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Abstract. Interpretation of observed diurnal carbon dioxide (CO2 ) mixing ratios near the surface requires knowledge
of the local dynamics of the planetary boundary layer. In
this paper, we study the relationship between the boundary
layer dynamics and the CO2 budget in convective conditions
through a newly derived set of analytical equations. From
these equations, we are able to quantify how uncertainties in
boundary layer dynamical variables or in the morning CO2
distribution in the mixed-layer or in the free atmosphere (FA)
influence the bulk CO2 mixing ratio.
We find that the largest uncertainty incurred on the midday CO2 mixing ratio comes from the prescribed early morning CO2 mixing ratios in the stable boundary layer, and in the
free atmosphere. Errors in these values influence CO2 mixing ratios inversely proportional to the boundary layer depth
(h), just like uncertainties in the assumed initial boundary
layer depth and surface CO2 flux. The influence of uncertainties in the boundary layer depth itself is one order of magnitude smaller. If we “invert” the problem and calculate CO2
surface exchange from observed or simulated CO2 mixing
ratios, the sensitivities to errors in boundary layer dynamics
also invert: they become linearly proportional to the boundary layer depth.
We demonstrate these relations for a typical well characterized situation at the Cabauw site in The Netherlands, and
conclude that knowledge of the temperature and carbon dioxide profiles of the atmosphere in the early morning are of
vital importance to correctly interpret observed CO2 mixing
ratios during midday.

1

Introduction

Surface turbulent fluxes and boundary layer dynamics determine the daily evolution of temperature, moisture and other
scalar quantities in the atmospheric boundary layer (Lemone
et al., 2002). Focusing on the diurnal variability of CO2 ,
some studies have improved our understanding about the influence of surface processes such as photosynthesis and respiration (Kim and Verma, 1990; Lloyd and Taylor, 1994; Jacobs and De Bruin, 1992; Baldocchi et al., 2001) but boundary layer development plays also a main role in determining the horizontal and vertical distribution of CO2 (Denning
et al., 1995; Wofsy et al., 1988; Yi et al., 2004; McGrathSpangler and Denning, 2010).
Culf et al. (1997) analyzed the observations of CO2 mixing
ratio and surface flux, and boundary layer depth over a tropical forest by using a mixed layer model to conclude that,
in his case daytime evolution of CO2 was mainly controlled
by boundary layer growth and related processes like entrainment, surface flux did not drive the CO2 mixing ratio evolution. Vilà-Guerau de Arellano et al. (2004) used aircraft
and surface observations combined with mixed-layer theory
to analyze the role of the entrainment of air on the distribution and evolution of carbon dioxide in the convective boundary layer (CBL), and compared the ratio of entrainment to
surface CO2 fluxes with the values obtained for heat and humidity. They concluded that CO2 dilution due to entrainment
of clean air from the free atmosphere during the morning is
larger than the uptake at the surface. During the afternoon the
process is the opposite (Desjardins et al., 1992, 1995). Casso
et al. (2008), by using tall tower observations, analyzed the
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CO2 budget concluding that, even in situations when CO2 advection (Yi et al., 2000; Eugster and Siegrist, 2000; Werner
et al., 2006; Sun et al., 2007; Font et al., 2010) is important,
vertical turbulent transport plays a mayor role. Górska et al.
(2008) extended the analysis made by Vilà-Guerau de Arellano et al. (2004) by including Large-eddy simulations (LES)
over heterogeneous terrain in a new set of aircraft observation. They pointed out the importance of the entrainment
flux for carbon dioxide during the late morning and early afternoon. LES was also used by Huang et al. (2011) to analyze CO2 budget in convective conditions concluding that
entrainment CO2 fluxes have similar magnitude to surface
fluxes and this pattern is insensitive to the weak to moderate
geostrophic forcing discussed (less than 5 m s−1 ). The underestimation of the CO2 entrainment fluxes in regional models
leads to a higher simulated CO2 concentration (Ter Maat et
al., 2010; Dang et al., 2011).
Despite of this clear observational/modeling evidence of
the importance of surface and boundary layer dynamics, a
framework to quantify the uncertainties associated is still
missing. Consequently, the purpose of this paper is to quantify the influence of the CBL characteristics on the daytime
evolution of the CO2 mixing ratio, and the uncertainties associated to them. The investigation is further extended to
determine how boundary layer dynamics influence the calculation of the inferred CO2 surface flux from the CO2 mixing
ratio evolution. The study has direct consequences for analyzing the sources of error associated with boundary layer
dynamics in tracer transport models (Denning et al., 1996;
Bakwin et al., 2004; Williams et al., 2011).
We first derive relations between the CO2 mixing ratio
evolution and the dynamics of the CBL and CO2 characteristics (morning values, free atmospheric gradient, surface
flux). Second, based on observations taken at Cabauw (The
Netherlands) a sensitivity analysis on the thermodynamic
characteristics of the night-day transition (morning potential
temperature inversion jump) and the free atmospheric conditions (potential temperature lapse rate) was performed. Then,
we study the evolution of the CO2 mixing ratio for the different CBL analyzed.
In the first stage we derive from the CO2 -budget in the
boundary layer a complete set of closed analytical expressions, which represent the dependency of the evolution of the
CO2 mixing ratio on three different aspects: (i) the night-day
transition that controls the morning values of the boundary
layer depth, and, as a consequence, of the CO2 mixing ratio;
(ii) the conditions in the free atmosphere indicated by the
CO2 vertical gradient; and (iii) the evolution of the boundary
layer depth.
In the second stage we connect the CBL growth rate
to some of its driving factors by using mixed-layer theory
(Lilly, 1968; Tennekes and Driedonks, 1981). In this work
different values of the morning potential temperature jump
at the inversion and of the potential temperature lapse rate
are considered. By so doing, we are able study the sensitivAtmos. Chem. Phys., 12, 2969–2985, 2012

ity of the CO2 budget as well as the sensitivity of any of its
variables to uncertainties in the initial inversion strength or
lapse rate. In spite of its conceptually, mixed layer theory
has been successfully used to study the impact of boundary
layer dynamics on the CO2 concentration or on the atmospheric chemistry in the convective boundary layer (Culf et
al., 1997; Vilà-Guerau de Arellano et al., 2004).
Moreover, by inverting the analytical expressions, the influence of uncertainties in CO2 free atmospheric or boundary
layer conditions or boundary layer evolution to the surface
exchange of CO2 is also analyzed.
The research objectives are summarized as follows:
1. To analytically describe the CBL dynamic factors that
influences the diurnal variability of the CO2 mixing ratio.
2. To study the sensitivities of CO2 mixing ratio to errors
in the determination or measurements of the boundary
layer depth and CO2 mixing ratio at the boundary layer
and free atmosphere.
3. By inverting the previous relationships, to perform the
same analysis for the inverse calculation of CO2 surface
flux.
4. To analyze how these sensitivities depend on the boundary layer characteristics.
These objectives have a number of important implications
for inverse estimation of CO2 surface flux, such as done on
global (Bousquet et al., 1999) and regional scales (Bakwin et
al., 2004; Gerbig et al., 2008; Göckede et al., 2010; KeppelAleks et al., 2012).
Our proposed strategy is hardly ever practiced in CO2 inverse modeling because boundary layer depths are either immutable in the offline transport models used, or part of an
online land-surface scheme that is decoupled from CO2 exchange and treated as “black-box”. And even if CBL depths
are simulated carefully, they are rarely reported or evaluated
along with the estimated surface flux. Partly this results from
a lack of awareness in the CO2 inverse modeling community of the importance of the dynamic variables in their estimations, but also because simple frameworks to assess this
influence such as presented here were lacking thus far.
First, we find that errors in estimated surface flux depend
on errors in the different variables (e.g. morning CO2 mixing ratio in the free atmosphere or in mixed layer) through
the boundary layer depth in a quadratic or linear way. This
suggests that it is very important to first minimize errors in
the simulated CBL depth because it affects all the variables,
and then to minimize errors in the individual CO2 related
variables in the atmosphere, specially for the observed CO2
mixing ratio, and the simulated or observed mixing ratio in
the free atmosphere.
Second, to make correct surface CO2 exchange estimates
requires not only high quality in situ CO2 observations in the
www.atmos-chem-phys.net/12/2969/2012/
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mixed-layer, but also good knowledge of other variables such
FA
as CBL depth, or early morning CO2 mixing ratio in the staC
ble boundary layer and FA. However there is a lack of this
type of observations because, for instance, only a few talltowers exist which provide information about the CO2 charFA
C
acteristics in the upper levels. Access to such observations
could allow, first of all, to characterize the errors currently
C (2)
h2
incurred in inverse CO2 estimates, but also they would help
to improve the weather models that these estimates rely on
with regards the large spread when it comes to simulating
h1
C (1)
CO2 exchange across the entrainment zone (Stephens et al.,
2007; Yang et al., 2007).
The paper is structured as follows. In the next section the
theoretical framework used to derive the evolution and senw’c’|s
w’c’|s
sitivity of mixing ratio, and the inferred surface flux, of CO2
to the boundary layer characteristics is analytically derived
Fig. 1. Sketch of the evolution of the bulk CO mixing ratio quantity by using the integral from of the mixed-layer equations. The growth
(stage 1). In the third section, we select a day with very comof the boundary
layer1.
fromSketch
h to h depends
on the
heat and moisture
Notice CO
that we
assuming aratio
negativequanflux for CO that is
Fig.
of the
evolution
of budgets.
the bulk
mixing
2 are
characteristic of the assimilation by plants during daytime and only vertical exchange processes are taken into account.
plete meteorological and CO2 measurements at the surface
tity by using the integral from of the mixed-layer equations. The
and in the low levels of the boundary layer and analyze how
growth of the boundary layer from h1 to h2 depends on the heat and
the mixed-layer model reproduces the observations. Based
moisture budgets. Notice that we are assuming a negative flux for
CO2 that is characteristic of the assimilation by plants during dayon this case, in Sect. 4 the analytical expressions presented
time and only vertical exchange processes are taken into account.
in Sect. 2 are applied to a sensitivity analysis performed by
the mixed-layer model based on the observations (stage 2).
We end the paper by summarizing the main findings and proThe boundary layer is separated from the free atmosphere
viding suggestions to improve the estimation of surface flux
by a thermal capping inversion caused by an increase of
from the CO2 mixing ratio observations.
the potential temperature (Tennekes, 1973; Tennekes and
Driedonks, 1981; Culf et al., 1997). When boundary layer
grows it incorporates a new layer of free atmospheric air
2 Theoretical framework
with different properties into the mixed-layer (see Fig. 1).
It
is assumed that the air masses mix instantaneously. ConUnder situations with active vegetation and convective
sequently,
the new concentration only depends on the surface
boundary layer conditions, plant assimilation uptake (w0 c0 <
flux
and
on
the growth rate of the boundary layer depth. This
0) and the CO2 exchange between CBL and FA (w0 c0 > 0 or
CO
-budget
equation is analytically expressed as:
2
w 0 c0 ≈ 0) drive the CO evolution in the diurnal boundary
2

1

2

2

2

layer. For the sake of simplicity, the contribution of the horizontal advection of CO2 is omitted. To our opinion, this is
the main concern that can be made to the formulation. Accurate measurements and modeling of advection are generally
quite difficult so the uncertainties in the estimated advection
can be relatively large and this could lead to non-negligible
errors in the simulated CO2 mixing ratios, and in the inferred
CO2 surface fluxes. Recently, tall tower measurements have
been successfully used to estimate CO2 advection (Yi et al.,
2000, 2008; Sun et al., 2007; Aubinet et al., 2010).
Under these conditions, mixed-layer theory assumptions
are valid and they can be used to determine the role of boundary layer dynamics on CO2 evolution. In mixed-layer theory, it is assumed that the CO2 mixing ratio is constant with
height inside the boundary layer. Mixed-layer theory has
been already used to analyze the evolution of the boundary
layer growth and some of its compounds (Culf et al., 1997;
Vilà-Guerau de Arellano et al., 2004, 2009). The novelty of
the present work if that, for the first time, the boundary layer
uncertainties that influence CO2 mixing ratio evolution is the
main goal of the study.
www.atmos-chem-phys.net/12/2969/2012/

∂
∂(h − h0 )
(Ch) = w0 c0 |s + C FA
,
∂t
∂t

(1)

where h0 and h are the initial and the instantaneous boundary layer depth; C is the carbon dioxide mixing ratio vertically integrated between the surface and h; C FA is the CO2
mixing ratio in the free atmosphere, just above the inversion;
and w0 c0 |s is the time-dependent surface flux of CO2 . In this
equation all the variables except h0 are time dependent. The
terms of this equation can be physically interpreted as the
variation of the CO2 mixing ratio distributed in the mixedlayer due to the assimilation of CO2 by plants (negative sign
during daytime), and to the mixing with CO2 mixing ratio
in the free atmosphere (C FA ) because of the growth of the
boundary layer.
In a zeroth-order approximation, the CO2 mixing ratio just
above the inversion reads:
C FA = C0FA + γc (h − h0 ),

(2)

where C0FA is the value of the CO2 mixing ratio just above
the inversion when h = h0 , and γc is the vertical gradient
Atmos. Chem. Phys., 12, 2969–2985, 2012
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of CO2 mixing ratio in the free atmosphere, above the mixed
layer, which is usually considered constant during one day. If
γc 6 = 0, then C0FA corresponds to the morning value of C FA .
However, if γc = 0, C0FA is the CO2 mixing ratio in the free
atmosphere during the whole day. Consequently, C FA depends on time through h. For this reason, it is not explicitly
included in the right-hand side time derivative of Eq. (1) because its change cannot modify C unless the boundary layer
is growing. That is, C FA does not depend explicitly on time.
The budget equation of CO2 (1) is taken as a starting point
of the derivation of the relationships that connect CO2 temporal variation to the boundary layer variables. In the Appendix we provide a full derivation of the classical mixed
layer equation from the budget Eq. (1).
2.1

∂C (h − h0 )2
=
,
∂γc
2h

(8)

∂C (h − h0 )2
=
,
∂γc
2h

(9)

i
1h
∂C
= −γc + γc h0 + C0 − C0FA ,
∂h0
h

(10)

"
#

 γc h2
∂C γc
1
0
FA
0
0
= + 2 h0 C0 − C0 −
− (t − t0 )hw c |s i , (11)
∂h
2 h
2

CO2 mixing ratio: forward expressions

By substituting (2) into (1), and assuming γc constant with
time during one day, Eq. (1) becomes:
∂
γc ∂
∂(h − h0 )
(Ch) = w 0 c0 |s +
[(h − h0 )2 ] + C0FA
.
(3)
∂t
2 ∂t
∂t
This equation is then integrated on time from t0 to t obtaining:
Z t
γc
Ch − C0 h0 =
w 0 c0 |s dt + (h − h0 )2 + C0FA (h − h0 ). (4)
2
t0
Consequently, the time evolution of the mixing ratio of CO2
in the boundary layer reads:


h0
γc
t − t0 0 0
h0
+ (h − h0 )2 +
hw c |s i,
C = C0 + C0FA 1 −
h
h
2h
h
(5)
hR
i
t
where hw0 c0 |s i = t0 w0 c0 |s dt /(t −t0 ) is the CO2 mean surface flux over the integration period. If the different terms
of this equation are compared in typical midlatitude summer
conditions it can be concluded that the third right-hand side
term of Eq. (5) is two order of magnitude smaller than the
first two terms. Consequently, C approximately evolves with
h−1 . Notice that the last term is the only one depending on
the integration period (elapsed time from t0 ), t − t0 .
From this equation we derive how the errors made in
boundary layer dynamics and boundary conditions propagate
in the modeled CO2 mixing ratio. By taking partial derivatives in (5), the dependance of C to the key variables in the
boundary layer dynamics (h and its initial morning value, h0 )
and the CO2 characteristics (C0 , C0FA , γc , and surface flux)
are derived (Jacobs and De Bruin, 1992). The expressions
reads:
∂C
h0
= ,
(6)
∂C0
h
∂C
h0
= 1− ,
FA
h
∂C0
Atmos. Chem. Phys., 12, 2969–2985, 2012

(7)

∂C
∂hw 0 c0 |

=
si

t − t0
.
h

(12)

Assuming that the error on each considered variable influencing CO2 evolution is small, the sensitivities are linearly
related to the error in the CO2 mixing ratio, C, through the
following relation (Jacobs and De Bruin, 1992):

δC =

X ∂C
· |δφ|,
∂φ
φ

(13)

where φ denotes the different variables influencing the evolution of C considered here: C0 , C0FA , h, h0 , γc , hw0 c0 |s i. Equation (13) also assumes that h does not depend on h0 , since
their dependence is not taken into account in Eq. (11). In
practice, an error in h0 can propagate to h depending on the
situation. For example, if h0 is obtained from a radiosounding measurement done in the morning and the subsequent
evolution of h is simulated, then the error in h0 propagates
to h. In this case the dependence ∂h/∂h0 should also be
considered in the sensitivity to h. This dependence can be
analytically obtained from the mixed-layer equations. However, if h is measured also at later time when C is evaluated,
the errors in h0 and h can be completely independent. For
simplicity, the latter case is assumed in the above equations
and in the following analysis.
Equations (6)–(12) are grouped below according to their
dependence on the boundary layer depth:
∂C
∼ O(h),
∂γc

(14)

∂C ∂C ∂C
∂C
, FA ,
,
∼ O(h−1 ),
∂C0 ∂C0 ∂h0 ∂hw0 c0 |s i

(15)

∂C
∼ O(h−2 ).
∂h

(16)
www.atmos-chem-phys.net/12/2969/2012/
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Consequently, ∂C/∂γc increases with the boundary layer
depth. ∂C/∂C0 and ∂C/∂h0 decrease with the boundary
layer depth. ∂C/∂C0FA has the same dependence with h but it
increases with the boundary layer depth because of the negative coefficient multiplying h in Eq. (7).
The evolution of ∂C/∂h and ∂C/∂hw 0 c0 |s i also depends
on t − t0 . Regarding the sensitivity to the boundary layer
depth, by analyzing Eq. (11), it can be concluded that, if h0 6=
0, and 1C0 6 = 0, usually h0 (C0FA − C0 )  (t − t0 )hw0 c0 |s i for
any integration period, and consequently ∂C/∂h decreases
with the square of the boundary layer depth. The evolution
of the sensitivity to CO2 surface flux is more complicated
and it will be analyzed separately.
In Sect. 4, we make use of these equations to quantify the
impact of each variable on the bulk CO2 mixing ratio.

Taking into account that all the equations depend on t − t0 ,
these equations are again grouped according to boundary
layer depth dependence:

2.2

These equations show that the time evolution of all the sensitivities except ∂hw0 c0 |s i/∂C0 depends on the relation between the integration period and the boundary layer depth
and none of them necessarily increase or decrease with the
boundary layer depth. The sensitivity to uncertainties in the
morning value of the CO2 bulk mixing ratio, ∂hw0 c0 |s i/∂C0 ,
is the same for all the studied boundary layers because only
depends on the initial boundary layer depth and on the integration period (see Eq. 18). Consequently, its absolute value
decreases with time.
Notice that besides the assumptions and approximations
considered before, here it is additionally assumed that C is
directly measured at different times and so the errors in C do
not depend on the other variables.

CO2 surface flux: inverse expressions

From Eq. (4) an expression is obtained for the dependence
of CO2 surface flux on atmospheric properties. This expression explicitly provides the dependence of this retrieved surface flux to boundary layer dynamics and CO2 characteristics. The averaged inferred surface flux of carbon dioxide
reads:
hw0 c0 |s i =

i
1 h
γc
Ch − C0 h0 − C0FA (h − h0 ) − (h − h0 )2 . (17)
t − t0
2

By using this equation, the dependence of the uncertainties
in the inferred CO2 surface flux to errors in the dynamics and
CO2 characteristics of boundary layer is:

(24)

∂hw 0 c0 |s i ∂hw0 c0 |s i ∂hw0 c0 |s i ∂hw 0 c0 |s i
,
,
,
∼ O(h),
∂h0
∂h
∂C
∂C0FA

(25)

∂hw 0 c0 |s i
∼ O(h0 ).
∂C0

(26)

3

∂hw0 c0 |s i
−h0
=
,
∂C0
t − t0

(18)

∂hw0 c0 |s i h0 − h
,
=
t − t0
∂C0FA

(19)

(h − h0 )2
∂hw0 c0 |s i
=−
,
∂γc
2(t − t0 )

(20)

i
∂hw0 c0 |s i
1 h FA
=
C0 − C0 + γc (h − h0 ) ,
∂h0
t − t0

(21)

i
∂hw0 c0 |s i
1 h
=
C − C0FA − γc (h − h0 ) ,
∂h
t − t0

(22)

∂hw0 c0 |s i
h
=
∂C
t − t0

(23)
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∂hw 0 c0 |s i
∼ O(h2 ),
∂γc

Study case

We first evaluate the ability of a mixed-layer model to reproduce the observed diurnal variability of the CBL. Subsequently, we discuss the sensitivity of the temporal evolution
of the CO2 mixing ratio and the inferred surface flux to uncertainties associated to boundary layer dynamics and CO2
distribution.
3.1

Diurnal evolution of CO2

At the Cabauw site, located in the center of The Netherlands, observations of thermodynamic and CO2 variables are
taken continuously at different heights. The site lies in an
open field nearly completely covered by short grass which
extends for several hundreds of squared meters (see Beljaars
and Bosveld (1997) for a detailed description of the site). At
this site, vertical profiles of wind, temperature, humidity and
CO2 are measured along a 213-meters meteorological tower.
Measurements for temperature are taken at 2, 10, 20, 40, 80,
140, and 200 m, whereas CO2 mixing ratios are recorded at
20, 60, 120, and 200 m. CO2 observations have previously
been described by Werner et al. (2006) and Vermeulen et al.
(2011).
Atmos. Chem. Phys., 12, 2969–2985, 2012
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3.2

1500

Mixed layer numerical experiment

a)
t 0.75

C (ppm)

θ (K)

h (m)

To analyze and reproduce the observed evolution of the CBL
and the CO2 distribution, a mixed-layer model (Tennekes and
Driedonks, 1981; Vilà-Guerau de Arellano et al., 2004; Pino
500
MXL
et al., 2006) has been used. The model calculates simultaOBS
0
neously the evolution of the boundary layer depth (h) neces292
b)
sary to study the CO2 budget and the uncertainties in CO2
290
mixing ratio and the inferred surface flux associated to the
288
boundary layer processes and CO2 characteristics presented
286
MXL
in
Eqs. (6)–(12) and (18)–(23). The MXL model simulation
40 m
80 m
284
run
for 12 hours starting at 06:00 UTC.
140 m
200m
282
Table 1 shows the initial values, based on the observations
440
MXL
for the selected day, of the potential temperature, specific huc)
20 m
60 m
420
midity and CO2 mixing ratio in the mixed layer (θ0 , q0 , and
120 m
200 m
C0 respectively), their respective inversion jumps and gra400
dients in the FA and the temporal evolution of the surface
380
fluxes prescribed in the mixed layer model simulation. The
prescribed surface flux follows a sinusoidal function to ac360
8
10
12
14
16
count for the evolution over time based on the observations.
Time (UTC)
The change of sign at the morning in the sensible heat flux
Fig. 2. Observed
(symbols)
and simulated(symbols)
by means of mixed
layersimulated
model (red solidby
lines)
diurnal evolution
during layer
25 September 2003
(SH) and latent heat flux (LE) happens at 07:30 UTC and
Fig.
2.
Observed
and
means
of
mixed
of (a) the boundary layer depth, (b) potential temperature and (c) CO mixing ratio. The initial and prescribed values of the mixed layer
simulation aremodel
presented (red
in Tablesolid
1. As alines)
reference,diurnal
the evolutionevolution
of the boundaryduring
layer depth25
following
with t
is2003
indicated by a black
September
06:00 UTC respectively and they were not considered in the
solid line. The vertical dashed lines are the boundaries between the different regimes explained in the text.
of (a) the boundary layer depth, (b) potential temperature and (c)
mixed-layer simulation where initial zero surface heat fluxes
CO2 mixing ratio. The initial and prescribed values of the mixed
were used.
layer simulation are presented in Table 1. As a reference, the evoAs Fig. 2 shows, MXL results compare satisfactorily to
lution of the boundary layer depth following with t 0.75 is indicated
the observed diurnal evolution of the boundary layer depth,
by a black solid line. The vertical dashed lines are the boundaries
potential temperature, and CO2 mixing ratio in the mixedbetween the different regimes explained in the text.
layer. We summarize the main findings of the evaluation:
1000

th

2

0.75

Fluxes of momentum, sensible and latent heat and CO2
are also measured at 10 Hz at 5, 60, 100, and 180 m
height. For further description on flux measurements, see
Bosveld et al. (2004) and Werner et al. (2006).
A convective day with well-mixed boundary layer has
been selected to study simultaneously the temporal evolution of the CO2 mixing ratio, and potential temperature. 25
September 2003 was a convective day with negligible large
scale advection and few clouds observed (Casso et al., 2008).
The nearly sinusoidal pattern in time of the measured short
wave downward radiation (not shown) confirms the presence
of nearly clear skies. Measurements from the radiosonde performed at De Bilt (located around 40 km from the site) at
12:00 UTC indicate a well mixed layer of about 1200 m deep
for that day, which is in agreement with wind profiler measurements. Constant 4–5 m s−1 winds regardless of height
were measured during the day.
During that day the budget of the CO2 mixing ratio (Stull,
1988) is mainly controlled by the divergence of the flux term.
Advection accounts for less than 20 % of the storage term
(Casso et al., 2008; Pino and Vilà-Guerau de Arellano, 2010).
It is therefore an appropriate case to apply our theoretical
relationships.

Atmos. Chem. Phys., 12, 2969–2985, 2012

1. Mixed-layer model results reproduce the boundary layer
depth observations, except at the middle of the day
when scattered clouds were observed above the site,
which could have affected the measurements of the
boundary layer depth by the wind profiler. This fact
can be observed in Fig. 2a by the increase of the observed h around 12:00 UTC. Three different regimes of
the growth of the boundary layer are observed. Approximately from 06:00 to 09:00 UTC the boundary layer is
approximately constant; between 09:00 and 13:00 UTC
the boundary layer grows fast with t n , and n > 0.5.
From this moment, when the surface heat fluxes decrease, the boundary layer growth is again very small.
2. The observed diurnal evolution of potential temperature
and CO2 mixing ratio at different tower levels and simulated with the MXL model for the 25 September 2003
is shown in Fig. 2b, c. A total increase of about 6 K
is observed for the potential temperature from 07:00 to
16:00 UTC and measurements of the CO2 mixing ratio
at 20 m show a decrease of 40 ppm during the same period. The morning transition from a stable boundary
layer to an unstable mixed layer occurs between 08:00
and 09:00 UTC. The decrease of 30 ppm of the CO2
mixing ratio at 20 m between 07:00 and 09:00 UTC indicates the mixing of entrained air with low CO2 content
www.atmos-chem-phys.net/12/2969/2012/
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Table 1. Initial and prescribed values used for the mixed layer model based on the observations taken at Cabauw (The Netherlands) on 25
September 2003. The value of γθ is prescribed in the mixed-layer model following van Heerwaarden et al. (2010). The conversion factor to
transform mixing ratio to mass concentration for CO2 at T = 288 K is 1 ppm = 1.862 mg m−3 .
Property

Value
Boundary layer properties

Initial boundary layer depth, h0 (m)

120

Large scale subsidence velocity, ws (m s−1 )

0

Heat


0.08 sin π(t−5400)
27000

w 0 θ 0 |s , (07:30–15:00 UTC) (K m s−1 )
Entrainment to surface sensible flux ratio
θ0 (K)

0.3
284.5

1θ0 (K)

3.5

γθ (K m−1 )
h < 950 m

3.6 × 10−3

h > 950 m

15 × 10−3

Moisture
w 0 q 0 |s , (06:00–18:00 UTC) (g kg−1 m s−1 )
q0 (g kg−1 )
1q0 (g kg−1 )

πt 
0.087 sin 43200
4.3

−0.8

γq (g kg−1 m−1 )

−1.5 × 10−3
Carbon dioxide

w 0 c0 |s , (08:00–15:30 UTC) (ppm m s−1 )
C0 (ppm)

415

1C0 (ppm)

−40

γc (ppm m−1 )

and the uptake by plants. The vertical gradients of
potential temperature and the CO2 mixing ratio tend
rapidly to zero in the upper levels during this morning transition until both scalars reach a constant value
with height once the depth of the growing mixed layer
reaches the level of 250 m at 09:00 UTC. The strong
diurnal variability of both scalars has a clear maximum for the potential temperature of 291 K at around
16:00 UTC. Similarly, a minimum of 375 ppm for the
CO2 mixing ratio occurs earlier at 14:00 UTC. This
strong variability of the CO2 mixing ratio during the
transition from a stable boundary layer to an unstable
mixed layer was also observed by Yi et al. (2000) and
Werner et al. (2006). The observed features of the evolution of θ and the CO2 mixing ratio were well reproduced with the MXL model.
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−0.1 sin π(t−7200)
27000

−3 × 10−3

4

CO2 sensitivity to boundary-layer dynamics

The analytical equations presented in Sect. 2 enable us to
determine the sensitivity of the atmosphere-CO2 system to
boundary layer dynamics and surface processes. A full set
of mixed-layer numerical experiments has been performed
by changing the initial inversion strength, 1θ0 , and the free
atmospheric lapse rate, γθ , considered constant during the
day. 40×40 numerical experiments were carried out ranging
from γθ ∈ [10−3 ,10−2 ] (K m−1 ) and 1θ0 ∈ [0.2,5] (K). For
all these cases, to simplify the analysis, the CO2 surface flux
is constant during the day, hw0 c0 |s i = −0.1 ppm m s−1 .
To introduce the sensitivity analysis, it is convenient to
show first how the boundary layer depth obtained with the
mixed-layer model evolves with time for different cases and
what is the subsequent influence on the bulk CO2 mixing ratio (see Fig. 3). First, the same case as presented before but
Atmos. Chem. Phys., 12, 2969–2985, 2012
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1500

4.1

1000
500
0
420
b)
410

C (ppm)

tion or measurement of the boundary layer depth at the end of
the day (the difference between the control case and the case
with γθ = 10−3 K m−1 (black and red solid lines of Fig. 3)
produces a change in C of δC ≈ 2 ppm.

400

Evolution of CO2 mixing ratio uncertainties

We begin by analyzing the normalized sensitivities to infer
the most important variables influencing the CO2 mixing ratio. The Eqs. (6)–(12) are normalized following Jacobs and
De Bruin (1992). We denote the normalized (relative) sensitivity of CO2 mixing ratio to the variable φ as:
RSCφ =

390

∂C φ
· ,
∂φ C

(27)

where ∂C/∂φ is obtained from Eqs. (6)–(12). RSCφ = 0
means that the CO2 mixing ratio in the boundary layer is
independent of variable φ.
370
6
8
10
12
14
16
18
By using expression (27), Fig. 4 shows the time evoluTime (UTC)
tion of the relative sensitivities obtained by normalizing the
Fig. 3. Time evolution of (a) the boundary layer depth and (b) the CO mixing ratio obtained with the mixed layer model for different values
Eqs. (6)–(12) for the control case. At midday, CO2 mixing
3. case
Time
(a)= 3.5
theK. The
boundary
depth
and
of γ and ∆θFig.
. The control
has γ =evolution
3.6 10 K m ,of
and ∆θ
other variables layer
have the values
presented
in Table 1. In
the figure legend, if the potential temperature lapse rate or inversion strength is not shown, the value for the control case applies.
ratio is mainly sensitive to errors on the initial CO2 mixing
(b) the CO2 mixing ratio obtained with the mixed layer model
ratio in the boundary layer and in the free atmosphere, C0 ,
for different values of γθ and 1θ0 . The control case has γθ =
3.6 × 10−3 K m−1 , and 1θ0 = 3.5 K. The other variables have the
and C0FA . Moreover, during the morning, it is also sensitive
values presented in Table 1. In the figure legend, if the potential
to errors on the boundary layer depth, h, and its initial value,
temperature lapse rate or inversion strength is not shown, the value
h0 , but these sensitivities decrease during the day because of
for the control case applies.
the growth of the boundary layer (from Eqs. 10, 11 it can be
demonstrated that both relative sensitivities are proportional
to (Ch)−1 , and Ch increases during the day for the control
−1
case, not shown). The carbon dioxide conditions in the FA
with γθ = 0.0036 K m constant in time is considered as the
represented by γc have almost no influence on the CO2 mixcontrol case for the sensitivity analysis (black solid line). Ading ratio in comparison with the sensitivity to C0FA . Finally,
ditionally, four more cases are shown in the figure. In these
uncertainties in the CO2 surface flux have only small influcases, the value of γθ or 1θ0 is changed from the control
ence on the CO2 mixing ratio during the early morning, unvalue to one of the extremes values considered in the sensitil 10:00 UTC, when the boundary layer of the control case
tivity analysis (γθ = 10−3 or 10−2 K m−1 , and 1θ0 = 0.2, or
hardly grows (see Fig. 3a). From this figure, we conclude that
5 K). As shown, the three different regimes of the boundary
a correct prescription of the initial values of the CO2 mixing
layer growth identified in Fig. 2 can be also observed here
ratio in the mixed layer and in the FA and the boundary layer
if the initial inversion strength is not too small. The evodepth are fundamental to correctly simulate the CO2 mixing
lution of the boundary layer depth has a clear signature on
ratio at midday.
C not only in the final values but also in the evolution durOnce the main variables influencing the uncertainty of
ing the day. In short, except for the case with 1θ0 = 0.2 K
CO2 mixing ratio have been identified, the evolution of these
(green solid line of Fig. 3), due to the large initial inversion
strength prescribed, and the small surface heat fluxes during
sensitivities with time will be discussed. By considering that
C-evolution depends on h, the sensitivities will be presented
the morning, the growth of the boundary layer is almost suppressed and the evolution of C is mainly controlled by the
without normalizing them to preserve the dependence with
CO2 surface fluxes approximately from 06:00 to 10:00 UTC.
the boundary layer depth shown in the expressions (14)–(16).
From this moment, when 1θ is weaker for all the cases, h
∂C/∂C0 , and ∂C/∂h0 are O(h−1 ) (see Eqs. 6, and 10).
grows fast except for the case with γθ = 10−2 K m−1 (red
∂C/∂hw0 c0 |s i have the same dependency, but also depends
on the integration period (see Eq. (12)), and it will be studied
dashed line of Fig. 3a) and consequently C decreases due to
the vegetation uptake but also to the air entering from the FA
separately. Taking into account that C approximately evolves
which has a lower CO2 mixing ratio. Consequently, the difwith h−1 (see Eq. 5), ∂C/∂C0 , and ∂C/∂h0 can be qualitaferences obtained between the boundary layers in the CO2
tively described by using Fig. 3a and b. At the beginning of
mixing ratio at the end of the day are only caused by the difthe day, the value of the initial inversion strength controls the
growth of the boundary layer depth (see Fig. 3a), and conseferent entrainment regimes. To give the reader an impression
on the impact of h, an error of δh ≈ 1300 m in the calculaquently the evolution of the C-sensitivity to C0 , and h0 . The
380
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0

θ
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0
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1
0.8

RS C C 0
RS C C 0F A
RS C γc
RS C h 0
RS C h
RS C h w ′ c ′| s i

0.6
RS C φ

sensitivity decreases faster for the case with smallest inversion strength (green solid line of Fig. 3b). From midday, the
boundary layer growth is controlled by γθ , and, as a consequence, the time evolution of the sensitivity of the CO2 mixing ratio is also controlled by the potential temperature lapse
rate, decreasing with the increasing boundary layer depth at
the same rate for similar γθ . From this analysis, we show that
a correct knowledge of the values of C0 , or h0 becomes less
important when h  h0 .
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0.4
0.2

The other variable having large influence on the uncertainties in CO2 mixing ratio is the initial value of the CO2
0
mixing ratio in the free atmosphere, C0FA (see Fig. 4). Although ∂C/∂C0FA ∼ O(h−1 ), this sensitivity increases with
−0.2
the boundary layer depth due to the negative sign of the de6
8
10
12
14
16
18
Time (UTC)
pendence (compare Eqs. 6 and 7). At the beginning of the
simulation, the sensitivity is zero because the CO2 mixing
Fig. 4. Time evolution of the relative (normalized) sensitivity of the CO mixing ratio to all the variables (RSC , see expression 24) for the
ratio is mainly sensitive to the initial bulk value C0 . When
control case.Fig. 4. Time evolution of the relative (normalized) sensitivity of the
CO2 mixing ratio to all the variables (RSCφ , see expression 27) for
the boundary layer grows, air enters in the boundary layer
the control case.
from the free atmosphere, and C becomes more dependent
to the conditions in the free atmosphere and consequently
the sensitivity to this variable increases. For all the cases, as
in the explanation of Fig. 3, the boundary layer growth can
can be also concluded from Eq. (7), ∂C/∂C0FA tends to an
present three different regimes. During the morning, except
asymptotic value close to 1. That is, if the boundary layer
if a small inversion strength exists, the boundary layer growth
grows enough, uncertainties in the bulk morning conditions
rate is small (see Fig. 3a). Consequently, the sensitivity inare less important, and the free atmospheric conditions concreases until the boundary layer starts to grow faster. This
trol the errors made in C calculation.
fact occurs for the different studied boundary layer at difThe evolution of ∂C/∂h is O(h−2 ) but also depends on
ferent times of the day (between 08:00 and 10:00 UTC, see
the integration period (see Eq. 11). However, the evolution of
Fig. 3a). At this moment the sensitivity presents a maximum.
this sensitivity is dominated, for the studied cases, by the first
Afterwards, during few hours the boundary layer is growing
and second terms of Eq. (11). Then, the term containing the
faster than t − t0 and the sensitivity decreases approximately
integration period can be neglected. Taking into account that
until midday when the boundary layer growth is reduced and
γc < 0 and the term in brackets of Eq. (11) is also negative
the sensitivity increases again, but with lower rate, until the
for the studied cases, the absolute value of this sensitivity
end of the simulated period. From this moment, the evolution
decreases with the boundary layer depth. Then, errors made
of the sensitivity is approximately the same for all the cases
in the determination of h are less important to determine the
and, as a consequence, it is always larger for the cases having
uncertainties in C when the day progress. For the case with
large 1θ0 and γθ (smaller boundary layer depth at midday,
lowest inversion strength, the decrease is very fast due to the
see Fig. 3a). Summarizing, to reduce the uncertainty integralarge growth rate of the boundary layer depth (see Fig. 3a
tion times from the morning until the time of the maximum h
and Eq. 11). From noon, due to the large value of h for all
have to be considered. Longer integration times only slightly
the simulated cases ∂C/∂h ≈ γc /2 = −0.0015 ppm m−1 (see
decrease the error. From this analysis, we find that the erEq. 11). That is, when the boundary layer is large enough, the
rors in the estimation of the CO2 mixing ratio have a clear
sensitivity of C to the boundary layer depth only depends on
dependence with time. Moreover, it can be concluded that to
the CO2 free atmospheric characteristics represented by γc .
estimate the CO2 mixing ratio in the mixed layer, it is basic
to minimize the errors on the CO2 mixing ratio concentration
Although CO2 surface flux has a small relative influence
in the free atmosphere (see Fig. 4).
on the uncertainties in CO2 mixing ratio (see Fig. 4), it is
interesting to study its evolution during the day because its
Figure 6 shows the sensitivity of the CO2 mixing ratio
to uncertainties in the morning value of the CO2 bulk mixdependence with h and the integration period, t − t0 . As
Eq. (12) shows, ∂C/∂hw 0 c0 |s i is proportional to the integraing ratio (∂C/∂C0 , contours), combined with the boundary
layer depth (h, red solid lines) averaged between 12:00 and
tion period and inversely proportional to the boundary layer
depth. Figure 5 shows the time evolution of the sensitiv14:00 UTC for all the studied cases. These values are cality of C to hw0 c0 |s i for the five boundary layers presented
culated as a function of the potential temperature lapse rate
in Fig. 3. Taking into account that t − t0 is always increasand the initial inversion strength. Large values of γθ and 1θ0
ing, its evolution depends on whether h grows faster than
inhibits the boundary layer growth, and, as a consequence,
the integration period or not. As it was already mentioned
increases the sensitivity to uncertainties in the morning value
2
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Fig. 5. Time evolution of the sensitivity of the CO2 mixing ratio to the CO2 surface flux for the same boundary layers presented in Fig. 3.
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Fig. 6. ∂C/∂C0 (contours) and h (m, red solid lines) averaged between 12 and 14 UTC as a function of γθ and ∆θ0 . The control case is
shown with ⋆. The rest of the symbols0show the most extreme cases: ◦’s ∆θ0 = 0.2, and 5 K with γθ = 3.6 10−3 and •’s γθ = 10−3 , and
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Fig. 6. ∂C/∂C (contours) and h (m, red solid lines) averaged between 12:00 and 14:00 UTC as a function of γ and 1θ . The control case is shown with ?. The rest of the symbols show the most
extreme cases: ◦’s 1θ0 = 0.2, and 5 K with γθ = 3.6 × 10−3 and
•’s γθ = 10−3 , and 10−2 K m−1 with 1θ0 = 3.5 K.

of the CO2 bulk mixing ratio. That is, this sensitivity is inversely proportional to the boundary layer depth (see Eq. 6
and compare the contours in Fig. 6). Since the bulk CO2
mixing ratio has similar sensitivity to h0 (compare Eqs. 6,
and 10) the response of ∂C/∂h0 presents also an inverse proportional dependence with the boundary layer depth. Notice
300
RS F C
that in the case of ∂C/∂h the dependence is proportional to
RS F C
−2
h (see Eq. 11).
200
RS F γ
0
0
Despite ∂C/∂hw c |s i also depends on the elapsed time,
Fig. 6 can be also used to qualitatively explain how the av100
erage value of ∂C/∂hw 0 c0 |s i between 12:00 and 14:00 UTC
varies for the different studied boundary layers. As Fig. 5
0
shows, from midday the larger the initial inversion jump, or
lapse rate (smaller the boundary layer depth) is, the larger is
−100
this sensitivity.
On the contrary, the CO2 mixing ratio sensitivity to free atRS F h
−200
mospheric characteristics (∂C/∂C0FA and ∂C/∂γc ) increase
RS F h
with h. This fact can be understood by considering that
RS F C
when the boundary layer grows rapidly (for small values of
−300
6
8
10
12
14
16
18
the potential temperature lapse rate or the initial inversion
Time (UTC)
strength), more air from the free atmosphere is entrained in
the mixed layer, and the CO2 characteristics of this air exert
Fig. 7. Time evolution of the normalized sensitivities of the inferred CO surface flux to all the variables (RSF , see expression 25) for the
control case. Fig. 7. Time evolution of the normalized sensitivities of the inferred
a larger influence on the bulk CO2 mixing ratio.
CO surface flux to all the variables (RSF , see expression 28) for
0

FA
0

RS F φ

c

0

2

2

4.2

Similar to expression (27), the relative importance of each
variable, φ in the CO2 inferred surface flux is quantified by
normalizing the Eqs. (18)–(23) as:
∂hw0 c0 |s i
φ
·
0
∂φ
hw c0 |s i
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φ

the control case.

Inferred CO2 surface flux

RSFφ =

φ

(28)

Figure 7 shows the time evolution of the relative (normalized) sensitivities of the inferred CO2 surface flux (see expression 28) for the control case. All the studied sensitivities
are inversely proportional to the elapsed time from the morning, t − t0 . For this reason, during the morning, when small
elapsed times are considered, the sensitivities are very large
www.atmos-chem-phys.net/12/2969/2012/
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except in the case of ∂hw0 c0 |s i/∂C0FA , and ∂hw 0 c0 |s i/∂γc be0
cause during the early morning the boundary layer has hardly
grown, h ≈ h0 , and the free atmospheric conditions of CO2
−0.02
do not play a role on the inferred surface flux (see Eqs. 19
and 20).
At midday the inferred CO2 surface flux is more sensitive
−0.04
to errors on the initial CO2 conditions represented by C0 and
C0FA and to the evolution of the CO2 mixing ratio itself, C,
−0.06
than to the other variables (h, h0 , or γc ). The sensitivity to
uncertainties in the initial CO2 mixing ratio in the free atmosphere and CO2 bulk mixing ratio (C0FA and C) have a
−0.08
Control
similar evolution except during the early morning. In both
γθ =10 − 3 Km − 1
cases, from 09:00 UTC the sensitivity increases with time
γθ =10 − 2 Km − 1
−0.1
until midday when the boundary layer growth starts to de∆θ0 = 0.2 K
crease. From this moment, the sensitivity decreases because
∆θ0 = 5 K
the growth rate of the boundary layer is small and t −t0 keeps
−0.12
6
8
10
12
14
16
18
on growing (see Eqs. 19 and 23). Consequently, if bulk CO2
Time
(UTC)
mixing ratio is accurately measured but no information about
the CO2 mixing ratio in the free atmosphere is available, the
Fig. 8. Time evolution of the sensitivity of inferred surface flux of CO to initial value of the CO mixing ratio in the free atmosphere for the
Fig. 8. Time evolution of the sensitivity of inferred surface flux of
errors made in the estimation of the CO2 surface flux during
same boundary layers presented in Fig. 3.
CO2 to initial value of the CO2 mixing ratio in the free atmosphere
the afternoon can be very large (Culf et al., 1997).
for the same boundary layers presented in Fig. 3.
Regarding the sensitivity to the morning value of the CO2
−1
mixing ratio, it evolves with (t − t0 ) and it is only important during the morning.
sensitivity increases until approximately midday for the difFor all the the studied variables, the sensitivity of the inferent studied cases because C is not only controlled by the
ferred surface flux to uncertainties in the boundary layer pasurface fluxes, but also by the entrainment fluxes. From midrameters is generally larger compared with the sensitivity of
day, the growth of the boundary layer starts to decrease and
C (compare the scale of the y-axis of Figs. 4 and 7). That is,
the sensitivity decreases again until the end of the simulation.
the inferred flux obtained by inversion modeling techniques
Opposite to what happened in Fig. 5, if the different cases are
is very sensitive to the boundary layer dynamic variables.
compared, from midday the smaller the boundary layer (less
This fact can be explained if the expressions (14)–(16) are
air entering in the boundary layer from the free atmosphere),
compared with expressions (24)–(25). The mixing ratio senthe smaller the sensitivity.
n
sitivities are O(h ), with n < 0 except for ∂C/∂γc , whereas
m
Despite that ∂hw0 c0 |s i/∂h and ∂hw 0 c0 |s i/∂h0 have the
the inferred CO2 surface flux sensitivities are O(h ) with
same dependence with the boundary layer depth and t − t0 ,
m > 0. Moreover, take into account that C can be several or0
0
the
evolution of these sensitivities is different. In the first
ders of magnitude larger than hw c |s i, and consequently the
case,
it also depends on C. For this reason the evolution
same difference applies to the normalization factors.
0 c0 | i/∂h is more complicated, and due to its small
of
∂hw
s
We will focus on the most relevant variables influencing
FA
relative
value
it will not be analyzed in detail. Regarding
the errors made on the retrieval CO2 surface flux: C0 , C0
0 c0 | i/∂h , by analyzing Eq. (21) it can be concluded
∂hw
s
0
and C. The sensitivity of the retrieved CO2 surface flux to
that for the studied cases (C0FA − C0 )  γc (h − h0 ). Conuncertainties in C0 only depends on t −t0 (see Eq. 18). Then,
sequently this sensitivity decreases with time approximately
all the studied cases present the same evolution of this senas (t − t0 )−1 .
sitivity. This sensitivity decreases with time; as the day proThe sensitivity of the retrieved CO2 surface flux to the inigresses the influence of the initial value of the bulk CO2 mixtial CO2 mixing ratio in the free atmosphere, C0FA , is also
ing ratio is smaller.
proportional to h and inversely proportional to t − t0 . HowThe sensitivity of the retrieved CO2 surface flux to uncerever, due to physical reasons this sensitivity should increase
tainties in C varies with the first power of the boundary layer
with the boundary layer growth. Mathematically, this fact is
depth, and is inversely proportional to t − t0 (see Eq. 23).
masked by the negative coefficient multiplying h in Eq. (19),
This sensitivity is the inverse of the one shown in Fig. 5.
which makes that the evolution of ∂hw0 c0 |s i/∂C0FA differs
∂hw0 c0 |s i/∂C decreases during the morning until it reaches
a minimum value because larger integration periods are confrom the evolution of ∂hw0 c0 |s i/∂C. Figure 8 shows the evolution of the sensitivity to the free atmospheric CO2 mixing
sidered and the boundary layer growth is small. In these conratio. At early morning, if the initial inversion strength is
ditions, the bulk CO2 mixing ratio only varies because of the
surface flux. Then, between 08:00 and 10: UTC depending
not too small, the boundary layer hardly grows until approximately 10:00 UTC (see Fig. 3a), and the absolute value of
on the case, the boundary layer starts to grow faster and the
2
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Fig. 9. Same as Fig. 6 for ∂hw 0 c0 |s i/∂C.

Fig. 9. Same as Fig. 6 for ∂hw′ c′ |s i/∂C.

the sensitivity slightly increases. After 10:00 UTC, the rapid
growth of the boundary layer (regime 2 in Fig. 2) yields to
a faster increase with time of the absolute value of this sensitivity; that is, the conditions at the free atmosphere are important to infer the CO2 surface flux. Finally, from midday
when the boundary layer grows very slowly (see Fig. 3a), the
absolute value of the sensitivity decreases again. This result
can appear counterintuitive. The reader can conclude that the
influence of the errors made in the measurement of morning conditions in the free atmosphere should decrease during
the day. However, as it was already mentioned in Sect. 2,
C0FA is not only the morning value of the free atmospheric
CO2 mixing ratio, but affects the whole free atmosphere, and
consequently the whole boundary layer evolution. This fact
can be understood if a case with γc = 0 ppm m−1 is considered. In this case, free atmospheric conditions only depends
on C0FA . Consequently, if the boundary layer growth yields to
large entrainment rates, the free atmospheric conditions have
a larger influence on the uncertainties in the determination of
the CO2 surface flux, and the sensitivity to C0FA is larger.
It is important to study more in detail the influence of
an inexact calculation or measurement of the evolution of
the boundary layer depth on the inferred surface flux. If
the control case (γθ = 3.6 × 10−3 K m−1 ) and the case with
γθ = 10−3 K m−1 are compared (black and red solid lines in
Fig. 3) several conclusions arise:

Atmos. Chem. Phys., 12, 2969–2985, 2012

3. However, if the sensitivity of the inferred surface flux
to uncertainties in the boundary layer depth is considered, ∂hw 0 c0 |s /i∂h (not shown), the error made around
12:00 UTC is δhw0 c0 |s i = δh × ∂hw0 c0 |s /i∂h ≈ 1000 × 2
10−4 = 0.2 ppm m s−1 ; twice the maximum value of the
observed flux at noon. The same analysis can be made,
with similar results, for the other variables. That is,
although errors on the CBL characteristics may have
small influence on the general evolution of C, they produce large errors when the inversion modeling is used
to infer the surface flux because in many cases carbon
dioxide budget can be dominated by entrainment effects. This result was already pointed out by Culf et
al. (1997) but without studying the analytical form of
the sensitivities.
By using the sensitivities of the CO2 mixing ratio and of the
inferred surface flux (see Figs. 4 and 7) and Eq. (13), we extend the analysis for the control case to the contribution of all
the variables to the error of the CO2 mixing ratio and of the
inferred flux by considering hypothetical constant errors of
the different variables, (see the first column of Table 2). We
find that the contribution of some variables to the error on C
can be as large as 16 ppm during the early morning, being
the largest the contributions of h and h0 (not shown). From
noon, when the boundary layer is fully developed the contribution of each error to the CO2 mixing ratio error is smaller
than 2 ppm. Table 2 also shows the absolute and relative contributions of the error of each variable to the total error of C
at 14:00 UTC. The contributions of the errors in h0 , and in
the free atmospheric conditions (γc and C0FA ) are the largest
ones. This emphasizes the fact that in reality the errors in all
the variables can be significant even if their relative sensitivity is small, and vice versa. To illustrate this, we analyze the
contribution of error in C0 to uncertainties in C during the
afternoon. As shown in Fig. 4, C0 is one of the most important variables influencing C evolution. C0 observations can
be quite accurately measured whereas models results might
have large errors due to the complexity in modeling the previous stable boundary layer. Therefore, the modeled C0 can
be under or overestimated with respect the real value. As a
result, and despite the sensitivity of C to C0 is the same (see
expression 6), the observation and model methods produce
different contributions to the error on the CO2 mixing ratio
during the afternoon.
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Table 2. Absolute and relative contributions of the error on each variable to the total error of C or hw 0 c0 |s i at 14:00 UTC assuming hypothetical constant errors of the different analyzed variables. To calculate the values at the third and fourth columns expression (13) is used with
the corresponding value of the sensitivity at 14:00 UTC for the CO2 mixing ratio and the inferred surface flux, respectively.
Variable

Hypothetical error

Contribution to the total error of C

Contribution to the total error of hw 0 c0 |s i

ppm (%)

mg m −2 s−1 (%)

C0

1 ppm

0.109 (2.27)

0.0078 (2.02)

C0FA

1 ppm

0.890 (18.6)

0.063 (16.6)

C

1 ppm

–

0.071 (18.5)

γc

3 10−3 ppm m−1

1.304 (27.2)

0.091 (23.9)

h0

50 m

1.957 (40.8)

0.138 (36.1)

h

50 m

0.273 (5.69)

0.011 (2.88)

hw 0 c0 |s i

0.0186 mg m −2 s−1

0.262 (5.44)

–

Regarding the error in the inferred CO2 surface flux after noon, the main contributors to δhw 0 c0 |s i are h0 , γc , C
and C0FA (see Table 2), that can have values as large as
0.09 mg m−2 s−1 . Note that this value corresponds to half
of the maximum measured CO2 surface flux during the day.
The errors during the whole morning are even larger. During
the afternoon, when the boundary layer growth is minimal,
errors of h and C0 contribute much less to the error of the
inferred CO2 surface flux. This analysis stresses the importance of morning and free atmospheric CO2 conditions are
important to estimate the surface CO2 flux by using inverse
techniques.
While better observing platforms and modeling strategies
are pursued, the simple set of Eqs. (18)–(23) give an analytical framework on how to minimize the impact of errors even
now. Careful selection of the time of day at which the surface flux estimate is made can help. For instance, Eq. (18)
suggests that the impact of errors in the early morning CO2
concentration will be smaller if we had a very low nocturnal
boundary layer (h0 ), and if we sample later in the day (large
t − t0 ). In contrast, Eq. (23) suggests that surface flux estimation due to errors in observed CO2 mixing ratios will also
be smallest if we integrate over a longer time, but also while
the CBL depth is low. This fact can be observed in Fig. 9,
that shows the sensitivity of the inferred CO2 surface fluxes
to the bulk CO2 mixing ratio (∂hw 0 c0 |s i/∂C, contours) and
the boundary layer depth (h, red solid lines) both averaged
between 12:00 and 14:00 UTC for all the studied values of
1θ0 and γθ . Take into account that the integration period
starts at 06:00 UTC. The smallest sensitivities are found for
large γθ and 1θ0 , the conditions which produce the smallest
boundary layer growth (see Fig. 3). By assessing each term
in Eqs. (18)–(23) under given conditions one could make an
informed decision on which time of day to use in the integration. Such an assessment could be made from the model output of a global or mesoscale model that includes CO2 transport, and then be used to inform an inverse estimate.
www.atmos-chem-phys.net/12/2969/2012/

Taking into account that for ∂hw0 c0 |s i/∂C0FA and
∂hw0 c0 |s i∂h0 between 12:00 and 14:00 UTC the larger the
boundary layer depth the larger the absolute value of the sensitivity, Fig. 9 can be also used to qualitatively describe these
sensitivities at this time of the day. The sensitivity of the
inferred CO2 surface flux to uncertainties in γc has also a
positive dependence with the boundary layer depth but in a
quadratic form (see Eq. 20).
The averaged sensitivity of the inferred CO2 surface flux
to uncertainties in h has a more complex behavior. Due to the
dependence of the sensitivity on C and h (see Eq. 22), there
is a minimum in the sensitivity averaged between 12:00 and
14:00 UTC that depends on the relation C −γc h (not shown).
For the values of C0FA , γc and h0 considered here the minimum is at 1θ0 = 0.2 K and γθ = 0.0028 K m−1 .

5

Conclusions and outlook to inverse modeling

Based on mixed-layer theory, we have derived analytical expressions to quantify the dependence of the key components
of CO2 budget on boundary layer dynamics. Boundary layer
depth is the main variable controlling the diurnal evolution of
the CO2 mixing ratio. We have quantified the uncertainties in
the calculations of the CO2 mixing ratio and inferred surface
flux as a function of the boundary layer depth. We have further extended the study to boundary layer depth driven variables like the inversion strength and the stratification conditions in the free atmosphere.
The diurnal evolution of the carbon dioxide mixing ratio
has been studied by using observations and mixed-layer theory during a convective day with low winds. The mixed layer
model satisfactorily reproduces the observed diurnal evolution of the boundary layer depth, potential temperature and
CO2 mixing ratio.
The normalization of the sensitivities has been used to
study the relative importance of the boundary layer variables
Atmos. Chem. Phys., 12, 2969–2985, 2012
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on the CO2 budget. Regarding the uncertainties in the calcuγ
lation of the CO2 mixing ratio at midday, these are due 80 %
c
to the uncertainties in the morning CO2 mixing ratio in the
free atmosphere and 15 % in the mixed layer. The sensitivity
∆C
to the other studied variables (γc , h0 , h, w0 c0 |s ) is one order
of magnitude lower. The inferred CO2 surface flux is mainly
h
sensitive to the same variables, and to the actual value of the
CO2 mixing ratio. Therefore, this study shows that reliable
information about the CO2 mixing ratio not only near the surface but also in the free atmosphere is needed to reduce the
FA
error in the calculation of the inferred CO2 surface flux.
C
C
Regarding the temporal evolution of the sensitivities, it has
z
been shown that most of the sensitivities of the CO2 mixing
ratio and the inferred surface flux can be qualitatively described by the evolution of the CO2 bulk mixing ratio or of
the boundary layer depth and the integration period. Only the
0
w’c’|s
sensitivity of the inferred CO2 surface flux to the CO2 gradi2
ent in the free atmosphere evolves with h , and the sensitivity
Fig. 10. Schematic representations of the vertical profiles of (left) the CO mixing ratio and (right) the CO flux of a convective boundary
Fig.
10.hereSchematic
representations
of the inferred CO2 surface flux to the boundary layer depth
layer as the one
studied
in a zeroth-order jump
mixed layer model. of the vertical profiles of (left)
the CO2 mixing ratio and (right) the CO2 flux of a convective
has a dependence on h but also on C. Its evolution from midboundary layer as the one studied here in a zeroth-order jump mixed
day depends on the balance between the evolution of the bulk
layer model.
mixing ratio, C, and γc h (see Eq. 22). In general, the different regimes (early morning, growth, and afternoon) of the
boundary layer growth, that depends on the initial inversion
the mixed layer equations cannot be just integrated over long
strength and the evolution of the surface fluxes, combined
time periods. The importance of different processes on the
with the integration period explain the evolution of all the
CO2 evolution is expected to significantly change at longer
studied sensitivities.
time scales. Williams et al. (2011) showed that on long
The studied day was well characterized and analyzed in
time scales (one to three months) the storage and entrainprevious research and because of its low advection rates, and
ment terms of the CO2 budget become increasingly insignifhigh entrainment flux relative to the surface flux. This raises
icant
compared to the surface flux and advection. Due to this
the question to what extent we can generalize our findings to
reason
entrainment or storage are sometimes neglected when
other locations and times. One can assume that the ratio of
longer
time scales are of interest (Bakwin et al., 2004; Helentrainment to surface flux contribution to CO2 mixing ratios
liker
et
al., 2008). This approximation is commonly referred
is important because with a high ratio, a small relative error
as
an
equilibrium
approximation. On shorter time scales a
in entrainment will lead to large changes in CO2 mixing ranon-equilibrium
approximation
is sometimes used which netios and subsequently to large relative surface flux estimation
glects
the
advection
terms
(Yi
et
al., 2004). Short term and
errors if the inverse method is applied. However, by looking
long
term
behavior
are
thus
quite
opposite
which emphasizes
at the Eqs. (18)–(23) it can be concluded that the absolute
that
it
is
not
appropriate
to
simply
apply
the diurnal analyerror in estimated surface flux does not depend explicitly on
sis
to
longer
time
scales.
The
analysis
presented
here can
the entrainment or surface fluxes themselves. The equations
however be used to make better estimations about the applithat quantify the surface flux errors are therefore equally
cability of nonequilibrium approximation during the day that
valid over all mixed-layer characteristics whether they repis investigated.
resent croplands in summer or shrubs in winter, as long as
2

the mixed-layer equations are applicable. This fact allow us
to apply this study to other typical convective days with low
advection regimes. In a future work, where advection will be
considered, other days with higher CO2 advection regimes
will be analyzed.
When using inverse long-range tracer transport models,
CO2 mixing ratios and estimations of the inferred CO2 surface fluxes are usually averaged over monthly, seasonal or
annual time scales. One major drawbacks of the analysis presented here is that it only accounts for daytime evolution of
the boundary layer. Mixed layer models cannot describe stable boundary layers occurring during the night and therefore,
Atmos. Chem. Phys., 12, 2969–2985, 2012
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Appendix A
Derivation of the classical mixed layer equation
From Eq. (1), an equivalent formulation of the zeroth-order
classical mixed-layer theory (Tennekes, 1973; Tennekes and
Driedonks, 1981) can be derived. The derivation of this equation reads:
h

∂h
∂h
∂C
+C
= w 0 c0 |s + C FA ,
∂t
∂t
∂t

(A1)
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that can be written as:


∂h
∂C 1
w 0 c0 |s + 1C
,
=
∂t
h
∂t

(A2)

where 1C = C FA − C. This is a more widely used form in
mixed-layer theory. Typical diurnal vertical profiles of the
CO2 mixing ratio (left) and vertical flux (right) are sketched
in Fig. 10. In this figure, the CO2 mixing ratio (left) is constant in the mixed layer and larger than C FA just above the
inversion. The CO2 mixing ratio in the FA usually decreases
or is constant with height (γc . 0). On the right, the normal
conditions during the day are represented, negative surface
and positive entrainment CO2 fluxes, both reducing the CO2
mixing ratio in the boundary layer.
Both approaches, by using the integral equation and the
more widely form of the mixed-layer theory, require to solve
an equation for h that depends on the surface heat fluxes and
the dynamic factors of the boundary layer. That is on the
heat/moisture budget (van Heerwaarden et al., 2010). However, the main difference with the classical mixed-layer theory is that in this case the only variables needed to calculate the bulk CO2 mixing ratio are the CO2 surface flux and
the integration boundary. The latter is driven by the surface
heat fluxes in a mixed-layer model. Moreover, as long as the
free atmosphere is an infinite reservoir, the possible mixing
within the mixing-layer is irrelevant, because it would occur
within the integral limits. That is, in addition of the surface
flux the only variable to take into account is the growth of the
boundary layer because from this, the amount of CO2 coming from the free atmosphere and introduced in the mixed
layer can be calculated. In our research this boundary layer
depth is calculated by using mixed-layer theory (Tennekes
and Driedonks, 1981; Pino et al., 2006).
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Górska, M., Vil-Guerau de Arellano, J., LeMone M. A., and van
Heerwaarden, C. C.: Mean and Flux Horizontal variability of
virtual potential temperature, moisture, and carbon dioxide: Aircraft observations and LES study, Mon. Weather Rev., 136, 44354451, doi:10.1175/2008MWR2230.1, 2008.
Helliker, B. R., Berry, J. A., Betts, A. K., Bakwin, P. S., Davis,
K. J., Denning, A. S., Ehleringer, J. R., Miller, J. B., Butler, M
P., Ricciuto, D. M.: Estimates of net CO2 flux by application
of equilibrium boundary layer concepts to CO2 and water vapor
measurements from a tall tower, J. Geophys. Res., 109, D20106,
doi:10.1029/2004JD004532, 2004.
Huang, J., Lee, X, and Patton, E. G.: Entrainment and budgets of
heat, water vapor, and carbon dioxide in a convective boundary layer driven by time-varying forcing, J. Geophys. Res., 116,
D06308, doi:10.1029/2010JD014938, 2011.
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, 1992.
Keppel-Aleks, G., Wennberg, P. O., Washenfelder, R. A., Wunch,
D., Schneider, T., Toon, G. C., Andres, R. J., Blavier, J.-F., Connor, B., Davis, K. J., Desai, A. R., Messerschmidt, J., Notholt,
J., Roehl, C. M., Sherlock, V., Stephens, B. B., Vay, S. A., and
Wofsy, S. C.: The imprint of surface fluxes and transport on variations in total column carbon dioxide, Biogeosciences, 9, 875–
891, doi:10.5194/bg-9-875-2012, 2012.
Kim, J. and Verma, S. B.: Carbon dioxide exchange in a temperate grassland ecosystem, Bound.-Lay. Meteorol., 52, 135–149,
1990.
Lemone, M., Grossman, R., McMillen, R., Liou, K., Ou, S., Mckeen, S., Angevine, W., Ikeda, K., and Chen, F.: Cases-97: Latemorning warming and moistening of the convective boundary
layer over the Walnut River watershed, Bound.-Lay. Meteorol.,
104, 1–52, 2002.
Lilly, D. K.: Models of cloud-topped mixed layer under a strong
inversion, Quart. J. Roy. Meteor. Soc., 94, 292–309, 1968.
Lloyd, J. and Taylor, J. A.: On the temperature dependence of soil
respiration, Functional Ecol., 8, 315–323, 1994.
McGrath-Spangler, E. and Denning S.: Impact of entrainment from
overshooting thermals on land-atmosphere interactions during
summer 1999, Tellus B, 62, 441–454, 2010.
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