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Abstract. Using a Large-Eddy Simulation model, we have 1 Introduction
systematically studied the inability of boundary layer turbu-
lence to efficiently mix reactive species. This creates re-The Amazonian region is an area of great interest for the
gions where the species are accumulated in a correlated @Hobal climate, since the rain forest exchanges large quan-
anti-correlated way, thereby modifying the mean reactivity. tities of carbon containing species with the atmosphere. This
We quantify this modification by the intensity of segrega- area is steadily changing from a natural environment to a
tion, Is, and analyse the driving mechanisms: heterogeneithuman-controlled environment associated with deforestation
of the surface moisture and heat fluxes, various backgroun@Andreae and et al2002 Soares-Filho et 812009, caus-
wind patterns and non-uniform isoprene emissions. The heting changes in surface conditions and, consequently, bound-
erogeneous surface conditions are characterized by cool ar@fy layer characteristics{sch et al. 2004 and trace gas ex-
wet forested patches with high isoprene emissions, alternateghanges@anzeveld et al2010. To evaluate these changes
with warm and dry patches that represents pasture with relaand their influence on atmospheric chemistry and global cli-
tively low isoprene emissions. For typical conditions in the mate, the understanding of the boundary layer dynamics and
Amazon rain forest, applying homogeneous surface forcinggitmospheric chemistry over the Amazonian system needs to
and in the absence of free tropospheric,\@e isoprene- be improved.
OH reaction rate is altered by less than 10%. This is sub- We presenta numerical model study that focuses on the ef-
stantially smaller than the previously assumigdof 50%  fects of surface heterogeneity on atmospheric dynamics and
in recent large-scale model analyses of tropical rain foresehemistry. Both are affected by mesoscale circulations in-
chemistry. Spatial heterogeneous surface emissions enhanéélced by spatial differences in sensible and latent heat fluxes
the segregation of species, leading to alterations of the cherrRnd additionally, chemistry is affected by non-uniform reac-
ical reaction rates up to 20 %. The intensities of segregatiorfant emissions at the surface. Therefore, because of spatial
are enhanced when the background wind direction is paralleyariations of surface properties, chemical reactants can ei-
to the borders between the patches and reduced in the ca#eer be separated more strongly or be more efficiently mixed
of a perpendicular wind direction. The effects of segregationPy circulations, as we will investigate. Other dynamical as-
on trace gas concentrations vary per species. For the highlpects relevant for chemistry, like the boundary layer height
reactive OH, the differences in concentration averaged oveflevelopment or turbulent mixing, are dependent on the sur-
the boundary layer are less than 2% compared to homogeface heterogeneity as well. Although many studies have
neous surface conditions, while the isoprene concentratioff€en performed on the effects on the dynamfssssar and
is increased by as much as 12 % due to the reduced chemiHU, 1996 Patton et al.2005 van Heerwaarden and ‘#
cal reaction rates. These processes take place at the sub-gfrHerau de Arelland®008), the effects on atmospheric chem-
scale of chemistry transport models and therefore need to bistry have been investigated much less intensivétypl(et al,,
parameterized. 200Q Auger and Legra2007). To our knowledge a system-
atic study on the impact of surface heterogeneities on simul-
taneously boundary layer dynamics and chemistry has not
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Tropical rain forest chemistry is driven by the exchange ofto a decrease in the chemical reaction rate of 13 % compared
biogenic compounds, dynamic processes like turbulent mixto perfect mixing conditions, is therefore a first indication for
ing, and the diurnal variability of the atmospheric boundary the segregation within the Amazonian atmospheric bound-
layer (ABL). The influence of ABL dynamics on chemistry ary layer. However, their measurements do not capture the
is often crudely described in large-scale atmospheric modeléine dynamical structures associated to the small scales of
and in models that are used to analyse experimental observaeonvective turbulence. It can not be inferred whether the to-
tions (Ganzeveld et 812008 Vil a-Guerau de Arellano et al.  tal intensity of segregation is weaker or stronger, since these
2009. A list of the most important influences is presented in fine structures can lead to either positive or negative contri-
Tablel. butions.

Recently, one of these processes, the segregation of The aim of the present work is to systematically study the
species due to inefficient turbulent mixing, has been recogintensity of segregation for the isoprene-OH reaction under
nized as a possible relevant process to take into account inonditions representative for the Amazon rain forest using a
the observational analyses and mod@&stler et al, 2008 LES model. This reaction is of interest since OH chemistry
Pugh et al.201Q 2011). This segregation of species was pre- largely controls the oxidizing capacity of the atmosphere,
viously studied for idealized caseSqhumann1989 Sykes  both worldwide and above the Amazon rain for&&nh{mer-
et al, 1992 Vila-Guerau de Arellano et all993. The in-  man et al. 1988 Karl et al, 2007 Lelieveld et al, 2008.
ability of turbulence to uniformly mix the emitted and en- The intensity of segregation can be calculated explicitly in
trained species creates sub-regions where the species atiee LES, in contrast to mesoscale models and global climate
non-uniformly distributed in a correlated or anti-correlated models where segregation is a sub-grid scale process. In
way, thereby modifying the mean chemical reaction rate inconsequence, the LES experiments enable us to determine
the boundary layer. The early studies focused on the boundthe governing processes, which will be combined with inves-
ary layer dynamics and did not consider complex chemistrytigating the impact of surface heterogeneities on the segre-
Krol et al. (2000 conducted a study for more complex chem- gation effect and the boundary layer growth under different
istry using a Large-Eddy Simulation (LES) model and in- conditions.
vestigated the effect of heterogeneous surface emissions of The next section introduces the model and the numerical
biogenic reactive compounds on the intensity of segregaexperiments. Subsequently, the method of calculating the in-
tion. They found that non-uniform emissions significantly tensity of segregation is explained. The first results presented
enhance the segregation of reactants. are the dynamical and chemical characteristics of the cases

The acquired knowledge of these studies has only rarelywith the standard homogeneous and heterogeneous surface
been applied to atmospheric chemistry models and measurgonditions. This is followed by a sensitivity analysis for sev-
ment analyses.Auger and Legrag2007) investigated the  eral governing variables affecting the impact of the surface
segregation effects for urban air chemistry for both homoge-heterogeneities.
neous and heterogeneous reactant emissions while keeping
the surface conditions that drive the dynamics uniform over
the domain. The intensity of segregation is also considered ag  Methodology
a potential contributor to large discrepancies between obser-
vations and model results of reactive trace gas concentration2.1 Model
over the tropical forest, particularly for the biogenic volatile
organic compound isoprene and the hydroxyl radical (OH)This study makes use of a modified version 3.2 of the Dutch
(Butler et al, 2008. Atmospheric Large-Eddy Simulation (DALES) modeldus

In the analysis of observations ad hoc values of the intenet al, 2010. This LES model originates frorlieuwstadt
sity of segregation have been assumed that correspond toand Brost(1986 and has been further developed and im-
substantial decrease in the isoprene-OH reaction rate, whilproved since (e.gCuijpers and Duynkerkel993 Dosiq,
not taking the governing physical and chemical processe®005. DALES explicitly resolves processes on a relatively
into account (e.gButler et al, 2008 Pugh et al.2010. Ob- large scale using the filtered Navier-Stokes equations in com-
servations on the intensity of segregation between OH andbination with the Boussinesq approximatiodeus et al.
isoprene, by relatively fast simultaneous measurements 02010. In general, the filter size is set equal to the grid size
both compounds over a German deciduous forest, were madef the simulations. Subfilter-scale processes are parameter-
by Dlugi et al. (2010. However, they only measured at one ized using one-and-a-half-order closure. The boundary con-
location and one height, 7 m above the forest canopy. Thereditions in the horizontal directions are periodic. DALES 3.2
fore their result, a decrease in the chemical reaction rate ofs extended with a chemistry module, thus allowing for si-
15%, is representative for the surface layer of the atmo-multaneous simulation of both boundary layer dynamics and
spheric boundary layeButler et al (2008 made use of aver-  chemistry {ila-Guerau de Arellano et a2009.
aged aircraft measurements taken with a low frequency (5s) Our model is modified with respect to the standard DALES
compared to the flight speed. Their result, which corresponds.2 to the extent that the domain can be divided in patches for
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Table 1. Influence of ABL dynamics, radiation and surface conditions on atmospheric chemistry.

Influence Effect on chemistry
Boundary layer growth Lowering concentrations by dilution

Entrainment of air from the free troposphere
Clouds Photolysis rate modification by radiation scattering

Impact on photosynthetically active radiation

Enhancement of the vertical transport of chemical com-

pounds

Venting chemical compounds to the free troposphere
Turbulence Driver of the mixing of air: organized in coherent structures

leading to inefficient turbulent mixing that can create a seg-

regation of species which alters the mean reactivity

Temperature Modification of reaction rate coefficients

Moisture Influence on reactivity as a catalyst or reactant (e.g. the for-
mation of OH)

Atmosphere-vegetation-soil interaction Emission and deposition fluxes of chemical compounds

(isoprene, ozone) depending on the radiation, canopy char-
acteristics and both atmospheric and soil conditions con-
cerning temperature and moisture

Surface heterogeneity Modification of the dynamics by induction of mesoscale cir-
culations and the chemistry by non-uniform emission or de-
position fluxes of reactants. In consequence, potential en-
hancement of spatial reactant segregation

which the boundary conditions at the surface can be generi- In order to investigate the effects of surface heterogene-
cally set instead of assuming uniform surface conditions. Foiity without the effects of the diurnal variability, the cases are
these patches, the number of grid points in each horizontabased on noon conditions characterized by a well-developed
dimension is required to be equal to the total number of gridboundary layer. The initial boundary layer height is set to
points in that dimension divided by a power of 2. The kine- 1000m. We assume no large scale subsidence and, in the
matic surface fluxes for heat and moisture are prescribed focontrol cases, no background wind as well (i.e. local free

each patch. convection). The surface roughness lengghis setto 0.1 m.
The initial potential temperature profile is constant at 300 K
2.2 Model setup in the boundary layer with a temperature jump of 0.8K at

o ) . 1000m. In the free troposphere, the potential temperature,
For all cases in this study the resolution of the LES domain, (ises by 6x 10-3Km~L. The initial humidity profile g

is set. t0 50 M« S0 m=20m i_n the Xy and z directions re- is set constant at €103 kg kg~ in the boundary layer and
;pegtlvely. The standard.grld size is 26@56x 128, result- 3., 103 kg kgL in the free troposphere. The chosen humid-
ing in a simulated domain of 12800n12800m«2560m. iy is |ower than the characteristic values for the Amazonian
The simulations are run for 4h with a maximum time Step 4in forest to prevent cloud formation and maintain a clear
of 1s. This time step is small enough to prevent |nstabllmesboundary layer during the numerical experiments. The draw-
in the chemical solver. With these settings the relevant temy,, ~k of this choice is its impact on the KProduction. Con-
poral and spatial scales for both atmospheric dynamics andgqyently, the intensity of segregation for the isoprene-OH
chemistry are resolved. Output is generated every minut@ection is affected as well and quantitative results should
and the first hour is considered as spin-up of the model. Thgye onsidered as first order estimates. The surface kine-

chemical and dynamical input data of the control cases arey atic heat flux and moisture flux are set to 0.15 KTh and
based on measurements in the Amazonian rain forest during x10~4kg kgL ms! respectively. This corresponds to a

the TROFFEE campaign that was conducted 14-29 SepteMsesiple heat flux of approximately 185 W#nand a latent
ber 2004 Karl et al, 2007 Vila-Guerau de Arellano et al.  paat flux of approximately 300 WT#.

2011).
) As well as a passive tracer, 18 reactant species are sim-

ulated in the numerical experiments. The applied chemical
scheme contains the 19 essential reactions for &l Oy-
VOC-HO system during daytime in the Amazonian rain for-
est {ila-Guerau de Arellano et aR011) and is shown in

www.atmos-chem-phys.net/11/10681/2011/ Atmos. Chem. Phys., 11, 106814-2011
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Table 2. Chemical reaction scheme solved in the numerical experiments by the chemistry module of DALES erau de Arellano

etal, 201)). T is the absolute temperature in K. The unit of first-order reaction rate coefficient$ &nsl that of second-order reaction rate
coefficients is cmolec 1 s~1. Reaction (R15) has a more difficult expression for its reactiorf ra&eactions (R1), (R5) and (R6) are
photolysis reactions which only occur if photons interact with the reactants. REST stands for products and/or secondary fast reactions with
reactants in the ambient air that are not directly evaluated.

Name Chemical equation Reaction rate constant
R1 Os+hv — OIP+0, 6.62x 10720575
D _10 89
R2 oP+H,0 — 2O0H 163x10°10.,7
D —11 10
R3 OP+N, — O3+REST 215x 1071107
D —11 52
R4 oP+o, —» O3 3.30x 107117
R5 NO, +hv  — NO+ O3+ REST 167x 1072.¢70575
R6 CHO+hv — HO,+REST 588x 1075.¢=0.575
R7 OH+CO — HO,+CO,+REST 240x 1013
R8 OH+CH, — CHzOp+REST 245x 10712, 7"
R9 OH+GHg — RO 1.00x 10710
R10 OH+MVK — HO,+CHyO +REST 240x 10711
R11 HO,+NO — OH +NO; 3.50x 10~ 12.¢ %
R12 CHO,+NO — HOp+NOp+CHO +REST  280x10 1267
R13 RGQ+NO — HO,+NO,+CHyO+ MVK  1.00x 10711
R14  OH+CHO — HO,+REST 550x 10712,
R15 2HG — Hy0,+0, k*
R16 CHO,+HO, —» REST 410x 10713, 7
R17 RGQ+HO, — REST 150x 10~ 11
R18 OH+NGQ — HNOs 350x 1071207
R19 NO+Q — NOp+O, 3.00x 10712, 17

13 600 980 5 2200
k= (kptko)ks, k1 =22x10713e T ky=19x10733.¢ T .cp, kg=1+14x10"21e T -cpo.

Table 2. Concentrations are converted from ppb to moleccan significantly alter the boundary layer chemistry as will be
cm 3 before applying the chemical scheme and back aftershown in Sect3.6.

wards. The simulated reactants correspond to the species o mentioned before, this study is based on two control
listed in this scheme, although it should be noted that all firstcgses: one with homogeneous and one with heterogeneous
generation oxidation products of isoprengklg), through  gyrface conditions. The control case with heterogeneous sur-
Reactions (R9) and (R13), are lumped into methyl vinyl ke-face conditions is split into 4 patches in the x-direction. The
tone (MVK). For 10 reactants the surface fluxes and initial first and third patch correspond to a forest, while the second
concentrations are assumed to be 0, but the other 9 reactanid fourth patch have typical savannah surface properties.
have non zero emissions or initial concentrations, ©Hs,  Because of the periodic boundary conditions (i.e. opposing
CO, & and N are assigned initial concentrations over the porders of the domain are connected) used by DALES, this
whole domain of 10 ppb, 1724 ppb, 124 pphy 20° ppb and configuration represents an infinite sequence of alternating

8 x 10° ppb, respectively. The initial concentrations of NO  forest and savannah patches. A scheme of the setup of the
and MVK are 1ppb and 1.3 ppb below the initial boundary ,ymerical experiments is shown in Fig.

layer height and both Oppb in the free troposphere. The
emission of NO is set to & 10*ppbms™. For isoprene
the emission is set to 0.65 ppb misand the initial concen-

Over the whole domain the total emissions of reactants,
moisture and heat are kept equal to the case with homo-

. o . geneous surface conditions, and only the distribution is
tration profile is set to 2 ppb in the boundary layer and 0 ppb . . .
. o . changed. Over the forested patch the kinematic mois-
in the free troposphere. In this idealized setupyN©not : 2 )

o y . ture flux is enhanced fromx210~*kgkg " ms— to 1.2 x
completely realistically represented. Sensitivity studies have

4 R — fation i

shown that under the chosen set of conditions thq BiQis- 107"kgkg—ms™* due to extra evapotransplratlpn n thg
. L . forest compared to the savannah. For compensation the kine-
sions have very limited impact on the isoprene-OH segrega-

tion. However, entrainment of NGrom the free troposphere matic moisture flux is decreased t@& 10~* kg kg—lms—l
’ ' posp for the savannah patch. These changes correspond to

Atmos. Chem. Phys., 11, 1068168704 2011 www.atmos-chem-phys.net/11/10681/2011/
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odd numbered patches represent forest areas and the even
numbered patches represent savannah. These results are dis-
cussed in Sec3.3 The dependence on the magnitude of
the difference in emissions between the two land types is
studied for heat fluxes and isoprene emissions separately. In
- Sect. 3.4 the difference in isoprene emission by the forest
: relative to the savannalh Eisoprenes—s in ppb m sl isvar-
ied. The sensitivity analysis presented in S8d.treats the
dependences on the differences between the forest and the
savannah in kinematic heat fluaw’é’ ;_, in Kms~1, and
. . . __kinematic moisture fluxAw'q’;_; in kgkg~tms™. The
Fig. 1. Schematic overview of the heterogeneous surface condition g .
fo?the numerical experiments performedgby DALES. The simulated&‘rmpfJlCt 0f NG, is discussed in Sed.6
domain is split intoforest and patches. Over the rela-
tively cold and wet forest patch treensible heat fluxis lower than
over the relatively warm and dry savannah patch, buletent heat
flux is higher. Theemission of isoprends highest over the forest.
Over the whole domain the total isoprene emission and surface he
fluxes are kept the same as the case with homogeneous surface coa-+ B — (. (1)
ditions. For both terrains the sum of the latent and sensible heat
fluxes is the same. Generated statistics are averaged in the directidrr & 3-dimensional field of filtered atmospheric variables, as
perpendicular to the direction of heterogeneity. generated by Large-Eddy Simulations, the concentration of a
chemical compound’ satisfies the conservation equation

2.3 Formulation and interpretation of the segregation

We derive the intensity of segregation for a generic second-
ac%rder chemical reaction,

dc du;c
approximately 60 Wm2. To keep the total energy budget a_tc + a;ic +SGF=R @
equal for both patches, the sum of sensible and latent heat
fluxes is kept constant too. This results in a change of theVith
kinematic heat flux to 0.1 K nTg for the forest patch and g =k-cu-cp. (3)
0.2 K ms 1 for the savannah patch. The biogenic emission of - i
isoprene over the forest patch is higher than over the savarf:' B andC are |nd|cat<_)rs for ch_emlcal compoun@anq&
nah patch Kesselmeier and Staydt999 Garcia-Carreras are re_spectlvely_ the wind velouty and the co_ordlnate inthe
et al, 2010. An emission of 1.0 ppb T is set for the for-  diréction, SGF is the parameterized sub-grid flux (sees
est and 0.3 ppb nT$ for the savannah configuration. Other etal. (2010_ for a ComP'ete desgrlptlonk is the reaction
emissions and the initial concentration, temperature and speC-OHSIam’R is the ghemlcal reactlpn rate and, CB andcc
cific humidity profiles are kept equal to the case with homo- &€ the concentrations of respectively the chemidals and
geneous surface conditions. As will be shown in S&dt.], '
the changes in kinematic heat and moisture fluxes cause fa
difference in buoyancy flux between the forest and savan-'®
nah patches. This difference generates mesoscale circul

Equations 1), (2) and @) describe processes for a 3-D
Id. However, numerical calculations are often performed
él_sing spatially averaged values. In order to compare box
tions in the xz-plane. To enable visualisation of these cir-M°dels, mesoscale models or climate models with measure-

culations and to study the different atmospheric conditionsmentsr'] the avTrages_ for thel 3-D field should %T calc_ulslted
over the two terrain types, average statistics are calculate§Ve' g complete gnxmg volume. Every possible variable,
in the y-direction Patton et al.2005 van Heerwaarden and ¢ €N be expressed as
Vila-Guerau de Arellan@008. d=[¢]+¢', (4)
Next to the two control cases, we perform sensitivity anal-. . .
: . .in which the rectangular brackets correspond to a spatial av-
yses. These simulations are based on the control case with ) "
erage and the prime corresponds to a deviation from the spa-

heterogeneous surface properties. An overview of all per-; . : .
- tial average. The spatial average is calculated over a hori-

formed numerical experiments with their altered input vari- .
zontal plane or over a volume. If the reaction rate constant

ables is shown in Tabl8. To study the influence of wind )
. ) is considered to be equal throughout the boundary layer, the
on the dynamics and chemistry, the large scale backgroun : . .
Spatial average of the reaction rate is equal to

wind profiles,u, andv, inms™1, are varied in Sec8.2 For
some simulations the grid size is doubled in the x-direction,[R] =k -[ca - cB]. (5)
resulting in a larger domain size. For these simulations, theB
total number of patches in which the surface is divided in
the x-direction, Npatches is varied to determine the impact

of the length scale of heterogeneous surface properties. ThER] =k - ([cal - [ca]+ [c)4 - c5])- (6)

y applying a Reynolds decomposition (B with its prop-
erties, Eq. %) becomes

www.atmos-chem-phys.net/11/10681/2011/ Atmos. Chem. Phys., 11, 106814-2011
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Table 3. Description of the different simulations. Variables not listed in this table are kept the same as the control cases treatéddn Sect.
ug andv, are the large scale background wind profil@&atchesrepresents the total number of patches in which the surface is divided in

the x-direction.AWf_s is the difference in kinematic heat flux over the forest pajGirelative to the savannah patch,andAw’iq’f_s

is the difference in kinematic moisture fluxA Eisoprenes—s represents the difference in isoprene emission between the forest and the
savannah.cyo, is the initial free tropospheric Nfconcentration. The input variables that are altered with respect to the heterogeneous
control numerical experiment, HET, are printed in bold.

Name Grid Ug Vg Npatches AWt _s AWt _g AEisoprenef—s  CNO,
(-] [-x—x-] [msY [ms [-1 [Kms™l] [103kgkgtms]  [ppbms?l [pph

Control numerical experiments

HOM 256x 256x 128 Qo 0.0 4 0.0000 0000 Qo 0.0
HET 256x 256x 128 Qo 0.0 4 —0.1000 0040 a7 0.0

Impact of background wind

Wwu1l 256x 256x 128 Qo 25 4 0.0000 0000 Qo 0.0
Wu2 256x 256x 128 Qo 5.0 4 0.0000 0000 Qo 0.0
Wu3 256x 256x 128 Qo 75 4 0.0000 0000 Qo 0.0
WX1 256x 256x 128 25 0.0 4 —0.1000 0040 Q7 0.0
WX2 256x 256x 128 5.0 0.0 4 —0.1000 0040 Q7 0.0
WX3 256x 256x 128 7.5 0.0 4 —0.1000 0040 Q7 0.0
WY1 256x 256x 128 Qo 25 4 —0.1000 0040 Q7 0.0
WY2 256x 256x 128 Qo 5.0 4 —0.1000 0040 Q7 0.0
WY3 256x 256x 128 Qo 75 4 —0.1000 0040 Q7 0.0
Impact of the length scale of heterogeneity

LS1 256x 256x 128 Qo 0.0 2 —0.1000 0040 Q7 0.0
LS2 256x 256x 128 Qo0 0.0 8 —0.1000 0040 Q7 0.0
LS3 256x 256x 128 Qo 0.0 16 —0.1000 0040 Q7 0.0
LSB1 1024x512x128 Qo 0.0 4 0.0000 Q0000 0.7 0.0
LSB2 1024x512x128 Qo0 0.0 2 —0.1000 0040 Q7 0.0
LSB3 1024x512x128 Qo 0.0 4 —0.1000 0040 Q7 0.0
LSB4 1024x512x128 Qo 0.0 8 —0.1000 0040 Q7 0.0
LSB5 1024x512x128 Qo 0.0 16 —0.1000 0040 Q7 0.0
Impact of the spatial variation of isoprene emissions

1IS1 256x 256x 128 Qo 0.0 4 —0.1000 0040 13 0.0
1S2 256x 256x 128 Qo 0.0 4 —0.1000 0040 0.0 0.0
1S3 256x 256 128 Qo 0.0 4 —0.1000 0040 -0.7 0.0
Impact of the spatial variation of surface heat fluxes

HF1 256x 256x 128 Qo 0.0 4 0.0000 0000 0.7 0.0
HF2 256x 256x 128 Qo 0.0 4 —0.0125 0005 0.7 0.0
HF3 256x 256x 128 Qo 0.0 4 —0.0250 0010 0.7 0.0
HF4 256x 256x 128 Qo 0.0 4 —0.0375 0015 0.7 0.0
HF5 256x 256x 128 Qo 0.0 4 —0.0500 0020 0.7 0.0
HF6 256x 256x 128 Qo 0.0 4 —0.1500 0060 0.7 0.0
HF7 256x 256x 128 Qo 0.0 4 —0.2000 0080 0.7 0.0
Sensitivity to free tropospheric NO

UNO 256x 256x 128 Qo 0.0 4 0.0000 0000 Qo 05
HNO 256x 256x 128 Qo 0.0 4 —0.1000 0040 Q7 0.5

Atmos. Chem. Phys., 11, 1068168704 2011 www.atmos-chem-phys.net/11/10681/2011/
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The physical interpretation of the intensity of segregation isSince concentrations and standard deviations are always pos-
the relative deviation of the total chemical reaction rate fromitive if non-zero, the sign ofs equals the sign of. This

the reaction rate due to the mean concentrations,

Rmean=k-[ca] -[cB]. (7)
This is expressed as
R]—R
1o = LR1— Rmean (8)
Rmean

Is is the intensity of segregation. Substituting Ed®.4nd
(7)in Eq. @) yields

[c’ -c ]
Jg= 4 Bl (9)
[cal-[cB]
and the average chemical reaction rate reads:

correlation factor is controlled by transport and chemistry.
First we will briefly address the influence of transport. Inert
species that are transported together are positively correlated,
r > 0. This is the case for two compounds which are both
entrained from the free troposphere or both emitted from the
surface. If one compound is emitted from the surface and the
other is entrained from the free troposphere, then the species
are negatively correlated<0. Further, chemistry has an im-
pact on the correlation factor since two reacting compounds
are negatively correlated. For two reactants that are trans-
ported, the overall sign of the correlation factor therefore de-
pends on the interaction between the dynamics and chem-
istry. The correlation between isoprene and OH as a function
of height will be treated in SecB.1.3

10687

[Rl=k-(A+1s)-[ca] -[cB] = keft-[cal - [ca]. (10)
Equation @) shows that the intensity of segregation is equal

to the covariance of the two reacting chemicals divided by1q, c4icylate the intensities of segregation in the boundary
their mean concentrations. Since DALES explicitly resolves|ayer the boundary layer height needs to be defined. For a
turbulence, including quantities like covariances, the inte”Si'heter’ogeneous surface forcing, it varies over the domain. In
ties of segregation are calculated direcuwersloot etal.  ,yer o determine the boundary layer heights as a function
(2010 validated the DALES results, confirming the depen- of time and the x-coordinate, an adaptation of the maximum

dence of segregation on the ratio of the turbulent time Scalegradient methodSullivan et al, 1999 is applied to the av-
versus the chemical time scales and on the reactant conceiy ’

; - o : rages in the y-direction of the virtual potential temperature,
tration ratio Schumann1989 and giving results in agree- .
ment with measurement8(tler et al, 2008 Dlugi et al,
2010 and previous simulationg¢ol et al, 200Q Vinuesa
and Vila-Guerau de Arellan@003. . . . . .
We further discuss the dependence of the intensity of Segg]lfferin.cest;]mvbbetween a|r”pi:1€r’08els %r]]d Lhe ar sur:c?un_dlng
regation on the physical and chemical processes. For in- em drive the uoyanc>8¢u ' §. The buoyancy flux in
stance, for perfectly mixed conditiong is 0, though its a clear boundary layer is
value can range from 1 to infinity. More insight on the sign

of the intensity of segregation is obtained by analydiggs . ) .
a function of the correlation and the concentration variances€MpPhasizing the importance of the surface energy partition-

The intensity of segregation for 2 reacting species is related"d into sensible heat and moisture flux for buoyancy. Con-
with the correlation factor:. where sidering the difference in orders of magnitude of the different

oug terms, this equation shows that the buoyancy flux is domi-
r= . nated by the kinematic sensible heat flux¢’. Note that in
OA*OB the case of a uniform sensible surface heat flux, differences
The standard deviations of the concentrations of compound# the kinematic surface moisture flux;q’, result in buoy-

2.3.1 Definition of the boundary layer height

0, =6-(140.61-¢)

(15)

w6 = (1+0.617)w'0’+0.616 w'q’, (16)

(11

A and B are expressed by, andop and their covariance
is expressed by, 5. The variance of4 is defined asr/f =
[c/A -c’A] and the covariance between andcp is equal to

cy - ¢z |. Equations ) and (L1) show that
OA-ORB
Is=r —————. 12
feal Tes] (12)
This can be denoted as
IS:V'iA-iB, (13)

whereiy is the concentration fluctuation intensity of com-

poundX, defined as
ix= [‘Z—;] (14)

www.atmos-chem-phys.net/11/10681/2011/

ancy flux differences and the generation of turbulence and
mesoscale circulations. Hence, analyses that only take into
account the amplitude of the sensible surface heat flux het-
erogeneity would be erroneous.

Mesoscale circulations lead to advection of warm air at
the top of the boundary layer over a patch with relatively
cool air. This results in a virtual potential temperature pro-
file as shown in Fig2a. It shows the initial profile together
with a profile after half an hour of simulation. The location
is an arbitrary position in the area towards which warm air
is advected. In the inversion zongs 1000 m, no clea#é,
gradient is present. This would result in a flawed determi-
nation of the boundary layer height using the maximum gra-
dient method. To circumvent this, an alternative method is

Atmos. Chem. Phys., 11, 1086814-2011
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Fig. 2. (a) Theinitial profile in blue and the profilafter 30 min in red for the virtual potential temperature as a function of height. The
profile is calculated for an arbitrary position in the area towards which warm air is advected in the top of the boundary ib)etheln
boundary layer heights as determined by the@ximum gradient and thethreshold gradient methods are shown as a function of the x-
position in respectively red and blue. As a reference, the boundary layer heighttaw@ogeneousurface, as determined by the maximum
gradient method, is shown in black. The dashed and solid lines show the boundary layer heights averaged over the first and third hour of the
simulation, respectively. The relatively cold forest patches are locate64Q0 m< x < —3200 m and 0 & x <3200 m. Here, the boundary

layer is shallower than over the relatively warm savannah patches.

proposed: a threshold gradient method. This method sets thie isoprene and hydroxyl radical concentrations over the en-
boundary layer height equal to the lowest height for whichtire boundary layer and the intensity of segregation of the
the gradient of the considered variable, in our case the virisoprene-OH reaction. The mean concentration of OH is less
tual potential temperature, exceeds a certain percentage atrongly affected by the differences between the simulations
the maximum gradient. In the case no sharp inversion iscompared to the intensity of segregation and the mean iso-
present, this maximum gradient will be equal to the lapse ratgprene concentration. A more detailed analysis of the results
in the free troposphere. In the treatment of the numerical exfollows in the next paragraphs.
periments presented in this paper, the threshold percentage is
setto 90 %. This threshold percentage is chosen such thatthi21l Influence of heterogeneous surface conditions
erratic boundary layer height determinations are suppressed,
but the determined heights for profiles with a clear inversion3.1.1 Dynamics
remain similar. The result is shown in Figb. This graph
is based on the numerical experiment HET. During the firstIn Fig. 3, the dynamical characteristics are shown for the
hour the threshold gradient method results in smoother angases with standard homogeneous, HOM, and standard het-
less random boundary layer heights as a function of the x€rogeneous, HET, surface forcing. The savannah patches are
position. In the third hour the gradient is more well defined located at- < x <0 and} < x < 1. The depicted variables
at all locations and both methods result in similar boundaryare averaged both over the fourth hour of the numerical ex-
layer heights. periments (1 h average) and over the y-coordinate, which is
the horizontal direction perpendicular to the direction of het-
erogeneity. The flow of air within the boundary layer is in-
3 Results dicated by the arrows in Figga and b. From these graphs
it is clear that a heterogeneous surface forcing influences
The main properties of the numerical experiments during thehe mixing in the atmospheric boundary layer. While the
fourth hour of simulated time are summarized in Tabl&he potential temperature and specific humidity are well-mixed
dynamical properties include the boundary layer height, thethroughout the boundary layer for the homogeneous case, a
averages over the whole boundary layer of the potential temmesoscale structure appears for the heterogeneous case. The
perature and the specific humidity, and the convective velocdifferences in surface buoyancy fluxes between the forest and
ity scale. The convective velocity scale is almost unaffectedsavannah patches induce mesoscale circulations. Over the
by the differences between the numerical experiments. Thevarm and dry savannah patches air is transported to the top
listed chemical properties represent the volume averages adf the boundary layer, while air is transported downward over

Atmos. Chem. Phys., 11, 1068168704 2011 www.atmos-chem-phys.net/11/10681/2011/



H. G. Ouwersloot et al.: The segregation of chemical species over heterogeneous land surfaces

Table 4. Main properties of the different numerical experiments averaged over the fourth hour of simulatedhfimeepresents the

10689

boundary layer height9) and(g) are respectively the potential temperature and specific humidity averaged over the whole boundary layer.

wy is the convective velocity scale. The boundary layer averaged concentrations of isoprene and OH are denoted by ré&ggg@v]ély

and(con). Isrg is the intensity of segregation for Reaction (R9) (Tad)le

Case hpp (0) (q) Wi <Clsoprené {con) Isrg
(-] [m] K] [103kgkg™l] [ms [ppbl  [pptl (-]
HOM 1550 30211 574 204 128 0142 -0.070
HET 1587 30216 568 205 133 0142 -0.126
Wu1l 1538 30210 576 203 130 0142 -0.077
Wwu2 1528 30208 578 203 132 0142 -0.087
WU3 1527 3028 578 203 132 0142 -0.093
WX1 1534 30209 577 203 134 0143 -0.110
WX2 1529 30209 577 203 133 0142 -0.104
WX3 1530 30209 577 203 133 0142 -0.104
WY1 1587 30216 568 205 133 0142 -0.132
WY?2 1576 30215 569 205 135 0142 —-0.143
WY3 1576 30215 569 205 137 0143 -0.154
LS1 1557 30212 573 204 142 0143 -0.176
LS2 1606 30219 564 206 129 0142 -0.114
LS3 1568 30214 571 205 130 0141 -0.090
LSB1 1549 30211 574 204 128 0142 -0.070
LSB2 1528 30211 578 203 161 0168 —-0.405
LSB3 1547 3022 575 204 154 0153 -0.308
LSB4 1552 30212 574 204 143 0143 -0.177
LSB5 1587 30216 568 206 133 0142 -0.126
1IS1 1587 30216 568 205 141 0142 -0.183
1S2 1587 30216 568 205 128 0142 -0.087
1S3 1587 30216 568 205 130 0141 -0.095
HF1 1550 30211 574 204 143 0145 -0.196
HF2 1546 30211 575 204 141 0141 -0.148
HF3 1545 30210 575 204 138 0140 -0.114
HF4 1548 30211 575 204 136 0140 -0.110
HF5 1556 30212 573 204 135 0141 -0.111
HF6 1622 3021 562 207 132 0142 -0.146
HF7 1650 30226 558 208 133 0143 -0.174
UNO 1550 30211 574 204 104 0192 -0.124
HNO 1587 30216 568 205 110 0197 -0.209

the colder and wetter forested patches. This is in accord withiThe entrained air is horizontally advected towards the forest
the findings ofPatton et al(2005 andvan Heerwaarden and patches where it is transported downwards. Over the forest
patches, thermals are suppressed by the subsiding branch of

Vila-Guerau de Arellan(2008. The rising air moves faster

(with a velocity of more than 23 in the core of the ris-

the savannah patches than over the forest patches.

For the heterogeneous case the average boundary lay
height is higher than for the homogeneous case, but als
more variability is observed in the x-direction. This effect is
explained bywan Heerwaarden and ¥Guerau de Arellano
(2008. At the top of the buoyant thermals, the entrainment is
enhanced, because the relatively warm air with more kinetic The right panels of Fig3 show that the variability of the

the mesoscale circulations, reducing entrainment over these
ing plume halfway up the boundary layer) and is spread overareas. This process leads to higher boundary layer heights
a smaller area than the descending air (with an average vesver the savannah patches than over the forest patches. The
locity of approximately 0.5 ms! halfway up the boundary average boundary layer height of the numerical experiment
layer). Due to this pattern, turbulent mixing is stronger over HET is higher than that of HOM, however this difference
is less than 40 m. The minimum boundary layer height in
glle numerical experiment HET is approximately equal to the
verage boundary layer height in the numerical experiment
OM. A more detailed explanation of the dependence of the
boundary layer height on the surface energy partitioning is

presented in Sec8.5.

energy can penetrate the inversion layer relatively easilydynamic variables in the x-direction is increased significantly

www.atmos-chem-phys.net/11/10681/2011/
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Fig. 3. Potential temperature and moisture for the homogeneoug@asgand the heterogeneous cdbed). Each figure consists of two

panels. The first panel shows these variables averaged over the fourth hour of simulated time and the y-direction, while the second panel
shows an additional average in the x-direction. The red area in the second panel shows the variability in the x-direction of the temporal and
y averaged values. The potential temperatfiyégs shown on toa, b) and the specific humidity;, at the botton{c, d). Wind direction and
magnitude are indicated by vectdes b). The x-coordinate is scaled by the length scale of heterogenegitich is twice the patch size.

by a heterogeneous surface forcing. This is caused by emand specific humidity are located at approximately 1350 m
trained air and the mesoscale circulations. In the lower halfand 1600 m height, which are, respectively, in the upper part
of the boundary layer, the air over the savannah is warmeand just above the average top of the boundary layer. For the
due to the higher sensible heat fluxes. The mesoscale circiheterogeneous case the potential temperature at these heights
lations caused by this difference transport emitted moistureare respectively 0.1 K warmer and 0.3K colder, while the
from the forest to the savannah. Therefore the air over thespecific humidity at these heights are respectively 0.1d kg
savannah, which is transported upward, is warmer and moréower and 0.3 g kg! higher. The small decrease in average
moist than over the forest. In the upper half of the bound-potential temperature and the small increase in specific hu-
ary layer, entrainment is of importance. The entrained airmidity for the heterogeneous surface forcing are due to the
is warmer and drier than the air in the boundary layer andintrusion of the buoyant thermals towards the free tropo-
is transported to the forest patch by a mesoscale circulatiorsphere. Since the air in the boundary layer is more humid and
Therefore, also the air in the upper half of the boundary layercolder than the free troposphere, this leads to the deviation in
is drier over the forested patch than over the savannah patclaveraged quantities. The changes at a height of 1350 m are
However, due to the relatively warm air parcels that are en-due to entrained air from the free troposphere.

trained, the temperature in the upper half of the boundary

layer is higher over the forest patch than over the savannal3 1 2  Atmospheric chemistry

patch. The processes near the surface and the entrainment

zone have the same effect on the horizontal distribution of

moisture in the boundary laver. while the effects ar he spatial distributions of the concentrations and reaction
oISture in the boundary fayer, while the €tIects are 0pposeq,,q g ¢ isoprene with the hydroxyl radical are displayed in
for the distribution of the potential temperature. Because o

this. th iability in th tential t ture hi Fig. 4 for the numerical experiments HOM and HET. As we
IS, the vanability In the potentialtemperature s muc 0Werspecifically study the isoprene-OH reaction, the concentra-

than the variability in the specific humidity if normalized by ions of these two reactants are shown together with their

the differences between_ the fr(_ae troposphere and the boun ‘hemical reaction rate. Due to the induced mesoscale circu-
ary layer for the respective variables.

lations, the isoprene is advected near the earth’s surface from
In contrast to the increased variability of the dynamic vari- the forest towards the savannah patches, where it is trans-

ables, the horizontally averaged vertical profiles are veryported upwards. After emission, the isoprene reacts with

similar. The maximum differences in potential temperatureOH. Due to these interactions, above the surface layer the

Atmos. Chem. Phys., 11, 1068168704 2011 www.atmos-chem-phys.net/11/10681/2011/
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Fig. 4. Isoprene and OH concentrations and chemical reaction rates for the homogenedas cas@nd the heterogeneous cgbed, f).

Each figure consists of two panels. The first panel shows these variables averaged over the fourth hour of simulated time and the y-direction,
while the second panel shows an additional average in the x-direction. The red area in the second panel shows the variability in the x-direction
of the temporal and y averaged values. The concentration of Isopfiggiene iS Shown on tofga, b), followed by the concentration of the

hydroxyl radical,cop, in the middle(c, d). At the bottom(e, f) the chemical reaction rates for Reaction (RByH,1soprene are displayed.

The x-coordinate is scaled by the length scale of heterogeneitshich is twice the patch size.

concentration of isoprene is significantly higher over the sa- Due to the mesoscale circulations, the boundary layer over
vannah patches than over the forested patches. This is shovthe forest is strongly influenced by the entrained air, while
in more detail in Fig.5. Since isoprene depletes OH, the the boundary layer over the savannah is mainly affected by
chemical reaction rates are highest and the OH concentrahe surface turbulent fluxes. Therefore, a heterogeneous sur-
tions are lowest over the savannah patches. At the top of théace forcing leads to an enhancement of the variability of
rising thermals a region appears with a relatively high reacthe chemical variables. In addition, the mean variables as
tion rate, because the chemical reaction rate depends on ttefunction of height, shown in the right panels of FHg.as
product of both concentrations. These features are governedell as the averages over the entire domain are affected. For
by the spatial distribution of isoprene. Dynamics have anthe uniform surface forcing the relatively long-lived species
impact on chemistry, because in the thermals the lifetime oflike isoprene are well-mixed, which results in a concentra-
isoprene (approximately 50 min) is of the same order of mag-ion that is approximately constant with height. However,
nitude as the transport time from the surface to the top of thdor a heterogeneous surface forcing the slope of the isoprene
boundary layer (approximately 15 min). For both the homo-concentration profile with height is strongly enhanced due to
geneous and heterogeneous surface forcings the reaction ratee entrained air that is transported towards the forested ar-
is highest near the surface, where isoprene concentrations aeas. Over the forest, turbulent mixing is less effective for a
highest. heterogeneous surface forcing, which results in a significant
concentration gradient. Since OH is depleted by isoprene,

www.atmos-chem-phys.net/11/10681/2011/ Atmos. Chem. Phys., 11, 106814-2011
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Fig. 5. Isoprene concentrations for the homogeneous (@sand the heterogeneous cdbg at different heights. The concentrations are
averaged over the fourth hour of simulated time and the y-direction. The x-coordinate is scaled by the length scale of heterpgybiatity,
is twice the patch size. The forest patches are located at 3 < —0.5 and O< - < 0.5 and the savannah patches are located elsewhere.

also the OH concentration profile is influenced by this pro- The intensity of segregation profiles, for the reaction in
cess. The altered concentration profiles result in a differentlywhich OH and isoprene form RQare shown in Fig6a, b.
shaped profile of the isoprene-OH reaction rate. The averag&o produce this figure, the instantaneous intensities of hor-
concentrations over the entire domain are enhanced by 1.3 %zontal segregation are determined for each height at 1 min
and 5.1 % for OH and isoprene, respectively, while the resultintervals. The mean and variability for these profiles during
ing average chemical reaction rate is reduced by 0.68 %. Thishe fourth hour are depicted with the solid lines and shad-
counter-intuitive combination of effects that shows a non-ing. The dashed lines represent the averages over the fourth
linear response, is caused by increased segregatipn{1l hour of the instantaneous intensities of segregation over the
over the entire domain is decreased by 6.7 %), as outlined irentire boundary layer at 1 min intervals. Since the intensity
Sect.2.3 of segregation is used to relate the boundary layer averaged

Figure4 shows that the y-averages of the concentrations ofchemical reaction rate to the reaction rate which would be
OH and isoprene as well as the chemical reaction rate vargalculated using boundary layer averaged concentrations, the
both in the x-direction and in height. To calculate the averagentensities of segregation over the entire boundary layer are
reaction rate, the different rates have to be determined locallypf most interest. However, the profiles of the intensities of
and then averaged spatially, as shown in E. (For this  horizontal segregation enable us to identify processes driv-
calculation spatially averaged concentrations cannot be useithg the segregation.

without knOWledge of the covariance of the reaCting SDECieS Figure6a and b show that the average horizontal segrega-
(Eq. 6). This poses a problem for the interpretation of ob- tjon can be divided into 3 regions. The lowest region is the
servations that cover only one point in space at a time, e.gsyrface layer in which the intensity is most negative. Near
aircraft observations. To interpret these data, one needs tghe top of the boundary layer, the intensity of segregation
know the intensity of segregation or perform simultaneousincreases to large positive values. The largest region is in-
observations of all relevant reactants at a high frequency irhetween, representing the bulk value of the intensity of hor-
order to determine the covariances between those reactantszontal segregation. The intensities differ from each other
and all are different from the intensity of total boundary layer

segregation.

For the numerical experiments HOM and HET the intensi- 10 understand these profiles, the two terms of &) ére
ties of segregation in the boundary layer during the 4th houPlotted separately in Figic and e for the numerical experi-
are —0.07 and—0.13, respectively. This corresponds to ef- MeNtHOM and in Fig6d and f for the numerical experiment
fective chemical reaction ratesef in Eq. 10) of 93% and HET. It is shown that for both numerical experiments the
87 % compared to the chemical reaction rates that are calborizontal correlation factors behave similar. In the bound-
culated from boundary layer averaged concentrations. Thig'Y layer, isoprene and the hydroxyl radical are almost per-
shows that atmospheric chemistry is influenced by dynamicéeCtly an.tl—correlated. This {ndlcates thgt the correlation is
and that a heterogeneous surface forcing might enhance thifrongly influenced by chemistry (Reaction R9). For the het-

influence. In this section the processes that drive the segre2rogeneous surface forcing this anti-correlation is lower in
gation are explored. the lower part of the boundary layer. This is probably caused

by the generation of regions characterized by low isoprene

3.1.3 Processes driving segregation
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B

trations of these compounds are initially very low, as shown
in Fig. 4. Therefore, at locations where thermals have trans-
ported compounds to the free troposphere, the concentrations
of both OH and isoprene are higher than the surroundings.
This results in a positive correlation. The figures show that
the only height at which the magnitude of the intensity of
segregation is influenced by the correlation factor, is near the
] 7 entrainment zone. There the correlation factor changes sign
%0500 65 10 15 20 25" %0500 05 10 15 20 25" over approximately 100 m, decreasing and increasing again
Is 11 I ] in magnitude in the process. The correlation factor does de-
termine the sign of the intensity of segregation, since the con-
centration fluctuation intensities are positive by definition. In
the case of isoprene and the hydroxyl radical, the intensity of
segregation is therefore negative in the whole boundary layer
and positive above.
The products of the concentration fluctuation intensities
for isoprene and OHjsoprene ioH, drawn with the black lines
300 | H02 300 q02 in Fig. 6e and f, are shaped similar for both a homogeneous
o et 00 0 L 00 and heterogeneous surface forcing. Near the surface a small
reee s e reee s e peak is present, which is caused by a relatively high concen-
tration fluctuation intensity o®H. This is caused by the high
© Tioprone » G [ (M Toprone » G [ isoprene concentrations near the surface, resulting in rapid
00 02 o4 06 08 10 00 02 04 06 08 10 depletion of the hydroxyl radical. Above the boundary layer,
the relative variabilities of both compounds peak. This is due
to local transport through the inversion layer. While the av-
erage concentrations decrease with height, the standard devi-
ations slightly increase in that region. Above this layer, also
the standard deviations drop with height. Since the area of
transport by thermals grows smaller with increasing height,
o 19 %00 10 the concentration fluctuation intensity faoprenestill in-

~ AY
o Wt d g NIV T

L 0, alstidbiatustint 0.0 creases with height. Due to fast depletion, OH is character-
Tioprone * Gon [ Tsoprons * G [ ized by a more uniform concentration in the free troposphere.
_ ) _ . _ . Forthe heterogeneous surface forcing the product of the con-
Fig. 6. Horizontal intensities of segregation and the contributing oo nration fluctuation intensities for isoprene and OH is en-
components,_evaluatlng the isoprene-OH reaction. The four_th hou anced, mostly due to OH. In turn, this leads to an increase
of the numerical experiments HOK4, c, e)and HET (b, d, f) is . . . L -
evaluated. At every height the instantaneous intensity of segrega'—n magnitude of the horizontal segregation intensity.
tion over the horizontal plane is determined at intervals of 1 min. .
Its averages are shown () and(b) with the variability in time 3.2 Influence of background wind
depicted using the red shading. The intensity of segregation over
the entire boundary layer is shown by the blue dashed line. In Inthe previous simulations background wind was not present
(c) and(d) the horizontal spatial correlations between isoprene and(i.e. local free convection). In this section its influence will
OH are shown with their temporal variability. (@) and(f) thisis  be discussed. For the numerical experiments presented here,
also done for the product of the concentration fluctuation intensitieshe roughness length,, is kept constant to 0.1m. The
of OH and isoprene, i.e. the second term in EXg)( In blue and  ygjidity of this parameter for our numerical experiments is
purple dashed Iines the separate concent_ration fluctuation inFenSEhecked by applying a roughness length of 1 m for the forest
ties are shown foisopreneandOH, respectively. The numbersin 5 o4 an40.03 m for the savannah areas. The resulting differ-
(e) and(f) denote their unnormalized maximum values. . . - .
ences in the main properties are very small for the conditions
studied (not shown). Another effect not taken into account in
concentrations. In those regions the importance of Reacthis study is the possibility of differences in the background
tion (R9) to OH is relatively low compared to other chemical wind between the boundary layer and the free troposphere.
reactions. The wind shear generates additional turbulence near the in-
Above the boundary layer, isoprene and OH are stronglyersion layer, thereby increasing entrainment (igo et al,
positively correlated, indicating that OH producing com- 2003. In turn, this enhanced entrainment would influence
pounds and isoprene are transported together into the freleoth dynamics and chemistry. However, in all simulations
troposphere (Seck.3). In the free troposphere, the concen- presented here, the wind profiles are set constant with height.
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Fig. 7. Potential temperature and chemical reaction rate for Reaction (R9) for the numerical experimen(s, \&jdad WX2(b, d). WU2

evaluates a homogeneous surface forcing with a background wind of % im ¢he positive y-direction. In the numerical experiment WX2

a heterogeneous surface forcing is applied with a background wind of % imghe positive x-direction. The potential temperatutgis

shown on top(a, b) and the chemical reaction ratRon,1soprene PelOW(c, d). Each figure consists of two panels. The first panel shows

these variables averaged over the fourth hour of simulated time and the y-direction, while the second panel shows an additional average in the
x-direction. The red area in the second panel shows the variability in the x-direction of the temporal and y averaged values. Wind direction
in the xz-plane and its magnitude are indicated by vedtrb). The x-coordinate is scaled by the length scale of heterogeneithich is

twice the patch size.

In Fig. 7 the potential temperature and chemical reactiontal variability compared to the numerical experiment without
rate of Reaction (R9) are shown for the numerical experi-background wind (HOM), as shown in Figc. Due to the
ments WU2 and WX2. Both experiments have a backgroundineven distribution of isoprene and its depleting effect on the
wind of 5m st (constant with height). In the case of WU2 hydroxyl radical, the segregation between isoprene and OH
a homogeneous surface forcing is applied with a backgrounds enhanced.
wind pointing in the y-direction. WX2 is characterized by & = e influence of background wind on the turbulent co-
heterogeneous surface forcing and a background wind pointherent structures and the vertical wind velocity is shown in
ing in the x-direction. This corresponds to wind blowing rig g The mesoscale circulations that are characteristic for
perpendicular to the borders between the savannah and fog peterogeneous surface forcing are slightly enhanced by the
est patches. In Figra it is visible that with a uniform sur- 1,47 9ntal roll vortices if both circulations exist in the same
face forcing, mesoscale circulations are induced in the plan%|ane_ The rising air in the core of the thermals is slower
orthogonal to the direction of the background wind. These(With a velocity of approximately 1.8 74 halfway up the
structures are called horizontal roll vortices (5gull, 1988 yoyndary layer), but the structure of the thermals is wider.

Young et al, 2009. At locations where the air is rising, the - gyever, if the background wind blows across the bound-
potential temperature in the lower part of the boundary layer,ries hetween surface types, it inhibits the mesoscale circu-

is higher due to transport of air from the relatively warm sur- |5tions due to the extra mixing because of advection. Fig-
face layer. Chemistry is influenced by these circulations t00,,re 7b shows this suppresses the heterogeneous distribution
due to the horizontally heterogeneous vertical transport Off the potential temperature, compared to the local free con-
chemical species. The rising branches of the circulations,ective case (Figh). Because of this the horizontal variabil-
transport isoprene from the surface layer to the upper parfy in the boundary layer height decreases. Consequently, the
of the boundary layer, which is where the hydroxyl radical chemjcals are more effectively mixed as well, resulting in
mixing ratio is highest. Therefore, the chemical reaction ratey,qre uniform chemical reaction rates in the boundary layer
of Reaction (R9) is higher in the upward moving air than 45 jjlystrated by Fig7d. The dependence on wind direc-

in the downward moving air and has an increased horizonsjon and the significance of a background wind of 5Th s
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Fig. 8. Vertical wind velocity for the numerical experiments HOl), HET (c), WU2 (b) and WY2(d). The upper figures are based on

a homogeneous surface forcing while the lower figures are connected to a heterogeneous surface forcing. The background wind was set t
0ms1 for the numerical experiments shown in the left column and 5 s the positive y-direction for the numerical experiments shown

on the right. Each figure consists of two panels. The first panel shows these variables averaged over the fourth hour of simulated time and the
y-direction. The red area in the second panel shows the variability in the x-direction of the temporal and y averaged values. The x-coordinate
is scaled by the length scale of heterogeneityyhich is twice the patch size.

in accordance with previous studieRgasch and Harbusch creases. Again, this is due to the background wind smoothing

2002, Kim et al, 2004). the effect of surface heterogeneity: by enhancing the mixing
Multiple numerical experiments have been performed with of chemical species, the reactants are segregated less.

background wind for both kinds of surface forcing. The mag-

nitudes were set to 2.5, 5.0 and 7.5Msand in the case 3.3 Influence of the length scale of heterogeneity

of a heterogeneous surface forcing the wind direction was . . .

set either parallel or perpendicular to the borders. Figure Previous studies have shown that the impact of a heteroge-

; the effect the boundarv | height and thB€0US surface forcing on dynamics is highly dependent on
summanzes e eecs on e holncary aysr 1eight an the length scale of heterogeneity (eAgissar and Schmidt

intensity of segregation for the isoprene-OH reaction, Re- )

action (R9) (Table2). The average boundary layer height 1h998ﬁRaasch and Hartr:us_;czor(]) L P_atton det al.iooa. :fls? h

slightly decreases for increasing wind velocities. the e ect_s on atmospheric ¢ em'.SVY. epend on this lengt
scale. FigurelO shows the sensitivities of the boundary

This seems to be caused by the lower vertical wind veloc- . . . . .
. ; : . . layer height and the intensity of segregation of the isoprene-
ity maxima near the inversion layer with stronger backgroundgH Reaction (R9). Note that in this analysis, length scales

winds. For the cases with heterogeneous surface forcing an re scaled by the boundary layer height. When analysing

wind across the boundaries of the patches, the mixing effec he TKE, scaled by the convective velocity, as a function

of the background wind dominates the effect of surface het-

erogeneity. Therefore, the characteristics tend towards vaIue%f the normalized length scale in a similar way fatton

representative for a homogeneous surface and the decreasee|t al. (2003, we qualitatively find the same sensitivity (not
P 9 snown), but the maxima of TKE occur &t 16 g instead

it;;)grqgfry layer height is strongest for these numerical exper: PR 8 hg,. Therefore a more appropriate scaling might
: . Xist.
In general, chemicals are segregated more if a backgroung
wind is present, resulting in the heterogeneous chemical re-
action rate of Fig.7c. Figure9b shows that this effect in-
creases with the wind velocity. However, in the case of a het-
erogeneous surface forcing and advection across the patch
borders, the magnitude of the intensity of segregation de-
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Fig. 9. Dependency of the boundary layer hei¢gitand the intensity of segregation in the boundary layer for Reaction(fR®n horizontal

wind. The plotted variables are averages over the fourth hour of simulated time. The boundary layer heights are additionally averaged in the
x-direction. The black lines represent the numerical experiments withageneous surface forcingwhile the other two lines are based

on cases with a heterogeneous surface forcing. For these cases, the wind can have two directions. The blue lines cosiespdodiag

parallel to the borders between the grass and savannah patches, i.e. in the y-direction, and the red lines correspbldtong across

these borders, i.e. in the x-direction.
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Fig. 10. Dependency of the boundary layer hei¢djtand the intensity of segregation in the boundary layer for the isoprene-OH Reaction (R9)

(b) on the length scale of heterogeneity (i.e. twice the patch size). The homogeneous surface forcing corresponds to a heterogeneous surfac
forcing with a length scale of 0 m. The plotted variables are averages over the fourth hour of simulated time. The boundary layer heights are
additionally averaged in the x-direction. The length scales on the bottom axes are normalized by the corresponding averaged boundary laye
heights,zg| . In (@) the black vertical lines represent the variability in the hourly averaged boundary layer height in the x-direction.

In the case of the shorter length scales<(2 hgL), separate boundary layers over the forest and savannah areas.
stronger mesoscale motions are induced for an increase ifhe only interaction occurs near the interface (for our cases
length scale. Consequently, the upward moving thermals arapproximately 10 km wide) where a circulation still exists. If
more localized over the savannah and therefore stronger. Duthe boundary layers are fully separated, increasing the length
to the more vigorous thermals over the savannah patches, escale of heterogeneity will not have any effect.
trainment becomes stronger, which leads to enhanced bound- In the case of induced mesoscale circulations, hot air at the
ary layer heights over the savannah, explaining the increasgp of the boundary layer is transported from the savannah to
in the maxima. At larger length scales, the cores of the therthe forest patches. Since no distinct temperature inversion
mals increase in size if the length scale increases. Thereforgs present over the forests (see F2g), the resulting heat-
entrainment does not intensify and the boundary layer heighing enables more rapid boundary layer growth by generating
maxima over the savannah remain the same. For very larga more gradual transition in temperature to the free tropo-
length scalesi(> 16 gL ) the boundary layer over the centre spheric lapse rate. Therefore, for the smaller length scales,
of the savannah (forest) patch is not affected by the surfacelso over the forest areas the boundary layer heights increase
forcing of the forest (savannah), which is visible in Fig. with increasing length scale. However, in the case of larger
This shows a separation of the combined boundary layer intdength scalesi(> 2 kg ), direct entrainment of air from the
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Fig. 11. The potential temperatui@), specific humidity(b), isoprene concentratiofe) and OH concentratiofd) for the fourth hour of

the numerical experiment LSB2. The length scale of heterogeneity,51.2 km, which is equal to 33.5 times the averaged boundary layer
height during this period. Each figure consists of two panels. The first panel shows the variables averaged over the fourth hour of simulated
time and the y-direction, while the second panel shows an additional average in the x-direction. The red area in the second panel shows the
variability in the x-direction of the temporal and y averaged values. Wind direction and magnitude are indicated byajectors

free troposphere does not occur over the forests due to theah sets in Avissar and Schmidt1998. Almost no iso-
mesoscale circulations, in accord with the findingsvah prene emitted from the forest will be transported to the sa-
Heerwaarden and \dtGuerau de Arellan¢2008. In ad-  vannah areas. The concentration of OH over the savannah
dition, in those cases the relative amount of transported heawill therefore be much higher than over the forest, resulting
from the savannah areas compared to the size of the foresh a spatial segregation of the reactive species between the
areas decreases with an increasing length scale, leading tobmundary layer over the forest and over the savannah. In at-
decrease in the boundary layer heights over the forests. Thmospheric chemistry models the intensity of segregation is
domain-averaged boundary layer height decreases due to thiometimes used to account for the changed chemical reac-
more uneven distribution of entrained air as well. tion rates (Eq10) (e.g.Butler et al, 2008. However, for

The distribution of reactive species is also affected by thethese length scales, both areas can have completely differ-
length scale. In this analysis the focus is on isoprene and OHeNt dynamical and chemical characteristics, and the intensity
For the shorter length scales £ 2 g, ), the non-uniformly qf segregation concept can no longer be applied over the en-
distributed isoprene, due to heterogeneous surface emissiorid® domain. Therefore, both areas should be treated sepa-
is mixed within the surface layeMahrt, 2000. Therefore ~rately instead of considering a single mixed boundary layer
the strongest effect on the chemistry is an enhancement df * = 16/sL. This corresponds to a length scale of approx-
the horizontal segregation in the surface layer. For increasingMately 25km, which is of the same magnitude as the grid
length scales, the mesoscale circulations become strongetize of meso-scale chemistry-transport models and smaller
transporting isoprene from the forests to the savannah. Th§ompared to global climate models. For regions with surface
combination of the induced transport by the mesoscale circuh€térogeneity length scales of that magnitude, chemistry-
lations and the depletion by OH leads to increasing conceniransport models should use a finer grid or nested models to
trations of isoprene over the savannah areas and lower corficcurately resolve the boundary layer chemistry.
centrations in the upper part of the boundary layer over the || numerical experiments performed in this study con-
fo'res't areas. Smce OH anc_i isoprene react §ﬁ|0|_ently, thg dissjder 1D-heterogeneity of the land surfadgourault et al.
tribution of OH is affected in an opposite direction, leading (2007 found that 2-D-heterogeneity leads to weaker induced
to additional segregation. circulations. Relating these findings with the quantification

For even larger length scales £ 16 hp_, not shown), in Table4 suggests that in those cases the absolute value of
separation of the boundary layer between forest and savarthe intensity of segregation will be lower. Further research
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Fig. 12. Dependency of the intensity of segregation in the boundary layer for Reactio(a)R@) the boundary layer averaged concentration

of isopreng(b) on the difference in isoprene emissions between forest and savannah areas. The average isoprene emission is 065 ppbms
The plotted variables are averages over the fourth hour of simulated time and the whole boundary layer. The values on the bottom axis are
equal tow’c’\sopreneforest— W’¢’Isoprenesavannah

on this subject is required, but this lies beyond the scope othemical reaction with OH, most isoprene will be located in

this study. the lower part of the boundary layer. Again, OH responds to
the concentration of isoprene, resulting in higher concentra-
3.4 Influence of the difference in isoprene emissions tions in the top of the boundary layer and lower concentra-

tions near the surface. This introduces additional segregation

In our model, the heterogeneity of isoprene emissions doed! the vertical direction.
not affect boundary layer dynamics, but it does influence at- The concentration of isoprene is plotted in Fit2b.
mospheric chemistry. The numerical experiments that arelhe effective chemical reaction rate coefficient when using
discussed in this section are characterized by the heterogddoundary layer averaged concentrations is equal(tb+ Is)
neous surface heat fluxes of case HET. FidiB@shows that  according to Eqg.10). In the case of stronger (more negative)
with heterogeneous surface heat fluxes the intensity of segsegregation effects, the effective coefficient of Reaction (R9)
regation is enhanced compared to the numerical experimeris reduced, resulting in higher concentrations in the bound-
HOM (Is= —0.07), even if the isoprene emission from the ary layer. Isoprene is most strongly affected, with a concen-
surface is uniformly distributed. This segregation is causedration increase of up to 10.5% compared to the case with
by the transport (near the surface) of isoprene from the foreshomogeneous isoprene emissions. After the build up of iso-
to the savannah by the induced mesoscale circulations angrene in the lower part of the boundary layer, a new chemical
the following upward transport. During transport, isoprene balance is reached. Therefore, the boundary layer averaged
is depleted by OH. The isoprene concentration is lower bytotal chemical reaction rate is reduced only by 0.6 %. While
the time the air is advected to the forest area at the top ofhe lifetime of isoprene is increased significantly by the in-
the boundary layer. Consequently, in the bulk of the bound-crease in segregation, the lifetime of the short-lived hydroxyl
ary layer high isoprene concentrations are found over thgadical remains short due to other chemical reactions. There-
savannah and low isoprene concentrations over the foresfore the concentration of isoprene will build up more than
Since the hydroxyl radical concentrations respond to the isothat of OH and consequently OH is also affected much less
prene concentrations, the reverse is true for OH. This lead¢only 0.5 %).
to horizontal segregation. In the case where the isoprene
emission from the savannah is higher than from the foresB.5 Influence of the surface energy partitioning
(Awcisoprene= —0.7 ppb m st in Fig. 12), this effect is
slightly enhanced. The effects of the surface energy partitioning on the bound-
Not all isoprene is transported to the savannah by the inary layer height and the intensity of segregation for Reac-
duced mesoscale circulations. The horizontal transport igion (R9) (Table2) are summarized in Fig.3. The boundary
strongest near the borders between savannah and forest. |Hyer height has a non-linear dependency on the difference in
more isoprene is emitted over the forest, the average transsurface buoyancy flux between the forest and savannah. This
port time of isoprene to the savannah area and then to thes due to two competing effects of the induced mesoscale cir-
upper part of the boundary layer increases. Therefore, theulations. The circulations that are imposed on the boundary
concentration of isoprene over the forest increases relative ttayer dynamics intensify with larger surface buoyancy flux
conditions with uniform emissions and, due to the ongoingdifferences. Therefore, more turbulence is generated over
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Fig. 13. Dependency of the boundary layer heigh) and the intensity of segregation in the boundary layer for Reaction ((R9n

the difference in surface buoyancy flux between forest and savannah areas. The plotted variables are averages over the fourth hour o
simulated time. The boundary layer heights are additionally averaged in the x-direction. The values on the bottom axis are equal to
W'} savannali W 0 1sopreneforest N (&) the black vertical lines represent the variability in the hourly averaged boundary layer height in the
x-direction.

the savannah areas and entrainment is increased, leading stays in the boundary layer over the forest and the concen-
higher boundary layers. By transport of air from the savan-tration of isoprene over the savannah is much lower. Conse-
nah to forest areas at the top of the boundary layer, the aiguently, the hydroxyl radical is mainly present in the bound-
over the forest is heated, resulting in the growth of the lo-ary layer over the savannah. This leads to strong horizon-
cal boundary layer. For stronger circulations, the maximumtal segregation that is approximately constant with height.
boundary layer height is larger and entrained air has a higheFor increasing differences in surface buoyancy fluxes, the
potential temperature. Therefore the heating of the boundarynesoscale circulations become stronger. Near the surface,
layer over the forest is also stronger, which results in higherisoprene is transported from the forest to the savannah where
boundary layer height minima. The domain-averaged boundvertical transport sets in. As a result, the horizontal mix-
ary layer height also increases due to this warmer entraineéhg is stronger and the segregation is reduced. Depletion by
air. OH limits the concentrations of isoprene in the upper part of

The second effect is the suppression of turbulence ovefhe boundary layer, resulting in vertical segregation. The in-
the forest by the downward moving branch of the inducedduced vertical segregation is weaker than the horizontal seg-
circulations. Consequently, direct entrainment over the for-"égation, and the magnitude of the total intensity of segre-
est is reduced for increasing surface buoyancy flux differ-9ation is reduced. For our numerical experiments this holds
ences and the local boundary layer height is lower. Therelntil Aw’6]~0.035Kms™.
fore the boundary layer height minima decrease. This effect For even larger buoyancy flux differences, stronger in-

is relatively strong for weak mesoscale introductions whichduced circulations transport more isoprene from the forest to
are related to small buoyancy flux differencesu(®; < the savannah. The highest isoprene concentrations are now

0.04Kms1). For larger differences, all entrainment over located over the savannah and in the lower part of the bound-

the forest is suppressed and increasing the strength of thaly layer over the forest. The OH concentration is therefore
circulations only impacts the first of the two effects men- highestin the upper part of the boundary layer over the forest.
tioned above. As a result the boundary layer height minimaFor stronger circulations, the part of the boundary layer over
decrease with growing buoyancy flux differences as long aghe forest with high isoprene concentrations grows thinner,

those differences are smat (/6] < 0.023Kms1) and in- resulting in conditions with more negative horizontal segre-
crease in the case of larger differences. gation. In such cases the isoprene is more concentrated over

the savannah and the hydroxyl radical over the forest. This
corroborates the importance of a correct partitioning of the
energy budget into surface moisture and heat fluxes when
modelling atmospheric chemistry.

Atmospheric chemistry depends strongly on the partition-
ing of the surface buoyancy flux. The effect on the intensity
of segregation of Reaction (R9) is shown in Figh. Two
regimes can be identified. For the regime with lower buoy-
ancy flux differences, the segregation is governed by Iocab_6 Sensitivity to NO,
emissions. In the case of larger buoyancy flux differences,
the segregation is governed by mesoscale effects. As mentioned in Sec®.2, sensitivity studies are performed

If the buoyancy flux is uniformly distributed, mixing in on the role of NQ. In particular we focus on the im-
the vertical direction takes place due to thermals, but hori-pact of biogenic N@ emissions and initial free tropospheric
zontal mixing is limited. The isoprene emitted by the forest NO,. According to these numerical experiments, a one
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Fig. 14. Isoprene and OH concentrations for numerical experiments @) and HNO(b, d). They are identical to HOM and HET,
respectively, except for the initial NOconcentration above 1000 m (free troposphere). Each figure has two panels. The first shows the
variables averaged over the fourth hour of simulation time and the y-direction, while the second panel shows the additional average in the
x-direction. The red area in the second panel shows the variability in the x-direction of the temporal and y averaged values. The concentration
of isoprenecsoprene is Shown on toga, b) and the concentration of the hydroxyl radicahy, at the bottonr(c, d). The x-coordinate is

scaled by the length scale of heterogeneitywhich is twice the patch size.

order of magnitude change in the prescribed NO emissions The intensity of segregation for the isoprene-OH reaction
and changes in their distribution have limited impact onis enhanced for the cases UNO and HNO. As mentioned,
the isoprene-OH segregation under the chosen set of condthe free tropospheric air has a chemical composition that
tions. However, entrainment of NCfrom the free tropo- generates relatively high OH concentrations. This air en-
sphere, driven by the boundary layer growth in the morningters the boundary layer at those edges of the layer that are
hours, can significantly alter the boundary layer chemistrypositioned opposed to the locations of isoprene emissions.
conditions. The presented numerical experiments (UNO and~or example, for homogeneous surface forcings, isoprene is
HNO) are based on cases HOM and HET, respectively, buemitted at the surface and the entrained air is introduced at
have their initial free tropospheric N@oncentration set to the top of the boundary layer. For heterogeneous surface
0.5 ppb. forcings, i.e. when isoprene is mainly emitted by the forest
The temporal and y averaged profiles of the hydroxyl rad-(at —1 < 3 < —0.5 and O< 3 < 0.5 in Fig. 14), it is subse-
ical and isoprene concentrations are displayed in E&y.  quently horizontally transported to the savannah region (at
OH is strongly affected by the free tropospheric N®lote —05<3 <0 and 05 < 3 <1) by the induced mesoscale
that in the free troposphere, the chemistry is characterizedirculations. There, the air is transported upwards. The en-
by higher hydroxyl radical concentrations due to the lowertrained air, which is relatively enriched in NGnd conse-
abundance of reduced species like isoprene. Therefore, aguently characterized by higher OH concentrations, is intro-
masses that are entrained from the free troposphere into thguced at the top of the boundary layer over the savannah area
boundary layer are relatively rich in N&and lead to higher and transported by the upper branch of a mesoscale circula-
OH concentrations. Since this process occurs at the top of thgon to the top of the boundary layer over the forest. There
boundary layer, the spatial distribution of OH is changed andit is transported downwards by the subsiding branch of the
the gradients of the additional x averaged OH profiles indi-induced mesoscale circulation. Consequently, the updrafts
cate enhancements as well. The increase in OH subsequentiye rich in isoprene and poor in OH, while in the down-
depletes isoprene. Therefore, the isoprene concentration @drafts, which are poor in isoprene, the abundance of OH is
lower compared to the cases without free tropospherig.NO enhanced due to the relatively high N©@oncentration in
However, the spatial pattern of isoprene remains similar tothe entrained air. This leads to enhanced spatial segregation
the cases without initial free tropospheric NO compared to the cases without initial free tropospherio NO
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Fig. 15. Governing variables which affect the segregation of chemical sp@giaad the resulting intensity of segregation for Reaction (R9)
as a function of the magnitude of those variables (see descriptions of sensitivity analysis experimentsdmidikeir results in Tablé)

(b). The governing variables are therface buoyancy flux difference thelength scale of heterogeneitytheisoprene emission differencg
wind blowing parallel to the borders between forest and grass\aim those borders. The control numerical experiment
with heterogeneous surface forcing, HET, is indicated with an arrow. Not shown in {@@nglthe impact ofNOy mixing ratios and their
distribution within the boundary layer and free troposphere on the intensity of segregation for Reaction (R9).

Forcing strength

We find that averaged over the fourth hour of simulated time,culations that affect segregation. The impacts depend on the
the intensity of segregation is changed frer@.070 (HOM) regime under study. For low buoyancy flux differences be-
to —0.124 (UNO) in the case of homogeneous surface forc-tween savannah and forest, isoprene is mainly concentrated
ings and from—0.126 (HET) to—0.209 (HNO) in the case over the forest and an increase in the horizontal transport be-
of heterogeneous surface forcings. tween the forest and savannah due to a larger difference leads
These results show that N@ixing ratios and their distri- ~ to a lower magnitude of the intensity of segregation. For high
bution within the boundary layer and free troposphere signif-buoyancy flux differences, most isoprene is located over the
icantly influence the intensity of segregation for the isoprene-savannah and an increase of the surface buoyancy flux differ-
OH reaction. It stresses the need to take the VOC ang NOence enhances this segregation. This non-linearity is visible
conditions into account in future studies that aim at segregain Fig. 150. An increase in the length scale of heterogeneity
tion parameterizations. always results in stronger segregation. However, for length
scales of heterogeneity much larger than the boundary layer
height ¢. > 16 g ) the centres of the boundary layers above
4 Conclusions each patch are hardly affected by the induced circulations
that only occur in a narrow zone near the surface disconti-

Numerical experiments with DALES, a model that simulta- nuities. In these cases the intensity o_f segregation becomes
neously resolves turbulence and atmospheric chemistry at th@10ré negative thar-0.20, but separation of the boundary
most energetic and relevant scales, are used to systematicall§y€rs can occur.
study boundary layer dynamics and mixing over a land sur- For larger differences in isoprene emissions between for-
face characterized by heterogeneous conditions. Particule@st and savannah, more negative intensities of segregation are
emphasis is put on the structure of the boundary layer and théound. The intensity and direction of the background wind is
intensity of segregation for the isoprene-OH reaction. Theof importance too. Wind parallel to the borders between for-
numerical experiments are based on conditions represent®st and savannah enhances the induced circulations and the
tive for the Amazon rain forest. resulting intensity of segregation. Wind traversing these bor-
Figure 15 summarizes the main driving variables includ- ders smoothens the effects of a heterogeneous surface forc-
ing a quantification of the intensity of segregation as a func-ing, which results in a weaker intensity of segregation.
tion of the magnitude of those variables. The results indi- In general, the results suggest that the intensity of segrega-
cate that in the absence of free tropospheric M@ inten-  tion cannot be taken as a constant number based on averaged
sity of segregation for the isoprene-OH reaction is normallyemissions and moisture and heat fluxes. It strongly depends
in the range-0.07 > Is > —0.20. The difference in surface on the background wind conditions and the partitioning of
buoyancy flux between the forest and savannah induces citthe emissions and surface fluxes.
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