundary layer parameterization

transport of stratospheric tracer by small-scale procesiégteé??hse cc::g?]t\i;bcutit:/c;n ;c;arsnz{e;isza?[ﬁ)?:Iglrt])cljew(i:l(ljmﬁgrggt Il:)oe
is a primary motivation for performing the simulation a P

varying resolution presented for analysis in this paper.
[15] The organization of the convective system is mo t[22] Figure 9 summarizes the phase relationships between

likely accomplished by upper level dynamical forcing'c Fropospheric tracer, upper level forcing, and the con-
assgciated vsith a pr)c/)pa%%ting posit)i/ve PV anomal(gctive system at 2100 UT. A lowered tropopause and upper

Figure 6 presents the potential temperature on the tro yel PV anomaly stretch NW-SE across England, indicated

pause (2 PVU) surface, thus demonstrating the location fthe 304 K isentrope on the 2 PVU surface. A convective

: stem forms on the downstream side of this upper level
this upper level PV anomaly and lowered tropopause. L cing. Within the convective system (parameterized) con-

otential temperatures on the tropopause are a good ingic. d .
E:)ator of a Ioveered tropopause. ApN\F;V—SE orienteg axis Bction takes place on the leading edge of the system with
low potential temperatures extends from the Atlantic acrg@/ICit rain on the trailing side. Additionally, several new

arameterized) convective cells have formed in the rear of

ﬁ!?n&,tvoeﬁgg ?r\(/)Vpgngjtscle aE)ggIar‘:gvzglgggtx;gzaguﬂﬁ gG 8[ main system. Tracer is transported from the stratosphere
subsequent nine hours, the leading edge of which pro %_he upper troposphere along the leading edge of the upper

gates across southern England and over the North Se e‘i{*' PV anomaly. Most of this upper Ievgl tracer is located
Qwnstream and south of the convective system. Some

comparison between the position of the convective Sys,t:g(ﬁcer is transported deeply into the lower troposphere by

(Figure 5) and the leading edge of the upper level convection. This lower tropospheric tracer is located
anomaly (Figure 6) demonstrates the correlation betwégﬁ ) . _ {roposp X . o
Upstream of the maximum in parameterized rainfall within
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the convective system, but is collocated with the developing

(parameterized) cells in the rear of the system. Given the
horizontal separation between the regions of lower and free
tropospheric tracer, it is not likely that the tracer that has

been transported to near surface elevation had originated in
the fold.

4.2. The 4 km Simulation

[23] The mesoscale characteristics of the convective sys-
tem in the 4 km simulation are very similar to those in the
12 km simulation presented in section 4.1. This is not very
surprising given the importance of the large-scale forcing
to this event and that the 4 km simulation is driven by the
12 km simulation through its lateral boundaries. Figure 10
shows the rainfall rate in the 4 km simulation at 2100 UT
partitioned between explicit and convective components
(as in Figure 5 for the 12 km simulation). The explicit
component rainfall rate (Figure 10a) is very similar in
position, size, and magnitude to that simulated in the
12 km run (compare to Figure 5c). The convective rainfall
(Figure 10b), in spite of having more small-scale structure
than in the 12 km simulation (compare to Figure 5g), is
similar in position and size to the 12 km simulation. The
peak rainfall rate of 34 mm/hr is larger than in 12 km run
and compares well to the radar derived estimate (Figure 4c).
The general similarities between the 12 and 4 km runs are
not very surprising given the extent to which this system
was explicitly resolved. Furthermore, the convective param-
eterization shares a similar burden at these two resolutions
in representing the precipitation within the convective
system. However, similar the larger-scale characteristics
may be, the mass flux, and hence the tracer transport,
computed within the convective parameterization need not
necessarily be similar at these resolutions.
[24] Figure 11 presents the lower tropospheric tracer in
the 4 km simulation. Here, as in Figure 10, we present the
distribution of tracer only at 2100 UT because the timing
and horizontal transport of tracer in the 4 km simulation is
similar to that in the 12 km simulation. The convective
system transports some tracer to the lower troposphere over
the North Sea in approximately the same quantity as in the
12 km run. A comparison between the position of the
convective system (Figure 10) and the location of lower
tropospheric tracer (Figure 11a) indicates that the tracer is
deposited behind (upstream from) the main region of rain in
the convective system, as in the 12 km run. Figure 11b
presents a longitude-height cross section of tracer along the
dashed axis marked in Figure 11a. The broad upper level
region of tracer is evident on the downstream (eastern) side
of the main region of deep transport; a deep region of tracer
extends to the ground on the upstream (western) side of the
convective system.
[25] To examine the role of convection in accomplishing
the deep transport of tracer, Figure 12 presents longitude-
height cross sections of tracer at 2100 UT along the dashed
axis marked in Figure 11a. Note that the region where deep
transport takes place is not collocated with the region of
Figure 4. Radar derived rainfall rate at (a)1500 UT anthaximum free tropospheric tracer (see Figure 7c). The free
(b) 2115 UT on 27 June 2004 from Met Office Nimrod datiiopospheric transport (shallow STT) is not a necessary
set. Peak rainfall rates in the convective system (labef@@cursor to deep transport. The intent here is to demon-
“CS” in Figure 4b) are between 16 and 32 mm/hr. strate the role of specific portions of the convective param-

eterization in transporting tracer. The parameterization is
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RAIN RATE (EXPLICIT) RAIN RATE (PARAMETERIZED)
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[6)]

Figure 5. (a—d) Explicit and (e—h) parameterized rainfall rates in the 12 km simulation at 1500 UT
(Figures 5a and 5d), 1800 UT (Figures 5b and 5f), and 2100 UT on 27 June 2004 (Figures 5c and 5g) and
0000 UT on 28 June 2004 (Figures 5d and 5h).
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a) 1500 Z

300 304 308 312 316 (K)

Figure 6. Potential temperature on the tropopause (2 PVU surface) iDxhe 12 km simulation at
(a) 1500 UT, (b) 1800 UT, and (c) 2100 UT on 27 June 2004 and (d) 0000 UT on 28 June 2004.

composed of three main parts that represent distinct physaiéerence in distributions between the tracer withheld from
processes: a bulk cloud ensemble mass flux that accouhesmoist downdraft part of the convection scheme and the
for the total redistribution of mass by the turbulent cloutacer withheld from the entire convective parameterization
ensemble including both upward and downward locatheme gives the tracer transported by the cloud ensemble.
fluxes, a moist downdraft routine that accounts for thkhese transports can also be decomposed into source and
microphysically driven downdrafts, and a large-scatieposit regions. However, the transport by these two parts
adjustment intended to smooth the dynamical responseobthe convection scheme are not independent; for example,
the grid scale to the perturbations induced by the parartransport by the cloud ensemble, bringing tracer to below
terization. The contribution of the large-scale adjustmentth® tropopause, appears to be a prerequisite for transport by
the tracer transport is very small relative to the two othttre moist downdraft scheme.
processes and will not be discussed further. [28] The role of the parameterized convection in leading
[26] The total convective transport is given by the diffeto deep transport is shown by comparing the convective
ence in distributions between the full physics tracer and theurce and deposit regions (Figures 12a and 12d) with the
tracer that is withheld from the convective parameterizatitotal tracer field at this time (Figure 11b). The similarity
scheme. This difference field can be decomposed irtetween the deposit field and the total tracer field shows
source regions (negative differences, where the scheima virtually all deep transport is accomplished by the
reduces tracer concentration, plotted here as absolute vatoesective parameterization. Overall the scheme removes
for convenience) and deposit regions (positive differencéscer from above the tropopause (marked by the dashed
where the scheme contributes an increase in tracer). Thatour in Figure 12) and deposits it throughout the depth of
term source should be interpreted carefully. It may represtd troposphere below the tropopause. The cloud ensemble
either regions from which the tracer has been removedpart of the scheme primarily brings tracer from above the
regions into which clean air has been injected. tropopause to the upper troposphere (Figures 12b and 12e).
[27] Simulations have also been performed in which thdoist downdrafts accomplish the deep transport, transport-
tracer has been withheld from the moist downdraft partiofy air from a relatively localized region just below the
the convection scheme. The difference in distribution®popause to the atmospheric boundary layer (Figures 12c
between the full physics tracer and tracer withheld froamd 12f). A simulation in which tracer was withheld from
the moist downdraft part of the convection scheme gives tihe cloud ensemble part of the convection scheme but
tracer transported by the moist downdraft scheme. Talowed to pass through the moist downdraft part yielded
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FREE-TROPOSPHERIC TRACER LOWER-TROPOSPHERIC TRACER

1 2 3 4 5 25 15 275 4 5.25
(10 kg/m?) (10710 kg/m?)

Figure 7. (a—d) Free tropospheric tracer integrated between a height of 2 km and the 1.5 PVU
tropopause surface and (e—h) lower tropospheric tracer integrated below an elevation of 2 km in the
12 km simulation at 1500 UT (Figures 7a and 7e), 1800 UT (Figures 7b and 7f), and 2100 UT (Figures 7¢c
and 7g) on 27 June 2004 and 0000 UT on 28 June 2004 (Figures 7d and 7h). The tick dashed axis in
Figure 7c marks the cross section used in Figure 8.
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lat

107° 1072 107" 10°  (kg/kg)

Figure 8. Latitude-height cross section (along the dashed axis depicted in Figure 7c) of tracer (filled
contours) and PV (heavy solid contours, values 1, 1.5, and 2 PVU) in the 12 km simulation, valid
2100 UT on 27 June 2004.

Figure 9. Summary of the phase relationships between various fields in the 12 km simulation at
2100 UT, depicting the position of the lowered tropopause (304 K isentrope on 2 PVU), the explicit rain
(.5 mm/hr contour), the convective rain (.5 mm/hr contour), the lower tropospheric tracekglor
contour), and the free tropospheric tracer (1.50 ° kg/m? contour).
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a) EXPLICIT RAIN AT 2100 Z b) PARAMETERIZED RAIN AT 2100 Z
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Figure 10. (@) Explicit and (b) parameterized rainfall rate in the 4 km simulation at 2100 UT on 27 June
2004.

no deep transport (not shown). This confirms that shalldl km simulations, the convection forms at shortly before
transport by the cloud ensemble is a requisite for de&®00 UT near the southeast coast of England (not shown)

transport by the moist downdrafts. and proceeds to organize and intensify as it moves across the
. . North Sea. The peak rainfall rate at 2100 UT of 90 mm/hr is
4.3. The 1 km Simulation several times larger than in the 4 and 12 km simulations.

[29] The 1 km simulation is distinguished from the 4 anRainfall rates averaged over a 1212 square of grid boxes
12 km simulations in one very important respect: thg the 1 km simulation are also larger than in the 12 km
convective parameterization is disengaged from the modgnulations but compare well to the 4 km run and radar
ing system, such that convection is entirely explicit. Anyerived estimates.) Additionally, the 1 km simulation pro-
deep STT is accomplished by the resolved dynamics, @Rices finer scale structures that are not resolved by the other
through a downdraft routine within a subgrid-scale schem@nulations. In spite of these expected differences, the
The caveat is that 1 km is an inadequate resolution {@esoscale structure of the rainfall in the 1 km simulation
representing the full turbulence spectrum, thus we canppkimilar to that simulated at the coarser resolutions. For
have full confidence in the simulated mass flux. This is @&amme, the Spatia| extent and position, the system Ve|ocity,
acceptable price to pay for having a model capable ik general SE-NW tilt of the main precipitation axis, and
simulating convection without a parameterization schefi existence of two maxima in precipitation, one in the
and which is driven by realistic synoptic forcing. north and one in the south of the convective system, are

[30] Figure 13 displays the rainfall rate and lower tropGeatures produced in all three runs. As in the previous
spheric tracer in domain C at 2200 UT. As in the 4 and

a) LOWER-TROPOSPHERIC TRACER b) TRACER CONCENTRATION

2 3 4 5
lon

I | | |
.25 1.5 2.75 4 5.25 1 0_5 1 0—4 1 0—3 1 0—2
(107'% kg/m?) (kg/kg)

Figure 11. (a) Vertically integrated tracer in the lowest 2 km of the model domain in the 4 km
simulation 2100 UT and (b) longitude-height cross section of tracer along the dashed axis shown in
Figure 11a.
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