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1 Introduction

A technical description is provided of the interface between the Weather Research and Forcast (WRF)
mescecale model and the Stochastic Time-lmverted Lagrangian Tmreport (STLLT) model. The STILT model
is desceribed in Lin et al. (2003) and mfernces therin. This interface was written for vemion 2.1.1 of the
Evlerian mass-coominate (EM) dyramical com of WRE, which iz part of the Advanced Research WRF
(ARW ) supported by the Mational Center for Atmospheric Research (WCAR) and described in detail in
Skamamck et al. (2005, hereafter eferrad to as Skak.D). In the mmainder of this document, any references
to WRF are undestood to mean the ARW.

An updated version of the imterface for version 2.2 of the ARW WRF iz also available.

Coupling of these two models requires a tmreformmation of the WRE model output variables to thoss
mead in the STILT model, imerpolation from the vertical WRE levels to thoss nsed in STILT, and proper
treatment of the WRF staggered winds in STLLT. 1n addition, the W RF maode| data mmst be refomatted to
the input fommat teed by STLLT, the WO AA Air Resonwes Laboratory (AR L) format. The imerface supports
twa of the outpit fommat choices of the WRE: netedf and GRIB L.

Development of the interface made extensive vse of existing software components. The W RF code was
modified as needed to compute the required parameters, and the existing WRF capabilities for GR1B1 format
ontput wers modified for their output in GR1B | format. Existing ARL software for reformatting of GRIB
files to ARL forrnat were adapted in the development of 2 cretom-written W RF GR1B to ARL mformatter.
Finally, specialized STILT input and preprocessing rontines were developed for the WRF ARL-fommat data,
and selected 5 TILT modules were modified to popedy handle the WRF grid stmcture.

In the following, we provide an overview of the model gride and varables of the WRF and STILT
modelz, adescription of the software and related confi guration files. A discussion of the nse of parameterized
comvective mass flimes is provided in Section 4.

2 Model grids and variables

2.1 STILT model grids

The STILT model is based on the HYSPLLT mode] developed ot ARL ( Dmxler and Hess, 1998, 1997). To
minimize errors resulting fiom horizontal interpolation of model variables, the model is designed to perfomm
all computation on the horizontal grid of the meteorological inpit dataset. Currently supported map pro-
jections are polar sterrogmphic, Mexator, and Lambert confommal. By defanlt the code assumes all model
variables are located at the same mesh points, ie. that there iz no staggering of mass and momentum vad-
ables in the horizontal. Input datasets fiom models nsing staggered grids mmst thue be either interpolated
to an nretaggered grid, or special handling mmst be implememted within the STILT code whenever stag-
gered varisbles (nsmally the horzontal wind components) are imterpolated to tmjectory locations. The latter
appmwach is taken in STILT for RAMS and WRF model input.

The STILTTHYSPLIT models mee 2 o — 1 vertical coominate, defined by squation (1) of Draxler and
Hes= (1997, heraafte=r DraH:

Foaa Syl
G__"J';.' (1

where I, is the model top height, Z_; is the height of the model level (above mean s2a level, MSL), and
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Zy i the height of the model temain (above BLSL). The above can be expressed equivalently as

o=t (2)
.L_.I_.,.I._,—.LE!

Unless otherwiz= specified, the STILT model me=s 4 defmit szt of vertical coardinates valnes in which
the grid level index (k) and model level height above ground for a grddpoint at MSL are related through the
quadratic relatiors hip (equation (2) of DmH)

h=Z,s—Zg=a+bitc, (3

with the coefficients given by @ =30 m, b =—25m, and ¢ =5 m. The defanlt valve for i 15825 km. The
defmlt vertical coorinate values defined by Eq. (3) can be overridden in STILT in one of thiee ways:

L. specification of different values of @, b, and ¢ in a configuration file,
2. gpecification of different values of i in a s2parate input file, or

3. nse of the RAMS model levels, in the case of RAWLS model input.

2.1 STILT model variables

This section provides a geneml decription of the types of atmospheric state variables nssd within STILT and
in its meterological inpit module. A detailed listing is provided in Section 3.6.

The most important meteowmlogical variables required for the tmjectory calculations by STILT are verti-
cal poofiles of the horizontal and vertical wind components. The horizontal winds are assumed to be in units
aof m /s and comvertsd intemally to grid lengthe/minumte, whereas the vertical velocity is cormvertad from the
metzomlagical input to its intemal espresentation of do/ dr. Ln addition, profiles of tempemture, pressure,
and humidity ar nesded and comvertad imernally to pressure, virtial potential temperature, relative humid-
ity, and air density. Variables at the surface needed for the computation of sigma-level profiles are the terrain
height, pressure, temperatire, horizontal wind, and surface ronghness length.

Additional two-dimensional fizlds raquired from the metsomlogical input are: latent and sensible heat
flux at the surface; the frction velocity 1*; the planetary boundary height; the soil maisture content; and
the downward shortwave and longwave radiative fluxes. Coupling of the comvective pammeterization within
RANMSE or WRF with the comvective flux pammeterization within STLLT requires additional variables de-
scribed in 5 action 4.

13 WRF model grids

The computational grid of the WRF iz a regnlarly spaced grid in one of seveml| possible map projections
(onmently supported are the same ==t s those supported by STILT: polar stersographic, Mewator, and
Lambert conformmali. These grids may be nested, bt each nest is output separately, and can be treated as a
single, independent grid for the purpose of this discussion.

The vettical coordinate used by the W RF is a temmain-following pressue-sigma coordinate system based
an the dry hydrostatic pressure ¢ py ). 1t is defined by agquation (2.11) of SkakD =

Bl — Pl
2
Her py., and pg, are the dry hydrostatic pressure at the suiface and the model top, respectively.

n= Jwher W = paks — Pale i+
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2.4 WRF wind and thermodynamic variables

The standard outpit provided by the WRE model includes instantansous values of the grid relative horizontal
wind components (inm,/5) and geometric vertical velocity (dz/dr, inm/5) at the stagger=d grid locations of
the Arakawa C-grid. The WRF-S5TLLT interface provides the option to mse velocity components, in which
case only minor changes are wquired to the WRF model code. Becanse of the staggering of the horzontal
wind components, map scale factors (see equation (2.22) of SkaklD) are equired at the mass points as well
as the nand v grid points.

The W RF model equations are fommulated as perturbation equations with mspect to a dry hydmstatic
referenos state at wst. Themmodynamic quantities available in the standard W RF modz] output include the
i full) potential tempemture, the base state and perturbation pressnre, and the water vapor mixing ratio.

Additional WRF model variables are mquired by the WRFE-5TILT interface to permit computation of
the WRF model level heights:

» the diy inverse demsity 0y is nesded for the integration of the W RF hydmsatatic egquation (equation
(230 ) of Skak O}

= — L (5]

&
» the bases state and perturhation valves of uy.

15 WRF conpled wind variables

Aside from the accuracy of the meteomlogical fizlds, an important requirement for the meteorological input
fizlds for any trajectory model is that they conserve mass. While the WRF (or other numetical models)
will conserve mass internally to a high degree, this can no longer be gnarante=d if the model variables are
transformed and termporally and spatially imerpolated (by mods| postpmocessing and S TILT prepmoessing
components). To minimize these poblems, the WRE-S5TLLT interface provides the option to make use of
time-avemged values of the mascoupled velocities meed internally by WRF for the acvection of passive
scalas.

The time-avemged horizontal acvection velocities (L7, V) are defined by the equation following (2.22)
in Skak.0):

U =nwepd/m ; V=vew/m, s

where u, v are the grid-relative wind components (inm/5), and m is the map scale factor. A conpled vertical
velocity is similarly defined as
0= (py/m) an . (7
ar
The time-stepping nsed by WRF for the slow (non-acotstic) modes is a third-order Runge- Kutta scheme.
Aconstic tendencizs are stepped on a shorter time step, wEing deviatiors from the let large time step valnes
of the Runge-Katta scheme. As is shown in Figne 3.1 of SkakD, passive scalas are achvected msing values
aof L7, ¥, and £2 that are time-avemged over the acowstic steps. 1tis these quantities that are forther avemged

over all large time steps between output times in the WEF-3TLLT interface.



2 WRF-STILT Interfaoe Description - Revision © 113

3 Software Description

Lroplementation of the WRE-STILT interface raquired development andfor modification of three separate
softwar packages: the WRF model, a separate GR1B to ARL format comverter {WRFGRIBZARL), and
the STILT model. 1n this section, we give a bref description of each companent, followed by a detailed
discussion of the confi guration files that can be modified by the mser. The last subsection (Section 3.68)
provides a mapping from the variable names 1meed in the ARL format file (and the STILT meteorological
input module) to the variable names in the WRF code.

3.1 WERF muode] code muod ications

Lf the option to mee standard wind components is nsed, no changes ar equired to the source code of the
WRFE model. However, some changes are required to comtrol and configuration files. 1f GR1B format W RF
ontput is to be meed, the namelist file muet specify history owtput in the GRIBL ontpat. In addition, two
confignmtion files of the WRF model need to be modified:

» the Registry file (Section 3.5.1), which is msed within the WRF software framework to contml the
stomge and 110 of model variables, and

» the gribmap file ( Section 3.5.2), which controls the ompnut and encoding of W RF model variables in
the GRIBL fommat output files.

1f time-avemged mass-conplad advective velocities are nsed, several changss ar required to WRF Ehl
dynamical core woutines, for the computation and output of the time-averaged quantities. These are docn-
mented in in-line comments in the modifiad WEF code.

31 WRFGRIBIARL converter

A WRF GRI1B to ARL reformatter was written to comvert the WRF output files generated by the GRIB L
L/ module of WRE fo the ARL fommat mquired by the meteorological input module of STILT. A mumber
of specialized GRIB to ARL comverters exist for different operational mode] and analysis cutput files, and
we made extersive mse of the existing GR1B decoding and ARL encoding software contained in thess
COMmvertels.

Ln its defanlt configumtion, the comverter is configured to read a single GRI1B file (onz per time period)
and generate a single ARL fomnat ontpat file. The ARL files for the different time periods can then be
combined meing the vnix cat command. By default, the WRF variables output on the mass points, and
the x- and y-stagger points, are all outpatt to the same file, mwing the grid specification for the mass points
in the ARL header. To accomodate the additional ww ar column of the staggered variables, all fislds are
dimergionsd by the dimensions of the mass grid extended by an extm ww and column. The option exists
to output the staggered fizlds to sepamte owtput files, and provide the appropriate grid specifications in
the headers of the individual ARL files. However, the cument version of the STILT ingest module does
not support this option. The ARL format provides for the output of different variables at different vertical
leveels, and the option exists to make nse of this file format for the omtpit of mass and wind level variables.
However, the coment version of the STILT ingest doss not support this option, and by defanlt all levels (other
than the surface) contain the same varables. The mass level variables ar listed in the owmput & if they were
located at the next higher wind level.



WRE-STILT Interfoce Description - Revision : 113 9

The 1) values of the vertical levels ar specified in separate plain text confignmtion files for the mass and
wind levels. The comverter softwars contains a script (make lea=lfile . pli to antamatically generats
these filss by generating and parsing aninventory of one of the GR1B input files. A hand-edited confi guration
file (var_sampls, see Section 3.5.3) is msed to specify details of the GRIB decoding and ARL encoding
for each varable. Exexution of the comverter ( v foprib2ar 1) is controlled by command-line arguments.
A help message is displayed it no arguments are specifiad.

33 WERFEFNCIARL converier

A WRF netedf to AR L reformatter was written to comvert the WRE outpit files genemted by the netodf 140
module of WRF to the ARL fomat maquired by the meteorological input module of STILT. The software is
quite similar to that of the WRPGRIBZARL comverter, it provides for similar options. The only difference in
1mEage is that the 1) valnes of the vertical l=vels do not need to be specified in separate plain text corfi guration

files (they are obtained directly from the inpit netedf files by the comverter), and differznces in the format of
the (var_sampls, see Section 3.53).

34 STILT code modification

The STILT souce code primarily mquired modifications in its meteoralagical input madule (et i, and
in the interpolation of the inpit profiles tothe STILT model levels(rEfwr ). Additional changes, which are
not described in detail here, wer required thronghowt a number of madules to acconnt for the hordzontal and
vertical staggering of the wind components, and the tratment of time-avemged rather than instantaneous
modzl values. Both of these aspects wer guite similar to existing provisions for RANMS model input and
have been commentsd accomdingly within the sonme code.

The metinpmeduls was modifi=d to recognize the W RF maodel output { keying on the madsl 10 tag in
the input file), and to process the required and optional WRF model fields listed in Section 3.6. Base state
and perturbation quantitiss of pressure and py are combined to full valoes in this module.

Vertical interpolation fom WRE to STILT model levels is performed in prfwrEt. The height above
temrain of the STILT model levels (47 ) is first computed nsing Eq. (L)

W =Lar—Zg=(l-o)(L..—Za). i 8l

The corespanding height above gronnd for the input WRF mazss maodel levels is obtained by npward inte-
gration of Eq. (5

L
Ay =hy —hy_y =—§;umﬂm~ 9
whare AN is the spacing of the WRF mass levels, and iy is the layer-avemge value of oy, computed from

the mass level valves nsing equation (3.28) of 5 kakD. The layer thicknesses AN are compited fiom the
wind-level ¥ values specified in the ARL file input from

e _ I My k=1
S B T TR

The WRF mass level model vadables ar then interpolated linearly in height from the WRF mass levels to
the STILT model levels (17 ).
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The staggering of the WRF vertical velocities in the vertical is preserved within STILT by interpolation
fiom the WRF wind levels to staggersd vertical levels in o Their height above gronnd (i) is defined
through the mcursive relation

. 0 if k=1 Lo
o= r . ) . . ) .I
g g+ (Mg =Ry ) if k= 1

For conpling meing the instanantansote valnes of the standard wind components, no variable trareforma-
tion are raquired for the horizontal winds beyond the standard nnit comversions. Comversion from geometric
vertical velocity (w =dz/dr) to the sigma vertical velocity (dio/dr) mse the general relation between geo-
metric vertical velocity and vertical velacity in a termin-following coordinate system (see, for example, o
( 1-53) of Haltiner and Williams, 1980):

az, . ez
11'=fEJa+‘f-"7a:+E. (L1}
which result in
ao 1 \
—— oV -FZg—w). (12

dr Ly — Lyt
The first term on the right, which imolves the slope of the model terrain, is mwually neglected (for
example, in aquation (8) of DraH97).
For coupled velocities, the grid-relative horzontal wind components are recoversd from Eq. &) For
the vertical velacity, the coupled eta vertical velocity must fist be comverted to w before the application of
Eq. (12). Using the hydrostatic assumption in Eq. (11}, we obtain

== )

Substitution into Eq. (L2} msults in

oL vievza+ )+ 2ol (13)
dr  Zror—2Zg g g

The first term on the tight can be neglected, since it consists of two temms that largely cancel: the
hotizontal gradients of the terrain and suiface pressure.

35 Configuration files

351 WREF: Regsiry.EhL

The Registry is used at compile time to amomatically generate a lagge amount of code for the declamtion of
actal and dummy arguments in snbrontine calls, and the generation of calls to LA routines. The format of
the file iz doctumentsd in in-line comments within the file itszlf. The minimum equired changes for this fils
are the inclusion of the following additional variables in the history file output (designated by the letter *h”
in the L/ specification in the Registry file):

» MUL: Value of py (in Pa) at v grid points

o MUV Valne of yy (in Pa) at v grid points
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» MUT: Valoe of uy (in Pa) at mass grid points
¢ LUST: Priction velocity & (in m/5)

1f tirne-veraged mass-coupled velocities are nesd, more varables need to be allocated storage and added to
the history output:

* AVGFLX RUM: Time-averaged value of U (in Pam)/ 5]
* AVGFLX RVN: Time-averaged value of V' (in Pam /1)
* AVGFLX WWHhIL: Time-avemged valve of £ (in Pa/s)
Ln addition, stomge nesds to be allocated for additional variahles that ar not cutput to the history file:

* AVGFLX COUNT: Counter for time-averaged coupled velocities

352 WREF: gribmap ixi

The e ilmnap. t=t file is a plain t=xt fil= (this fil= is only nesded if WRF output is in the GR1BL fommat).
Each line contains the specification for a single GR1B varable code. 1t corsists of up to frve colon-sepamted
fizlds thatspecify the

# GR1B variable code mimber
# SR1B variable name

» GR1B variable description

W RF output variable namaz)

# Precision (decimals)

The variable code mumber is encoded in the GRIB file and teed by the WRPGRIBZARL comverter to identify
the differ=nt variables. The GRIB variable name and description are only tesd in imentory listings by GR1B
decodem. The W RF owtpunt variable name(s) ar= meed by the WRF GRIB VO module to link variable entries
in the Registry file to the gribmap entry. The final field specifies how many digits ar to be preserved in the

GR1B encoding.
Ilore details on the entries required in the cument WR F-3TLLT imterface are provided in Section 3.6,
3.5.F Converier configuration file var_ sample

This plain text configuration file determines which variables fiom the WRE are omtpit, and specifiss details
of their de- and encoding. Following a header section, the file contains a single line for each variable. The
contents of the file depends on whether the WRFGRIBZARL or W RFNCZARL converter is msed. The first
+ columns ar the same for bath comverters:

# 1 +-chamcter varable name, enclosed in single quaotes
¢ 4 l-chamcter xy-staggedng indicator, one of ("%, "y, or " 7, cass-inssnsitive

# 4 l-chamcter z-staggeding indicator, one of {"z°, ar " "), cas=-inesnsitive
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» an integer dimereionality indicator, sither 2 or 3 (for 2d/3d fields)

The WRFGRIB ZARL camverter file contains the additional columns:

» an integer variable code (GRIB code table 2)

» an integer level type (GR1B code table 3)

» an integer level valve (ignored for 3d variables, or if specified as 99)

» 1 floating point comversion factor to be applied to the data befor= ontput
ln the case of the WRFHNC2ARL comverter file the additional columns are:

# the character variable name comesponding to the varable label in the netedf file, enclosed in single
quates

# 1 floating point comversion factor to be applied to the data befor= ontput
» 1 floating point offset to be added to the data befor the conversion factor is applied

Exarnples of file entries for the defanlt corfiguration are shown in Section 3.6.

354 STILT
Execution of the STLLT model is contmolled by two configuration files:
SETURCFG: namelist file contmlling vatous numerical s&pects of the tmjectory computation, and

CONTROL: plain text inpit file contmlling the meeptor locations, time pedod, and meteralogical imput
fil= names.

For a cloge matching of inpit model and imernal STILT vertical levels, an optional additional plain
text confi guration file was added (ZSG LEVS.IN). The first line of this file contaire contm] information
specifying: the number of vertical levels to be nzed in STILT; the level index of the surface layer; and the
model top(Z,,,,., in m). Fallowing an arbitraty number of header lines temminated by a line beginning with the
string “ENDHEADER ", the valves of AT (for a gridpoint at MEL) are specified, one per line. These values
are computed off-line from an analysis of the WRF model output, e.g & the avemge valoe of geopotential
height at the WRF mass levels over all sea-level grid points. The value for Z,, must be larger than the
muaxirmm value of &7, eg. the maxirmm valne ;7.

3.6 Varinble mapping from STILI to WRE

Lf the W RFNC2ARL comverter is nsed, the variable names specified in the var_samplefile directly mlates

the STILT parameter codes to the WRF army names as specifisd in the Begistryfile. 1n the cme of the
WREGRIBZARL comverter, the infommation relating W RF varables to STLLT parameter codes is comtained
in thres sepamts configuration files. A parser(wrf-stilt—params.pliis availabls toanalyze the thies
confignmtion filss desribed above and genemte a mapping between the AR L-format variable names ingested
by STILT, and the variable names tead in the WRF codes.

The following provides an edited version of the parser ontput, for the varables vsed in both the wind
companent and momemtim flux conpling. Foreach variable, three lines show the entry in the
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var_sample flle: variable name, xy- and z-staggering (if any ), dimensionality (2 or 31, grib variable code
num ber, vertical coomdinate type code mimber, vertical coordinate valve (99 if ignored), and comer-

gion factor

gribma p.txt fle: variable name and description for GRIB decoding, WRFE outpit varisble names, GR1B

prEcision

Registrr.EN fle: WRF variable name, dimersion specification, type of variable, type of staggering (if

any I, WRF outpit varisble name, description, and tnits.

MSFT: MSETT 7 7 o 2 189 1 =54 1.0
MEFFAC M:Map Scale Factor [dimensionless |:MRPFRC M:7

msft @ ij @ misc : — @ MRPFAC M : Map scals factor on mass grid :

RISFU: "MEFT" "X° e 2 120 1 -9 1.0
MEFFAC :Map Scale Factor [dimensiconless |:MREFAC O:7

msfu @ ij @ misc @ X @ MRFFAC U : Map scals factor on u—grid :

MSFV: "MEEV' 'Y e 2 191 1 -89 1.0
MEFFAC V:lMap Scale Factor [dimensicnless |:MRPFRC V7

msfv @ i @ misc @ Y @ MRFFRAC V @ Map scals factor on v—grid

ALTO: TALIO" " e 3 132 119 -89 1.0
ATT: drmverss dey density [m3 lag—1]:ALT: 8
alt : ikj : cymiem @ — @ alt @ lmverse density @om3 lag-l

KMUBA: "MIBA" 7 F° e 2 135 1 -9 1.0
MIJ BASE: Base—state cry air mass in colum [Fa]:MIB:2

miz @ ij @ dyniam @ — @ mub : Iass stake dry air mass in colum : Fa

MUPE: "MIFE" " 7 e 2 140 1 =9 1.0
MIJ FERT: Perturkation dry air mass in colum [Fa]:MI:2

mi: ijbh @ dyniam @ — @ mu o perturkation dry air mass in coclum @ Fa

THET: "THET" * ° " 3 13 119 -5 1.0
POT: Fotential tamp. [E’.]:']I-lz THAO, T:4
£t ikib @ dyniam - t
perI:Lu:l::Ed:J.:::n p:::tentlal tE‘I‘IpE]‘.'Ed:Lﬂ‘.‘E (theta—t0) :
PRES: "EEES" " T 3 142 119 -9 .01
PEASEEELSE—._-tEd:Epre sure [Bal:FPB:2
pb @ ikj : dynam @ — @ pb : BASE STATE FEESSURE : Fa
FPRE: 'PEEE" " ' e 3 1 119 -99 .01

FEES :Pressure [Bal: P, FSFC:2

po:ik] @ dymiem @ - p o perturlation pressure @ Pa
SPHU: "ZFHI" * ° e 3 33 119 -S4 1.0

MEE :Hrnidity mixing ratio [hy/lug]: 37RPCR, 2, 045:6

ov : ikjfth @ modst @ - @ QVARCR @ Water vapor mixing ratio

Dok kg1
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SHTF: 'SHIF" * 7 rr 2 155 1 -9 1.0

GFUI:Growmed heat £lux [W/m 2]:HEX:4

HEX : ij : misc : — : HEX : UFYRED HEAT FLII{ AT THE S3JEFACE : W m-2
USTR: 'USIR" * ' o 2 157 1 -S9 1.0

UST:0* IIT SIMITZRITY THERY [m/s5]:05T:4

UST : ij : misc : — : UST : U TUT SIMILZRITY THECRY : m s-1
LHTF: 'LHIF" * ' rr 2 121 1 -9 1.0

LHTFL:ILatent heat £lux [W/m 2]:1H:4
IH : ij : misc : — : [H : LATRET HEAT FIII{ AT THE SJFFACE : W m—2

SHGT: "SHT" ' 7 e 2 8 1 -5 1.0

DIST:Gecmetric height [m]:H3T: 4
£t :ij :misc : — @ H3T : Terrain Height : m

PR5S: "FESST 7 ° £ 2 1 1 -4 0.0l
FEES :Pressure [Pal:P,PSFC:2
PSEE:J.j:n'u.._,:::—:P'-"FC SEC FRESSIEE @ Ba

To2n: TTOEME T T e 2 11 105 2 1.0
P Tamp. [B]:T2, T332
2:ij:rmsc: —: T2 : TP at 2 M : K

uion: TULCOMT 7T e 2 33 105 10 1.0
UFD:u wind [m/s]:0,U010,U30:3
Uld : ij :misc : — : U0 : Tat 10M : ms-1

VIOnE: VICHT 7of o 2 34 105 10 1.0
WERD v wind [m/s]:V,V10,VE0:3
VIO oz ij rmisc @ — @ VIO : Vab 10M :ms-1

HPFB1: "HFEL" © ° .o 2 221 1 -4 1.0
HEEL:Flanstary bowndary layer height [m]:PBLH: 2
PELH:l]:n'lisc:—:EE.LH FEL HEIGHT :

SOLW: "Z00LWT 77 e 2 144 112 10 1.0
SCILT:Volunetric soil modsture [fraction]: 0TS :4
SMOTS @ ilj @ — @ 2 @ SMOIS @ SOIL MOISTURE : m3 m—3

DSWE: "DEAE" " 7 e 2 204 1 59 1.0
DEEF: Dovnward short wenee £l [W0/m™ 2 ]: STDO@MT: 3
STDCILT @ i @ misc @ — @ SWDCGAT @

DOATEED SHORT TWAVE FLUIK AT ROND SURFACE @ W om—2

DLWF: ‘DLIE" © ° £ 2 205 1 -4 1.0
DLEF: Downwiardl lomg wanee £lux [W/m™ 2] :GLIA: 3
GLT @ i : misc : — @ G :

DOATAED LEs WAVE FLILC AT GECIXTD SIEFACE @ W m-2
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The wind-component conpling just mquirs the wind components in the horizontal and vertical:
UWND: .
Arms "x* e 3 33 119 -5 1.0
UFD:u wind [m/=]:0,010,0U30:3
u oz ikdb o dynian Ko U ox-wind component @ om os—1
VWHND: .

Dt YT e 3 34 113 -5 1.0
WVERD:v wind [m/s]:V, V10, Va3
vorikjbh rdyniam Y 1 Vo oy—wind component @ om s-1

DEZDT: :
FLELT" * T g 3 40 119 -5 1.0
DEDT :Gecmetric vertical wvelocity [mis]:10:5
w:ikjb rdynan @ 21 ow o z—wind campanent @ m s-1

For acovpling nsing tirme-mveraged momentum finx varables, some additional varables are needed for
decouplingof the velocitiss:

MILILID:

5 0 AR o 2 154 1 -5 1.0
MIJ:Total dry air mass in colum on u-grid[Pa]:MIJ: 2

mmu : ij @ dynan @ — @ mu : total dry air mass in colum, u-grid

KUVD:

M T rr 2 157 1 -59 1.0
M : Total dry air mass in colum on v-grid[Pa]:MIV: 2

mr @ i dymian @ — oy @ total dry air mass in colum, v-grid c:

LUWHND: :

o XS rr 3 194 119 -59 1.0
AISFLE FIM: hist—time—erreraged mu—coupled u [FPa m s-1]: AVGFLY RIM:
gl rum @ ik @ ymiem @ X o angflx rum o

hist-time—averaged mi-coupled u @ Pam s-1

VWHND:

ot YT rr 3 195 119 -59 1.0
KIGFLE BVM: hist—time—erreraged mu—coupled v [Pa m s—1]: AVGELY B
aragfle rvm o ik : ymiem @ Yo angflx ran e

hist-time—averaged mi-coupled v @ Pam s-1

Fa

Fa
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WYWHND: :

o g 3 1%: 119 -5 1.0
IIGFLE T hist—time—averaged mi—coupled etadot [Fa s—1]:AVGFLY WL:S5
aagflx v @ ikj @ dmiem @ T angflx wem

hist—time—areraged mi-coupled eta—dot @ Fa s-1

4 Coupling of convective mass fluxes

STLLT pmvides three options for treating atmosp heric comvection for trajectory caleulations:
1. Mo comeection,

2. "Extreme” comvection, in which complete vertical mixing throughout the entiee unstable layer is as-
sumed at each meterological input time, and

3. Grell comvection, in which the comvective flimes computed within the Grell scheme of the meteoro-
logical model are msed to pammeterize the effects on the particle tmjectories.

Ln our development of the WRE-5TILT interface for comvective fluxes, we made mse of the softwar devel-
oped by Smlo Freitas (personal commmmnication, 2005 ) for the RAME-STILT coupling.

4.1 Convective fluxes output by WRF

Ln the W RF model, the Grell-Dévényi scheme (Grell and Dévényi, 2002) is implemented for deep comvec-
tion only (shallow comvection is disabled). 1t nses a | H-member ensemble of pammeterizations, vsing all
combinations obtained by vsing 3 different valves of precipitation efficiency, 3 different values for a no-
merical parameter related to the clond base mass i normalization, and 16 differ=nt closne assumptions.
Within the Grell-Dévényi scheme, all computed comvective fhimes are nomnalized by the clond bass mass
flux. The nomalized flumes are then averaged over the ersemble members, and finally dimensionalized by
the emeemble-mveraged clond base mass flux

The Grell-Dévényi is a mass-flix scheme, in which the grid-cell average of the vpdmft mass flux profile
is given by equation (2) of Grell and Dévényi (2002):

(2, h) = mglh) 1 (A

where & denotes an ensemble type, miy is the mass-fhime at clovd base, and 1), is the normalized vpdraft mass
flux profile. Similady, the downdraft mass flim is given by equation (A.18) of Grell { 1993):

malz, k) = malh) iz, h)

where m,, is the mass flux at the orginating level of the downdraft, which is related to the clond base mass
flux throngh a pammeter (2) related to the precipitation efficiency (1-B) and the total condensation in the
updraft (/) ) and evapomtion in the downdmft (f-) throngh equation (4. 24 of Grell (1993):

m (k) =gl Ljm (i) = B
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The vertical profiles of the pormalized vp- and downdmft mass flies are comtrolled by the fmctional
entrainment and detrainment mtes cormpited in QP ENSS and cupocH 1Tns, which are then weed insub-
routine CUpC=]11AS to arrive at the final valnes of entminment and detrainment mtes, mwing additional
assnmptions about entminment and detrainment at the top and bottom of the up- and downdmfts. The en-
trainment and detminment mass fluxes are vsed within submoutine cupdsllas for the computation of
comvectively induced tendencies of the emvironment. Details of this computation, and the mass bndget of
the camvective flimes, ar= shown in Figurs BL of Grell (1993, The rontine include=s an imternal consis-
tency check for mass comservation. We implementsd changes to this routine to store (normalized) values
of the up- and downdmft mass fluxes and entminment rates. Purther changes were needed in snbrowtine
CUp CUput ens for the computation and stomge of dimensionalized mass flines snmmed over all en-
semble membes. !

4.2 Convective floxes within STILT

For Grell convection, STLLT mses vertical profiles of the mass flux within the npdmfts and downdrafts, and
the entminment of mas fiom the emvironment imao the np- and downdrafts (and detminment into the smvion-
ment from the up- and downdrafts). 1t is assnmed that the vp- and downdraft mass flies (in kgm =Zg=1y ape
given at the staggered model levels (8™ ), while the entrainment and detrainment flimes (also in kgm =7~}
are defined at mass levels (™), representing the change in vp- or downdmft mass fiime over the layer depth
dne to entrainment and detminment. The grid-cell averages of up- and downdraft mass fluxes at clond bass
are comverted to a fmctional covemge, wsing an assumed comvective vertical velocity scale. Vertical pmofiles
of up- and downdraft vertical velocity am then derived from the flux profiles and the fractional coverage of
the up- and downdmfts. The vertical pmofiles of the up- and downdraft mass flixes, and their changes duoe
to ertrainment and detrainment, are meed to compute the pobability of individnal particles being located
within the emvimnment or an vp- ot downdraft.

To support nse of WRF-genemted comvective mass flimes, changes wer nesded in the computation
af the vertical levels (in progmm ymode1c) passed to the Grell comvection submotine (a1 ), since
the existing RANS implementation assnrned the flmes were available at the staggered vertical grid of the
RANSE model data In addition, the vertical interpolation routine for W RF input data (prEwrE) had to be
angmemnted to support a remapping of the mass fluxes to the STILT model levels. As was the case for the
vertical velocity, the wind-level up- and downdraft moss flies are interpolated to the staggered STLLT levels
(B, while the sntminment and detrainment fluxes are edistibuted to the STILT laysrs. The entrainment
and detminment flies are optionally readjusted after the vertical interpolation to enene mass corssrvation
within a prescribed tolemnee.

4.3 Mapping from ARL-format to WRFE variable names

The following provides the linkage for the comective mass fluxes betwesn the variable names meed in the

ARL-fomat file and the variable names ns=d within the WRF mode| cod= {in the same fommat as in Section
360

CFLUL: :

'CFULT "t far 3 187 119 -9 1.0

LThess changes were implemented in 2 version of the Crell scheme code that was also modified %o allow reordeting of the
imernal armays for improved comp matioml sfici=ncy on nonvector compoter architeciomes (Mehrborn and Madica, 2005
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CEUL :AVERASE upchraft mass £l from GD-schame [kg m-2 5-1]:CFUL: 8
aagflx cful @ ikj : misc : Z : CEUJL :
HAJEFAGE uplraft mass flux from D-scheme @ kg m-2 s-1

CFD: :

v rar 3 197 119 -9 1.0
CFDL :AVERASE dosrclraft mass fli from GD-schame [kg m-2 s-1]:(FD1: 8
argfle cfdl @ ikj : misc @ Z : CEDL :

AVEFAGE dovndraft mass £l from E-sclheme @ kg m2 s5-1

DFELUL: :
'DEUL" * f rr 3 198 119 -59 1.0
DEUL :AVERASE detraimment from updraft from GD-scheme [l m-2 s—1]:TFUL: 8
aragfle dful : ikj : misc : — : DEUL :
AVERAGE detraimment from updraft from GD-scheme @ kg m-2 s-1
EFUL: :
'EFUILT 7T rr 3 199 119 -59 1.0
EFU] :AVERASE entraimment into updraft from GD-scheme [l -2 s—1]:EFUL: 8
aagflx eful : ikj : misc : — : EFJL :
HJEFAGE entraimment into updraft fran GD-schame @ g m-2 s-1
DFDL: :
'CELL" * * e 3 200 113 -5 1.0
DFD] :AVERASE detraimment from downdraft from GD-scheme [y m—2 s-1]:IFLL: 8
aragflx dfdl : ikj : misc : — : DFD] :
HJEFAGE detrajment from downdraft from GD-scheme @ kg m-2 s-1
EFDL: :
'EFLL" * ' rr 3 201 119 -59 1.0
EFD] :AVERASE entraiment into downdraft from GD-scheme [lig m-2 s-1]:EFLL: 8
aragfle efdl @ ikj : misc : — : EFD] :

AVFFAGE entraimment into downddraft fran GD-schane @ kg m-2 -1
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