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Global transport models are used in a wide array of applications that range from short time scales 

(air-quality predictions) to much longer ones (greenhouse gas budgets). It has been shown 

repeatedly that the ability of these models to simulate transport across these time scales varies: 

most do poorly on diurnal time scales because night-time stable boundary layer conditions are 

poorly captured, all do really well on synoptic time scales because reanalyzed meteorological fields 

are used as driver data, and at seasonal to interannual time scales performance varies strongly for 

reasons that are not well understood. Stephens et al., (2007) for instance showed that models 

predict very different vertical gradients between the surface and 4 km altitude, likely because of 

different dry and wet convective exchange. Vila et al. (2004), and Pino et al., (2012) point strongly to 

entrainment and boundary layer growth as dominant controls on CO2 mixing ratios under 

convective conditions. But recent analyses from Williams et al. (2012), Sinclair et al (2010), and 

Parazoo et al., (2011) suggest that exchange of trace gases is dominated by synoptic systems and 

their ability to vent the PBL in large 5-10 day sweeps. In that light, it is interesting to note that even 

within one modeling framework (TM5 in this case) the large scale transport properties can vary 

strongly depending on which (mainly vertical) driver data is used from its parent ECMWF model. 

Together, these diverse studies raise the question: which scale is important to capture in transport 

models when one wants to investigate regional CO2 budgets? 

In the presentation, two examples are given of carbon-water-energy exchange on relatively short 

time scales. One is crop-atmosphere interactions on hourly time scales, and the other one is 

interactions between the atmospheric PBL development and the CO2 budget on diurnal scales. Both 

studies share a simple but powerful diagnostic tool, the mixed-layer model of the atmosphere. And 

in both studies, we pay special attention to the coupling points between the carbon-water-energy 

systems, given by the simulated stomatal resistance and the PBL height. 

In our first example we demonstrate that the crop model is an excellent tool so simulate the 

progression of carbon and water exchange along the seasonal growth curve of the plant. However, it 

falls short on simulating the energy budget that goes along with that exchange, producing negative 

sensible heat fluxes on many days. The reason is that the simulated crop nearly always operates at 

full potential evaporation, taking energy from the atmosphere if needed to continue carbon uptake. 

In the crop model, this normally does not affect the atmosphere because it is a prescribed reservoir 

(from observations). But in a coupled mode with the mixed-layer providing dynamic top boundary 

conditions, this obviously would lead to a rapid cooling of the lower atmosphere blocking vertical 

trace gas exchange even on a sunny day. While stomatal resistance, net ecosystem exchange, crop 

growth, water-use efficiency, and latent heat are thus all reasonable for this crop growth model, it 

would fail completely to predict the observed PBL height, stressing the need to simultaneously 

assess vegetation dynamics and atmospheric dynamics. 

Similarly, our second example shows a straightforward method to estimate errors in daytime 

simulated CO2 (or inversely, the CO2 surface flux) as a function of errors in dynamical variables in 

the mixed-layer. These errors were estimated based on a suite of simulations with the WRF-CHEM 

transport model using three popular parameterizations for vertical mixing near the surface (YSU, 



MYJ, MYNN2.5), and two different CO2 surface flux implementations (SIBCASA, A-Gs). By selecting a 

set of >100 mixed-layer days/locations over Europe for the month of June, these errors were 

categorized and shown to be potentially very large: errors in the early morning PBL height (setting 

the mixing volume for night-time CO2) can lead to errors of 0.5 to 5.0 ppm during the day (0.75 ppm 

median), while a misrepresentation of the CO2 abundance above the PBL height (the concentration 

to be entrained) is in the same order of magnitude. Typical errors in the simulation of the PBL height 

itself (estimated to be a median of 260 meters) cause typical errors in estimated fluxes of 20% or 

more. This is not just an effect of the depth of the mixing volume, but also because different PBL 

growth rates introduce different amounts of free tropospheric CO2 into the PBL, and further affect 

surface dynamics by increasing evaporative demand (dry air is entrained). 

These examples together demonstrate the important coupling between numerical weather 

prediction (NWP) and the CO2 budget. Not only would CO2 modeling profit from having the best 

atmospheric (vertical) transport available, but also an estimate of the NWP errors (for instance from 

an ensemble of surface-atmosphere exchange couplings) can help to improve estimates of CO2 

fluxes. Finally, better understanding of surface exchange of CO2 also directly benefits the surface 

water and energy balance through the coupling points identified in the presentation (stomatal 

resistance and PBL height), and thus help to improve weather forecasts. This conclusion underlies 

some of the recommendations made in the workshop that followed. 
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CHAPTER 6. GLOBAL SF6: PROBLEMS AND APPROACH 34

has a value smaller than 0.95. Only in regions where C(l, l) = 1 (no convection
occurs), the reduction with ↵ < 1 is e↵ective. It is precisely in those regions that we
do not wish to enhance horizontal transport, and we consider the method unsuitable
for our purpose.

Besides, further reduction of the slopes is doubtful, since this would negate the
function of the slopes numerical scheme with its ability to capture gradients within
grid boxes (especially important in emission regions, where strong spatial gradients
occur). We consider returning to the upwind scheme as undesirable, and hence reject
the enhancement of horizontal transport via a slopes reduction factor.

3.2 Explicitly parameterized di↵usion

Since we consider the previous method unsuitable, we implement another approach
in the convection routine, that is largely analogous to the one of Prather et al. (1987).
The theory behind the parameterization starts with large updraft movements that oc-
cur in strong convective areas, and often cause the formation of clouds. The updrafts
are balanced by downdraft movements to maintain a mass balance, but also at the
edge of the clouds, turbulent transport of air takes place. When air is mixed into the
cloud, this is called ’entrainment’. On the contrary, ‘detrainment’ is associated with
air that moves from the interior of the cloud to the surrounding air. An illustration
of this process is provided in Figure 6.3.

Figure 6.3: Updraft and downdraft movements in a deep convective cell. Entrainment
and detrainment of air occur at the cloud edge. The figure is adjusted from the website
of the Center for Multiscale Modeling of Atmospheric Processes (2013).

In this research we aim to enhance horizontal transport of tracer in regions with
strong convective motions as in Figure 6.3. We assume that the entrainment and
detrainment fluxes in a grid box are a good proxy for the strength of such motions,
and we use them to determine a di↵usion coe�cient K - not to be confused with the
Kalman gain matrix as explained in Chapter 2. Later on, this coe�cient is used to
parameterize horizontal transport as a di↵use process. We obtain K

i,j,l

by summing
the entrainment and detrainment fluxes in layer l in grid box i, j, scaling it with the

Observations
TM5 original
TM5 adjusted slopes
TM5 optimized annual δ
TM5 optimized seasonal δ

RMSD [ppt]
0.076
0.045
0.024
0.020

SF6 North-South gradient in TM5



CO2 gradients in transport models



F = S + E + V + H

F = surface flux
S = storage

E = entrainment
V = vertical advection

H = horizontal advection

What controls the exchange of  CO2 (and other 
gases) across the top of  the planetary 
boundary layer height?

(E
+

S)
/F



F = S + E + V + H

F = surface flux
S = storage

E = entrainment
V = vertical advection

H = horizontal advection

What controls the exchange of  CO2 (and other 
gases) across the top of  the planetary 
boundary layer height?

(E
+
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Large-scale (synoptic) control on CO2 exchange!

What controls the exchange of  CO2 (and other 
gases) across the top of  the planetary 
boundary layer height?



Large-scale (synoptic) control on CO2 exchange!

...but small scales control near surface CO2 variations

What controls the exchange of  CO2 (and other 
gases) across the top of  the planetary 
boundary layer height?



Two examples, two scales

(1) Crop-Atmosphere interactions

(2) Mixed-layer modeling of  CO2 errors

The boundary layer and biosphere form one 
dynamic system with two main coupling points

These coupling points can be a key diagnostic 
for simulations of the carbon balance



Mixed-layer modeling

C = CO2 mole fraction
h = PBL height
w’c’ = CO2 surface flux
FA = Free Atmosphere
t= time
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The rate of boundary layer growth and the surface flux are the main factors influencing the 
CO2 mixing ratio in the boundary layer. The CO2 budget equation of this framework is: 

𝜕(𝐶ℎ)
𝜕𝑡 = 𝑤𝑐𝑜2തതതതതതത|௦ + 𝐶௙௔ 𝜕(ℎ − ℎ଴)

𝜕𝑡     ,                                                                                                                                                                                                (7) 

where C and Cfa are the CO2 mixing ratios in the boundary layer and free atmosphere 
respectively; h0 and h are the initial and instantaneous boundary layer height; 𝑤𝑐𝑜ଶതതതതതതത|௦ is the 
CO2 flux at the surface. The Cfa 

 is expressed as: 

𝐶௙௔ = 𝐶଴
௙௔ + 𝛾௖௢మ(ℎ − ℎ଴)  ,                                                                                                                                                                                                                              (8) 

where 𝐶଴
௙௔ is the CO2 mixing ratio just above the entrainment zone when h is equal h0;  𝛾௖௢ଶ is 

the CO2 gradient in the free atmosphere. Thus,  𝐶௙௔  is related to boundary layer growth, 
which is also shown in figure 1 a.  

The evolution of the CO2 mixing ratio after integration of equation (1) is :  

𝐶 = 𝐶଴
ℎ଴
ℎ + 𝐶଴

௙௔ ቀ1 − ௛బ
௛ ቁ +

ఊ೎೚మ
ଶ௛ (ℎ − ℎ଴)ଶ +

𝑡 − 𝑡଴
ℎ < 𝑤𝑐𝑜2|തതതതതതതത௦ > ,                                                                                         (9) 

where  < 𝑤𝑐𝑜ଶ|തതതതതതതത௦ > is the mean surface flux over the integration period; t0 and t are the initial 
and final time. PINO pointed that the third term on the right-hand side is two orders of 
magnitude smaller than the first two terms in conditions of typical mid-latitude summer. Thus, 
the other three terms show that the CO2 mixing ratio inversely depends on the boundary layer 
height. 

After taking the partial derivatives of equation (9), PINO derived the dependence of the CO2 

mixing ratio on 6 key variables concerning the boundary layer height and CO2 (h0,h,C0, 
C଴୤ୟ,γେ୓ଶ and< 𝑤𝑐𝑜ଶ|തതതതതതതത௦ >): 

𝜕𝐶
𝜕𝐶଴

=
ℎ଴
ℎ   ,                                                                                                                                                                                                                                                                                          (10) 

𝜕𝐶
𝜕𝐶଴

௙௔ = 1 − ௛బ
௛   ,                                                                                                                                                                                                                                                                      (11) 

డ஼
డఊ೎೚మ

= (௛ି௛బ)మ

ଶ௛
  ,                                                                                                                                                                                                                                                                      (12)     

𝜕𝐶
𝜕ℎ଴

= −𝛾௖௢ଶ +
1
ℎ ൣ𝛾௖௢ଶℎ଴ + 𝐶଴ − 𝐶଴

௙௔൧,                                                                                                                                                                                (13) 

𝜕𝐶
𝜕ℎ =

𝛾௖௢ଶ
2 +

1
ℎଶ [ℎ଴൫𝐶଴

௙௔ − 𝐶଴൯ −
𝛾௖௢ଶℎ଴ଶ

2 − (𝑡 − 𝑡଴)   < 𝑤𝑐𝑜2|തതതതതതതത௦ > ,                                                                           (14)   



Mixed-layer modeling

- 7 - 
 

Table 1. The initial value and prescribed value for the MXL model based on 25 September 
given by D.Pino et al. (2012)  

 

 

Figure 3. The observations (symbols) and simulation (blue solid line) by the MXL model 
of boundary layer height (a), potential temperature (b) and co2 mixing ratio(c). 

 

As we know, the boundary layer growth depends on the sensible and latent heat fluxes which 
are related to potential temperature and specific humidity respectively. Then we use the MXL 

Property Value 
Boundary layer properties 

Boundary layer height (h0) 120 m 
Large scale subsidence velocity(ws) 0 m/s 

Heat 
Entrainment to surface sensible heat flux ratio 𝜷 0.3 
Potential temperature (𝜽) 284.5 K 
Potential temperature jump( ∆𝜽) 3.5 K 
Surface heat flux (𝒘ᇱ𝜽ᇱ)𝒔തതതതതതതതതതതതതതതതതതതത (07:30-15:00UTC) 0.08sin  (గ(௧ିହସ଴଴)

ଶ଻଴଴଴
)K m/s 

Lapse rate (𝜸𝜽) h<950m                  0.0036 K/m 
h>950                        0.015 K/m 

Moisture 

Specific humidity (<q>0) 4.3 g/kg 
Specific humidity jump( ∆𝒒𝟎) -0.8 g/kg 
Surface moisture flux (𝒘′𝒒′)𝒔തതതതതതതതതത 0.087sin  ( గ௧

ସଷଶ଴଴
)g/kg 

Humidity gradient (𝜸𝒒) -0.0015 (g/kg)/m 
Carbon dioxide 

CO2 concentration (<CO2>) 415 ppm 
CO2 concentration jump(∆𝑪𝑶𝟐) -40 ppm 
Surface CO2 flux(𝒘ᇱ𝑪𝑶𝟐ᇱ)𝒔തതതതതതതതതതതതതത  (08:00-15:30 UTC) −0.1  sin  (గ(௧ି଻ଶ଴଴)

ଶ଻଴଴଴
) ppm m/s 

CO2 concentration gradient (𝜸𝒄𝒐𝟐) -0.003 ppm/m 



Mixed-layer modeling

C = CO2 mole fraction
C0 = morning CO2 mole fraction
h = PBL height
h0 = morning PBL height
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where 𝐶଴
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the other three terms show that the CO2 mixing ratio inversely depends on the boundary layer 
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𝜕𝐶଴
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ℎ଴
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𝜕𝐶
𝜕𝐶଴

௙௔ = 1 − ௛బ
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డ஼
డఊ೎೚మ

= (௛ି௛బ)మ
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𝜕𝐶
𝜕ℎ଴

= −𝛾௖௢ଶ +
1
ℎ ൣ𝛾௖௢ଶℎ଴ + 𝐶଴ − 𝐶଴

௙௔൧,                                                                                                                                                                                (13) 

𝜕𝐶
𝜕ℎ =

𝛾௖௢ଶ
2 +

1
ℎଶ [ℎ଴൫𝐶଴

௙௔ − 𝐶଴൯ −
𝛾௖௢ଶℎ଴ଶ
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𝜕𝐶
𝜕 < 𝑤𝑐𝑜2|തതതതതതതത௦ >

=
𝑡 − 𝑡଴
ℎ .                                                                                                                                                                                                                                        (15) 

By assuming that the errors of those variables are small and that h does not depend on h0, the 
sensitivities of CO2 on these variables linearly depends on the error of the CO2 mixing ratio: 

𝛿𝐶 = ቚడ஼
డథ
ቚ ∙ |𝛿𝜙|,                                                                                                                                                                                                                                                                    (16)            

where 𝜙  is   ℎ଴,  ℎ, 𝐶଴, 𝐶଴ி஺, 𝛾௖௢ଶ,  < 𝑤𝑐𝑜2|௦തതതതതതതതത >.   To propagate errors of CO2 mixing ratio 
caused by these variables, the correlations of these variables need to be considered (Ku, 1966). 
The errors cannot be added up together as they are not independent variables. In our study, we 
only consider the contribution of individual CO2-variables not the total errors of CO2 mixing 
ratio, so we do not calculate the total errors caused by all these boundary layer variables. 

Equation (9) is also used to infer the surface as a function of the boundary layer variables: 

< 𝑤𝑐𝑜2|തതതതതതതത௦ >  =
ଵ

௧ି௧బ
ቂ𝐶ℎ − 𝐶଴ℎ଴ − 𝐶଴

௙௔(ℎ − ℎ଴) −
ఊ೎೚మ
ଶ
(ℎ − ℎ଴)ଶቃ.                                                                                (17)          

The sensitivities of the inferred surface flux on the boundary layer height and CO2 related 
variables are derived from equation (17). The expressions are: 

డழ௪௖௢ଶ|തതതതതതതതതೞவ
డ஼బ

= ି௛బ
௧ି௧బ

,                                                                                                                                                                                                                                                                (18)  

𝜕 < 𝑤𝑐𝑜2|തതതതതതതത௦ >
𝜕𝐶଴

௙௔ =
ℎ଴ − ℎ
𝑡 − 𝑡଴

,                                                                                                                                                                                                                                  (19) 

𝜕 < 𝑤𝑐𝑜2|തതതതതതതത௦ >
𝜕𝛾௖௢ଶ

= −
(ℎ − ℎ଴)ଶ

2(𝑡 − 𝑡଴)
,                                                                                                                                                                                                                (20) 

డழ௪௖௢ଶ|തതതതതതതതതೞவ
డ௛బ

= ଵ
௧ି௧బ

[𝐶଴
௙௔ − 𝐶଴ + 𝛾௖௢ଶ(ℎ − ℎ଴)],                                                                                                                                                              (21)  

𝜕 < 𝑤𝑐𝑜2|തതതതതതതത௦ >
𝜕ℎ =

1
𝑡 − 𝑡଴

[𝐶 − 𝐶଴
௙௔ − 𝛾௖௢ଶ(ℎ − ℎ଴)],                                                                                                                                      (22) 

𝜕 < 𝑤𝑐𝑜2|തതതതതതതത௦ >
𝜕𝐶 =

ℎ
𝑡 − 𝑡଴

.                                                                                                                                                                                                                                  (23) 

The expression calculating the error of the inferred surface flux caused by each variable is 
similar to equation (16):  

  
𝛿 < 𝑤𝑐𝑜2|௦തതതതതതതതത >= ቚడழ௪௖௢ଶ|ೞ

തതതതതതതതതതவ
డథ

ቚ ∙ |𝛿𝜙|,           .                                                                                                                                                                            (24)              
where  𝜙 is  ℎ଴,  ℎ, 𝐶଴, 𝐶, 𝐶଴ி஺, 𝛾௖௢ଶ. 

<w’c’ >= mean CO2 surface flux
FA = Free Atmosphere
𝛄 = lapse rate CO2



(1) Crop-Atmosphere interactions

3 Results

Intercomparison of 2 (3?) models which are able to simulate cropland surface fluxes. GECROS
stand-alone [might be left out?], MXL-GECROS and MXL-AGs. We will compare behaviors of
these three models on the atmosphere and vegetation sides, and see their fit to observations in
order to validate them for the study of the cropland-atmosphere system. Then, in the sensitivity
analysis, we will explore the interactions and feedbacks of the system.

3.1 proofing MXL-GECROS and MXL-AGs as couplings

3.1.1 Seasonal development of the maize crop

Figure 2: Seasonal crop growth of our maize.
PAI is the plant area index, a proxy of LAI. TDM is the total dry matter, and CRH is the crop height.
The vertical continuous line is our coupling date, DOY 216, i.e. the 4th of August 2007. Figure 2 is
there to show GECROS can reproduce the yield and developmental observations on the seasonal scale.
Except the last part of the PAI. This is the advantage that GECROS has over MXL-AGs: it is able to
simulate its own phenology.
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Figure 3: Seasonal surfaces fluxes of the maize site.
Qnet is the net absorbed radiation at the surface. LE is the latent heat or evapotranspiration flux in
W.m�2. SH is the sensible heat flux. NEE is the net ecosystem exchange. The vertical continuous line
is our coupling date, DOY 216, i.e. the 4th of August 2007. With this figure, we show that GECROS
is able to reproduce LE until grain filling stage starts (DOY=?). NEE is slightly overestimated until
grain filling stage (not strange: crop model is supposed to get the yield=NPP right. This might show
a problem of soil respiration?). Afterwards these two variables seem underestimated: we relate this to
the sudden decrease of LAI at DOY 240 (see figure 2). No leaves = no fluxes. In addition, there is a
systematic underestimation of Qnet and SH. nb: check the values of MXL-GECROS.

3.1.2 Energy input on the 4th of August 2007

Here I shall explain the MXL-GECROS pb with Qnet with its di↵erent components: SWin-SWout,
LWin-LWout. I should also state that Qnet for MXL-AGS is quite accurate. We will state that
for MXL-GECROS, Qnet* = Qnet-G is underestimated by at least 100-150 W.m-2.
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The rate of boundary layer growth and the surface flux are the main factors influencing the 
CO2 mixing ratio in the boundary layer. The CO2 budget equation of this framework is: 

𝜕(𝐶ℎ)
𝜕𝑡 = 𝑤𝑐𝑜2തതതതതതത|௦ + 𝐶௙௔ 𝜕(ℎ − ℎ଴)

𝜕𝑡     ,                                                                                                                                                                                                (7) 

where C and Cfa are the CO2 mixing ratios in the boundary layer and free atmosphere 
respectively; h0 and h are the initial and instantaneous boundary layer height; 𝑤𝑐𝑜ଶതതതതതതത|௦ is the 
CO2 flux at the surface. The Cfa 

 is expressed as: 

𝐶௙௔ = 𝐶଴
௙௔ + 𝛾௖௢మ(ℎ − ℎ଴)  ,                                                                                                                                                                                                                              (8) 

where 𝐶଴
௙௔ is the CO2 mixing ratio just above the entrainment zone when h is equal h0;  𝛾௖௢ଶ is 

the CO2 gradient in the free atmosphere. Thus,  𝐶௙௔  is related to boundary layer growth, 
which is also shown in figure 1 a.  

The evolution of the CO2 mixing ratio after integration of equation (1) is :  

𝐶 = 𝐶଴
ℎ଴
ℎ + 𝐶଴

௙௔ ቀ1 − ௛బ
௛ ቁ +

ఊ೎೚మ
ଶ௛ (ℎ − ℎ଴)ଶ +

𝑡 − 𝑡଴
ℎ < 𝑤𝑐𝑜2|തതതതതതതത௦ > ,                                                                                         (9) 

where  < 𝑤𝑐𝑜ଶ|തതതതതതതത௦ > is the mean surface flux over the integration period; t0 and t are the initial 
and final time. PINO pointed that the third term on the right-hand side is two orders of 
magnitude smaller than the first two terms in conditions of typical mid-latitude summer. Thus, 
the other three terms show that the CO2 mixing ratio inversely depends on the boundary layer 
height. 

After taking the partial derivatives of equation (9), PINO derived the dependence of the CO2 

mixing ratio on 6 key variables concerning the boundary layer height and CO2 (h0,h,C0, 
C଴୤ୟ,γେ୓ଶ and< 𝑤𝑐𝑜ଶ|തതതതതതതത௦ >): 

𝜕𝐶
𝜕𝐶଴

=
ℎ଴
ℎ   ,                                                                                                                                                                                                                                                                                          (10) 

𝜕𝐶
𝜕𝐶଴

௙௔ = 1 − ௛బ
௛   ,                                                                                                                                                                                                                                                                      (11) 

డ஼
డఊ೎೚మ

= (௛ି௛బ)మ

ଶ௛
  ,                                                                                                                                                                                                                                                                      (12)     

𝜕𝐶
𝜕ℎ଴

= −𝛾௖௢ଶ +
1
ℎ ൣ𝛾௖௢ଶℎ଴ + 𝐶଴ − 𝐶଴

௙௔൧,                                                                                                                                                                                (13) 

𝜕𝐶
𝜕ℎ =

𝛾௖௢ଶ
2 +

1
ℎଶ [ℎ଴൫𝐶଴

௙௔ − 𝐶଴൯ −
𝛾௖௢ଶℎ଴ଶ

2 − (𝑡 − 𝑡଴)   < 𝑤𝑐𝑜2|തതതതതതതത௦ > ,                                                                           (14)   
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𝜕𝐶
𝜕 < 𝑤𝑐𝑜2|തതതതതതതത௦ >

=
𝑡 − 𝑡଴
ℎ .                                                                                                                                                                                                                                        (15) 

By assuming that the errors of those variables are small and that h does not depend on h0, the 
sensitivities of CO2 on these variables linearly depends on the error of the CO2 mixing ratio: 

𝛿𝐶 = ቚడ஼
డథ
ቚ ∙ |𝛿𝜙|,                                                                                                                                                                                                                                                                    (16)            

where 𝜙  is   ℎ଴,  ℎ, 𝐶଴, 𝐶଴ி஺, 𝛾௖௢ଶ,  < 𝑤𝑐𝑜2|௦തതതതതതതതത >.   To propagate errors of CO2 mixing ratio 
caused by these variables, the correlations of these variables need to be considered (Ku, 1966). 
The errors cannot be added up together as they are not independent variables. In our study, we 
only consider the contribution of individual CO2-variables not the total errors of CO2 mixing 
ratio, so we do not calculate the total errors caused by all these boundary layer variables. 

Equation (9) is also used to infer the surface as a function of the boundary layer variables: 

< 𝑤𝑐𝑜2|തതതതതതതത௦ >  =
ଵ

௧ି௧బ
ቂ𝐶ℎ − 𝐶଴ℎ଴ − 𝐶଴

௙௔(ℎ − ℎ଴) −
ఊ೎೚మ
ଶ
(ℎ − ℎ଴)ଶቃ.                                                                                (17)          

The sensitivities of the inferred surface flux on the boundary layer height and CO2 related 
variables are derived from equation (17). The expressions are: 

డழ௪௖௢ଶ|തതതതതതതതതೞவ
డ஼బ

= ି௛బ
௧ି௧బ

,                                                                                                                                                                                                                                                                (18)  

𝜕 < 𝑤𝑐𝑜2|തതതതതതതത௦ >
𝜕𝐶଴

௙௔ =
ℎ଴ − ℎ
𝑡 − 𝑡଴

,                                                                                                                                                                                                                                  (19) 

𝜕 < 𝑤𝑐𝑜2|തതതതതതതത௦ >
𝜕𝛾௖௢ଶ

= −
(ℎ − ℎ଴)ଶ

2(𝑡 − 𝑡଴)
,                                                                                                                                                                                                                (20) 

డழ௪௖௢ଶ|തതതതതതതതതೞவ
డ௛బ

= ଵ
௧ି௧బ

[𝐶଴
௙௔ − 𝐶଴ + 𝛾௖௢ଶ(ℎ − ℎ଴)],                                                                                                                                                              (21)  

𝜕 < 𝑤𝑐𝑜2|തതതതതതതത௦ >
𝜕ℎ =

1
𝑡 − 𝑡଴

[𝐶 − 𝐶଴
௙௔ − 𝛾௖௢ଶ(ℎ − ℎ଴)],                                                                                                                                      (22) 

𝜕 < 𝑤𝑐𝑜2|തതതതതതതത௦ >
𝜕𝐶 =

ℎ
𝑡 − 𝑡଴

.                                                                                                                                                                                                                                  (23) 

The expression calculating the error of the inferred surface flux caused by each variable is 
similar to equation (16):  

  
𝛿 < 𝑤𝑐𝑜2|௦തതതതതതതതത >= ቚడழ௪௖௢ଶ|ೞ

തതതതതതതതതതவ
డథ

ቚ ∙ |𝛿𝜙|,           .                                                                                                                                                                            (24)              
where  𝜙 is  ℎ଴,  ℎ, 𝐶଴, 𝐶, 𝐶଴ி஺, 𝛾௖௢ଶ. 

take partial derivatives ∂C/∂𝘟
where 𝘟 are six independent 

driver variables:
C0, C0FA, 𝛄, h, h0, wco2

(2) CO2 errors in the PBL
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The rate of boundary layer growth and the surface flux are the main factors influencing the 
CO2 mixing ratio in the boundary layer. The CO2 budget equation of this framework is: 

𝜕(𝐶ℎ)
𝜕𝑡 = 𝑤𝑐𝑜2തതതതതതത|௦ + 𝐶௙௔ 𝜕(ℎ − ℎ଴)

𝜕𝑡     ,                                                                                                                                                                                                (7) 

where C and Cfa are the CO2 mixing ratios in the boundary layer and free atmosphere 
respectively; h0 and h are the initial and instantaneous boundary layer height; 𝑤𝑐𝑜ଶതതതതതതത|௦ is the 
CO2 flux at the surface. The Cfa 

 is expressed as: 

𝐶௙௔ = 𝐶଴
௙௔ + 𝛾௖௢మ(ℎ − ℎ଴)  ,                                                                                                                                                                                                                              (8) 

where 𝐶଴
௙௔ is the CO2 mixing ratio just above the entrainment zone when h is equal h0;  𝛾௖௢ଶ is 

the CO2 gradient in the free atmosphere. Thus,  𝐶௙௔  is related to boundary layer growth, 
which is also shown in figure 1 a.  

The evolution of the CO2 mixing ratio after integration of equation (1) is :  

𝐶 = 𝐶଴
ℎ଴
ℎ + 𝐶଴

௙௔ ቀ1 − ௛బ
௛ ቁ +

ఊ೎೚మ
ଶ௛ (ℎ − ℎ଴)ଶ +

𝑡 − 𝑡଴
ℎ < 𝑤𝑐𝑜2|തതതതതതതത௦ > ,                                                                                         (9) 

where  < 𝑤𝑐𝑜ଶ|തതതതതതതത௦ > is the mean surface flux over the integration period; t0 and t are the initial 
and final time. PINO pointed that the third term on the right-hand side is two orders of 
magnitude smaller than the first two terms in conditions of typical mid-latitude summer. Thus, 
the other three terms show that the CO2 mixing ratio inversely depends on the boundary layer 
height. 

After taking the partial derivatives of equation (9), PINO derived the dependence of the CO2 

mixing ratio on 6 key variables concerning the boundary layer height and CO2 (h0,h,C0, 
C଴୤ୟ,γେ୓ଶ and< 𝑤𝑐𝑜ଶ|തതതതതതതത௦ >): 

𝜕𝐶
𝜕𝐶଴

=
ℎ଴
ℎ   ,                                                                                                                                                                                                                                                                                          (10) 

𝜕𝐶
𝜕𝐶଴

௙௔ = 1 − ௛బ
௛   ,                                                                                                                                                                                                                                                                      (11) 

డ஼
డఊ೎೚మ

= (௛ି௛బ)మ

ଶ௛
  ,                                                                                                                                                                                                                                                                      (12)     

𝜕𝐶
𝜕ℎ଴

= −𝛾௖௢ଶ +
1
ℎ ൣ𝛾௖௢ଶℎ଴ + 𝐶଴ − 𝐶଴

௙௔൧,                                                                                                                                                                                (13) 

𝜕𝐶
𝜕ℎ =

𝛾௖௢ଶ
2 +

1
ℎଶ [ℎ଴൫𝐶଴

௙௔ − 𝐶଴൯ −
𝛾௖௢ଶℎ଴ଶ
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𝜕𝐶
𝜕 < 𝑤𝑐𝑜2|തതതതതതതത௦ >

=
𝑡 − 𝑡଴
ℎ .                                                                                                                                                                                                                                        (15) 

By assuming that the errors of those variables are small and that h does not depend on h0, the 
sensitivities of CO2 on these variables linearly depends on the error of the CO2 mixing ratio: 

𝛿𝐶 = ቚడ஼
డథ
ቚ ∙ |𝛿𝜙|,                                                                                                                                                                                                                                                                    (16)            

where 𝜙  is   ℎ଴,  ℎ, 𝐶଴, 𝐶଴ி஺, 𝛾௖௢ଶ,  < 𝑤𝑐𝑜2|௦തതതതതതതതത >.   To propagate errors of CO2 mixing ratio 
caused by these variables, the correlations of these variables need to be considered (Ku, 1966). 
The errors cannot be added up together as they are not independent variables. In our study, we 
only consider the contribution of individual CO2-variables not the total errors of CO2 mixing 
ratio, so we do not calculate the total errors caused by all these boundary layer variables. 

Equation (9) is also used to infer the surface as a function of the boundary layer variables: 

< 𝑤𝑐𝑜2|തതതതതതതത௦ >  =
ଵ

௧ି௧బ
ቂ𝐶ℎ − 𝐶଴ℎ଴ − 𝐶଴

௙௔(ℎ − ℎ଴) −
ఊ೎೚మ
ଶ
(ℎ − ℎ଴)ଶቃ.                                                                                (17)          

The sensitivities of the inferred surface flux on the boundary layer height and CO2 related 
variables are derived from equation (17). The expressions are: 

డழ௪௖௢ଶ|തതതതതതതതതೞவ
డ஼బ

= ି௛బ
௧ି௧బ

,                                                                                                                                                                                                                                                                (18)  

𝜕 < 𝑤𝑐𝑜2|തതതതതതതത௦ >
𝜕𝐶଴

௙௔ =
ℎ଴ − ℎ
𝑡 − 𝑡଴

,                                                                                                                                                                                                                                  (19) 

𝜕 < 𝑤𝑐𝑜2|തതതതതതതത௦ >
𝜕𝛾௖௢ଶ

= −
(ℎ − ℎ଴)ଶ

2(𝑡 − 𝑡଴)
,                                                                                                                                                                                                                (20) 

డழ௪௖௢ଶ|തതതതതതതതതೞவ
డ௛బ

= ଵ
௧ି௧బ

[𝐶଴
௙௔ − 𝐶଴ + 𝛾௖௢ଶ(ℎ − ℎ଴)],                                                                                                                                                              (21)  

𝜕 < 𝑤𝑐𝑜2|തതതതതതതത௦ >
𝜕ℎ =

1
𝑡 − 𝑡଴

[𝐶 − 𝐶଴
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𝜕 < 𝑤𝑐𝑜2|തതതതതതതത௦ >
𝜕𝐶 =

ℎ
𝑡 − 𝑡଴

.                                                                                                                                                                                                                                  (23) 

The expression calculating the error of the inferred surface flux caused by each variable is 
similar to equation (16):  

  
𝛿 < 𝑤𝑐𝑜2|௦തതതതതതതതത >= ቚడழ௪௖௢ଶ|ೞ

തതതതതതതതതതவ
డథ

ቚ ∙ |𝛿𝜙|,           .                                                                                                                                                                            (24)              
where  𝜙 is  ℎ଴,  ℎ, 𝐶଴, 𝐶, 𝐶଴ி஺, 𝛾௖௢ଶ. 

- 13 - 
 

The rate of boundary layer growth and the surface flux are the main factors influencing the 
CO2 mixing ratio in the boundary layer. The CO2 budget equation of this framework is: 

𝜕(𝐶ℎ)
𝜕𝑡 = 𝑤𝑐𝑜2തതതതതതത|௦ + 𝐶௙௔ 𝜕(ℎ − ℎ଴)

𝜕𝑡     ,                                                                                                                                                                                                (7) 

where C and Cfa are the CO2 mixing ratios in the boundary layer and free atmosphere 
respectively; h0 and h are the initial and instantaneous boundary layer height; 𝑤𝑐𝑜ଶതതതതതതത|௦ is the 
CO2 flux at the surface. The Cfa 

 is expressed as: 

𝐶௙௔ = 𝐶଴
௙௔ + 𝛾௖௢మ(ℎ − ℎ଴)  ,                                                                                                                                                                                                                              (8) 

where 𝐶଴
௙௔ is the CO2 mixing ratio just above the entrainment zone when h is equal h0;  𝛾௖௢ଶ is 

the CO2 gradient in the free atmosphere. Thus,  𝐶௙௔  is related to boundary layer growth, 
which is also shown in figure 1 a.  

The evolution of the CO2 mixing ratio after integration of equation (1) is :  

𝐶 = 𝐶଴
ℎ଴
ℎ + 𝐶଴

௙௔ ቀ1 − ௛బ
௛ ቁ +

ఊ೎೚మ
ଶ௛ (ℎ − ℎ଴)ଶ +

𝑡 − 𝑡଴
ℎ < 𝑤𝑐𝑜2|തതതതതതതത௦ > ,                                                                                         (9) 

where  < 𝑤𝑐𝑜ଶ|തതതതതതതത௦ > is the mean surface flux over the integration period; t0 and t are the initial 
and final time. PINO pointed that the third term on the right-hand side is two orders of 
magnitude smaller than the first two terms in conditions of typical mid-latitude summer. Thus, 
the other three terms show that the CO2 mixing ratio inversely depends on the boundary layer 
height. 

After taking the partial derivatives of equation (9), PINO derived the dependence of the CO2 

mixing ratio on 6 key variables concerning the boundary layer height and CO2 (h0,h,C0, 
C଴୤ୟ,γେ୓ଶ and< 𝑤𝑐𝑜ଶ|തതതതതതതത௦ >): 

𝜕𝐶
𝜕𝐶଴

=
ℎ଴
ℎ   ,                                                                                                                                                                                                                                                                                          (10) 

𝜕𝐶
𝜕𝐶଴

௙௔ = 1 − ௛బ
௛   ,                                                                                                                                                                                                                                                                      (11) 

డ஼
డఊ೎೚మ

= (௛ି௛బ)మ

ଶ௛
  ,                                                                                                                                                                                                                                                                      (12)     

𝜕𝐶
𝜕ℎ଴

= −𝛾௖௢ଶ +
1
ℎ ൣ𝛾௖௢ଶℎ଴ + 𝐶଴ − 𝐶଴

௙௔൧,                                                                                                                                                                                (13) 

𝜕𝐶
𝜕ℎ =

𝛾௖௢ଶ
2 +

1
ℎଶ [ℎ଴൫𝐶଴

௙௔ − 𝐶଴൯ −
𝛾௖௢ଶℎ଴ଶ

2 − (𝑡 − 𝑡଴)   < 𝑤𝑐𝑜2|തതതതതതതത௦ > ,                                                                           (14)   
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(2) CO2 errors in the PBL
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By assuming that the errors of those variables are small and that h does not depend on h0, the 
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𝛿𝐶 = ቚడ஼
డథ
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where 𝜙  is   ℎ଴,  ℎ, 𝐶଴, 𝐶଴ி஺, 𝛾௖௢ଶ,  < 𝑤𝑐𝑜2|௦തതതതതതതതത >.   To propagate errors of CO2 mixing ratio 
caused by these variables, the correlations of these variables need to be considered (Ku, 1966). 
The errors cannot be added up together as they are not independent variables. In our study, we 
only consider the contribution of individual CO2-variables not the total errors of CO2 mixing 
ratio, so we do not calculate the total errors caused by all these boundary layer variables. 

Equation (9) is also used to infer the surface as a function of the boundary layer variables: 

< 𝑤𝑐𝑜2|തതതതതതതത௦ >  =
ଵ

௧ି௧బ
ቂ𝐶ℎ − 𝐶଴ℎ଴ − 𝐶଴

௙௔(ℎ − ℎ଴) −
ఊ೎೚మ
ଶ
(ℎ − ℎ଴)ଶቃ.                                                                                (17)          

The sensitivities of the inferred surface flux on the boundary layer height and CO2 related 
variables are derived from equation (17). The expressions are: 

డழ௪௖௢ଶ|തതതതതതതതതೞவ
డ஼బ

= ି௛బ
௧ି௧బ

,                                                                                                                                                                                                                                                                (18)  

𝜕 < 𝑤𝑐𝑜2|തതതതതതതത௦ >
𝜕𝐶଴

௙௔ =
ℎ଴ − ℎ
𝑡 − 𝑡଴

,                                                                                                                                                                                                                                  (19) 

𝜕 < 𝑤𝑐𝑜2|തതതതതതതത௦ >
𝜕𝛾௖௢ଶ

= −
(ℎ − ℎ଴)ଶ

2(𝑡 − 𝑡଴)
,                                                                                                                                                                                                                (20) 

డழ௪௖௢ଶ|തതതതതതതതതೞவ
డ௛బ

= ଵ
௧ି௧బ

[𝐶଴
௙௔ − 𝐶଴ + 𝛾௖௢ଶ(ℎ − ℎ଴)],                                                                                                                                                              (21)  

𝜕 < 𝑤𝑐𝑜2|തതതതതതതത௦ >
𝜕ℎ =

1
𝑡 − 𝑡଴

[𝐶 − 𝐶଴
௙௔ − 𝛾௖௢ଶ(ℎ − ℎ଴)],                                                                                                                                      (22) 

𝜕 < 𝑤𝑐𝑜2|തതതതതതതത௦ >
𝜕𝐶 =

ℎ
𝑡 − 𝑡଴

.                                                                                                                                                                                                                                  (23) 

The expression calculating the error of the inferred surface flux caused by each variable is 
similar to equation (16):  

  
𝛿 < 𝑤𝑐𝑜2|௦തതതതതതതതത >= ቚడழ௪௖௢ଶ|ೞ

തതതതതതതതതതவ
డథ

ቚ ∙ |𝛿𝜙|,           .                                                                                                                                                                            (24)              
where  𝜙 is  ℎ଴,  ℎ, 𝐶଴, 𝐶, 𝐶଴ி஺, 𝛾௖௢ଶ. 

(3)

(4)
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𝜕𝐶
𝜕 < 𝑤𝑐𝑜2|തതതതതതതത௦ >

=
𝑡 − 𝑡଴
ℎ .                                                                                                                                                                                                                                        (15) 

By assuming that the errors of those variables are small and that h does not depend on h0, the 
sensitivities of CO2 on these variables linearly depends on the error of the CO2 mixing ratio: 

𝛿𝐶 = ቚడ஼
డథ
ቚ ∙ |𝛿𝜙|,                                                                                                                                                                                                                                                                    (16)            

where 𝜙  is   ℎ଴,  ℎ, 𝐶଴, 𝐶଴ி஺, 𝛾௖௢ଶ,  < 𝑤𝑐𝑜2|௦തതതതതതതതത >.   To propagate errors of CO2 mixing ratio 
caused by these variables, the correlations of these variables need to be considered (Ku, 1966). 
The errors cannot be added up together as they are not independent variables. In our study, we 
only consider the contribution of individual CO2-variables not the total errors of CO2 mixing 
ratio, so we do not calculate the total errors caused by all these boundary layer variables. 

Equation (9) is also used to infer the surface as a function of the boundary layer variables: 

< 𝑤𝑐𝑜2|തതതതതതതത௦ >  =
ଵ

௧ି௧బ
ቂ𝐶ℎ − 𝐶଴ℎ଴ − 𝐶଴

௙௔(ℎ − ℎ଴) −
ఊ೎೚మ
ଶ
(ℎ − ℎ଴)ଶቃ.                                                                                (17)          

The sensitivities of the inferred surface flux on the boundary layer height and CO2 related 
variables are derived from equation (17). The expressions are: 

డழ௪௖௢ଶ|തതതതതതതതതೞவ
డ஼బ

= ି௛బ
௧ି௧బ

,                                                                                                                                                                                                                                                                (18)  

𝜕 < 𝑤𝑐𝑜2|തതതതതതതത௦ >
𝜕𝐶଴

௙௔ =
ℎ଴ − ℎ
𝑡 − 𝑡଴

,                                                                                                                                                                                                                                  (19) 

𝜕 < 𝑤𝑐𝑜2|തതതതതതതത௦ >
𝜕𝛾௖௢ଶ

= −
(ℎ − ℎ଴)ଶ

2(𝑡 − 𝑡଴)
,                                                                                                                                                                                                                (20) 

డழ௪௖௢ଶ|തതതതതതതതതೞவ
డ௛బ

= ଵ
௧ି௧బ

[𝐶଴
௙௔ − 𝐶଴ + 𝛾௖௢ଶ(ℎ − ℎ଴)],                                                                                                                                                              (21)  

𝜕 < 𝑤𝑐𝑜2|തതതതതതതത௦ >
𝜕ℎ =

1
𝑡 − 𝑡଴

[𝐶 − 𝐶଴
௙௔ − 𝛾௖௢ଶ(ℎ − ℎ଴)],                                                                                                                                      (22) 

𝜕 < 𝑤𝑐𝑜2|തതതതതതതത௦ >
𝜕𝐶 =

ℎ
𝑡 − 𝑡଴

.                                                                                                                                                                                                                                  (23) 

The expression calculating the error of the inferred surface flux caused by each variable is 
similar to equation (16):  

  
𝛿 < 𝑤𝑐𝑜2|௦തതതതതതതതത >= ቚడழ௪௖௢ଶ|ೞ

തതതതതതതതതതவ
డథ

ቚ ∙ |𝛿𝜙|,           .                                                                                                                                                                            (24)              
where  𝜙 is  ℎ଴,  ℎ, 𝐶଴, 𝐶, 𝐶଴ி஺, 𝛾௖௢ଶ. 

(2) CO2 errors in the PBL



- 16 - 
 

As an example of the different performance of the model, we show in Figure 9 the boundary 
layer height over Western Europe on 30 June 2008. The boundary layer heights are different 
in the three simulations with different boundary layer schemes. The boundary layer height of 
MYNN2.5 is obviously lower than that of the other two schemes. Thus, we can use the 
difference among the three simulations to derive the errors of CO2-control variables. 

 

(a)                                    (b)                                           (c) 

Figure 9. The planetary boundary height (m) at 14 UTC of three schemes on 30 June, 
2008 of domain 2. (a) MYJ scheme (b) YSU scheme (c) MYNN2.5 scheme 

 

3.3. The criteria of selecting data 
To quantify the errors of CO2 mixing ratio and inferred surface flux by using the mixed layer 
theory introduced in section 3.1, in the WRF output, we must select the days and locations 
that meet the mixed layer prototype (cf. section 2), which we refer to in this study as well-
mixed cases. Then we set two main criteria: the weather conditions and well-mixed profiles. 
These will be explained in section 3.31 and 3.32 respectively.  

3.3.1. The weather conditions 
The weather conditions refer to situations characterized by strong convection, few or no 
clouds, and no precipitation during daytime. The selection of the well-mixed cases with these 
weather conditions are based on three variables: planetary boundary layer height (PBLH), 
incoming shortwave radiation (SWDOWN), accumulative rain, and cumulus accumulative 
rain (RAINC and RAINNC). The evolution of boundary layer height can show if the day is 
strongly convective, because the boundary layer growth needs convection. By analysing the 
incoming short wave radiation, we can establish if clouds were present. The sinusoidal 
variation of incoming shortwave radiation without any fluctuation means few or no clouds. 
The accumulative rain and cumulus accumulative rain keep the same value for a day, which 
means no precipitation. Thus, we need to select the cases that fit the weather conditions. 

The details of selection are shown in table 2. We use 1000 meters as the minimum standard 
for the PBLH. During one day from 6 to 18 UTC, if the maximum CBL height of one grid 
point is larger than 1000 m, we consider the convection is strong enough in that day at that 

WRF modeling with three PBL schemes 
(MYJ, YSU, MYNN2.5), T and light 
dependent surface CO2 flux (A-Gs)   

(2) CO2 errors in the PBL



N = 9 (schemes/methods)
M = 116 (selected mixed-layer cases June)
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(a)                                                                    (b) 

Figure 12. The range of boundary layer height (a) and CO2 mixing ratio (b). 

 

For the initial variables prescribed in the MXL model, we use the median value of these CO2-
control variables in our control experiment. Then we have 5 experiments changing one CO2-
control variable by adding its uncertainties, which refer to contrast experiments. The detail of 
CO2-control variables and their uncertainties are shown in table 4. We can calculate the 
uncertainties of CO2 mixing ratio at 14 UTC by comparing the result of the control and 
contrast experiments.   

Table 4 shows the errors of CO2 mixing ratio using the MXL layer model and that by using 
PINO’s  formula.  The  comparison  results  show  that the errors caused of CO2 mixing ratio in 
these two ways are almost the same, which means the mixed layer theory can be used to 
derive the errors of CO2 mixing ratio in our search. We can apply this method to analyse all 
the case we have selected. In the next section, we present the result of statistical analysis for 
116 well-mixed cases. 

Table 4. The comparison of the errors of CO2 mixing ratio between MXL model and 
calculation  using  PINO’s  formula. 

CO2-control variable 
with its control value 

Errors of CO2-
control variable 

Errors of CO2 mixing 
ratio (14 UTC) in MXL 
model (ppm) 

Errors of CO2 mixing 
ratio (14 UTC) by 
using   PINO’s   formula    
(ppm) 

𝒉𝟎 = 314 m 197 m 1.46 1.48 
𝑪𝟎  = 403.5 ppm 9.3 ppm 1.538 1.56 

𝑪𝟎
𝒇𝒂 =389.3 0.3 ppm 0.228 0.25 

𝜸𝒄𝒐𝟐=1.8 10-4 ppm/m 1.3 10-4 ppm/m 0.089 0.083 
𝐖𝐂𝐎𝟐തതതതതതതത  = 0.5 mg m-2 s-1 0.007 mg m-2 s-1 0.056 0.062 

Example of  PBL heights and CO2 
mole fractions derived with WRF



Variable Error*

h0 84 m

h 262 m

C0 2.2 ppm

C0
FA 0.1 ppm

𝛄CO2 0.02 ppm/km

w’c’ 7 µg m-2 s-1

* = half range of min-max values simulated, 
median of 116 cases shown

(2) CO2 errors in the PBL
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Conclusions
Coupled carbon-water-energy exchange key 
to understanding multiple scales

Dynamics can be a main source of  errors in 
simulated CO2 mole fractions and estimated 
surface fluxes

The effect of  local errors is to some degree 
dampened beyond the synoptic time scale, 
where main control is bulk ventilation rate

Increasing role for NWP in understanding 
carbon cycle behavior, ECMWF has an 
important role to play



Optimizing discrimination
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Optimized ϵ
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Optimizing discrimination

Prior ϵ (SIBCASA)
Optimized ϵ

Coniferous Forests Europe
𝟄 
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3-month smoothed GPP weighted averages

Stomatal closure, 
less fractionation 



Comparison TM5 ‘offline’, ‘online’ 
and IFS

CH4 SF6

TM5 offline
IFS

TM5 offline
IFS

TM5 online TM5 online

TM5 online (EC-Earth) performs pretty similar to IFS!





Cloud optical depth C3 grass photosynthesis

Latent heat Sensible heat


