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Abstract.

We present a new submodel for the Modular Earth
Submodel System (MESSy): the MiXed Layer (MXL)
model for the diurnal dynamics of the convective bound-
ary layer, including explicit representations of entrainment5

and surface fluxes. Through the MESSy interface, MXL is
coupled with modules

::::
This

:::::::::
submodel

::
is
::::::::::
embedded

::
in

::
a

::::
new

:::::::
MESSy

::::::::::
basemodel

::::::::::::
(VERTICO),

::::::
which

::::::::::
represents

::
a
::::::
single

:::::::::::
atmospheric

::::::::
column.

:::::
With

::::
the

::::::::::::::
implementation

:::
of

:::::
MXL

:::
in

:::::::
MESSy,

::::::
MXL

:::
can

::
be

:::::
used

::
in

:::::::::::
combination

:::::
with

:::::
other

:::::::
MESSy10

:::::::::
submodels

:::::
that

::::::::
represent

::::::::::
processes

:::::::
related

::
to

::::::::::::
atmospheric

:::::::::
chemistry.

:::::
For

::::::::
instance,

::::
the

::::::::
coupling

:::
of

::::::
MXL

::::
with

::::::
more

::::::::
advanced

::::::::
modules

::::
for

:::::::::
gas-phase

:::::::::
chemistry

:::::
(like

:::
the

:::::::
Mainz

::::::::
Isoprene

::::::::::
Mechanism

::
2
:::::::::
(MIM2)),

::::::::::
emissions,

::::
dry

::::::::::
deposition

:::
and

:::::::
organic

::::::::
aerosol

:::::::::
formation

::::
than

:::
in

::::::::
previous

::::::::
versions

:::
of15

:::
the

:::::
MXL

:::::
code

:::
is

::::::::
possible.

:::::::
Since

:::::
MXL

:::
is

::::
now

::::::::::
integrated

::
in

:::
the

::::::::
MESSy

:::::::::::
framework,

::
it
::::
can

::::
take

::::::::::
advantage

:::
of

::::::
future

::::::::::::
developments

:::
of

::::
this

::::::::::
framework,

:::::
like

:::
the

:::::::::
inclusion

::
of

:::::
new

:::::::
process

::::::::::
submodels.

:

::::
The

::::::::
coupling

::
of

:::::
MXL

:::::
with

::::::::::
submodels that represent other20

processes relevant to chemistry in the atmospheric bound-
ary layer (ABL) . In combination, these provide a

:::::
yields

:
a
:
computationally inexpensive tool that is ideally suited for

the analysis of field data, for evaluating new parametrizations
for 3-D

:::
3D

:
models, and for performing systematic sensitiv-25

ity analyses. A case study for the DOMINO campaign in
Southern Spain is shown to demonstrate the use and perfor-
mance of MXL/MESSy in reproducing and analysing field
observations.
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1 Introduction

In atmospheric chemistry, various types of models are used
for studies on different spatio-temporal scales, ranging from
box models representing a single point in space (e.g. Sander
et al., 2011) to regional and global 3-D

:::
3D

:
models (e.g.35

Jöckel et al., 2006). Here,
:::::
Here

:
we describe the imple-

mentation of a MiXed Layer (MXL) submodel
::::::
MiXed

:::::
Layer

::::::
model

:
for the dynamics of the atmospheric boundary

layer (ABL)
:::
and

:
a
:::::::

generic
::::

1D
::::::::::
basemodel

::::::
called

::::::::::
VERTICO

::::::::::
(VERTIcal

:::::::::
COlumn) in the Modular Earth Submodel Sys-40

tem . (MESSy, Jöckel et al., 2010)
:
.
::::
The

::::::::::::::
implementation

:::
of

:::
the

:::::
latter

::
is

:::::::::
necessary

:::::::
because

:::
of

:::
the

::::::::
structure

::
of

:::
the

::::::::
MESSy

::::::::::
framework:

:::
in

::::
this

::::::::::
framework,

::
a
::::::::::
basemodel

::::::::::
determines

::::
the

::::
basic

:::::::::::::
configuration

:::
of

::::
the

::::::::
coupled

:::::::
model,

:::::::
which

::::
can

:::
be

:
a
:::::
box,

:::
1D

:::
or

::::
3D

:::::::
model,

::::
and

:::
the

::::::::::
individual

:::::::::
processes

::::
are45

::::::::::
represented

:::
by

::::::::::
basemodel

::::::::::::
independent

::::::::
process

::::::::::
submodels

:::
that

::::
are

:::::::
coupled

::
to
::::
the

::::::::::
basemodel

:::::::
through

:::
an

::::::::
interface

:::::
layer

(Jöckel et al., 2010)
:
.

MXL represents the dynamics of the convective boundary
layer at diurnal time-scales with two vertically changing lay-50

ers, one for the ABL and one for the free troposphere (FT).
In combination with MESSy submodels that represent the
other processes relevant to atmospheric chemistry, it provides
a missing link between box and 3-D

::
3D

:
atmospheric chem-

istry models, at a spatio-temporal scale typical for measure-55

ments of atmospheric chemistry. It is especially suited for
studying the diurnal evolution of chemical species that have
chemical lifetimes similar to the time scales of atmospheric
mixing, so for which the effects of chemistry and dynamics
should be studied simultaneously (Fig. 1). Since the typi-60

cal time-scale of mixing of a convective boundary layer is
about 15 min., the evolution of species with a chemical time
scale of minutes to several hours (e.g. O3, isoprene, NO, and
NO2) will be to a similar extent driven by both dynamics and
chemistry.65

The MXL model has been developed in the 1960’s and
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1970’s (Lilly, 1968; Tennekes, 1973) to study the dynam-
ics of clear and cloudy boundary layers and was first ap-
plied to atmospheric chemistry by Vilà-Guerau de Arellano
et al. (2009), as MXLCH (MXL-CHemistry). Afterwards70

MXLCH has been applied in studies of the diurnal evolu-
tion of gas-phase chemistry (Vilà-Guerau de Arellano et al.,
2011; Ouwersloot et al., 2012; Van Stratum et al., 2012) and
organic aerosol (Janssen et al., 2012, 2013) in mid-latitude,
tropical and boreal areas. The model explicitly accounts75

for entrainment (ABL-FT exchange) and parametrizes tur-
bulence in a simplified way. Although MXL uses simple
parametrizations for turbulence and entrainment, the ABL
dynamics as simulated by the model compare well with re-
sults from a turbulence resolving Large Eddy Simulation80

model (Pino et al., 2006) and with vertical profiles as ob-
served from radio soundings (Ouwersloot et al., 2012).

With the implementation of MXL in MESSy (henceforth
MXL/MESSy) as dynamical core and the subsequent cou-
pling to the submodels that represent the other processes85

relevant to the evolution of chemical species in the tropo-
sphere, a versatile boundary layer chemistry model is cre-
ated. MXL/MESSy can be used for different types of stud-
ies. First, it is well-suited to support the interpretation of
field observations in an eulerian framework, e.g. observa-90

tions from a tower. After obtaining a best fit with the ob-
servational data, a budget analysis can be performed, divid-
ing the total tendency of species into the contributions of
gas-phase chemistry, ABL dynamics, emission, deposition
and/or gas/particle partitioning. The chemistry term can be95

further subdivided into the total production and loss terms,
and the contributions of individual reactions to these terms.

Secondly, MXL/MESSy is well suited for performing sys-
tematic sensitivity analyses, in which the parameter space is
explored and through which non-linearities can be studied.100

Because it is computationally inexpensive, detailed and sys-
tematic sensitivity runs are possible. In that way, it can serve
as a test bed for new parametrizations, especially in combina-
tion with a direct comparison to field data. It thus forms a link
between theoretical/lab study results and 3-D

::
3D

:
model ap-105

plications. Finally, it can be used in theoretical/conceptual
studies, for a qualitative evaluation of feedbacks and forc-
ings (e.g. Vilà-Guerau de Arellano et al., 2012; Janssen et al.,
2012).

In Sect. 2 we describe the MXL model and give its gov-110

erning equations, in Sect. 3 we focus on the implementation
of the MXL model in MESSy and in Sect. 4 we show an ex-
ample application of MXL/MESSy using observations from
the DOMINO campaign.

2 MXL submodel description115

The version of the MiXed Layer model that we implement
here has been developed in several stages: Lilly (1968) de-
veloped the mixed-layer equations and Tennekes (1973) the

turbulence closure that we apply in this work. The model
for the dynamics of the convective boundary layer that re-120

sulted from this work was later coupled to an atmospheric
chemistry module by Vilà-Guerau de Arellano et al. (2009)
and a land surface scheme by Van Heerwaarden et al. (2009,
2010).

::::::
While

:::
the

:::::::::
equations

:::
in

::::
this

:::::::
section

:::::
have

::::
been

::::::::::
published125

::
in

::::
one

::
or

::::::
more

::
of

::::
the

::::::::::::::
aforementioned

:::::::::::
references,

:::
we

:::::
here

::::::
present

:::
an

::::::::::
overview

::
of
::::

the
::::::::

specific
::::

and
:::::::::

complete
::::

set
:::
of

::::::::
equations

:::::
that

:::
are

:::::
part

::
of

::::
the

:::::::::::::::
implementation

::
of

::::::
MXL

:::
in

:::::::
MESSy.

:::::
A

::::::::
detailed

::::::::::
derivation

:::
of

::::
the

::::::
MXL

::::::::::
governing

::::::::
equations

::::
can

:::
be

::::::
found

:::
in

:
Vilà-Guerau de Arellano et al.130

(2015).
:

The mixed layer theory states that under convective condi-
tions, strong turbulent flow, driven by the surface heat fluxes,
causes perfect mixing of quantities over the entire depth of
the ABL (Tennekes, 1973; Vilà-Guerau de Arellano et al.,135

2009, 2015). Therefore, scalars and reactants in the convec-
tive boundary layer are characterized by

:
a
:
well-mixed ver-

tical profile over the whole depth of the ABL. The transi-
tion between the well-mixed ABL and the free troposphere
is marked by an infinitesimally thin inversion layer. Typi-140

cal profiles of potential temperature (θ), specific humidity (q)
and chemical species in the mixed-layer model are shown in
Fig. 2. It shows that the ABL is represented by bulk values
of scalars and chemical species mixing ratios, and capped by
a infinitesimally thin layer over which these strongly change.145

Above this inversion layer lies the residual layer (the remain-
der of the convective boundary layer of the previous day) dur-
ing the early morning and the free troposphere later during
the day, which are characterized in the model by a lapse rate
for heat and moisture, and a concentration profile of chemical150

species which is constant with height.

In addition to the local surface heat fluxes, the boundary
layer dynamics can be influenced by large-scale atmospheric
flows which act as external forcings on the ABL develop-
ment: for instance, Janssen et al. (2013) and Pietersen et al.155

(2014) studied cases for which the observed ABL dynam-
ics could only be reproduced if the influence of advection,
caused by meso-scale flows, and/or subsidence, caused by
a high-pressure system, were taken into account. Therefore,
advection and subsidence can be prescribed as forcings to160

MXL.

2.1 Governing equations for the heat budget

The main variable in the dynamics of the convective bound-
ary layer is the potential temperature (θ), since it is used
to quantify the convective turbulence. The evolution of the
potential temperature of a dry convective boundary layer is
driven by the heat input at the surface (surface heat flux), at
boundary layer top (entrainment heat flux) and at the lateral



R. H. H. Janssen and A. Pozzer: Boundary layer dynamics with MXL/MESSy 3

boundaries (advection):

∂〈θ〉
∂t

=

surface heat flux︷ ︸︸ ︷
(w′θ′)s
h

−

entrainment heat flux︷ ︸︸ ︷(
w′θ′

)
e

h
+

heat advection︷︸︸︷
advθ (1)

Equation (1) is the result of a vertical integration of the
1-dimensional equation of the heat budget and we have as-
sumed that the vertical profile of θ is in quasi-steady state165

(Lilly, 1968), which causes a linear vertical gradient of the
heat flux. In this equation, w′θ′

s is the kinematic heat flux
at the surface, which is related to the sensible heat flux (SH)
as: w′θ′

s = SH/(ρ ·cp), with ρ the density of air and cp the
specific heat of air. The entrainment process, represented by170 (
w′θ′

)
e
, is defined as the process whereby air from the FT is

mixed in into the mixed layer, and it is therefore related to the
θ jump at the inversion. The evolution of 〈θ〉 thus equals the
input of heat into the ABL at the surface and due to entrain-
ment over the ABL height h. Additionally, a heat advection175

term (advθ), which is a large-scale forcing on the boundary
layer dynamics, can be prescribed to the model.

When calculating the entrainment flux, we assume that the
transition from the ABL to the FT, the inversion, is repre-
sented by a sharp discontinuity, namely the zero-order jump180

closure (ZOJ; Tennekes, 1973). ZOJ closure defines this
jump as ∆θ= θFT−〈θ〉 over an infinitely thin inversion layer.
In this ZOJ approach, the entrainment flux is the product of
the entrainment velocity we (defined positive in the upward
direction) and the potential temperature jump ∆θ at the inver-185

sion. First-order closure approaches exist, which include the
explicit representation of the depth of the entrainment zone,
but the ZOJ approach already gives satisfactory results (Pino
et al., 2006).

The equation for the potential temperature entrainment
flux reads:(

w′θ′
)
e

=−
(
∂h

∂t
−wsl

)
∆θ=−we ·∆θ (2)

In our model, we calculate the subsidence velocity as:

wsl =−ωh (3)

where ω represents the large scale vertical velocity that is190

a function of the horizontal wind divergence in s−1, i.e.
ω=−Div(U); where U is the horizontal wind. It can be
thought of as the fraction with which the ABL is pushed
down per second, due to large-scale subsiding air motions.
Therefore, ws ::

wl is per definition negative.195

By rewriting Eq. (2), we obtain an expression for the
boundary layer growth (∂h∂t ) as a function of the entrainment
flux

(
w′θ′

)
e
, the potential temperature jump (∆θ) and the

subsidence velocity (ws::
wl). It reads:

∂h

∂t
=−

(
w′θ′

)
e

∆θ
+wsl =we +wsl (4)

This equation states that the mixed layer grows by en-
trainment of warm air from the free atmosphere (we > 0)
and that it is opposed by the vertical subsidence veloc-
ity (ws< 0

:::::
wl< 0) driven by high pressure situations. This

growth is limited by the presence of a stably stratified layer200

defined by a potential temperature jump on top of the con-
vective ABL. This jump at the inversion, represented by ∆θ,
changes during the growth of the mixed-layer. Consequently,
depending on a positive or negative tendency of ∆θ, the ABL
growth increases or decreases.205

As Eq. (2) shows, the entrainment flux for heat depends on
the entrainment velocity and the potential temperature jump
at the inversion. It is therefore necessary to obtain a prognos-
tic equation for the potential temperature jump. This equa-
tion reads:

∂∆θ

∂t
=
∂θFT

∂t
− ∂〈θ〉

∂t
= γθ

(
∂h

∂t
−wsl

)
− ∂〈θ〉

∂t
(5)

where γθ is the lapse rate (change with height) of θ in the FT.
The final set of equations, which describes the heat budget
in the diurnal atmospheric boundary layer, is therefore com-
posed by Eqs. (1), (4) and (5). The three prognostic variables
are 〈θ〉, ∆θ and h.210

In this set of equations, four variables still remain as un-
knowns. The surface heat flux

(
w′θ′

)
s

is the result of land–
atmosphere interactions, but can be prescribed based on ob-
servations. The external variables ws ::

wl and γθ represent the
influence of the free tropospheric conditions on the ABL de-
velopment and their values are imposed on the mixed-layer
model. Finally, the entrainment heat flux

(
w′θ′

)
e

remains.
Here, we assume an important closure and we relate the en-
trainment flux to the surface heat flux as:(

w′θ′
)
e

=−β
(
w′θ′

)
s

(6)

where the coefficient β can be imposed as a constant or as
a parameter depending on the thermodynamic characteristics
at the inversion, for instance the presence of shear (Tennekes
and Driedonks, 1981; Pino et al., 2003; Conzemius and Fe-
dorovich, 2006). In our model, we assume a value of β equal215

to 0.2 (Pino et al., 2003), which physically means that the
contribution of entrainment to the heat budget equals 20 %
of the contribution of the surface heat flux. The potential
temperature is normally underestimated if this contribution
is neglected. As we will show later on when introducing the220

moisture budget, Eq. (6) needs to be modified to make en-
trainment dependent on the buoyancy flux.

2.2 Governing equations for the moisture budget

By adding the moisture budget to the heat budget, we incor-
porate the effect of moisture on the buoyancy of air parcels
and therewith complete the configuration of the thermody-
namic variables in the ABL. The inclusion of the moisture
effects on the dynamics of the ABL requires the introduction
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of two new equations. The first one (similar to Eq. 1) is the
evolution of the mixed-layer specific humidity 〈q〉:

∂〈q〉
∂t

=

surface moisture flux︷ ︸︸ ︷(
w′q′

)
s

h
−

entrainment moisture flux︷ ︸︸ ︷(
w′q′

)
e

h
+

moisture advection︷︸︸︷
advq

(7)
where

(
w′q′

)
s

represents the surface specific moisture flux,(
w′q′

)
e

the entrainment flux of moisture and advq an op-
tionally prescribed moisture advection term. The specific
moisture flux is related to the latent heat flux (LE) following(
w′q′

)
s

= LE/(ρ ·Lv), with Lv the latent heat of vaporiza-
tion. Similarly to Eq. (2), we represent the entrainment flux
as: (

w′q′
)
e

=−
(
∂h

∂t
−wsl

)
∆q=−we ·∆q. (8)

This equation relates the dynamics of the boundary layer
growth, represented by the entrainment velocity, with the225

specific humidity jump at the interface between the ABL and
the FT.

Equation (8) requires an additional equation for the tempo-
ral evolution of the jump of q at the ABL-FT interface (∆q).
It reads:

∂∆q

∂t
=
∂qFT

∂t
− ∂〈q〉

∂t
= γq

(
∂h

∂t
−wsl

)
− ∂〈q〉

∂t
(9)

where γq is the lapse rate of q in the FT.
At this point, we need to introduce a new variable, the

virtual potential temperature, which accounts for the both
changes in the heat and moisture budgets and is used to quan-
tify buoyancy. It is defined as:

θv = θ(1+0.61q) (10)

The virtual potential temperature thus account
::::::::
accounts

for the effect of water vapour on the density of air. Since
moist air is less dense than dry air at the same conditions
of temperature and pressure, θv is always greater than the
actual temperature, but only by a few degrees. The turbulent
transport of this variable, the buoyancy flux, combines in one
quantity the information of the potential temperature flux and
the specific moisture flux. It reads:

w′θ′v =w′θ′+0.61
(
〈θ〉w′q′+〈q〉w′θ′+w′θ′q′

)
(11)

≈w′θ′+0.61
(
〈θ〉w′q′

)
. (12)

(13)

This buoyancy flux expresses the production of turbu-
lent kinetic energy in the ABL due to density differences.230

Turbulence driven by shear (mechanical turbulence) on the
mixed-layer thermodynamic equations is not dealt with in
our model.

The buoyancy flux directly enters in the ABL growth for-
mulated in Eq. (2). Therefore, we rewrite Eq. (2) in the
definitive form as:(

w′θ′v
)
e

=−
(
∂h

∂t
−wsl

)
∆θv =−we ·∆θv, (14)

where ∆θv is expressed in terms of the characteristics of the
θ- and q-budgets:

∆θv = ∆θ+0.61(〈q〉∆θ+〈θ〉∆q+∆θ∆q) (15)

By introducing the buoyancy flux as the driver of the tur-
bulent process in the determination of the boundary layer235

growth, we complete the main framework of our model for-
mulation based on mixed-layer theory.

In summary, the combined heat and moisture system is
composed by the following 6 equations:

1. prognostic budget equations for 〈θ〉 and 〈q〉 (Eqs. 1 and240

7),

2. boundary layer growth (Eq. 14) rewritten as:

∂h

∂t
=−

(
w′θ′v

)
e

∆θv
+wsl, (16)

3. prognostic equations for ∆θ and ∆q (Eqs. 5 and 9),

4. closure assumption relating the surface buoyancy flux to
the entrainment buoyancy flux

(
w′θ′v

)
e

=−β
(
w′θ′v

)
s
.

2.3 Governing equations for the horizontal wind budget245

As the last part of the mixed-layer dynamics, we introduce
the horizontal wind, or the momentum budget (Conzemius
and Fedorovich, 2006). The wind speed is important for
calculating surface–atmosphere exchange, and appears for
instance in the calculations of the aerodynamic resistance250

which governs evapotranspiration (Sect. 2.7.2) and dry de-
position.

Similar expressions as for 〈θ〉 and 〈q〉 can be used for the
two horizontal components of the wind speed. These equa-
tions also contain the Coriolis force that takes into account
the rotation of the Earth. This gives another four equations:

d〈u〉
dt

=

(
u′w′

)
s

h
+

(
u′w′

)
e

h
−fc∆v (17)

d〈v〉
dt

=

(
v′w′

)
s

h
+

(
v′w′

)
e

h
+fc∆u (18)

d∆u

dt
= γuwe−

d〈u〉
dt

(19)

d∆v

dt
= γvwe−

d〈v〉
dt

(20)

where 〈u〉 and 〈v〉 are the mixed-layer wind velocities in x
and y direction, ∆u and ∆v are the jumps of these two vari-
ables, γu and γv are the lapse rates in the FT and fc is the
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Coriolis parameter. The free tropospheric wind velocities are
assumed to be equal to the geostrophic wind at their height.
Also for the wind budget, we assume zero-order closure:

(u′w′)e =−we ·∆u (21)

(v′w′)e =−we ·∆v (22)

For applications such as in Eq. (43), u and v are combined
to form the total horizontal wind speed:

U =
√
〈u2〉2 +〈v2〉2 +w2

∗ (23)

where w∗ is the free convection scaling velocity:

w∗=

(
g ·h
θv

w′θ′v,s

)1/3

(24)

2.4 Governing equations for chemical species

The mixed-layer model allows us to investigate the influ-
ence of the boundary layer dynamics on reactive atmospheric255

compounds during daytime. It is important to stress that in
mixed-layer theory, we assume that species are mixed instan-
taneously as soon as they are chemically produced, emitted
or entrained from the FT. In other words, the MXL model
acts as a reactive chamber with the additional advantage260

of accounting for boundary layer growth and ABL-FT ex-
change.

As for scalars, the inclusion of reactive species requires
the introduction of two additional equations for each species.
The expression for the evolution of the generic species C is
similar to that for potential temperature (Eq. 1) and moisture
(Eq. 7), but includes a term for the chemical transformation
(Vilà-Guerau de Arellano et al., 2009):

∂〈C〉
∂t

=

emis./dep. flux︷ ︸︸ ︷(
w′C ′

)
s

h
−

entrainment flux︷ ︸︸ ︷(
w′C ′

)
e

h
+

chemistry︷︸︸︷
SC (25)

By solving Eq. (25), we determine how C varies over time
as a function of emission/deposition processes at the surface
(represented by the term (w′C ′)s), the dynamic effects (h265

and (w′C ′)e) and the chemical transformation (SC). Note
that the surface fluxes of chemical species (emission or depo-
sition) can be either prescribed (Sect. 2.5) to MXL/MESSy or
calculated by other MESSy submodels (Sect. 3.1, Table 1).
Advection of tracers is not considered, because horizontal270

gradients in species concentrations, which are necessary to
calculate advection, are generally not constrained by obser-
vations. We are planning to implement the TNUDGE sub-
model (Kerkweg et al., 2006b) in the future to allow the re-
laxation of chemical species concentrations towards obser-275

vations, which will also compensate for sources or sinks that
are the result of advection of air masses with different con-
centrations of species.

The flux at the top of the boundary layer is represented in
the same way as the entrainment flux for buoyancy, moisture
and wind. For C it reads:(

w′C ′
)
e

=−we ·∆C (26)

By representing the exchange of C as the product of the
entrainment velocity and the jump of C, we account for both280

the dynamics and chemistry, which together determine the
exchange between the ABL and FT.

Equation (26) requires an additional prognostic equation
to solve the evolution of ∆C:

∂∆C

∂t
=
∂CFT

∂t
− ∂〈C〉

∂t
(27)

where CFT is the concentration of C in the FT with
∂CFT/∂t driven by chemical production and loss only in
MXL/MESSy.285

By assuming instantaneous mixing, we assume that the in-
tensity of segregation of chemical species due to possible
inefficient turbulent mixing is zero. It has been hypothe-
sized that this segregation might be important for explaining
model-measurements discrepancies for certain species, e.g.290

isoprene and the hydroxyl radical (Butler et al., 2008; Pugh
et al., 2010). Later studies, however, showed that the effects
of imperfect mixing are only small, with a maximum reduc-
tion of the effective rate constant for the isoprene and OH by
less than 15 % (Ouwersloot et al., 2011; Pugh et al., 2011),295

and not by as much as 50 %, which was necessary to ex-
plain the measurement-model discrepancy. Moreover, Large
Eddy Simulation results show well-mixed profiles through-
out the convective boundary layer for species like isoprene
and OH (Vilà-Guerau de Arellano et al., 2009, 2011; Ouw-300

ersloot et al., 2011) under homogeneous land surface condi-
tions. A parametrization for the effect of the segregation of
species on the effective rate constants was developed by Vin-
uesa and Vilà-Guerau de Arellano (2003) and can in principle
be implemented to account for this effect.305

2.5 Simple emission functions

Besides online calculation of emissions, MXL/MESSy pro-
vides the possibility to prescribe emissions, following sim-
plified diurnal emission patterns. These include constant, si-
nusoidal and cosine shaped emission fluxes, respectively:(

w′C ′
)
s
=FC (28)

FC is the (maximum) daily emission flux (ppbms−1),

(
w′C ′

)
s
=FC ·sin

(
πt

td

)
(29)

where t is the time of day and td the day length and

(
w′C ′

)
s
=FC ·

(
1−cos

(
2πt

td

))
. (30)



6 R. H. H. Janssen and A. Pozzer: Boundary layer dynamics with MXL/MESSy

For these functions, FC can be set by the user in the
MXL namelist

::
(an

:::::::::
example

:::::::::
namelist

::
is
:::::::::

included
:::

in
::::

the

:::::::::::
Supplement).

2.6 Radiation model310

In this section, we describe a simple radiation model that is
implemented along with MXL/MESSy. The MESSy radi-
ation submodel RAD is intended to be implemented in the
future as a second option.

The net radiation at the surface Rn is defined as the sum
of the four radiation components:

Rn =Sin−Sout +Lin−Lout (31)

where Sin and Sout are the incoming and outgoing compo-315

nents of the short wave radation, and Lin and Lout the incom-
ing and outgoing component of the long wave radiation.

The incoming short wave radiation Sin is calculated by:

Sin =SoTrsin(Ψ) (32)

where So is the constant solar irradiance at the top of the at-
mosphere, taken at

:::
set

::
to

:
1365 Wm−2, Tr the net sky trans-

missivity, that takes into account the influence of radiative
path length and atmospheric absorption and scattering using:

Tr = 0.6+0.2sin(Ψ) (33)

Through
:::
the

:::::
solar

::::::::
elevation

:::::
angle

:
Ψ, both expressions de-

pend on geographical location, day of the year and time of
the day. Ψ is calculated using:

sin(Ψ) = sin(φ)sin(δs)−cos(φ)cos(δs)cos

(
2π
tUTC

td
+λe

)
(34)

where tUTC is the universal time
:::::::::
coordinate

:
(UTC) and td

is the diurnal period of 24 h. The latitude φ (positive north
of Equator) and longitude λe (positive east of Greenwich)
define the geographic location. Variable δs is the solar decli-
nation, which is a function of the day number:

δs = Φrcos

(
2π
d−dr
dy

)
(35)

where Φr is the tilt of the Earth’s axis relative to the elliptic,
equal to 0.409 rad. The Julian day is represented by d and dr
is 173.

::::
173,

:::
the

::::
day

::
of

:::
the

::::::::
summer

::::::::
solstice.

:
The number of320

days in a year dy is taken as
::
set

:::
to 365.

The outgoing shortwave radiation depends on the surface
albedo:

Sout =αSin (36)

where α is the surface albedo.
The outgoing long wave radiation is calculated using the

the Stefan–Boltzmann Law:

Lout = εsσSBT
4
s (37)

where εs is the surface emissivitytaken equal
:
,
::::

set
:

to
1, σSB the Stefan–Boltzmann constant equal to 5.67 ×
10−8 Wm−2K−4, and Ts the surface temperature (KK).325

The incoming long wave radiation is computed using the
same expression, but here it uses the temperature at the top
of the surface layer Tsl. This temperature is acquired by
converting the potential temperature of the mixed-layer θ to
absolute temperature using the height of surface layer top,
which we define as 10 % of the boundary-layer height h (Ja-
cobs and De Bruin , 1992; Van Heerwaarden et al., 2010)

:
:

:::::::::
zsl = 0.1h. This gives the expression:

Lin = εaσSBT
4
sl (38)

where the atmospheric emissivity εa is 0.8.

2.7 Land surface model

A land surface model (Van Heerwaarden et al., 2009,
2010; Van Heerwaarden, 2011) is included as an option in
MXL/MESSy, which enables the interactive calculation of330

surface heat fluxes. With this inclusion, MXL/MESSy can
be used to simultaneously and interactively calculate the ex-
change of energy (sensible heat flux), water (latent heat flux),
wind (momentum flux) and chemical species (emission and
deposition) between the land surface and the ABL. In that335

way, a fully online coupled land surface-ABL chemistry
model is obtained, in which all exchanges between the land
surface and the ABL at the diurnal time-scale are internal
variables of the coupled system. This means that only forc-
ings (drivers external to the system at the appropriate time340

scales) are prescibed to the model. These includes land sur-
face forcings (e.g. leaf area index (LAI), roughness length,
soil moisture) and large-scale meteorological forcings on the
ABL (e.g. incoming solar radiation, FT conditions).

2.7.1 The surface energy balance345

The surface energy balance (SEB) forms the basis for the
land surface model. It relates net radiation Rn (Eq. 31) to the
surface heat fluxes:

Rn−G= SH+LE (39)

where SH is the sensible heat flux, LE is the latent heat flux
and G is the ground heat flux.

The sensible and latent heat flux, which together supply
the energy to the atmosphere that drives turbulent convection,
are a function of land surface and atmospheric properties:

SH =
ρcp
ra

(θs−〈θ〉) (40)

LE =
ρLv

ra +rs
(qsat(Ts)−〈q〉) (41)

where ra is the aerodynamic resistance, rs is the surface re-
sistance, θs and 〈θ〉 are the potential temperatures of the sur-
face and the mixed-layer respectively, qsat(Ts) is the saturated350
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specific humidity inside the canopy and 〈q〉 is the mixed-
layer specific humidity.

The Penman–Monteith equation (Monteith, 1965) is then
used to relate the evaporation flux to radiation, temperature,
humidity, and aerodynamic and surface resistance:

LE =

dqsat
dT (Rn−G)+

ρcp
ra

(qsat(T )−〈q〉)
dqsat
dT +

cp
Lv

(
1+ rs

ra

) , (42)

where dqsat
dT , which is the slope of the saturated specific hu-

midity curve with respect to temperature, and qsat are evalu-
ated using the atmospheric mixed-layer temperature at the355

top of the atmospheric surface layerdefined as zsl = 0.1h
:
,

::::::
defined

:::
as

:::
10%

::
of

::
h.

2.7.2 Resistances

The exchange of momentum and heat between the atmo-
sphere with the surface is related to the strength of the tur-
bulence. The aerodynamic resistance ra, that appears in
Eqs. (40) and (41) is the inverse of this turbulent intensity
and defined as:

ra =
1

CH〈U〉
(43)

where CH is the drag coefficient for heat and 〈U〉 is the
mixed-layer wind speed (Sect. 2.3). It shows that stronger360

winds lead to lower aerodynamic resistance and enhanced
turbulent exchange.

The turbulent exchange also depends on the drag, which
is a function of the stability of the surface layer: a growing
instability in the surface layer leads to stronger convection
and mixing. The drag coefficient is calculated following:

CH =
κ2

A ·B
(44)

with:

A= ln
(
zsl

z0m

)
−ΨM

(zsl

L

)
+ΨM

(z0m
L

)
B= ln

(
zsl

z0h

)
−ΨH

(zsl

L

)
+ΨH

(z0h
L

)
where κ is the von Kármán constant, z0m and z0h are the
roughness lengths for momentum and heat, respectively, zsl
is the depth of the atmospheric surface layer of 0.1h, L is
the Monin–Obukhov length and ΨM and ΨH are the inte-
grated stability functions for momentum and heat taken from
Beljaars (1991). To find the values of L that are required in
this function, the following implicit function is solved using
a Newton–Raphson iteration method:

RiB =
g

〈θv〉
zsl(〈θv〉−θv,s)

U2
(45)

=
zsl

L

[
ln
(
zsl
z0h

)
−ΨH

(
zsl
L

)
+ΨH

(
z0h
L

)]
[
ln
(
zsl
z0m

)
−ΨM

(
zsl
L

)
+ΨM

(
z0m
L

)]2

where RiB is the bulk Richardson number and θvs :::
θv,s:and

〈θv〉 are the virtual potential temperatures of the surface and
the mixed-layer atmosphere respectively.365

The calculations of both resistances rveg and rsoil follow
the method of Jarvis (1976) and employed similarly as in
the ECMWF global forecasting model. The vegetation resis-
tance is based on the following multiplicative equation.

rveg =
rs, min

LAI
f1(Sin)f2

(
wsoil22

)
f3(VPD)f4(T ) (46)

where rs, min is the minimum surface resistance, LAI the leaf
area index of the vegetated fraction, f1 a correction function
depending on incoming short wave radiation Sin, f2 a func-
tion depending on soil moisture w, f3 a function depending
on vapor pressure deficit (VPD) and f4 a function depend-
ing on temperature T . Of these correction functions, the first
three originate from the ECMWF model documentation and
the fourth from Noilhan and Planton (1989) and are defined
as:

1

f1(Sin)
= min

(
1,

0.004Sin +0.05

0.81(0.004Sin +1)

)
(47)

1

f2(w)
=

w−wwilt

wfc−wwilt
(48)

1

f3(VPD)
= exp(gDVPD) (49)

1

f4(T )
= 1.0−0.0016(298.0−T )2, (50)

where wwilt is the volumetric soil moisture at wilting point,
wfc is the volumetric soil moisture at field capacity and gD is
a correction factor for vapor pressure deficit that only plays
a role in high vegetation.

The soil resistance depends on the amount of soil moisture
in the layer that has direct contact with the atmosphere.

rsoil = rs, min f2(wsoil11), (51)

where f2 is calculated following Eq. (48).370

2.7.3 Evapotranspiration calculation

The total evapotranspiration consist of three parts: soil evap-
oration, leaf transpiration and evaporation of liquid water
from the leaf surface. The total evapotranspiration is there-
fore proportional to the vegetated fraction of the land surface:

LEtot = cveg(1−cliq)LEveg +cvegcliqLEliq +(1−cveg)LEsoil,

(52)
where LEtot is the evapotranspiration, LEveg the transpira-
tion from vegetation, LEsoil the evaporation from the soil and
LEliq evaporation of liquid water. The fractions that are used
are cveg which is the fraction of the total area that is covered
by vegetation and cliq, which is the fraction of the vegetated
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area that contains liquid water. Since cliq is not constant in
time, it is modeled following:

cliq =
Wl

LAIWmax
(53)

where Wmax is the representative depth of a water layer that
can lay on one leaf and Wl the actual water depth. The evo-
lution of Wl is governed by the following equation:

dWl

dt
=

LEliq

ρwLv
(54)

where ρw is the density of water.

2.7.4 Soil model

A soil model is available for the calculation of soil tempera-
ture and moisture changes that occur on diurnal time scales,
and that therefore affect the surface heat fluxes. It is a force-
restore soil model, based on the model formulation of Noil-
han and Planton (1989) with the soil temperature formula-
tion from Duynkerke (1991). The soil model consists of two
layers, of which

::::
only

:
the thin upper layer follows a diurnal

cycle. The soil temperature in the upper layer
:::::::
(Tsoil1)

:
is cal-

culated using the following equation, where the first term is
the force term and the second the restore term:

dTsoil1

dt
=CTG−

2π

τ
(Tsoil1−Tsoil2), (55)

where CT is the surface soil/vegetation heat capacity, G the
soil heat flux already introduced in the SEBand ,

:
τ the time

constant of one day
:::
and

::::::
Tsoil2 :::

the
:::::::::::
temperature

::
of

:::
the

:::::::
deeper

:::
soil

:::::
layer. The soil heat flux is calculated using

G= Λ(Ts−Tsoil1) (56)

where Λ is the thermal conductivity of the skin layer. The
heat capacity CT is calculated following Clapp and Horn-
berger (1978) using:

CT =CT, sat

(
wsat

w2

)b/2log10
(57)

where CT, sat is the soil heat capacity at saturation
:
,
:::
w2::::

the

:::::::::
volumetric

::::::
water

:::::::
content

:::
of

:::
the

:::::::
deeper

::::
soil

:::::
layer

:
and b an375

empirical constant that originates from data fitting.
The evolution of the volumetric water content w

:
of

::::
the

:::
top

:::
soil

:::::
layer

:::
w1:

is calculated using:

dw1

dt
=− C1

ρwd1

LEsoil

Lv
− C2

τ

(
w21−w21,eq

)
(58)

where w1 and w2 are the volumetric
::::
w1,eq:::

is
:::
the water con-

tent of the first two layers,
:::
top

::::
soil

:::::
layer

::
in

:::::::::::
equilibrium,

:::
d1::

is

:
a
:::::::::::::
normalization

:::::
depth

::::
and

::::::
where

:
C1 and C2 are two coeffi-

cients related to the Clapp and Hornberger parameterization

(Clapp and Hornberger, 1978), that are calculated using:

C1 =C1,sat

wsat

w2

wsat

w1
:::

b/2+1

(59)

C2 =C2,ref
w2

wsat−w2
(60)

where C1,sat and C2,ref are constants taken from Clapp and
Hornberger (1978). The water content in equilibrium wg, eq

::
of

:::
the

:::
top

::::
soil

:::::
layer

::
in

:::::::::::
equilibrium

:
is:

wg, eq1, eq
::

=w2−wsata

(
w2

wsat

)p(
1−
(
w2

wsat

)8p
)

(61)

with a and p as two more fitted constants from Clapp and
Hornberger (1978).

2.7.5 Surface fluxes of momentum

Finally, we introduce parametrizations for the momentum
fluxes at the surface (Stull , 1988) and the friction velocity
(u∗), which are required to calculate the horizontal wind bud-
get in the mixed layer (Sect. 2.3).

u∗=
√
CMU (62)

u′w′s =−CMU〈u〉 (63)

v′w′s =−CMU〈v〉 (64)

where CM is the drag coefficient for momentum, defined as:

CM =
κ2[

ln
(
zsl
z0m

)
−ΨM

(
zsl
L

)
+ΨM

(
z0m
L

)] (65)

3 Implementation in the MESSy structure380

For the implementation of MXL, a generic 1-D basemodel
is created in MESSy

:::::::
MESSy

:::
is

::::
an

:::::::::
interface

:::
to

:::::::
couple

:::::::::
submodels

:::
of

::::::
earth

:::::::
system

::::::::::
processes,

::::::
which

::::::
offers

::::::
great

::::::::
flexibility

::::
to

:::::::
choose

:::::::::
between

::::::::
different

::::::::::::
geophysical

:::::
and

:::::::::
-chemical

:::::::::
processes.

::::
In

::::
the

::::
first

:::::::
version

:::
of

::::::::
MESSy,

:::::
only385

:::
the

::::::::
General

:::::::::::
Circulation

::::::
Model

:::::::::::
ECHAM5

::::::
could

:::
be

:::::
used

(Jöckel et al., 2005).
::::::

The
:::::::
second

::::::
round

:::
of

::::::::::::
development

::::
also

:::::::
enabled

:::
the

:::
use

:::
of

::::::::::
basemodels

::::
with

::::::::
different

:::::::::::
dimensions

(Jöckel et al., 2010).
::::
For

:::
the

:::::::
current

::::::::::::::
implementation, called

VERTICO (VERTICal COlumn), which defines the number390

of
:::
we

::::
used

::::::::
MESSy

:::::::
version

:::::
2.50.

:::::
Here,

:::
we

:::::
give

::
a

::::
brief

:::::::::
overview

:::
of

:::
the

::::::::
MESSy

:::::::::
structure,

::::
more

:::::::
details

::::
can

::
be

::::::
found

:::
in Jöckel et al. (2005, 2010)

:
.
:::
In

:::::::
MESSy,

:::::
each

:::::::::::::
FORTRAN95

::::::::
module

:::::::
belongs

:::
to

::::
one

::
of

::::
the

::::::::
following

:::::::
layers:395
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–
::::
Base

:::::::
Model

::::::
Layer

:::::::
(BML):

:::::::
defines

::::
the

:::::::
domain

:::
of

:::
the

::::::
model,

::::::
which

::::
can

:::
be

:::::
box,

::::
1D

:::
or

::::
3D.

:::::
This

::::
can

:::
be

:
a

:::::::
complex

::::::::::::
atmospheric

:::::::
model,

::::
for

::::::::
instance

::
a
::::::::

General

::::::::::
Circulation

::::::
Model

::::
like

::::::::::
ECHAM5 (Jöckel et al., 2005),

:::
but

::
in

:::
our

:::::
case

:
it
::::::::
consists

::
of

::::
two boxes stacked on top of400

each other and directs the time integration. VERTICO
is a de facto 3-D model

::::
(Fig.

:::
3).

:

–
::::
Base

::::::
Model

:::::::::
Interface

:::::
Layer

::::::::
(BMIL):

::::
this

::::
layer

::::::::
manages

:::
the

::::
calls

:::
to

:::::::
specific

:::::::::::
submodels,

::::
data

::::::
input

::::
and

::::::
output,

:::
and

:::::
data

:::::::
transfer

::::::::
between

:::
the

::::::::::
submodels

::::
and

::::
the

::::
base405

::::::
model.

:::::::
Global

:::::::::
variables

:::
are

::::::
stored

::
in
::::::::::
structures

:::::
called

::::::::
’channel

::::::::
objects’.

–
:::::::::
SubModel

::::::::::::
Interface

:::::::::
Layer

::::::::::::
(SMIL):

::::::
the

::::::::::::::::
submodel-specific

:::::::::
interface

::::::
layer

:::::::::
collects

::::::::
relevant

::::
data

::::
from

::::
the

::::::
BMIL,

::::::::
transfers

::
it

::
to

:::
the

::::::
SMCL

::::
and

:::::
sends410

:::
the

::::::::::
calculated

::::::
results

:::::
back

:::
to

::::
the

:::::::
BMIL.

::::
The

::::::
SMIL

:::::::
contains

::::
the

:::::
calls

::
of

::::
the

:::::::::
respective

::::::::::
submodel

:::::::
routines

:::
for

:::
the

:::::::::::::
initialization,

:::::
time

:::::::::::
integration,

::::
and

:::::::::
finalizing

:::::
phase

::
of

::::
the

::::::
model.

:

–
:::::::::
SubModel

:::::
Core

::::::
Layer

::::::::
(SMCL):

::::
this

:::::
layer

::::::::
contains

:::
the415

::::
code

:::
for

:::
the

:::::
base

:::::::::::::::::
model-independent

::::::::::::::
implementation

::
of

:::
the

:::::::
physical

::::
and

::::::::
chemical

:::::::::
processes

::
or

::
a
:::::::::
diagnostic

::::
tool.

:::
For

:::
the

:::::::::::::::
implementation

::
of

::::::
MXL,

::
a
:::::::
generic

:::
1D

::::::::::
basemodel

:
is
:::::::

created
:::
in

::::::::
MESSy,

:::::
called

:::::::::::
VERTICO.

::::::::::
VERTICO

::::::::
contains420

::::
calls

::
to
:::::::::

modules
:::
for

:::::
time

:::
and

::::::
tracer

:::::::::::::
management,

:::
the

:::::
time

::::
loop

::::::
which

:::::::::
integrates

:::
the

::::::
model

:::::::::
equations

::::
and

::
in

::::::::::
VERTICO

:::::
tracer

:::::::::::::
concentrations

::::
are

:::::::
updated

:::::
each

:::::::::
timestep,

::::::::::
combining

:::
the

::::::
tracer

::::::::::
tendencies

:::::
from

:::::
each

::::::
active

::::::::::
submodel.

:::
It

::
is

:::
de

::::
facto

::
a
:::
3D

::::::::::
basemodel

:
in which the horizontal resolution has425

been reduced to a single grid box, to facilitate the submodel
coupling within the MESSy framework. This also facilitates
the possible development of a column model that includes
more vertical levels in both boundary layer and free tropo-
sphere.430

The current implementation of VERTICO consists of two
domains (see Fig. 3): the lower one represents the well-
mixed boundary layer during daytime, as represented by the
MXL equations, and the upper box contains a simplified de-
scription of the free troposphere on top of the ABL. The

:::
FT435

:
is
:::::::::::

represented
:::
as

:
a
:::::::::::
well-mixed

::::
box

::
in

::::::
which

:::::
only

:::::::::
chemistry

:::
and

:::::::
aerosol

:::::::::::
partitioning

:::::
takes

::::::
place.

::::
We

:::::
have

:::::
fixed

:::
the

::::
top

::
of

:::
the

::::
FT

:::
to

:::
10

::::
km,

:::
so

::::::::
changes

:::
in

:::
the

::::::
ABL

::::::
height

:::::
only

:::::::
slightly

::::::::
influence

::::
the

:::::::
volume

:::
of

:::
the

:::
FT

:::::
box.

::::
FT

::::::
values

:::
of

:::::::::::
temperature,

::::::::
moisture

::::
and

::::::::
pressure

:::::
that

:::
are

:::::::
needed

:::
for

::::
the440

::::::::::
calculations

:::
of

:::
FT

::::::::
reaction

:::::
rates

:::
are

::::::
taken

::
at

::::
the

:::::::::
inversion.

:::
The

:
prognostic equations for the ABL dynamics and the land

surface scheme are integrated by an Euler forward solver.

3.1 Coupling with other MESSy submodels

Through the MESSy framework, two
:::::
three

:
types of sub-445

models are coupled: the first type are the generic submod-

els, which constitute the model infrastructure that is not
directly related to actual physical processes, such as time,
tracer and data management. The second type are the pro-
cess submodels, which represent the individual processes450

that contribute to the evolution of chemical species in the
ABL (see Eq. 25 and Fig. 4).

::::::
Finally,

::::::
there

:::
are

::::::::::
diagnostic

::::::::::
submodels,

::::::
which

:::
are

:::::
used

:::::
when

:::::::::
additional

:::::::::::::::
post-processing

::
of

::::::::::
simulation

::::::
output

::
is

:::::::
needed.

:
Table 1 shows all genericand

process
:
,
:::::::
process

:::
and

::::::::::
diagnostic submodels that are currently455

coupled to form MXL/MESSy, and their tasks. In principle,
thanks to such an implementation, any MESSy submodel can
be used in MXL/MESSy.

The modular nature of the MESSy interface allows full
flexibility: processes can easily be switched on and off460

through switches in a namelist. Emission and deposition
of species takes place only in the lower box, while chem-
istry and gas/particle partitioning take place in both ABL and
FT. The chemical production and loss of a species is calcu-
lated in the MECCA submodel (Sander et al., 2011), which465

uses photolysis rates from
:::
the

:::::::
Kinetic

:::::::::::::
PreProcessor (KPP;

Sandu and Sander, 2006)
:::
for

:::
the

:::::::::
numerical

::::::::::
integration

:::
of

:::
the

::::::::
chemical

:::::::
reaction

:::::::::::
mechanism.

:::::::::
MECCA

::::
uses

:::::::::
photolysis

:::::
rates

:::::::::
calculated

:::
by JVAL (Sander et al., 2014).

For the lower boundary conditions, there are two possibil-470

ities. On one hand, MXL/MESSy offers the possibility to
use interactive emission (via the ONEMIS, Kerkweg et al.,
2006b and MEGAN Guenther et al., 2006 submodels), dry
deposition (DDEP Kerkweg et al., 2006a) and land sur-
face parametrisations (Sect. 2.7). In these submodels, land475

surface-ABL exchange is calculated as function of land sur-
face and ABL characteristics, like stomatal resistance and air
temperature. On the other hand, it is possible to prescribe
emissions and surface heat fluxes following simplified func-
tions for the users who like to keep full control over the480

boundary conditions of the model (Sect. 2.5). In that way,
MXL/MESSy can for instance be used to evaluate the sensi-
tivity of the chemistry in the ABL to uncertainties in emis-
sion estimates. Further, OFFEMIS (Kerkweg et al., 2006b)
allows for the extraction of emission data

::::
time

::::::
series

:
from485

an emission database,
::::::
which

::
is
:::::
read

::
by

:::::::::
IMPORT. Addition-

ally, the organic aerosol submodel ORACLE (Tsimpidi et al.,
2014), allows for the representation of the organic aerosol
composition and evolution.

4 DOMINO case study490

To evaluate MXL/MESSy, we revisited the case study
of Van Stratum et al. (2012), which is based on ob-
servations from the DOMINO campaign in the south of
Spain. Van Stratum et al. (2012)

:::::::
selected

::::
one

:::::
day

:::::
from

:::
this

::::::::::
campaign,

:::::
the

:::::
23th

:::
of

::::::::::
November

::::::
2008,

::::
as

::
a
:::::

case495

:::::
study

:::
for

:::::::::::::
disentangling

:::::
ABL

:::::::::
dynamics

::::
and

::::::::::
chemistry.

::::
On

:::
this

::::::::::
particular

::::
day

::::
the

:::::::::
influence

:::
of

::::::::
synoptic

::::::
scale

::::::
flows

::
on

::::
the

::::::
ABL

:::::::::
dynamics

:::::
was

:::::::::
relatively

:::::::
small,

:::::
there

::::::
were
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::
no

::::::::
clouds,

::::
and

::::::
wind

:::::::
speeds

:::::
and

::::::::::::
background

:::::::::
pollution

:::::
levels

:::::
were

:::::
low.

::::::
This

:::::::
assures

::::
that

:::::
local

::::::::::
processes

::::::
(ABL500

:::::::::
dynamics,

::::::::::
chemistry,

:::::::::
emission

:::::
and

:::::::::::
deposition)

:::::
were

::::
the

::::
main

:::::::
drivers

:::
of

:::
the

::::::::
observed

::::::::::
chemistry.

::::::::::
Moreover,

::::
this

::::
day

:::
was

:::::::
during

:::
an

:::::::::
intensive

:::::::::::
observation

:::::::
period,

:::::::::
assuring

::::
that

::::
both

:::::
ABL

:::::::::
dynamics

:::
and

:::::::::
chemistry

::::
are

::::::::::::::::
well-characterized

:::
by

::::::::::::
observations.505

MXL/MESSy, with initial conditions as in Table A1, rep-
resents the dynamics of the boundary layer well, as compared
to observations from a tower and radio soundings (Fig. 5).
Since the equations and the initial and boundary conditions
are equal to those of Van Stratum et al. (2012), the dynam-510

ics of 〈θ〉, 〈q〉 and h are identical to those shown in their
Fig. 3. As a result of the positive heat fluxes (Fig. 5d), the ini-
tial potential temperature inversion is broken after 09:00 LT,
and the boundary layer starts to grow rapidly. During this
period of strong ABL growth, air from the FT is entrained,515

which causes (1) a strong increase in the 〈θ〉, since warm
air from the FT is entrained and (2) a decrease in 〈q〉 de-
spite the positive latent heat flux

::::
(see

:::::
Table

::::
A1), since dry air

from the FT is entrained into the ABL. After 13:00 LT, the
ABL growth slows down, and the effect of entrainment on520

scalars and chemical species becomes smaller. The correct
representation of the boundary layer dynamics ensures that
we also simulate the effect of ABL dynamics on the evolu-
tion of chemical species well (through h and we in Eqs. 25
and 26).525

Figure 6 shows the diurnal evolution of several gas-phase
chemical species, from measurements and from three model
runs:

– the MXL/MESSy code with MIM2 chemistry (Tarabor-
relli et al., 2009), with initial conditions as in Van Stra-530

tum et al. (2012) (SameIC),

– the MXL/MESSy code with MIM2 chemistry (Tarabor-
relli et al., 2009), with initial conditions that gave the
best fit with the measurements (BestFit),

– the MXLCH code as in Van Stratum et al. (2012).535

The MESSY/MXL
::::::::::::
MXL/MESSy SameIC and MXLCH sim-

ulations where performed with identical initial conditions as
listed in Table B1. In the MXL/MESSy SameIC run we over-
estimate NO, NO2 and isoprene and underestimate O3, HO2

and H2O2. However, these results are influenced by the sur-540

face fluxes (emission and deposition) and the mixing ratios
in the FT of several species. Since these were not measured,
this gives us some degrees of freedom to adjust them, within
realistic bounds, to obtain an improved fit of MXL/MESSy
with the observations.545

Figure 6 also shows the MXL/MESSy BestFit results (with
initial conditions as in Table B1). It shows that MXL/MESSy
with the MIM2 chemical mechanism is able to reproduce
the diurnal dynamics of the main gas-phase chemical species
well. While it reproduces the timing and peak values of OH550

and HO2 well, the mixing ratios of both radicals are underes-
timated in the early morning and late afternoon. Also H2O2

is underestimated from 10.00 a.m.
:::
LT

:
to the late afternoon,

which is related to the underestimation of HO2.

:::
For

:::::
this

:::::
case

:::::::
study

::::::
under

:::::::::::
conditions

:::
of

:::::
low

::::::
NOx555

:::
and

:::::::::
isoprene

:::::::::::::::
concentrations,

:::::::::::::
MXL/MESSy

::::::
with

:::::::
MIM2

:::::::::
chemistry

::::
and

::::::::
MXLCH

:::::
with

:::
its

::::::::
reduced

::::::::
chemical

::::::::
scheme

:::::::
perform

:::::::
equally

:::::
well,

:::::
given

:::
the

:::::::
degrees

:::
of

::::::::
freedom

::::::::
available

::
to

::::
tune

:::
the

:::::::::
boundary

::::::::::
conditions

:::
for

:::
the

:::::::::
chemical

:::::::
species

:::
for

::::
each

::
of

:::::
these

:::::::::
chemical

::::::::
schemes.

:
560

To give more insight in the diurnal evolution of chemical
species, it is useful to analyse the contributions of the dif-
ferent processes to the total tendency (Eq. 25). The modular
nature of MXL/MESSy facilitates the evaluation of the con-
tributions of the individual processes, thanks to the diagnos-565

tic tools present in the MESSy framework.
In Fig. 7, an example is shown for O3, based on the op-

timally tuned (BestFit) simulation. The upper panel shows
how the total O3 tendency is built up from the contributions
of chemistry, entrainment and dry deposition (although the570

latter is set to zero), and the lower panel shows the chemistry
term and how gas-phase and photolysis reactions contribute
to the loss and production of ozone in the ABL. The contri-
bution of entrainment to the O3 budget is strongest during
the morning when the ABL grows rapidly and a large quan-575

tity of ozone-rich air is mixed in into the ABL from the FT.
Except for the early morning and late afternoon, the sum of
the chemical production and destruction of O3 is positive,
and the net O3 production peaks around noon when photo-
chemistry is strongest. Note that while we chose to show580

total production and loss terms for O3 here, it
::
is possible to

split up these terms into the contributions of the individual
reactions.

5 Summary

We have implemented the MXL model as a new submodel585

in MESSy, in order to represent the diurnal dynamics of the
atmospheric boundary layer and their effect on atmospheric
chemistry. The comprehensiveness of MXL/MESSy in rep-
resenting the processes relevant to atmospheric chemistry
in the convective boundary layer, while keeping computa-590

tional requirements low, makes it an ideal tool for applica-
tions in atmospheric chemistry that ask for systematic sensi-
tivity analyses. These include the interpretation of observa-
tions from field campaigns and the evaluation of new process
parametrizations under ambient conditions, as well as theo-595

retical studies on the coupled land surface-boundary layer-
atmospheric chemistry system. Expansion of the model with
additional relevant MESSy submodels and conversion into
a multi-layer column model is planned for the future: e.g. in-
cluding the surface layer, entrainment zone, account for im-600

perfect mixing in ABL (e.g. due to clouds, aerosol layers)
and the stable nocturnal boundary layer.
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Code availability

MXL/MESSy is part of the Modular Earth Submodel System
(MESSy), which is continuously further developed and ap-605

plied by a consortium of institutions. The usage of MESSy
and access to the source code is licenced to all affiliates of
institutions which are members of the MESSy Consortium.
Institutions can be a member of the MESSy Consortium by
signing the MESSy Memorandum of Understanding. More610

information can be found on the MESSy Consortium Web-
site (www.messy-interface.org).
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Martinez, M., Williams, J., Lawrence, M. G., and Lelieveld, J.:625

Improved simulation of isoprene oxidation chemistry with the
ECHAM5/MESSy chemistry–climate model: lessons from the
GABRIEL airborne field campaign, Atmos. Chem. Phys., 8,
4529–4546,

::
doi

:::::::::::::::::::::
10.5194/acp-8-4529-2008, 2008.

Clapp, R. B. and Hornberger, G. M.: Empirical equations for630

some soil hydraulic properties, Water Resour. Res., 14, 601–604,

:::
doi

::::::::::::::::::::::
10.1029/WR014i004p00601, 1978.

Conzemius, R. J. and Fedorovich, E.: Dynamics of sheared con-
vective boundary layer entrainment. Part II: Evaluation of bulk
model predictions of entrainment flux, J. Atmos. Sci., 63, 1179–635

1199,
::
doi

::::::::::::::::
10.1175/JAS3696.1, 2006.

Duynkerke, P. G.: Radiation fog: a comparison of model simulation
with detailed observations, Mon. Weather Rev., 119, 324–341,

:::
doi

::::::::::::::::::::::::::::::::::::::::::::::
10.1175/1520-0493(1991)119<0324:RFACOM>2.0.CO;2,

1991.640

Guenther, A., Karl, T., Harley, P., Wiedinmyer, C., Palmer, P. I.,
and Geron, C.: Estimates of global terrestrial isoprene emis-
sions using MEGAN (Model of Emissions of Gases and
Aerosols from Nature), Atmos. Chem. Phys., 6, 3181–3210,

:::
doi

::::::::::::::::::::
10.5194/acp-6-3181-2006, 2006.645

::::::
Jacobs,

:::
C.

:::
M.

:::
J.

::::
and

:::
De

::::::
Bruin,

::::
H.

:::
A.

:::
R.:

:::::
The

::::::::::
sensitivity

::
of

::::::::
regional

::::::::::::
transpiration

:::
to
::::::::::::

land-surface
::::::::::::::

characteristics:

:::::::::
significance

:::::
of

::::::::::
feedback,

::::
J.
::::::::

Clim.,
::::

5,
:::::::::::

683–698,

:::
doi

::::::::::::::::::::::::::::::::::::::::::::
10.1175/1520-0442(1992)005¡0683:TSORTT¿2.0.CO;2,

::::
1992.

:
650
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Ouwersloot, H. G., Vilà-Guerau de Arellano, J., Nölscher, A. C.,
Krol, M. C., Ganzeveld, L. N., Breitenberger, C., Mammarella, I.,
Williams, J., and Lelieveld, J.: Characterization of a boreal con-715



12 R. H. H. Janssen and A. Pozzer: Boundary layer dynamics with MXL/MESSy

vective boundary layer and its impact on atmospheric chemistry
during HUMPPA-COPEC-2010, Atmos. Chem. Phys., 12, 9335–
9353,

::
doi

::::::::::::::::::::::
10.5194/acp-12-9335-2012, 2012.
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Van Heerwaarden, C. C., Vilà-Guerau de Arellano, J., Gounou, A.,790

Guichard, F., and Couvreux, F.: Understanding the daily cy-
cle of evapotranspiration: a method to quantify the influence
of forcings and feedbacks, J. Hydrometeorol., 11, 1405–1422,

:::
doi

::::::::::::::::::::
10.1175/2010JHM1272.1, 2010.

van795

:::
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Vilà-Guerau de Arellano, J., van
:::
Van

:
Heerwaarden, C. C., and

Lelieveld, J.: Modelled suppression of boundary-layer clouds815

by plants in a CO2-rich atmosphere, Nat. Geosci., 5, 701–704,

:::
doi

::::::::::::::
10.1038/ngeo1554, 2012.
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Fig. 1.
:::::::::::::
Spatio-temporal

:::::
scales

::
in
::::::::::
atmospheric

:::::::::
chemistry,

::::::
typical

::::::
species

:::::::::
associated

::::
with

:::::
these

:::::
scales

:::
and

:::
the

::::
type

:::
of

:::::
model

::::
that

::::::
should

::
be

::::
used

::
to

::::
study

::::
their

:::::::::
behaviour

::
in

:::
the

::::::::::
atmosphere.
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Fig. 2.
::::::
Typical

::::::::::
mixed-layer

::::::
profiles

::
of

::::::::
potential

::::::::::
temperature

:::
(θ),

::::::
specific

::::::::
humidity

:::
(q)

:::
and

::::::::
chemical

::::::
species

:::
(in

:::
this

::::
case O3:::

and
:::::
NO).

::::
Also

::::::
surface

:::
and

::::::::::
entrainment

:::::
fluxes

:::
of

::::
heat,

::::::::
moisture,

:
O3 :::

and
:::
NO

:::
are

:::::::::
indicated;

:::
the

::::::
arrows

:::::::
indicate

:::
the

:::::::
direction

::
in
::::::

which
:::
the

::::
flux

::
is

::::::
defined

::::::::
positively.

Appendix A

::::::
Initial

::::
and

::::::::::
boundary

::::::::::
conditions

Spatio-temporal scales in atmospheric chemistry, typical species associated with these scales and the type of model that should
be used to study their behaviour in the atmosphere.830

Typical mixed-layer profiles of potential temperature (θ), specific humidity (q) and chemical species (in this case and NO).
Also surface and entrainment fluxes of heat, moisture, and NO are indicated; the arrows indicate the direction in which the flux
is defined positively.
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Table 1. List of MESSy submodels coupled with MXL.
submodel description reference

generic submodels
BLATHER standard output to log-files Jöckel et al. (2010)
CHANNEL memory and meta-data management and data export Jöckel et al. (2010)
CONSTANTS constants shared between submodels Jöckel et al. (2005)
IMPORT data import from external files www.messy-interface.org
SWITCH & CONTROL switch and call individual submodels Jöckel et al. (2005)
TIMER time control Jöckel et al. (2010)
TOOLS tools shared between submodels Jöckel et al. (2005)
TRACER management of data and meta-data of constituents Jöckel et al. (2008)

process and diagnostic submodels
DDEP dry deposition of trace gases and aerosols Kerkweg et al. (2006a)
JVAL photolysis rates Sander et al. (2014)
MECCA atmospheric chemistry Sander et al. (2011)
MEGAN emission of tracers Guenther et al. (2006)
OFFEMIS (formerly OFFLEM) prescribed emissions of trace gases and aerosols Kerkweg et al. (2006b)
ONEMIS (formerly ONLEM) online calculated emissions of trace gases and aerosols Kerkweg et al. (2006b)
ORACLE organic aerosol composition and evolution Tsimpidi et al. (2014)
PTRAC define additional prognostic tracers via namelist Jöckel et al. (2008)
RADa radiation, heating rates www.messy-interface.org
SURFACEa surface processes www.messy-interface.org
TNUDGEb tracer nudging Kerkweg et al. (2006b)

:

a
:::::
These

::::::::::
submodels

:::
are

:::::
under

:::::::::::
development

:::
and

::::
will

:::
be

:::::::::::
implemented

::
in

:::
the

::::::
future.

:::::::::
Currently,

::::::::
radiation

::::
and

::::
land

::::::
surface

:::::::::
properties

:::
are

::::::::
calculated

::
as

::::::::
described

::
in

:::::
Sect.

::
2.6

::::
and

:::
2.7,

::::::::::
respectively.

:

:

b
:::
To

::
be

:::::::::::
implemented.

:

Table A1. The initial and boundary conditions in the atmospheric boundary layer (ABL) and free troposphere (FT) as as used in
MXL/MESSy and MXLCH. All initial conditions are imposed at 07:00 LT. t is the time elapsed since the start of the simulation (s) and
td the length of the simulation (s). The subscripts s and e indicate values at the surface and the entrainment zone, respectively.

Property Value

Initial ABL height 500
h (m)
Subsidence rate 5×10−6

ω (s−1)
Surface sensible heat flux 0.22sin(πt/td)

w′θ′s (Kms−1)
Entrainment/surface heat flux ratio 0.2
β=−w′θ′e/w′θ′s (dimensionless)
Initial ABL potential temperature 287
〈θ〉 (K)
Initial FT potential temperature 288.5
θFT (K)
Potential temperature lapse rate FT 0.006
γθ (Km−1)
Surface latent heat flux 0.03sin(πt/td)
w′q′s (gkg−1ms−1)
Initial ABL specific humidity 5.3
〈q〉 (gkg−1)
Initial FT specific humidity 4.5
qFT (gkg−1)
Specific humidity lapse rate FT −0.0012
γq (gkg−1m−1)
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Fig. 3.
:::::::
Processes

:::::::
relevant

:::
to

::::::::
evolution

::
of

:::::::
species

::::::::::::
concentrations

::
in

:::
the

::::::::
boundary

:::::
layer.

::::::
Open

::::
and

:::::
closed

::::::
circles

::::::
depict

::::::::
gas-phase

::::
and

:::::::::::
aerosol-phase

::::::
species,

:::::::::::
respectively.

VERTICO Basemodel

MECCA
chemistry

DDEP
deposition

JVAL
photolysis

MESSy Interface

ON/OFFEMIS
emission

MEGAN
emission

MXL
ABL dynamics

ORACLE
organic aerosol

 other 
submodels

Fig. 4.
::::::
Scheme

::
of

:::
the

::::::::::::
implementation

:::
of

::
the

:::::::::
VERTICO

:::::::::
basemodel

::
in

:::
the

::::::
MESSy

::::::::
structure

:::
and

:::
the

:::::::
coupling

::
to

:::
the

::::
MXL

::::
and

::::
other

:::::::::
submodels

::::::
through

:::
the

:::::::
MESSy

:::::::
interface.

Table A2. Initial mixing ratio in ABL and FT, and surface emission fluxes of the reactants for the different runs in MXL/MESSy and
MXLCH. Species in the reaction mechanism that are not included in this table have zero

::
an

:
initial concentrations and

:::::::::::
concentration

::
of

:
zero

:::
and

::
no

:
surface emissions. For O2 and N2 we have imposed the values 2×108 and 8×108 ppb, respectively.

O3 NO NO2 ISO CH4 CO H2O2

Van Stratum et al. (2012)
Initial mixing ratio (ppb)
ABL 30.0 0.0 0.6 0.0 1724.0 105.0 0.1
FT 39.0 0.0 0.0 0.0 1724.0 105.0 0.1

Surface emission flux (mgm−2h−1) 0.0 0.13 0.0 0.30sin
(
πt
td

)
0.0 0.0 0.0

BestFit MXL/MESSy
Initial mixing ratio (ppb)
ABL 30.0 0.008 0.65 0.0 1724.0 105.0 0.1
FT 41.0 0.0 0.0 0.0 1724.0 105.0 0.1

Surface emission flux (mgm−2h−1) 0.0 0.07 0.0 0.15sin
(
πt
td

)
0.0 0.0 0.0
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Fig. 5.
::::::
Diurnal

::::::::
evolution

::
of
::::::::
observed

:::
and

::::::::
modelled

:::
(a)

::::::::::
mixed-layer

::::::
height

:::
(h),

:::
(b)

::::::::::
mixed-layer

::::::::
potential

::::::::::
temperature

:::
(θ),

:::
(c)

::::::::::
mixed-layer

::::::
specific

::::::::
humidity

::
(q)

::::
and

:::
(d)

::::::::
prescribed

:::::::
sensible

::::
(SH)

::::
and

:::::
latent

::::
(LE)

::::
heat

:::::
fluxes.

Table B1.
:::
List

::
of

::::::::
acronyms

::::
used

::
in

:::
this

:::::
work

::::
ABL

: ::::::::::
Atmospheric

:::::::::
Boundary

:::::
Layer

:::
FT

::::
Free

::::::::::
Troposphere

:

::::
KPP

::::::
Kinetic

:::::::::::
PreProcessor

:::
LT

:::::
Local

::::
Time

:

::::::
MESSy

: :::::::
Modular

:::::
Earth

::::::::
Submodel

:::::::
System

:::::
MIM2

: :::::
Mainz

::::::::
Isoprene

::::::::::
Mechanism,

::::::
version

:
2
:

:::::
MXL

::::::
MiXed

:::::
Layer

:::::
model

:

:::::::
MXLCH

: ::::::::::::::
MXL-CHemistry

::::
UTC

: ::::::::
Universal

::::
Time

::::::::::
Coordinate

:::::::::
VERTICO

:::::::::
VERTICal

:::::::
COlumn

::::
ZOJ

:::::::::
Zero-Order

:::::
Jump

::::::
closure

:

Appendix B
835

::::
List

::
of

:::::::::::::
abbreviations

Scheme of the implementation of the VERTICO basemodel in the MESSy structure and the coupling to the MXL and other
submodels through the MESSy interface.

Processes relevant to evolution of species concentrations in the boundary layer. Open and closed circles depict gas-phase
and aerosol-phase species, respectively.840
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Fig. 6.
:::::::
Observed

::::
and

:::::::
modeled

::::::::::
mixed-layer

::::::
mixing

:::::
ratios

::
of

::
a) O3,

::
b)

:
NO2,

::
c)
:
NO,

::
d)
::::::::
isoprene,

::
e) HNO3,

::
f)
:
OH,

::
g)
:
H2O2:::

and
::
h)

:
HO2 :::

and

:
i)
:
NO2 ::::::::

photolysis
::::
rate

::
for

:::
the

:::::::::
DOMINO

::::
case,

:::::::::
comparing

:::::::::::
MXL/MESSy

::::
and

:::::
MIM2

:::::::::
chemistry

:::
with

::::::::
MXLCH

:::
and

:::::::
reduced

:::::::::
chemistry.

::::::
Results

::
for

::::
both

:::
the

:::::::
SameIC

:::
and

:::
the

::::::
BestFit

::::
runs

::::
with

::::::::::::
MXL/MESSy

:::
are

::::::
shown.
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Fig. 7. O3 :::::
budget

:::
for

:::
the

:::::::::
DOMINO

::::
case

:::::::
showing

:::
the

:::::::::::
contributions

::
of

:::
(a)

:::
the

::::::::
processes

::::::::::
entrainment,

::::::::
chemistry

::::
and

:::
dry

:::::::::
deposition

:::
and

:::
(b)

::
the

::::::::
chemical

:::::::::
production

:::
and

::::
loss

::::
with

:::
the

:::::::
chemical

::::
loss

::::
split

::
up

::
in
::
a
::::::::
gas-phase

:::::::::
destruction

:::
and

::
a
::::::::
photolysis

:::::
term.

Table B2: Diurnal evolution
::::
List of observed

::::::::
variables and modelled (a)

::::::::
constants

:::::
used

::
in

::::
this

:::::
work

:::::::
symbol

::::
unit

::::::::::
description

:
a
:

−
::::::::::::::::
Clapp-Hornberger

:::::::::
retention

:::::
curve

:::::::::
parameter

:

::::
advq: gkg−1s−1

::::::::
moisture

:::::::::
advection

:

::::
advθ: Ks−1

::::
heat

:::::::::
advection

:
b
:

−
::::::::::::::::
Clapp-Hornberger

:::::::::
retention

:::::
curve

:::::::::
parameter

:

::
C

:
ppb

::::::
mixing

:::::
ratio

:::::::
generic

::::::::
chemical

:::::::
species

:

::::
〈C〉 ppb mixed-layer height (

::::::
mixing

:::::
ratio

:::::::
generic

::::::::
chemical

:::::::
species

:

::::
CFT ppb

::::::
mixing

:::::
ratio

::
of

:::::::
species

:::
C

::
in

:::
the

:::
FT

:

:::
CH:

−
::::
drag

::::::::::
coefficient

:::
for

::::
heat

:

:::
cliq: −

:::::::
fraction

::
of
::::
the

:::::::::
vegetated

::::
area

::::
that

:::::::
contains

::::::
liquid

:::::
water

:

::::
CM −

::::
drag

::::::::::
coefficient

:::
for

::::::::::
momentum

:

::
cp: Jkg−1K−1

:::::::
specific

::::
heat

:::
of

::
air

:::
CT:

Km2J−1
:::::::
surface

:::::::::::::
soil/vegetation

::::
heat

::::::::
capacity

::::::
CT,sat:

Km2J−1
:::::::
surface

:::::::::::::
soil/vegetation

::::
heat

::::::::
capacity

::
at

:::::::::
saturation

::::
cveg −

:::::::
fraction

::
of
::::
the

::::
total

::::
area

::::
that

::
is
::::::::
covered

::
by

::::::::::
vegetation

:::
C1 −

:::::::::
coefficient

:::::::
related

::
to

:::
the

:::::::::::::::::
Clapp-Hornberger

:::::::::::::::
parameterization

:
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:::::
C1,sat: −

:::::::::
coefficient

::::::
force

::::
term

::::::::
moisture

:

:::
C2 −

:::::::::
coefficient

:::::::
related

::
to

:::
the

:::::::::::::::::
Clapp-Hornberger

:::::::::::::::
parameterization

:

:::::
C2,ref: −

:::::::::
coefficient

:::::::
restore

:::::
term

::::::::
moisture

:
d
:

−
::::::
Julian

:::
day

:

::
dr: −

:::
day

:::
of

:::
the

::::::::
summer

:::::::
solstice

::
dy: −

:::::::
number

::
of

:::::
days

::
in

::
a
::::
year

:

::
d1: m

::::::::::::
normalization

::::::
depth

::
fc: s−1

:::::::
Coriolis

::::::::::
parameter

:::
FC:

ppbms−1
:::::::::::
(maximum)

:::::
daily

::::::::
emission

::::
flux

::
of

:::::::
species

::
C

::
G Wm−2

:::
soil

:::::
heat

::::
flux

:::
gD Pa−1

:::::::::
correction

::::::
factor

:::
for

:::::
vapor

::::::::
pressure

::::::
deficit

:

h ), (b) mixed-layer potential temperature (θ), (c) mixed-layer specific humidity ( m
:::::
ABL

::::::
height

::
L m

:::::::::::::::
Monin–Obukhov

::::::
length

:

::::
LAI −

::::
leaf

::::
area

:::::
index

::
of
::::
the

:::::::::
vegetated

:::::::
fraction

:::
LE

:
Wm−2

:::::
latent

::::
heat

::::
flux

:
/
:::::
total

:::::::::::::::::
evapotranspiration

:::::
LEliq Wm−2

:::::::::::
evaporation

::
of

::::::
liquid

:::::
water

:::::
LEsoil: Wm−2

:::::::::::
evaporation

::::
from

::::
the

:::
soil

:

:::::
LEveg: Wm−2

:::::::::::
transpiration

:::::
from

::::::::::
vegetation

:::
Lin: Wm−2

:::::::::
incoming

::::
long

:::::
wave

::::::::
radiation

:

::::
Lout Wm−2

::::::::
outgoing

::::::::::
component

:::::::::
radiation

:::
Lv Jkg−1

:::::
latent

::::
heat

:::
of

:::::::::::
vaporization

:

:
p
:

−
::::::::::::::::
Clapp-Hornberger

:::::::::
retention

:::::
curve

:::::::::
parameter

:

q ) and (d) prescribed sensible ( gkg−1
:::::::
specific

::::::::
humidity

:

:::
〈q〉

:
gkg−1

:::::::::::
mixed-layer

:::::::
specific

::::::::
humidity

:

::::
qFT:

gkg−1
:::
FT

:::::::
specific

:::::::::
humidity

::::::
qsat(T )

:
gkg−1

::::::::
saturated

:::::::
specific

:::::::::
humidity

::
at

:::::::::::
temperature

::
T

:

:::::::
qsat(Ts) gkg−1

::::::::
saturated

:::::::
specific

:::::::::
humidity

::::::
inside

:::
the

:::::::
canopy

::
ra: sm−1

::::::::::::
aerodynamic

:::::::::
resistance

::::
RiB:

−
::::
bulk

:::::::::::
Richardson

:::::::
number

:::
Rn:

Wm−2
:::
net

::::::::
radiation

::
at
::::
the

::::::
surface

:

::
rs: sm−1

:::::::
surface

:::::::::
resistance

::::
rsoil sm−1

:::
soil

::::::::::
resistance

:::::
rs, min: sm−1

:::::::::
minimum

:::::::
surface

:::::::::
resistance

::::
rveg sm−1

:::::::::
vegetation

:::::::::
resistance

:

:::
SC:

ppbs−1
::::::::
chemical

::::::::::::::
transformation

::
of

:::::::
species

::
C

:

SH ) and latent (LE) heat fluxes.Observed and modelled diurnal evolution of gas-phase chemistry and photolysis rate for the DOMINO case, comparing MXL/MESSy and MIM2 chemistry with MXLCH and reduced chemistry. Results for both the SameIC and the BestFit runs with MXL/MESSy are shown. budget for the DOMINO case showing the contributions of (a) the processes Wm−2
:::::::
sensible

:::::
heat

:::
flux

:::
Sin Wm−2

:::::::::
incoming

::::
short

::::::
wave

:::::::
radation

:

::::
Sout Wm−2

::::::::
outgoing

:::::
short

:::::
wave

::::::::
radation

:::
So Wm−2

:::::
solar

:::::::::
irradiance

::
at

:::
the

::::
top

::
of

:::
the

:::::::::::
atmosphere

:
t
:

s
::::
time

:::
of

:::
day

::
td: s

:::
day

::::::
length

:

::
Tr: −

:::
net

::::
sky

::::::::::::
transmissivity

:

::
Ts: K

:::::::
surface

:::::::::::
temperature

:::
Tsl K

:::::::::::
temperature

::
at

:::
the

:::
top

:::
of

:::
the

:::::::
surface

:::::
layer

:::::
Tsoil1: K

:::::::::::
temperature

::
of

:::
top

::::
soil

:::::
layer

:

:::::
Tsoil2: K

:::::::::::
temperature

::
of

::::::
deeper

::::
soil

:::::
layer

:

:::::
tUTC:

h
::::
time

:::
of

:::
day

:::
in

::::
UTC

::
U

:
ms−1

:::::::::
horizontal

:::::
wind

::::::
speed

:::
〈u〉

:
ms−1

:::::::::::
mixed-layer

:::::
wind

:::::::
velocity

:::
in

::::::::::
x-direction

::::
〈U〉 ms−1

:::::::::::
mixed-layer

:::::
wind

:::::
speed

:

:::::
u′w′e: ms−1ms−1

:::::::::::
entrainment

::::::::::
momentum

::::
flux

::
in
:::::::::::
x-direction

:::::
u′w′s: ms−1ms−1

:::::::
surface

::::::::::
momentum

::::
flux

::
in

::::::::::
x-direction

:::
u∗ ms−1

:::::::
friction

:::::::
velocity

:

:::
〈v〉

:
ms−1

:::::::::::
mixed-layer

:::::
wind

:::::::
velocity

:::
in

::::::::::
y-direction
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:::::
VPD Pa

:::::
vapor

::::::::
pressure

::::::
deficit

:

:::::
v′w′e: ms−1ms−1

:::::::::::
entrainment

::::::::::
momentum

::::
flux

::
in
:::::::::::
y-direction

:::::
v′w′s: ms−1ms−1

:::::::
surface

::::::::::
momentum

::::
flux

::
in

::::::::::
y-direction

::
w m3m−3

:::
soil

::::::::::
volumetric

::::::
water

:::::::
content

:::
we ms−1

:::::::::::
entrainment

:::::::
velocity

:

:::
wfc: m3m−3

::::::::::
volumetric

:::
soil

:::::::::
moisture

::
at

::::
field

::::::::
capacity

:

::
wl:

ms−1
::::::::::
large-scale

:::::::
vertical

:::::::
velocity

:

:::
Wl: m

::::::
actual

:::::
water

:::::
depth

:::
on

:::
the

::::
leaf

:

:::::
Wmax: m

::::::::::::
representative

::::::
depth

::
of

::
a
:::::
water

:::::
layer

:::
on

:
a
::::
leaf

:

::::
wsat: m3m−3

::::::::
saturated

::::::::::
volumetric

::::::
water

:::::::
content

::::
wwilt: m3m−3

::::::::::
volumetric

:::
soil

:::::::::
moisture

::
at

::::::
wilting

::::::
point

:::
w1 m3m−3

::::::::::
volumetric

:::::
water

:::::::
content

::
of

::::
top

:::
soil

:::::
layer

:

:::::
w1, eq m3m−3

:::
soil

::::::
water

:::::::
content

::
in

:::::::::::
equilibrium

:::
w2 m3m−3

::::::::::
volumetric

:::::
water

:::::::
content

::
of

:::::::
deeper

::::
soil

::::
layer

:

:::
w∗ ms−1

::::
free

::::::::::
convection

::::::
scaling

::::::::
velocity

:

::::::
w′C ′e ppbms−1

:::::::::::
entrainment

::::
flux

::
of

:::::::
species

::
C

:

::::::
w′C ′s ppbms−1

:::::::
surface

::::
flux

::
of

:::::::
species

::
C

:

:::::
w′q′e: gkg−1ms−1

:::::::::::
entrainment

:::::::
specific

::::::::
moisture

::::
flux

:

:::::
w′q′s: gkg−1ms−1

:::::::
surface

:::::::
specific

::::::::
moisture

::::
flux

:::::
w′θ′ve: Kms−1

:::::::::::
entrainment

:::::::::
buoyancy

::::
flux

:::::
w′θ′

vs:
Kms−1

:::::::
surface

:::::::::
buoyancy

:::
flux

:

:::::
w′θ′e: Kms−1

:::::::::::
entrainment

:::::::::
kinematic

::::
heat

::::
flux

:

:::::
w′θ′

s:
Kms−1

:::::::
surface

:::::::::
kinematic

::::
heat

::::
flux

::
zsl: m

::::::
height

::
of

:::
the

::::::::::::
atmospheric

::::::
surface

:::::
layer

:

:::
z0h: m

:::::::::
roughness

::::::
length

:::
for

::::
heat

:

::::
z0m m

:::::::::
roughness

::::::
length

:::
for

:::::::::::
momentum

::
α −

:::::::
surface

::::::
albedo

:

::
β − entrainment, chemistry and dry deposition and (b) the chemical production and loss with the chemical loss split up in a gas-phase destruction and a

:::::::
/surface

::::
heat

::::
flux

::::
ratio

:

::
γq: gkg−1m−1

:::::
lapse

::::
rate

::
of

::
q

::
in

:::
the

:::
FT

:

:::
γu ms−1m−1

:::::
lapse

::::
rate

::
of

::
u

::
in

:::
the

:::
FT

:

::
γv: ms−1m−1

:::::
lapse

::::
rate

::
of

::
v

::
in

:::
the

:::
FT

:

::
γθ: Km−1 photolysis term.

:::::
lapse

::::
rate

::
of

::
θ

::
in

:::
the

:::
FT

:

::::
∆C ppb

:::::
jump

::
of

:::::::
species

::
C

:

:::
∆q

:
gkg−1

:::::::
specific

::::::::
humidity

:::::
jump

:

::
δs: rad

:::::
solar

::::::::::
declination

:::
∆u

:
ms−1

:::::
jump

::
of

::
u

:::
∆v

:
ms−1

:::::
jump

::
of

::
v

:::
∆θ

:
K

::::::::
potential

:::::::::::
temperature

:::::
jump

:

::::
∆θv: K

::::::
virtual

::::::::
potential

:::::::::::
temperature

:::::
jump

:

::
εa: −

:::::::::::
atmospheric

:::::::::
emissivity

:

::
εs: −

:::::::
surface

:::::::::
emissivity

:

:
θ
:

K
::::::::
potential

:::::::::::
temperature

:::
〈θ〉

:
K

:::::::::::
mixed-layer

::::::::
potential

:::::::::::
temperature

::::
θFT K

:::
FT

::::::::
potential

::::::::::::
temperatures

::
θs: K

::::::::
potential

::::::::::::
temperatures

::
at

:::
the

:::::::
surface

::
θv: K

::::::
virtual

::::::::
potential

:::::::::::
temperature

:

::::
〈θv〉: K

:::::::::::
mixed-layer

::::::
virtual

::::::::
potential

:::::::::::
temperature

:

:::
θv,s: K

:::::::
surface

::::::
virtual

::::::::
potential

:::::::::::
temperature

:

::
κ −

::::
von

:::::::
Kármán

::::::::
constant

::
Λ Wm−2K−1

:::::::
thermal

:::::::::::
conductivity

:::
of

:::
the

::::
skin

:::::
layer

:

::
λe: rad

:::::::::
longitude

:
ρ
:

kgm−3
:::::::
density

::
of

:::
air

:::
ρw kgm−3

:::::::
density

::
of

:::::
water

:

::::
σSB Wm−2K−4

:::::::::::::::::
Stefan–Boltzmann

:::::::
constant

:
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::
τ s

::::
time

::::::::
constant

::
of

::::
one

::::
day

::
φ rad

:::::::
latitude

:::
Φr rad

:::
tilt

::
of

:::
the

:::::::
Earth’s

::::
axis

:::::::
relative

::
to
::::
the

::::::
elliptic

:

::
Ψ

:
rad

:::::
solar

::::::::
elevation

:::::
angle

:::
ΨH:

−
:::::::::
integrated

::::::::
stability

:::::::
function

::::
for

::::
heat

::::
ΨM −

:::::::::
integrated

::::::::
stability

:::::::
function

::::
for

::::::::::
momentum

:

::
ω s−1

::::::::::
subsidence

::::
rate


