
Response to reviewer 1 (Prof. Gil Bohrer, Ohio State University)

General Comments – the paper uses LES to determine the mechanisms responsible 
for increased heat flux from forests with lower albedo then their surroundings. This 
“convector  effect”  was  previously  described  by  observations.  Nonetheless,  this 
manuscript represents a very elegant approach to determine the theory behind this 
observed effect. They also provide a revised approach to parameterize this effect. 

We  sincerely  thank  Prof.  Bohrer  for  the  generous  comments  and  the  constructive 
suggestions.

Specific comments: I would be happy if there was an explanation in simple terms of 
your proposed mechanism behind the convector effect. You are using very technical 
terms such as “atmospheric coupling”, “aerodynamic resistance to heat transfer” 
and “aerodynamic roughness” but should spend a few lines in section 2.1 explaining 
this in layman terms, Will help to expand the readership of this, as it is relevant and 
interesting  for  forest  ecologists,  managers  and  planers,  and  not  only  to  forest 
meteorologists. If I got it correctly, the high leaf area of the forest reduces albedo, 
which leaves more of the incoming energy in the surface. However, the organization 
of these dark leaf surfaces is such that they are spread over a relatively thick canopy 
depth (relative to grassland of shrub land where all leaves are condensed in a much 
thinner layer). Because canopy in dry forests is sparse, wind can easily penetrate it 
(i.e.,  they  have  lower roughness  length  and displacement  height)  and  can  easily 
exchange heat  with  the  leaf  surfaces.  Therefore,  forests  would have  intrinsically 
lower aerodynamic resistance to heat transfer than shorter biomes (with the same 
leaf area) or other surfaces (with the same albedo). Given eq 1, that would mean 
higher heat flux.

We thank Prof. Bohrer for pointing this out. This a valuable suggestion. We have added 
the following text in section 2.1:

“Therefore to summarize canopy convector effect in simpler terms it can be mentioned 
that  the  darker  and colder  canopy surface  reduces  albedo,  which leaves  more  of  the 
incoming energy on the canopy surface. However, the organization of these dark leaf 
surfaces is such that they are spread over a relatively thick canopy depth (relative to 
grassland or shrub land where all leaves are condensed in a much thinner layer). Because 
canopy in dry forests is sparse, wind can easily penetrate it and can easily exchange heat 
with  the  leaf  surfaces.  Therefore,  forests  would have intrinsically  lower  aerodynamic 
resistance  to  heat  transfer  than  shorter  biomes  because  of  the  higher  roughness. 



Moreover,  the  same  forest  (with  the  same  physical  roughness)  could  have  higher 
aerodynamic roughness and consequently lower aerodynamic resistance to heat transfer 
for more heat stressed conditions. Given eq 1, that would mean higher heat flux. Thus 
while CCE would always be present in a forest compared to a grass or shrubland because 
of the obvious roughness difference, we establish that CCE can also be present within the 
same forest for different conditions of heat stress- which is a more subtle point and will 
be further discussed in the following sections by using large eddy simulations (LES).”

Eq1 – by this equation, you are assuming the big-leaf equivalency. The reality is 
more complicated, as you identify later (P3 L5). I would restrict the statement in P2 
line  26  “it  is  important  to  recall  that,  when  adopting  the  simplified  big-leaf 
representation of the forest as a single surface”. 

Agreed  and  added  this  sentence:  “it  is  important  to  recall  that,  when  adopting  the 
simplified big-leaf representation of the forest as a single surface”

Furthermore, I would call r_H the “apparent canopy aerodynamic resistance to heat 
transfer” (line 29) to indicate that this property is a construct of the formulation and 
not a direct physical property. 

Agreed and modified accordingly.  Also added the text:  “the word apparent is  used to 
indicate that  this  property is  a  construct  of  the formulation and not  a  direct  physical 
property”

The entire roughness length formulation (eq 2-8 and table 1) is based on different 
variants of analytic approximation approaches to reduce the complexity of flow in 
and above the forest canopy to a 2-D-surface equivalent. It is widely accepted that as 
you go near the canopy, the MOST approach is not valid.  It  was proposed (and 
rather widely accepted) that a mixing length-driven approach can be applied (see 
Harman and Finnigan 2007,  2008 BLM).  Nonetheless,  large-scale  models,  which 
cannot vertically resolve the canopies, still use MOST and it has been demonstrated 
to be relatively accurate. My point here is that this section of the manuscript (eq1-8) 
should not  be mixed with the notion that  it  explains  the physics,  but  state  very 
clearly that it revisits the current leading approach for simplification of the physics 
in a parameterized way that can be used by coarse-resolution models 

Agreed. The following text is added to the end of the section 2.2:

“Before moving on to the usage of LES, it warrants mentioning that the entire roughness 
length formulation (equation 2 - 8 and table 1) is based on different variants of analytic 



approximation  approaches  to  reduce  the  complexity  of  flow in  and  above  the  forest 
canopy to a 2-D-surface equivalent. It is widely accepted that the MOST approach is not 
completely accurate close to the canopy (Foken, 2006). It was proposed that a mixing 
length-driven approach can be applied (Harman and Finnigan, 2007). Nonetheless, large-
scale models, which cannot vertically resolve the canopies, still use MOST and it has 
been demonstrated to be relatively accurate. Thus from an operational perspective, the 
present formulation revisits the current leading approach for simplification of the physics 
in a parameterized way that can be used by coarse-resolution models.” 

I think it will be beneficial for the manuscript if you emphasize the point that you 
are using an LES with an explicit 3-D canopy, where the surface assumptions are 
not needed to develop a revised approximation approach for the surface-equivalence 
that account to the forest density effects and parameterize for its outcomes in a way 
that will allow resolving the heat convector effect even in large-scale models. 

Agreed and the following text is added in section 3: “It is worth highlighting again here 
that the large eddy simulations have been conducted with an explicit 3-D canopy. This 
means that the surface assumptions are not needed to develop a revised approximation 
approach for the surface-equivalence that accounts for the forest density effects. Only the 
outcomes of the LES are parameterized in a way that will allow resolving the canopy 
convector effect even in large-scale models”.

P3 L26 “d is the zero-plane displacement height taken as 2/3h_c. . .” will be more 
correct  to  say:  d  is  the  zero-plane  displacement  height,  often  approximated  as 
2/3h_c. . . (and see study of roughness length and displacement height in a forest 
stand and their best approximation – Maurer et al Biogeosciences, 12, 2533–2548, 
2015, and Maurer et al Agricultural and Forest Meteorology 177 (2013) 24– 34) 

Agreed and modified accordingly. The references are added as well.

Technical corrections: I recommend setting an acronym for Rotenberg and Yakir 
(2010) - RY10, after the first use. It is listed so many ties that it gets rather tedious. 

Agreed and changed accordingly.

Pg  2,  L  32:  “This  ‘canopy  convector  effect’  is  sufficiently  efficient.  .  .  Word 
placement is  confusing.  Can change “sufficiently efficient” to ‘adequate enough’, 
‘suitably efficient’ 

Agreed and changed to ‘adequate enough’.



Pg 6, L 26: “while the output of first 6400 s. . .” change to “while the output of the 
first 6400 s” 

Changed to “while the output of the first 6400 s” 

Table  2  Please  include  the  meaning  of  the  Stability  class  (e.g.  “Near-Neutral”, 
Weakly  Unstable”.  .  .)  as  the  first  column  of  the  table.  Will  make  it  easier  to 
remember, and look up. 

Added the meanings of the stability classes to the table.

Pg 9, L 6: “This description refers to a more general phenomenon as opposed to the 
the description. . .”. Remove “the” 

Removed the extra “the”

Pg 15, L21: Change to “These assumptions also lead to a less nonlinear height varia- 
tion”. 

Changed to “These assumptions also lead to a less nonlinear height variation”. 



Response to reviewer 2.

This manuscript is motivated by the work from Rotenberg and Yakir (2010), which ob- 
served a decrease in aerodynamic resistance to heat transfer (rH) over a forest when 
compared to a shrubland region under similar conditions, an effect that is caused by an 
increase  in  surface  roughness  and  is  accompanied  by  an  increase  in  atmospheric 
instability. This effect was called “canopy convector effect” (CCE) by Rotenberg and 
Yakir (2010). In this manuscript, the authors investigate the occurrence of CCE above 
the canopy using Large Eddy Simulation (LES). After observing a decrease in rH with 
increase  in  unstable  conditions  in  the  simulations  (used  as  evidence  of  CCE),  the 
authors compare different models of rH as a function of height (above the canopy) and 
atmospheric stability with the simulation results, and conclude that some models can 
not capture the correct trend of CCE at all (because they present an increase in rH with 
instability), and only two (out of eight) models display the signature of CCE (decrease in 
rH with instability). The authors proposed an improved parameterization of one of the 
rH models by using a value of momentum roughness length scale z0m that vary with 
atmospheric stability, improving the agreement between model and LES results. The 
authors conclude that CCE is a generic feature of canopy turbulence. Because the value 
of rH is needed for a wide range of applications, the investigation of the behavior of 
different rH parameterizations above the canopy is useful, and the use of LES for this 
purpose  is  appropriate,  therefore  this  manuscript  deals  with  an  interesting  topic. 
However,  as  described  in  more  details  below,  I  believe  the  manuscript  needs  an 
alternative  motivation,  better  description  of  the  simulations  and  models  and  better 
interpretation of the results. 

We  thank  the  reviewer  for  the  nice  summary  and  the  constructive  comments.  We  have 
attempted to respond to all the points raised by the reviewer.

Major specific comments:

I’m not  sure I  agree with the authors’ interpretation of  what  CCE represents.  The 
authors defined CCE as a decrease in aerodynamic resistance above the canopy, which 
can be  accomplished by an increase  in  atmospheric  instability.  In  my opinion,  it  is 
already well-accepted that  there is  an increase in turbulent  transport  (estimated by 
eddy  diffusivity  parameters,  for  example)  and  consequent  decrease  in  rH  with 
increasing  instability.  This  should  be  valid  over  a  canopy  and  over  bare  soil.  The 
differences between the canopy and the bare soil cases are the type of the turbulent flow 
and level of penetration of the transporting eddies across the heat source layer in the 
canopy case (compared to the no-penetration condition over bare soil), which makes the 



turbulent transport different in the canopy case compared to the bare soil case, even if 
all other factors are the same. In Equation (1) this difference is accounted by reducing 
the aerodynamic resistance in the canopy case, and I think this is what Rotenberg and 
Yakir (2010) meant in the definition of CCE. Therefore, a study that wants to better 
describe  the  CCE  phenomenon  should  focus  on  comparing  turbulent  transport 
characteristics across different canopies and bare soil, probably for different stabilities, 
but not only the stability difference in one canopy, as this difference is already expected. 
There- fore, I believe that the CCE should not be the motivation of this manuscript 

It is agreed that the earlier version of the manuscript was not very clear on this issue. We 
have added the following text to make it more clear:

““Therefore to summarize canopy convector effect in simpler terms it can be mentioned that 
the darker and colder canopy surface reduces albedo, which leaves more of the incoming 
energy on the canopy surface. However, the organization of these dark leaf surfaces is such 
that they are spread over a relatively thick canopy depth (relative to grassland or shrub land 
where all leaves are condensed in a much thinner layer). Because canopy in dry forests is 
sparse,  wind can easily penetrate it  and can easily exchange heat  with the leaf  surfaces. 
Therefore, forests would have intrinsically lower aerodynamic resistance to heat transfer than 
shorter biomes because of the higher roughness. Moreover, the same forest (with the same 
physical  roughness)  could  have  higher  aerodynamic  roughness  and  consequently  lower 
aerodynamic resistance to heat transfer for more heat stressed conditions. Given eq 1, that 
would mean higher heat flux. Thus while CCE would always be present in a forest compared 
to a grass or shrubland because of the obvious roughness difference, we establish that CCE 
can also be present within the same forest for different conditions of heat stress- which is a 
more subtle point and will be further discussed in the following sections by using large eddy 
simulations (LES).”

I’m surprised with the results of increased rH with increase negative RiB (in- crease 
instability) for the non-MOST models. I believe all models try to replicate the overall 
idea that turbulent transport increases with instability, and after a quick look on the 
equations  and  original  manuscripts,  it  seems  to  me  that  rH  should  decrease  with 
instability in all models, therefore I’m confused about the results shown in Figures 3 
and 4.  



This is a good point. The  at each level has been calculated by the following equation (eq 
9 in the paper)

where the LES profiles have been used at each level. Thus  has typical profiles for two  
instability cases shown in the following figures (1) and (2). As observed, the negative  at 
one  particular  height  is  higher  for  the  strongly  unstable  case  compared  to  the  weakly 
unstable case.  However, the empirical formulations are highly nonlinear and the effects of 
the height variations of the profiles of the other parameters (such as U) are manifested in the 
results in figure 3 and 4. This result is not obvious and that is what motivated our study 
partly.

If all other parameters are fixed, we would see a variation of rH reducing with increasing 
negative   (as You point out correctly) as shown in the following figure  (3) which used the 
formulation of Xie (1998) as an example. Here all  parameters are fixed and only RiB is 
varied. So while Your suggestion is correct, there is no conflict with the results in the paper. 
The formulations are used correctly (we checked them again) as they can reproduce the 
correct variations as suggested in the corresponding references if all other parameters are 
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held  constant-  it  is  the  nonlinear  height  variations  of  all  other  profiles  that  creates  the 
reported variations in this paper. 

The description of  the temperature field simulated with LES is  not  complete.  Dias- 
Junior et al. (2015) simulated only a near neutral case, and Patton et al. (2016) included 
a source profile term in the temperature equation which comes from the land-surface 
model, which is not present in the simulations presented here, there- fore they cannot be 
used as references for some of the details of the simulations performed here. In Table 2, 
the value of   is  defined as being at  the ground, where the same values used in 
Patton et al. (2016) were defined at canopy top. When looking into Figure 1, it is not 
clear where the imposed heat flux value is, as nowhere in the profile there is a match 
with the imposed values. If the heat source is applied in the SGS part of the model, and 
Figure 1(e) shows only the resolved part, maybe the resolved + SGS part of the heat flux 
should  be  presented  instead.  Also,  the  final  profiles  of  temperature  have  a  peak at 
canopy top, also different from the results obtained by Patton et al. (2016). Although 
this  may  not  affect  the  final  conclusions,  the  equations,  sources  and  boundary 
conditions used in the temperature field of LES need to be clarified  

Although the final conclusions are not affected, we admit that we have been unclear here and 
thank the reviewer for pointing this out. We have a heat flux imposed at the top of the canopy 
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and within  the  canopy there  is  an exponential  decay of  the  incoming energy due to  the 
absorption and reflection by the leaves. The prescribed heat flux value at the ground surface 
only becomes effective for grid points that do not have a canopy layer above. Therefore for 
gridpoints  with  canopy  our  setup  indeed  differs  from  Patton  et  al  due  to  the  strong 
absorption  of  solar  radiation  within  the  canopy,  which  also  explains  the  peak  in  the 
temperature profile at the top of the canopy in our case. The reviewer is also correct that Fig 
1e) presents only the resolved part of the flux. We have corrected this and with the subgrid 
part added, the output value at of the top of the canopy equals the value imposed in the 
simulation.

To quote the PALM manual:
“The  heat  source  distribution  is  calculated  by  a  decaying  exponential  function  of  the 
downward cumulative leaf area index (integral of the leaf area density), assuming that the 
foliage inside the plant canopy is heated by solar radiation penetrating the canopy layers 
according to the distribution of net radiation as suggested by Brown & Covey (1966; Agric. 
Meteorol.  3,  73-96)).This  approach  has  been  applied  e.g.  by  Shaw & Schumann (1992; 
Bound.-Layer Meteorol. 61, 47-64).”

We have clarified this  in the text  and also added the necessary equations and boundary 
conditions in the appendix:



Minor specific comments:

Introduction: include a paragraph describing why better estimations of rH are needed, 
even though this is a parameter poorly defined for atmospheric transport. I believe the 
conclusion has some of the information that could be in the intro.  

Agreed. The following text has been added: 

“The  canopy  aerodynamic  resistance  is  a  concept  borrowed  from the  evapotranspiration 
literature where it represents the resistance between the idealized ‘big-leaf’ (a reduced order 
representation of the fully heterogeneous three dimensional canopy) and the atmosphere for 
heat or vapor transfer (Monteith, 1973; Foken et al., 1995; Alves et al., 1998; Monteith and 
Unsworth,  2007).  The Penman-Monteith equation to calculate evapotranspiration requires 
parameterization  of  the  aerodynamic  resistance  which  require  information  on  roughness 
lengths for heat and momentum and stability (Penman, 1948; Allen et al., 1998; Cleverly et 
al.,  2013).  rH  parameterizations  are  also  used  in  global  climate  models  to  describe  the 
canopy-atmosphere interaction at the canopy surface layer (Walko et al., 2000). Thus better 
parameterizations of rH are of fundamental importance in modeling canopy level fluxes of 
heat and water vapor which can be used in assessing impacts of climate change, disturbance 
effects  such  as  vegetation  thinning,  forest  fires  etc.,  as  well  as  for  developing  forest 
management strategies.”

Section 2.2: emphasize here that these models were developed for conditions different 
from canopy sublayer, again this is in the conclusion but should be discussed earlier in 
the manuscript. This can be a major cause of discrepancies between the models and the 
simulation,  which  could  be  tested  by  performing  simulations  without  canopy  and 
comparing with the models.  After a  quick look,  I  could not  find such a  test  in  the 
literature.  

This is a valid point and also has been pointed out by the other reviewer. The following text 
has been added to section 2.2:

“Before moving on to the usage of LES, it warrants mentioning that the entire roughness 
length formulation (equation 2 -  8 and table 1) is  based on different variants of analytic 
approximation approaches to reduce the complexity of flow in and above the forest canopy to 



a 2-D-surface equivalent. It is widely accepted that the MOST approach is not completely 
accurate close to the canopy (Foken, 2006).  It  was proposed that a mixing length-driven 
approach can be  applied  (Harman and Finnigan,  2007).  Nonetheless,  large-scale  models, 
which cannot vertically resolve the canopies, still use MOST and it has been demonstrated to 
be relatively accurate. Thus from an operational perspective, the present formulation revisits 
the current leading approach for simplification of the physics in a parameterized way that can 
be used by coarse-resolution models.” 

Section 4.1: if possible, when describing the figures in the text, give some justification of 
the result encountered, for example, if the variations with instability observed makes 
physical sense. 

The following text has been added. 

“These results are physical consistent.  The near neutral case is dominated by mechanical 
shear driven turbulence - given by the highest mean velocity. The free convection case is 
fully buoyancy driven and the motion is fully upwards-as evident by the near zero mean 
horizontal velocity. For the same reasons, the turbulent intensity and friction velocity follow 
the  same  pattern.  The  strongly  unstable  cases  have  highest  heat  fluxes,  which  is  also 
physically consistent. ” 

Page 7, line 21: mention how the eddy diffusivities were estimated.  

We have added this in an appendix:



Page 10, line 6: describe how these profiles where estimated. Which values came from 
LES, which are constant, which are a function of height, for example?  

The following text has been added: “To compute rH variations, the LES generated profiles of 
mean velocity u, sensible heat flux, air temperature, Prandtl number (thus the diffusivities) 
are used where all  of them have z variations.  The friction velocity u∗  and the roughness 
lengths are fixed.”

Page 11,  line 5:  not  clear what “for weaker cases” mean.  Do you mean for weaker 
instabilities? 

 
Changed to weaker instabilities.

Technical corrections and minor suggestions:  
• Why “(in)stability”? 

Removed the brackets.

Figure  3:  I  suggest  to  use  z/zi  (where  zi  is  the  top  of  the  ABL)  instead  of  z/h, 
emphasizing that the entire plot is above the canopy. It can help to discuss the region 
where MOST (and therefore some of the models) is valid (surface layer). 

We have retained the z/h scaling since the convector effect is most prominent close to the 
canopy. In canopy turbulence studies where the canopy sub layer is discussed, the convention 
is using h, since the canopy sublayer is described as the region between h-5h. The plots start 
from z/h=1 to 10, which clearly means they are above the canopy- which would not be as 
clear if zi is used. Moreover, the reason why h is used for CSL is that is the most dominant 
length scales among a number of length scales in the canopy sub layer -so the choice is not 
arbitrary and has a physical basis.

Figure 4: I believe that the blue captions below the figures are wrong. 



Thanks for pointing out. The blue captions are removed.
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Abstract. Semi-arid forests are found to sustain a massive sensible heat flux in spite of having a low surface to air temperature

difference by lowering the aerodynamic resistance to heat transfer (rH ) – a property called ‘canopy convector effect’ (CCE).

In this work large-eddy simulations are used to demonstrate that CCE appears more generally in canopy turbulence. It is

indeed a generic feature of canopy turbulence: rH of a canopy is found to reduce with increasing unstable stratification,

which effectively increases the aerodynamic roughness for the same physical roughness of the canopy. This relation offers a5

sufficient condition to construct a general description of CCE. In addition, we review existing parameterizations for rH from

the evapotranspiration literature and test to what extent they are able to capture the CCE, thereby exploring the possibility of

an improved parameterization.

1 Introduction

Understanding the role of turbulence in interactions between vegetation canopies and the atmosphere is crucial to interpret10

momentum and scalar fluxes above vegetation. This is relevant for a number of practical applications such as regional and

global weather and climate modeling, energy balance closure studies, developing forest management strategies etc. Mea-

surement campaign networks such as FLUXNET monitor carbon, water and energy fluxes on a long term basis for this

same reason (Baldocchi et al., 2001) to study how different ecosystems interact with the atmosphere and influence local

and global weather and climate. One such measurement campaign (Rotenberg and Yakir, 2011) focused on semi-arid ecosys-15

tems, specifically the Yatir forest situated in the Negev desert in Israel, to study the survival and productivity of the pine

forest in spite of the high radiation load and suppressed latent heat flux. An important outcome of this campaign was the

concept of ‘canopy convector effect’ (CCE) introduced by Rotenberg and Yakir (2010)
:
,
::::::::
thereafter

:::::
called

:::::
RY10. To quote them

(Rotenberg and Yakir, 2010)
:::::
RY10, “With suppressed latent heat flux (LE) because of lack of water, the forest is transformed

into an effective ‘convector’ that exploits the low tree density and open canopy and, consequently, high canopy-atmosphere20

aerodynamic coupling." Rotenberg and Yakir (2010)
:::::
RY10

:
ascribed the origin of the CCE to the roughness difference between

desert and forest. However, in the present work, we demonstrate that the canopy convector effect appears more generally

in canopy turbulence. In fact, we show that the CCE is also a generic artifact of homogeneous canopy turbulence by using

1



large-eddy simulations (LES). In doing so, the canopy aerodynamic resistance to heat transfer
::::
(rH ) is revisited. The canopy

aerodynamic resistance is a concept borrowed from the evapotranspiration literature where it represents the resistance be-

tween the idealized ‘big-leaf’ (a reduced order representation of the fully heterogeneous three dimensional canopy) and the

atmosphere for heat or vapor transfer (Monteith, 1973; Foken et al., 1995; Alves et al., 1998; Monteith and Unsworth, 2007).

:::
The

:::::::::::::::
Penman-Monteith

:::::::
equation

::
to
::::::::
calculate

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

:::::::
requires

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

::
of

:::
the

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

::::::::
resistance

::::::
which5

::::::
require

:::::::::
information

:::
on

::::::::
roughness

:::::::
lengths

::
for

::::
heat

:::
and

::::::::::
momentum

:::
and

:::::::
stability

::::::::::::::::::::::::::::::::::::::::::::::
(Penman, 1948; Allen et al., 1998; Cleverly et al., 2013).

::
rH:::::::::::::::

parameterizations
::::

are
::::
also

::::
used

::
in

::::::
global

:::::::
climate

::::::
models

:::
to

:::::::
describe

:::
the

:::::::::::::::::
canopy-atmosphere

:::::::::
interaction

::
at

:::
the

:::::::
canopy

::::::
surface

::::
layer

::::::::::::::::::
(Walko et al., 2000).

::::
Thus

:::::
better

:::::::::::::::
parameterizations

:::
of

:::
rH :::

are
::
of

:::::::::::
fundamental

::::::::::
importance

::
in

::::::::
modeling

:::::::
canopy

::::
level

:::::
fluxes

:::
of

::::
heat

:::
and

:::::
water

:::::
vapor

::::::
which

:::
can

:::
be

::::
used

::
in
:::::::::

assessing
::::::
impacts

:::
of

::::::
climate

:::::::
change,

::::::::::
disturbance

::::::
effects

::::
such

:::
as

::::::::
vegetation

::::::::
thinning,

:::::
forest

::::
fires

::::
etc.,

::
as

::::
well

::
as

:::
for

:::::::::
developing

:::::
forest

:::::::::::
management

::::::::
strategies.

:
10

We investigate if the existing parameterizations of the canopy aerodynamic resistance exhibit CCE and we identify un-

certainties in their application. As the CCE is the crucial mechanism that ensures the survival of the Yatir forest, an improved

physical understanding of the CCE is of primordial importance when considering large-scale afforestation in semi-arid regions.

2 Background and theory

2.1 The canopy convector effect and aerodynamic resistance15

As mentioned earlier, the canopy convector effect was introduced by Rotenberg and Yakir (2010, 2011) while studying the

interaction of vegetation cover with the surface radiation balance for the Yatir forest. The annual average incoming solar

radiation in the Yatir forest is about 238Wm−2 comparable to that in the Sahara desert but the net radiation (Rn) is about

35% higher than the Sahara (Rotenberg and Yakir, 2010)
::::::
(RY10)

:
due to the lower albedo of the forest. However, both remote

sensing and local measurements indicated that the surface temperature of the forest canopy in Yatir is lower than the surface20

temperature of the nearby non-forested area – on annual average by about 5K. This is striking, as firstly, the lower albedo (by

0.1) of the forest than that of the surrounding shrubland translates into an approximate 24Wm−2 increase of radiation load on

the forest canopy. Secondly, the cooler canopy surface suppresses the upwelling longwave radiation, resulting in an additional

increase of radiation load by about 25Wm−2. The combined annual increase of radiation load by about 50Wm−2 associated

with the Yatir afforestation in the Negev is quite high and is comparable to net annual radiation difference between the Sahara25

desert and Denmark, for example (Rotenberg and Yakir, 2010)
::::::
(RY10). Thirdly, the latent heat flux of evapotranspiration (LE),

the obvious cooling and energy dissipation mechanism in temperate forests, is not an option since water is virtually unavailable

for about 7 months a year. Thus sensible heat flux (H) is the only major heat dissipation route, translating into a Bowen ratio

(H/LE) as high as 20 or more — unlike temperate forests with Bowen ratio ≈ 1. In the Yatir forest, the entire net solar

radiation flux (up to 800Wm−2) is equilibrated by a massive sensible heat flux (H) of similar magnitude. Note that this high30

H cannot be explained by the difference between surface and air temperature (∆T = Ts−Ta) as the canopy surface is cooler

than the surrounding desert surface in this case, but the air temperatures above desert and forest canopy are similar. To expound

this apparent contradiction of larger sensible heat flux for smaller ∆T , it is important to recall that
::::
when

:::::::
adopting

:::
the

:::::::::
simplified

2



::::::
big-leaf

::::::::::::
representation

::
of

:::
the

:::::
forest

::
as

::
a
:::::
single

::::::
surface

:

H =−ρCp
Ta−Ts
rH

, (1)

where ρ and Cp are the density and specific heat capacity of air respectively, Ta is air temperature, Ts is canopy surface tem-

perature and rH is the
:::::::
apparent

:
canopy aerodynamic resistance to heat transfer

:::
(the

:::::
word

:::::::
apparent

::
is
:::::

used
::
to

:::::::
indicate

::::
that

:::
this

:::::::
property

::
is
::

a
::::::::
construct

:::
of

:::
the

::::::::::
formulation

::::
and

:::
not

:
a
::::::

direct
:::::::
physical

::::::::
property). Hence the large H is not explained by5

the temperature difference (∆T ) but by a decreased rH . Thus the semi-arid forest with its low tree density and large surface

area becomes an efficient low aerodynamic resistance ‘convector’ that is well coupled to the atmosphere above (Rotenberg

and Yakir, 2010, 2011). This ‘canopy convector effect’ (CCE) is sufficiently efficient
:::::::
adequate

::::::
enough

:
to support the massive

sensible heat flux larger than the surrounding Negev desert, still maintaining a relatively cooler (than the desert) surface tem-

perature (of the canopy top). It is worth noting here that equation 1 offers a very simplistic description of the complex mixing10

process in the surface layer, however, it should be interpreted as a zeroth order representation of the corresponding processes.

Rotenberg and Yakir (2010)
:::::
RY10 identified the difference of roughness between the desert and forest as the underlying mech-

anism of CCE by arguing that rH ∝ 1/PAI where PAI denotes the plant area index. However, in this work, we attempt to

identify a more fundamental mechanism behind CCE which is more strongly connected to the feature of canopy turbulence.

Therefore we hypothesize that even with the same physical roughness, variation of the aerodynamic roughness is a sufficient15

condition for displaying CCE. This difference of aerodynamic roughness for the same physical roughness (of the same vegeta-

tion canopy) can be generated by changing the intensity of atmospheric stratification (Zilitinkevich et al., 2008). Thus observing

the variation of the canopy aerodynamic resistance to heat transfer (rH ) with atmospheric instability is a sufficient condition to

demonstrate the generality of the CCE. To be more precise, if rH is found to decrease with increasing unstable stratification,

that would exhibit the fact that canopy turbulence effectively reduces the aerodynamic resistance to cope with heat stressed20

environments, i.e the canopy convector effect would manifest itself.

::::::::
Therefore

::
to

::::::::::
summarize

::::::
canopy

::::::::
convector

::::::
effect

::
in

:::::::
simpler

:::::
terms

:
it
::::

can
::
be

::::::::::
mentioned

:::
that

:::
the

::::::
darker

::::
and

:::::
colder

:::::::
canopy

::::::
surface

::::::
reduces

:::::::
albedo,

:::::
which

::::::
leaves

::::
more

:::
of

:::
the

::::::::
incoming

::::::
energy

::
on

:::
the

::::::
canopy

:::::::
surface.

::::::::
However,

:::
the

:::::::::::
organization

::
of

:::::
these

::::
dark

:::
leaf

:::::::
surfaces

::
is
::::
such

::::
that

::::
they

:::
are

::::::
spread

::::
over

:
a
::::::::

relatively
:::::

thick
::::::
canopy

:::::
depth

::::::::
(relative

::
to

::::::::
grassland

::
or

:::::
shrub

::::
land

::::::
where

::
all

::::::
leaves

:::
are

:::::::::
condensed

::
in

:
a
::::::

much
::::::
thinner

::::::
layer).

:::::::
Because

::::::
canopy

:::
in

:::
dry

::::::
forests

::
is

::::::
sparse,

:::::
wind

:::
can

:::::
easily

::::::::
penetrate

::
it
::::
and25

:::
can

:::::
easily

:::::::::
exchange

::::
heat

::::
with

:::
the

::::
leaf

::::::::
surfaces.

:::::::::
Therefore,

::::::
forests

::::::
would

::::
have

:::::::::::
intrinsically

:::::
lower

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

:::::::::
resistance

::
to

::::
heat

:::::::
transfer

::::
than

::::::
shorter

:::::::
biomes

:::::::
because

::
of

:::
the

::::::
higher

::::::::::
roughness.

:::::::::
Moreover,

:::
the

:::::
same

:::::
forest

:::::
(with

:::
the

:::::
same

::::::::
physical

::::::::
roughness

:
)
:::::
could

::::
have

::::::
higher

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

:::::::::
roughness

:::
and

:::::::::::
consequently

::::::
lower

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

::::::::
resistance

:::
to

::::
heat

:::::::
transfer

:::
for

::::
more

::::
heat

:::::::
stressed

:::::::::
conditions.

::::::
Given

:::::::
equation

::
1,

::::
that

:::::
would

:::::
mean

::::::
higher

:::
heat

:::::
flux.

::::
Thus

:::::
while

::::
CCE

::::::
would

::::::
always

::
be

:::::::
present

::
in

:
a
:::::
forest

:::::::::
compared

::
to

:
a
:::::
grass

::
or

:::::::::
shrubland

:::::::
because

::
of

:::
the

:::::::
obvious

::::::::
roughness

::::::::::
difference,

::
we

::::::::
establish

::::
that

::::
CCE

:::
can

::::
also

:::
be30

::::::
present

:::::
within

:::
the

:::::
same

:::::
forest

:::
for

:::::::
different

:::::::::
conditions

::
of

::::
heat

:::::
stress-

::::::
which

::
is

:
a
:::::
more

:::::
subtle

::::
point

::::
and

:::
will

:::
be

::::::
further

::::::::
discussed

::
in

:::
the

:::::::::
following

:::::::
sections

::
by

:::::
using

::::
large

:::::
eddy

::::::::::
simulations

:::::
(LES).

:

LES provides a useful and meanwhile standard tool for studying canopy turbulence under different conditions of atmospheric

stratification. A recent publication by Patton et al. (2015) studied the influence of different atmospheric (in)stability
::::::::
instability

3



classes on coupled boundary layer-canopy turbulence. In this work, those same (in)stability
::::::::
instability

:
classes are simulated to

put our hypothesis to the test.

2.2 Parameterizations for canopy aerodynamic resistance to heat transfer

Apart from the LES outcomes, it is also important to study if the existing parameterizations of rH can exhibit CCE. Parameter-

izations of rH in the literature use Monin-Obukhov similarity theory (MOST) extensively. MOST can provide corrections for5

the vertical profile of the mean longitudinal velocity u and potential temperature (Ta−Ts) under thermal stratification, which

deviates from the traditional log-law under neutral conditions. Thus under MOST, with the assumption that the vegetation is

low, dense and horizontally homogeneous,

u=
u∗
κ

[
ln

(
z− d
z0m

)
−ψm (ζ,ζ0m)

]
, (2)

and10

Ta−Ts = Pr0
T∗
κ

[
ln

(
z− d
z0h

)
−ψh (ζ,ζ0h)

]
, (3)

where u∗ is the friction velocity, κ is von Kármán constant, z is height from the ground, d is the zero-plane displacement

heighttaken ,
:::::
often

:::::::::::
approximated as (2/3)hc as per literature (Seginer, 1974; Shuttleworth and Gurney, 1990; Alves et al., 1998)

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Seginer, 1974; Shuttleworth and Gurney, 1990; Alves et al., 1998; Maurer et al., 2013, 2015),

and ζ = (z− d)/L is called the stability parameter. L is the Obukhov length, computed as

L=− u3∗Ta

κgw′T ′
, (4)15

where g = 9.81ms−2, the gravitational acceleration. w′T ′ is the sensible heat flux — assumed to be constant in the surface

layer (Foken, 2006). Negative ζ indicates unstable stratification and thus ζ decreases with increasing instability. z0m and z0h

are the characteristic roughness lengths for momentum and heat transfer respectively. ζ0m = z0m/L and ζ0h = z0h/L are the

stability parameters associated with roughness lengths. Pr0 =Km/Kh is the turbulent Prandtl number where Km and Kh

are eddy diffusivities of momentum and heat, respectively. T∗ is a characteristic temperature scale, obtained from H and the20

characteristic velocity scale, i.e.,

H =−ρCpu∗T∗. (5)

Combining equations 1, 2, 3 and 5, one can write

rH =
Pr0
κ2u

[
ln

(
z− d
z0m

)
−ψm (ζ,ζ0m)

][
ln

(
z− d
z0h

)
−ψh (ζ,ζ0h)

]
, (6)

where ψm and ψh are the integral stability correction functions for momentum and heat, respectively. Following Liu et al.25

(2007), they can be parameterized for unstable conditions as (Dyer and Hicks, 1970; Paulson, 1970; Dyer, 1974; Garratt, 1977;

Webb, 1982)

ψm (ζ,ζ0m) = 2ln

(
1 +x

1 +x0

)
+ ln

(
1 +x2

1 +x20

)
− 2tan−1x+ 2tan−1x0, (7)
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ψh (ζ,ζ0h) = 2ln

(
1 + y

1 + y0

)
; (8)

where x= (1− γmζ)
1/4, x0 = (1− γmζ0m)

1/4, y = (1− γhζ)
1/2 and y0 = (1− γhζ0h)

1/2. Different values for the param-

eters γm and γh are reported in the literature, and the ones suggested by Paulson (1970) are used, i.e., γm = γh = 16. This

formulation for rH given by equation 6 with some approximations (ζ0m = ζ0h = 0) was first used by Thom (1975) and is called

the ‘reference parameterization’ (Liu et al., 2007). The full form of equation 6 was used by Yang et al. (2001) with their only5

approximation being Pr0 = 1. Several other studies also used semi-empirical and empirical parameterizations and included the

bulk Richardson number RiB (Monteith, 1973) given by

RiB =
g

Ta

(Ta−Ts)(z− d)

U2
‖

, (9)

with U‖ the horizontal wind speed at the height that corresponds to the Ta measurement.

Liu et al. (2007) compiled different parameterizations of rH which we will test in the context of the canopy convector effect10

against our LES output. Table 1 lists the details of the different parameterizations as compiled by Liu et al. (2007). These

parameterizations based on MOST (Thom, 1975; Yang et al., 2001), empirical (E) (Verma et al., 1976; Hatfield et al., 1983;

Mahrt and Ek, 1984; Xie, 1988) and semi-empirical (SE) (Choudhury et al., 1986; Viney, 1991) assumptions can be classified

into two categories. Formulations by Thom (1975), Choudhury et al. (1986), Yang et al. (2001) and Viney (1991) have assumed

z0m 6= z0h, which should be a more realistic assumption. On the other hand, formulations by Verma et al. (1976), Hatfield et al.15

(1983), Mahrt and Ek (1984) and Xie (1988) assumed z0m = z0h. Different parameters used in the empirical formulations are

also listed in table 1.

One important point to notice is that only the formulation by Yang et al. (2001) uses the stability parameters associated with

the roughness lengths ζ0m and ζ0h. Also note that all parameterizations assume a turbulent Prandtl number of unity, i.e., the

diffusivities for momentum and heat are assumed to be the same. We shall later discuss the consequence of letting this parameter20

vary. Another important approximation necessary to evaluate all formulations in table 1 is a prescription for the roughness

lengths z0m and z0h. Effects of different roughness lengths will be investigated in the following section. However, a relation

between the two roughness lengths (κB−1 = ln(zm0/z0h)) was proposed by Owen and Thomson (1963) and Chamberlain

(1968), where κB−1 is called an ‘excess resistance parameter’. Yang et al. (2001) suggested an average value of κB−1 = 2.0

(Liu et al., 2007), which will be used throughout this work.25

:::::
Before

:::::::
moving

:::
on

::
to

:::
the

:::::
usage

::
of

:::::
LES,

:
it
::::::::
warrants

:::::::::
mentioning

::::
that

:::
the

:::::
entire

:::::::::
roughness

:::::
length

::::::::::
formulation

::::::::
(equation

::
2
:
-
::
8

:::
and

::::
table

::
1)

::
is
:::::
based

:::
on

:::::::
different

:::::::
variants

::
of

:::::::
analytic

::::::::::::
approximation

::::::::::
approaches

::
to

:::::
reduce

:::
the

::::::::::
complexity

::
of

::::
flow

::
in

::::
and

:::::
above

::
the

:::::
forest

:::::::
canopy

::
to

:
a
::::::::::
2-D-surface

:::::::::
equivalent.

::
It

::
is

:::::
widely

::::::::
accepted

:::
that

:::
the

::::::
MOST

::::::::
approach

::
is

:::
not

:::::::::
completely

:::::::
accurate

:::::
close

::
to

::
the

:::::::
canopy

::::::::::::
(Foken, 2006).

::
It

:::
was

::::::::
proposed

:::
that

::
a
::::::
mixing

:::::::::::
length-driven

::::::::
approach

:::
can

:::
be

::::::
applied

:::::::::::::::::::::::::
(Harman and Finnigan, 2007).

::::::::::
Nonetheless,

:::::::::
large-scale

:::::::
models,

:::::
which

::::::
cannot

::::::::
vertically

:::::::
resolve

::
the

::::::::
canopies,

::::
still

:::
use

::::::
MOST

:::
and

::
it
:::
has

::::
been

::::::::::::
demonstrated

::
to30

::
be

::::::::
relatively

::::::::
accurate.

::::
Thus

:::::
from

::
an

::::::::::
operational

::::::::::
perspective,

:::
the

::::::
present

::::::::::
formulation

::::::
revisits

:::
the

:::::::
current

::::::
leading

::::::::
approach

:::
for

:::::::::::
simplification

::
of

:::
the

:::::::
physics

::
in

:
a
::::::::::::
parameterized

::::
way

:::
that

:::
can

:::
be

::::
used

:::
by

::::::::::::::
coarse-resolution

:::::::
models.
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Table 1. Different parameterizations of rH as compiled by Liu et al. (2007).

Source Parameterization of rH Coefficients Assumption

Thom (1975) rH =
1

κ2u

[
ln

(
z− d
z0m

)
−ψm (ζ)

][
ln

(
z− d
z0h

)
−ψh (ζ)

]
ζ0m = ζ0h = 0 z0m 6= z0h, MOST

Yang et al. (2001) rH =
1

κ2u

[
ln

(
z− d
z0m

)
−ψm (ζ,ζ0m)

][
ln

(
z− d
z0h

)
−ψh (ζ,ζ0h)

]
NA z0m 6= z0h, MOST

Choudhury et al. (1986) rH =
1

κ2u

[
ln

(
z− d
z0m

)][
ln

(
z− d
z0h

)]
(1−βRiB)−3/4 β = 5 z0m 6= z0h, SE

Viney (1991) rH =
1

κ2u

[
ln

(
z− d
z0m

)][
ln

(
z− d
z0h

)]
[a+ b(−RiB)c]−1 a,b,c= f((z− d)/z0m) z0m 6= z0h, SE

a= 1.0591− 0.0552ln

(
1.72+

[
4.03− ln

(
z−d
z0m

)]2)
b= 1.9117− 0.2237ln

(
1.86+

[
2.12− ln

(
z−d
z0m

)]2)
c= 0.8437− 0.1243ln

(
3.49+

[
2.79− ln

(
z−d
z0m

)]2)

Verma et al. (1976) rH =
1

κ2u

[
ln

(
z− d
z0m

)]2
(1− 16RiB)

−1/4 NA z0m = z0h, E

Hatfield et al. (1983) rH =
1

κ2u

[
ln

(
z− d
z0m

)]2
(1+βRiB) β = 5 z0m = z0h, E

Mahrt and Ek (1984) rH =
1

κ2u

[
ln

(
z− d
z0m

)]2[
1+ c(−RiB)1/2

1+ c(−RiB)1/2− 15RiB

]
c=

75κ2
(

z−d+z0m
z0m

)1/2[
ln
(

z−d+z0m
z0m

)]2 z0m = z0h, E

Xie (1988) rH =
1

κ2u

[
ln

(
z− d
z0m

)]21+
[
1− 16RiB ln

(
z−d
z0m

)]−1/2

ln
(
z−d
z0m

)
 NA z0m = z0h, E
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3 Methodology

The PALM large-eddy simulation model (Raasch and Schröter, 2001; Maronga et al., 2015) is used to investigate this generic

nature of canopy convector effect. The representation of the canopy in the LES follows the standard distributed drag param-

eterization (Shaw and Schumann, 1992; Watanabe, 2004; Patton et al., 2015) by adding an additional term in the momentum

budget equations as Fdi =−Cd a |u|ui where a is a one sided frontal plant area density (PAD), Cd is a dimensionless drag5

coefficient assumed to be 0.3 (Katul et al., 2004; Banerjee et al., 2013), |u| is the wind speed and ui is the corresponding

velocity component (i= 1,2,3, i.e. u, v and w). The effect of the canopy on the subgrid scale (SGS) turbulence is accounted

for by adding a sink term to the prognostic equation for the SGS turbulent kinetic energy (e) as Fε =−2Cd a |u|e. For closure

of the SGS covariance terms, PALM uses the 1.5 order closure developed by Deardorff (1980) as modified by Moeng and Wyn-

gaard (1988) and Saiki et al. (2000), which assumes a gradient-diffusion parameterization. The diffusivities associated with10

this gradient-diffusion are parameterized using the subgrid-scale turbulent kinetic energy (SGS-TKE) and includes a prognos-

tic equation for the SGS-TKE. This SGS-TKE scheme after Deardorff (1980) is deemed to be an improvement over the more

traditional Smagorinsky (1963) parameterization since the SGS-TKE allows for a much better estimation for the velocity scale

corresponding to the subgrid-scale fluctuations (Maronga et al., 2015). Further details of the LES model can be found in the

literature and are not discussed here (Shaw and Schumann, 1992; Watanabe, 2004; Maronga et al., 2015; Patton et al., 2015).15

For our simulation the number of grid points in the x, y and z directions are 320, 320 and 640 respectively, with grid resolution

of 3.91 m, 3.91 m and 1.95 m in the respective direction. Each simulation has a simulated time of 10000 s with a time step of

0.1 s, while the output of
::
the

:
first 6400 s are discarded before achieving computational quasi-equilibrium. The canopy height

(hc) is taken as 35.0 m with a plant area index (PAI) of 5.0. It is important to note that Rotenberg and Yakir (2011) reported an

effective PAI of about 5–6 for heat exchange for the Yatir forest. This makes our PAI similar to a recent simulation study of20

Dias-Junior et al. (2015). In fact, as we already simulate a homogeneous canopy to show that the CCE appears more generi-

cally above vegetation canopies, we have decided to tailor our simulations following the examples of Patton et al. (2015) and

Dias-Junior et al. (2015) in order to allow a better comparison of the LES data. The vertical distribution of plant area density

(a) follows the pdf of a Beta distribution as described in Markkanen et al. (2003) and the parameters α and β controlling the

vertical distribution of foliage are set as 3.0 and 2.0 respectively to simulate a PAD distribution similar to Dias-Junior et al.25

(2015). The parameters to drive the simulations for five different (in)stability
::::::::
instability

:
classes namely near-neutral (NN),

weakly unstable (WU), moderately unstable (MU), strongly unstable (SU) and free convection (FC) are similar to those of

Patton et al. (2015) and are presented in table 2. Note that the canopy convector effect as a general phenomenon should not

depend on water content in the soil-plant-atmosphere continuum and moreover, the PALM-LES does not take into account any

physiological processes which normally happen with a larger time scale. Nevertheless, instead of simulating a specific dry wa-30

ter free environment, some moisture at the lower surface is provided and the boundary conditions for surface moisture content

are taken similar to the simulations of Dias-Junior et al. (2015) as well. The initial conditions of the potential temperature (and

moisture) profile as also taken similar to Dias-Junior et al. (2015).
:::::::
PALM’s

::::::
canopy

:::::::
module

:::::
allows

:::::::
sensible

::::
heat

:::
flux

:::::
input

::
at

:::
the

::::::
canopy

:::
top

::::
only,

::::
and

:::
the

:::::::
sensible

::::
heat

:::
flux

::
is

:::::::::
attenuated

:::::::::::
exponentially

::::
due

::
to

:::
the

:::::
decay

::
of

:::
the

::::::::
incoming

::::::
energy

:::
by

:::::::::
absorption

7



Table 2. Parameters to drive the simulations for five different (in)stability
::::::::
instability classes namely near-neutral (NN), weakly unstable

(WU), moderately unstable (MU), strongly unstable (SU) and free convection (FC) are similar to Patton et al. (2015). Ug and Vg denote

geostrophic wind speeds, w′T ′s ::::::
w′T ′toc denotes ground

::::::
canopy

::
top

:
surface sensible heat flux, Ts denotes ground surface potential temper-

ature and qs denotes specific humidity at the ground surface.

Stability class (Ug , Vg) (ms−1) w′T ′s (Kms−1) Ts (K) qs (g/g)

NN
:::

Near
::::::
Neutral

::::
(NN)

:
20, 0 0.24

::::
0.18 307.7 0.02

WU
::::::
Weakly

::::::
Unstable

:::::
(WU) 10, 0 0.21

::::
0.18 307.7 0.02

MU
::::::::
Moderately

:::::::
Unstable

::::
(MU)

:
5, 0 0.20

::::
0.18 307.7 0.02

SU
::::::
Strongly

:::::::
Unstable

::::
(SU) 2, 0 0.20

::::
0.18 307.7 0.02

FC
:::
Free

:::::::::
Convection

::::
(FC) 0, 0 0.23

::::
0.18 307.7 0.02

:::
and

::::::::
reflection

::
by

:::
the

::::::
leaves.

:::::
Thus

:::
the

::::::
ground

::::::
surface

::::
heat

::::
flux

:::::
would

::
be

::::::::
different

::::
from

::::::::::::::::
Patton et al. (2015).

:
Another important

point to note is that instead of lowering the wind speeds while maintaining similar sensible heat fluxes, the different stability

classes can also be achieved by maintaining the same wind speed and ramping up the surface sensible heat fluxes. However,

this should not affect the generic feature of CCE as discussed at the end of section 2.1.
::::::
Further

::::::
details

:::
and

::::::::
boundary

:::::::::
conditions

::::
about

:::
the

::::
LES

:::
are

:::::::::
discussed

::
in

:::::::
appendix

:::
B.5

:
It
::
is
:::::
worth

:::::::::::
highlighting

:::::
again

::::
here

:::
that

:::
the

:::::
large

:::::
eddy

:::::::::
simulations

:::::
have

::::
been

:::::::::
conducted

::::
with

:::
an

::::::
explicit

::::
3-D

:::::::
canopy.

::::
This

:::::
means

::::
that

:::
the

::::::
surface

:::::::::::
assumptions

:::
are

:::
not

::::::
needed

::
to

:::::::
develop

::
a

::::::
revised

::::::::::::
approximation

::::::::
approach

:::
for

:::
the

:::::::::::::::::
surface-equivalence

:::
that

::::::::
accounts

::
for

:::
the

:::::
forest

:::::::
density

::::::
effects.

::::
Only

:::
the

:::::::::
outcomes

::
of

:::
the

::::
LES

:::
are

:::::::::::
parameterized

:::
in

:
a
::::
way

:::
that

::::
will

:::::
allow

::::::::
resolving

::
the

:::::::
canopy

::::::::
convector

:::::
effect

::::
even

::
in

:::::::::
large-scale

:::::::
models.

:

4 Results and Discussions10

4.1 Comparison with LES

The results of the LES simulations are presented in figure 1 as temporally and spatially averaged vertical profiles for all five

stability classes, where the lightest cyan shade indicates near neutral and the most magenta shade indicates free convective

conditions. Panel (a) shows the mean wind speed (U ), panel (b) shows the standard deviation of longitudinal velocity fluctua-

tions (σu) and panel (c) shows the friction velocity (which can be taken as a measure of turbulent intensity) (u∗) at every level15

for each simulation

u∗ = (u′w′
2

+ v′w′
2
)
1/4

. (10)

In the second row, panel (d) shows profiles of temporally and spatially averaged potential temperature (T ), panel (e) shows

the kinematic sensible heat flux (w′T ′) and panel (f) shows the Prandtl number Pr0 =Km/Kh. The profiles (except Pr0) are

shown in their dimensional form to clearly illustrate the differences between the different stability conditions. The simulation20

results closely follow the results presented in Patton et al. (2015) and Dias-Junior et al. (2015). It is interesting to observe that

8
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Figure 1. Summary statistics of five LES simulations showing the variations between different stability classes in increasing order of

instability- from near neutral to free convection color coded as indicated in the legend.

the magnitude of velocity, the velocity fluctuations and the turbulent intensity decreases gradually from the near neutral to free

convective conditions, i.e., with increasing instability. The potential temperature also reduces with increasing instability at all

heights. On the other hand, the sensible heat flux appears to increase with increasing stability, especially more above the forest

(z/hc = 1 indicates the canopy top).
:::::
These

::::::
results

:::
are

:::::::
physical

:::::::::
consistent.

:::
The

::::
near

:::::::
neutral

::::
case

:
is
:::::::::

dominated
:::

by
::::::::::
mechanical

::::
shear

::::::
driven

:::::::::
turbulence

:
-
:::::
given

::
by

:::
the

::::::
highest

:::::
mean

:::::::
velocity.

::::
The

:::
free

::::::::::
convection

::::
case

:
is
:::::
fully

::::::::
buoyancy

:::::
driven

::::
and

:::
the

::::::
motion5

:
is
:::::
fully

:::::::::
upwards-as

::::::
evident

:::
by

:::
the

::::
near

::::
zero

:::::
mean

::::::::
horizontal

:::::::
velocity.

::::
For

::
the

:::::
same

:::::::
reasons,

:::
the

::::::::
turbulent

:::::::
intensity

:::
and

:::::::
friction

::::::
velocity

::::::
follow

:::
the

::::
same

:::::::
pattern.

:::
The

:::::::
strongly

::::::::
unstable

::::
cases

::::
have

:::::::
highest

:::
heat

::::::
fluxes,

:::::
which

::
is
::::
also

::::::::
physically

:::::::::
consistent.

:::::
Note

:::
that

:::
the

::::::
canopy

:::
top

:::::::
sensible

::::
heat

::::
flux

:
is
:::::::
similar

::
to

:::
the

:::::::
imposed

:::::
value

::
of

::::
0.18

::::::
Kms−1

::::
that

::::
was

::::
used

::
to

::::
drive

:::
the

::::::::::
simulations.

:

9



Figure 2. Aerodynamic resistance to heat transfer exhibiting canopy convector effect. Panel (a): Difference between surface and air temper-

ature (Ts−Ta); panel (b): stability parameter ζ; panel (c): canopy aerodynamic resistance (rH ).

Figure 2 shows temporally and spatially averaged vertical profiles for the different stability conditions with the same color

coding as figure 1. We investigate the vertical profile of rH in order to assess the uncertainty that arises from varying the

reference height for the air temperature under varying stability. The temperature of the canopy top is taken as the surface

temperature (Ts) and thus results are shown from above the canopy top, i.e., z/hc = 1. Panel (a) shows the difference of surface

and air temperature (Ts−Ta(z)). Panel (b) shows the stability parameter ζ at every level computed as ζ = (z−d)/L as explained5

in section 2. Panel (c) plots canopy aerodynamic resistance to heat transfer (rH ) at every level computed from eq. 1. As evident

from panel (c), the aerodynamic resistance reduces with increasing instability, confirming the hypothesis constructed earlier

and thus clearly demonstrating the canopy convector effect (CCE). As noted by Zilitinkevich et al. (2008), with increasing

instability, “convective updraughts developing at side walls of roughness elements extend upwards and provide extra resistances

to the mean flow. Then the mean flow interacts with both solid obstacles and their virtual extensions (updraughts), which results10

in the increased roughness length". This increased roughness can be recognized as the aerodynamic roughness. For the same

physical roughness of the canopy, increase of instability increases this aerodynamic roughness and in turn, reduces rH . The low

aerodynamic resistance effectively allows larger eddies to form above the forest canopy which are more efficient to dissipate the

sensible heat by promoting buoyancy. This description refers to a more general phenomenon as opposed to the the description

10
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Figure 3. Variations of rH with height across stability ranges and comparisons with different parameterization schemes as described in table

1.

by Rotenberg and Yakir (2011) which identifies the higher physical roughness of the canopy compared to the desert and is

thus a more site specific description. Nevertheless, it is acknowledged that the more generic description presented here can be

reconciled with the explanation from Rotenberg and Yakir (2011) by noting that increased physical roughness can also result

in increased aerodynamic roughness. Also incidentally, Rotenberg and Yakir (2010)
:::::
RY10

:
reported a value of rH ≈ 16 for the

Yatir forest which is of similar order of magnitude as what is found in panel (c) of figure 2. One important point to note in5

figure 1 is the magnitude of the Prandtl number, which is almost fixed to about 0.335 above the canopy. This can be reconciled

with the theoretical prediction of the variation of Pr0 with stability by Li et al. (2015). For stability ranges 1≤−ζ ≤ 10, Pr0

is also estimated to be approximately 0.33, consistent with the stability ranges plotted in figure 2. The variation of Pr0 with

stability is discussed further in the appendix.

4.2 Testing different parameterizations10

It is interesting to study if the different parameterizations capture the correct behavior of rH at different heights across stability.

::
To

:::::::
compute

:::
rH:::::::::

variations,
:::
the

::::
LES

:::::::::
generated

::::::
profiles

::
of
:::::

mean
:::::::
velocity

::
u,
:::::::

sensible
::::

heat
:::::
flux,

::
air

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

::::::
Prandtl

:::::::
number

::::
(thus

:::
the

:::::::::::
diffusivities)

:::
are

::::
used

::::::
where

:::
all

::
of

:::::
them

::::
have

::
z

:::::::::
variations.

:::
The

:::::::
friction

:::::::
velocity

:::
u∗ :::

and
:::
the

:::::::::
roughness

:::::::
lengths

:::
are

11



Figure 4. Variations of rH with height for different stability classes computed for each parameterization scheme as described in table 1.

12
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Figure 5. Variations of rH as given by the parameterization of Yang et al. (2001) with height across stability ranges and a wide range of z0m.

black ‘+’ markers indicate the observed rH from LES at any particular stability state.

::::
fixed.

:
Figure 3 plots the variation of rH with height as obtained from the LES (black ‘+’ markers), and the predicted rH

from different parameterizations for the different stability cases - near neutral (column 1), weakly unstable (column 2), mildly

unstable (column 3) and strongly unstable (column 4). The top row compares the parameterizations by Thom (1975) (blue line),

Yang et al. (2001) (red line), Choudhury et al. (1986) (black line) and Viney (1991) (pink line) which assume z0m 6= z0h. The

bottom panel compares the parameterizations by Verma et al. (1976) (blue dashed line), Hatfield et al. (1983) (red dashed line),5

Mahrt and Ek (1984) (black dashed line) and Xie (1988) (pink dashed line). It should be noted that a single value of roughness

z0m = 0.6hc has been chosen for all cases by trial and error to obtain a ‘good’ comparison in figure 3. As observed, none of the

parameterizations can capture the correct height variations of rH except the one by Yang et al. (2001) for more unstable cases.

However, all parameterizations seems to do a decent job close to the canopy top. This clearly indicates that one single value

for z0m as suggested by these parameterizations is inadequate. To study if the different parameterization schemes can capture10

the canopy convector effect, rH computed from each method is plotted for different heights for the different stability classes in

figure 4. The title of each panel describes which parameterization is plotted and the color shades starting from cyan to purple

indicates increasing instability. As evident, only the parameterization by Thom (1975) captures the canopy convector effect for

weaker cases
:::::::::
instabilities. The parameterization by Yang et al. (2001) also displays the signatures of CCE, however weakly.

13



The other formulations cannot capture the correct trend of CCE at all. Thus at this stage, it is clear that Yang et al. (2001)

formulation, based on MOST and distinguishing between two different roughness lengths is the most promising candidate to

parametrize rH compared to the other formulations which apply some form of approximations or do not apply MOST.

4.3 Towards an improved parameterization for rH

Until this stage, the momentum roughness length has been prescribed by trial and error and it warrants a more detailed inves-5

tigation. To explore the effect of different roughness lengths, the parameterization by Yang et al. (2001) is computed across

a wide range of z0m and compared with the LES outputs for the different stability classes. As observed, an increase of z0m

with increasing instability captures the height variation better than a single roughness length for all stability classes further

providing support for the notion put forward by Zilitinkevich et al. (2008). Hence the formulation by Yang et al. (2001) can be

modified to include the effects of stratification on several parameters. Zilitinkevich et al. (2008) suggested a stability dependent10

zero-plane displacement length as well as a stability dependent z0m based on dimensional analysis, given by

ds =
d[

1 + 0.56
(
hc

−L

)1/3] , (11)

and

z0ms = z0m

[
1 + 1.15

(
hc
−L

)1/3
]
, (12)

where ds and z0ms are the stability dependent zero-plane displacement length and roughness lengths for momentum respec-15

tively, d and z0m being their neutral counterpart. d= (2/3)hc can be assumed as usual. The neutral z0m can be assumed to be

related to LAI as given by Shuttleworth and Gurney (1990). According to the relation used by Shuttleworth and Gurney (1990),

for an LAI of 5, a z0m = 0.12hc can be obtained (which is almost constant for a wide range of canopy drag coefficients and

LAI). Moreover, if one uses the correct stability dependent Prandtl number Pr0(ζ) instead of setting it to unity, an improved

parameterization based on the Yang et al. (2001) can be written as20

rH =
Pr0(ζ)

κ2u

[
ln

(
z− ds
z0ms

)
−ψm (ζ,ζ0ms)

][
ln

(
z− ds
z0hs

)
−ψh (ζ,ζ0hs)

]
. (13)

Note that z0ms and z0hs are still related by the same relation κB−1 = ln(z0ms/z0hs) with κB−1 = 2.0 as discussed earlier

and ζ = (z−ds)/L and ζ0ms = z0ms/L, ζ0hs = z0hs/L. If a Prandtl number of unity is still assumed but the roughness lengths

are assumed to be varying with stability as given by equation 13 with a neutral value of z0m = 0.2hc, the formulation by Yang

et al. (2001) is found to display the correct behavior of canopy convector effect with stability as observed in figure 6. Panel (a)25

shows the variation of rH with height across stability according to the improved formulation as given by equation 13. Panel

(b) shows similar variations of rH computed from the LES repeated again for comparison. The profile for the near neutral case

crosses over the more highly unstable cases at heights around 6hc, however, the general behavior of CCE is captured well.

On the other hand, if the full complexity of equation 13 is used including a stability dependent Prandtl number (discussed in

14



Figure 6. (a) The variation of rH with height across stability according to the improved formulation as given by equation 13;(b) similar

variations of rH computed from the LES repeated again for comparison.

appendix A), but using the canopy top surface value of the sensible heat flux for all computations involved, the variation of

modeled rH is shown on panel (a) of figure 7. rH computed from the LES results using the surface value of the heat flux is

shown in panel (b). This assumption of a constant sensible heat flux in the canopy sub layer or the atmospheric surface layer

is a more realistic one than a monotonically reducing sensible heat flux with height as shown in panel (e) of figure 1. In fact,

the surface layer is defined as a constant flux layer (Stull, 2012). The reducing flux profiles in LES are common features of5

large-eddy simulations since the top boundary of the LES domain is assumed stress free (Shaw and Schumann, 1992). Figure 7

correctly captures the order of magnitude of the rH observed from the simulations, and also captures CCE correctly. However, it

is acknowledged that the exact profiles of the observed rH can not be captured. However, these different comparisons highlight

the uncertainties involved in the parameterization of rH .

5 Conclusion10

The canopy aerodynamic resistance is a concept borrowed from the evapotranspiration literature where it represents the

resistance between the idealized ‘big-leaf’ (a reduced order representation of the fully heterogeneous three dimensional

15



Figure 7. (a) The variation of rH with height across stability according to the improved formulation as modeled by equation 13, but using

the top-of-canopy surface flux throughout all heights;(b) similar variations of rH computed from the LES using the top-of-canopy surface

flux assumed to be constant in the surface layer.

canopy) and the atmosphere for heat or vapor transfer (Alves et al., 1998). The Penman-Monteith equation to calculate

evapotranspiration requires parameterization of the aerodynamic resistance which require information on roughness lengths

for heat and momentum and stability (Penman, 1948; Allen et al., 1998; Cleverly et al., 2013). rH parameterizations are also

used in global climate models to describe the canopy-atmosphere interaction at the canopy surface layer (Walko et al., 2000).

In semi arid ecosystems, vegetation canopies maintain a relatively cool surface temperature in spite of the high sensible heat5

flux by reducing the canopy aerodynamic resistance to heat transfer (rH ) — a phenomenon named ‘canopy convector effect’

by Rotenberg and Yakir (2010). In the present work, a large-eddy simulation is used to examine this canopy convector effect

and in the process, several existing parameterizations for rH is examined. The objectives behind this exploration is twofold.

The first one is to investigate if the existing parameterizations exhibit canopy convector effect and the second one is to iden-

tify the uncertainties associated with these different parameterizations since they are applied in different climate models often10

under conditions of thermal stratification. As illustrated by the LES results, rH above the canopy are found to reduce system-

atically as the strength of unstable stratification increases. This is deemed to be the core feature of canopy convector effect,

since with increasing instability, more convective updraughts enhance the roughness over the canopy elements that the mean

16



flow encounters. The height variation of rH is also found to have a highly nonlinear profile, thus any model prescribing a

parameterization for rH needs to employ considerable caution regarding the height it is prescribed. Existing parameterizations

of rH employ either Monin-Obukhov similarity theory (MOST) or Richardson number based empirical or semi-empirical for-

mulations to account for thermal stratification. However, most of them are found to be unable to describe the correct trend

of CCE. Among different formulations, the one by Yang et al. (2001) is found to be the most promising candidate. This pa-5

rameterization employs MOST, and accounts for stability parameters associated with roughness lengths for momentum and

heat transfer. It is found out that a stability dependent zero-plane displacement height as well as stability dependent roughness

lengths for momentum and heat transfer can improve its performance. Moreover, if the surface layer or the canopy sublayer

is assumed to have a constant sensible heat flux equal to the flux at the canopy top, and a stability dependent Prandtl number

is used, the performance improves further. These assumption also leads
:::::::::
assumptions

::::
also

::::
lead

:
to a less nonlinear height varia-10

tion. These explorations highlight the uncertainties associated with the parameterizations of rH . One possible major source of

uncertainty is the usage of Monin-Obukhov similarity theory in the canopy sublayer (CSL) (up to 3hc to 6hc) since it is not

expected to perform in the CSL (Kaimal and Finnigan, 1994). Nevertheless, MOST formulations are found to outperform other

semi-empirical formulations using Richardson numbers. Thus future research work will involve studying these uncertainties

of rH parameterizations in regional and global climate models. The consequence of this CCE on local circulation, atmospheric15

moisture and tree physiology will also be investigated, extending the preliminary study of Eder et al. (2015). However, the fact

that CCE is a more generic feature of canopy turbulence provides hope that also the afforestation of an area larger than the

Yatir forest would be able to cope with a high-radiation load under water scarcity in semi-arid climates.
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Appendix A: Appendix: Stability dependence of Prandtl number

The turbulent Prandtl number Pr0 is defined as the ratio of the eddy diffusivities of momentum and heat (Km/Kh). The

variation of Prandtl number with stability (Pr0(ζ)) was discussed in detail by Li et al. (2015) by using a spectral budget

formulation and not repeated here. Only the predicted variation of Pr−1/Pr−1n with stability (ζ = z/L) is digitized and30

produced on figure A1, which was experimentally validated by Li et al. (2015). Pr−1n denotes the inverse of the neutral Prandtl

17



Figure A1. The variation of Pr−1/Pr−1
n with stability according to the spectral budget formulation of Li et al. (2015).

number which can assumed to be equal to 1. Note that for the stability ranges computed in the LES simulations in figure 2, this

formulation predicts a Pr0 ≈ 0.33, which is also observed in the Pr0 independently computed in figure 1.

Appendix B:
::::
Some

:::::::::::::
computational

::::::
details

:::
of

:::
the

::
of

:::
the

::::
LES

B1
:::::::
surface

::::
heat

:::
flux

:::::::::::
formulation

::::
and

:::::::::
boundary

:::::::::
conditions

:::
The

::::::
ground

:::::::
surface

:::
heat

::::
flux

:::
for

::::::::
gridpoints

::::
with

::
a
::::::
canopy

:::::
layer

:
is
:::::
given

:::
by:

:
5

w′T ′s = w′T ′toc× exp

−εc hc∫
0

LAD(z)dz

 ,
::::::::::::::::::::::::::::::::::::::

(B1)
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::::
with

:::::::
εc = 0.6

:::
the

:::::::::
extinction

:::::::::
coefficient

:::
of

::::
light

::::::
within

:::
the

:::::::
canopy.

:::::::
Within

:::
the

:::::::
canopy

:::
the

:::::::::::
plant-canopy

:::::::
heating

::::
rate

::
is

::::::::
calculated

::
as

:::
the

:::::::
vertical

:::::::::
divergence

::
of

:::
the

::::::
canopy

::::
heat

::::::
fluxes:

w′T ′toc
d

dz
exp

εc hc∫
z

LAD(z′)dz′


:::::::::::::::::::::::::::::

(B2)

:::
The

::::::
bottom

::::::::
boundary

:::::::::
condition

::
for

::::::::
potential

::::::::::
temperature

::
is

:
a
:::::::::
Neumann

::::::::
condition,

:::
the

::::::::
boundary

::::::::
condition

::
at
:::
the

::::
top

::
of

:::
the

::::::
domain

:::
is

::::
such

:::
that

:::
the

::::::
initial

::::::::::
temperature

:::::::
gradient

::
is

:::::::::
maintained

::
at

:::
the

:::
top

::
of

:::
the

:::::::
domain.5

B2
:::::
Eddy

:::::::::
diffusivity

:::::::::::
formulation

:::
The

:::::::::::
computation

::
for

:::
the

:::::
eddy

::::::::::
diffusivities

::
in

:::::
PALM

:::::::
follows

:::
the

:::::::
standard

::::::::
procedure

:::
for

:::
1.5

:::::
order

:::::::::
turbulence

::::::
closure.

:::::
Thus

::::
they

::
are

:::::::::
computed

::::
from

:::
the

:::::::::::
subgrid-scale

::::::::
turbulent

::::::
kinetic

::::::
energy,

:::::
more

::::::::
precisely

::::::::
equations

::::::
(13-14)

:::::
from

::::::::::::::::::
Maronga et al. (2015).

:

::::
Eddy

:::::::::
diffusivity

:::
for

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

Km = cml
√
e

:::::::::::
(B3)10

::::
Eddy

:::::::::
diffusivity

:::
for

::::
heat:

:

Kh =

(
1 +

2l

∆

)
Km

::::::::::::::::

(B4)

::::
With

:
e
:::

the
::::::::::::

subgrid-scale
::::::::
turbulent

::::::
kinetic

::::::
energy

::
(a

:::::::::
prognostic

::::::::
variable),

::::::::
cm = 0.1,

::::
and

::
∆

:::
the

:::::::::
geometric

:::::
mean

::
of

:::
the

::::
grid

:::::::
spacings

::
in

:::
x,y

:::
and

::
z.

:::::::
Finally,

:
l
::
is

::
the

::::::::::::
subgrid-scale

::::::
mixing

:::::
length

:::::::::
depending

:::
on

::
∆,

:::::::
stability,

::::
and

:::::::
distance

::::
from

:::
the

::::::::::
topography

:::::::
elements

::
or

::::::
ground

:::::::
surface.

:
15

Author contributions. T. Banerjee conceived the idea, conducted data analysis and wrote the paper. F. De Roo set up the Large Eddy Simu-

lations. M. Mauder had written the proposal that funded this project, supervised the project and provided comments and suggestions.

Competing interests. The authors declare no conflict of interest.

19



References

Allen, R. G., Pereira, L. S., Raes, D., and Smith, M.: Crop evapotranspiration-Guidelines for computing crop water requirements-FAO

Irrigation and drainage paper 56, FAO, Rome: Food and Agriculture Organization of the United Nations, 300, D05 109, 1998.

Alves, I., Perrier, A., and Pereira, L.: Aerodynamic and surface resistances of complete cover crops: How good is the “big leaf"?, Transact.

ASAE, 41, 345, 1998.5

Baldocchi, D., Falge, E., Gu, L., Olson, R., Hollinger, D., Running, S., Anthoni, P., Bernhofer, C., Davis, K., Evans, R., et al.: FLUXNET: a

new tool to study the temporal and spatial variability of ecosystem-scale carbon dioxide, water vapor, and energy flux densities, Bull. Am.

Met. Soc., 82, 2415–2434, 2001.

Banerjee, T., Katul, G., Fontan, S., Poggi, D., and Kumar, M.: Mean flow near edges and within cavities situated inside dense canopies,

Bound.-Lay. Meteorol., 149, 19–41, 2013.10

Chamberlain, A.: Transport of gases to and from surfaces with bluff and wave-like roughness elements, Q. J. Roy. Meteor. Soc., 94, 318–332,

1968.

Choudhury, B., Reginato, R., and Idso, S.: An analysis of infrared temperature observations over wheat and calculation of latent heat flux,

Agr. Forest Meteorol., 37, 75–88, 1986.

Cleverly, J., Chen, C., Boulain, N., Villalobos-Vega, R., Faux, R., Grant, N., Yu, Q., and Eamus, D.: Aerodynamic resistance and Penman-15

Monteith evapotranspiration over a seasonally two-layered canopy in semiarid central Australia, J. Hydrometeorol., 14, 1562–1570, 2013.

Deardorff, J. W.: Stratocumulus-capped mixed layers derived from a three-dimensional model, Bound.-Lay. Meteorol., 18, 495–527, 1980.

Dias-Junior, C. Q., Marques Filho, E. P., and Sá, L. D.: A large eddy simulation model applied to analyze the turbulent flow above Amazon

forest, J. Wind Eng. Ind. Aerodyn., 147, 143–153, 2015.

Dyer, A.: A review of flux-profile relationships, Boundary-Layer Meteorology, 7, 363–372, 1974.20

Dyer, A. and Hicks, B.: Flux-gradient relationships in the constant flux layer, Quarterly Journal of the Royal Meteorological Society, 96,

715–721, 1970.

Eder, F., De Roo, F., Rotenberg, E., Yakir, D., Schmid, H. P., and Mauder, M.: Secondary circulations at a solitary forest surrounded by

semi-arid shrubland and their impact on eddy-covariance measurements, Agr. Forest Metereol., 211, 115–127, 2015.

Foken, T.: 50 years of the Monin-Obukhov similarity theory, Bound.-Lay. Meteorol., 119, 431–447, 2006.25

Foken, T., Dlugi, R., and Kramm, G.: On the determination of dry deposition and emission of gaseous compounds at the biosphere-

atmosphere interface, Meteorol. Z, 4, 91–118, 1995.

Garratt, J. R.: Aerodynamic roughness and mean monthly surface stress over Australia, 29, Commonwealth Scientific and Industrial Research

Organization, 1977.

Harman, I. N. and Finnigan, J. J.: A simple unified theory for flow in the canopy and roughness sublayer, Boundary-layer meteorology, 123,30

339–363, 2007.

Hatfield, J., Perrier, A., and Jackson, R.: Estimation of evapotranspiration at one time-of-day using remotely sensed surface temperatures,

Agr. Water. Manage., 7, 341–350, 1983.

Kaimal, J. C. and Finnigan, J. J.: Atmospheric boundary layer flows: their structure and measurement, Oxford University Press, 1994.

Katul, G. G., Mahrt, L., Poggi, D., and Sanz, C.: One-and two-equation models for canopy turbulence, Bound.-Lay. Meteorol., 113, 81–109,35

2004.

20



Li, D., Katul, G. G., and Zilitinkevich, S. S.: Revisiting the turbulent Prandtl number in an idealized atmospheric surface layer, J. Atmos.

Sci., 72, 2394–2410, 2015.

Liu, S., Lu, L., Mao, D., and Jia, L.: Evaluating parameterizations of aerodynamic resistance to heat transfer using field measurements,

Hydrol. Earth Syst. Sci., 11, 769–783, 2007.

Mahrt, L. and Ek, M.: The influence of atmospheric stability on potential evaporation, J. Clim. Appl. Meteorol., 23, 222–234, 1984.5

Markkanen, T., Rannik, Ü., Marcolla, B., Cescatti, A., and Vesala, T.: Footprints and fetches for fluxes over forest canopies with varying

structure and density, Bound.-Lay. Meteorol., 106, 437–459, 2003.

Maronga, B., Gryschka, M., Heinze, R., Hoffmann, F., Kanani-Sühring, F., Keck, M., Ketelsen, K., Letzel, M., Sühring, M., and Raasch,

S.: The Parallelized Large-Eddy Simulation Model (PALM) version 4.0 for atmospheric and oceanic flows: model formulation, recent

developments, and future perspectives, Geosci. Model Dev., 8, 1539–1637, 2015.10

Maurer, K., Bohrer, G., Kenny, W., and Ivanov, V.: Large-eddy simulations of surface roughness parameter sensitivity to canopy-structure

characteristics, Biogeosciences, 12, 2533–2548, 2015.

Maurer, K. D., Hardiman, B. S., Vogel, C. S., and Bohrer, G.: Canopy-structure effects on surface roughness parameters: Observations in a

Great Lakes mixed-deciduous forest, Agricultural and forest meteorology, 177, 24–34, 2013.

Moeng, C.-H. and Wyngaard, J. C.: Spectral analysis of large-eddy simulations of the convective boundary layer, J. Atmos. Sci., 45, 3573–15

3587, 1988.

Monteith, J.: Principles of environmental physics, Academic Press, London, England, 1973.

Monteith, J. and Unsworth, M.: Principles of Environmental Physics, Academic Press, London, England, 2007.

Owen, P. and Thomson, W.: Heat transfer across rough surfaces, J. Fluid Mech., 15, 321–334, 1963.

Patton, E. G., Sullivan, P. P., Shaw, R. H., Finnigan, J. J., and Weil, J. C.: Atmospheric stability influences on coupled boundary-layer-canopy20

turbulence, J. Atmos. Sci., 73, 1621–1648, 2015.

Paulson, C. A.: The mathematical representation of wind speed and temperature profiles in the unstable atmospheric surface layer, J. Appl.

Meteorol., 9, 857–861, 1970.

Penman, H. L.: Natural evaporation from open water, bare soil and grass, in: Proc. Roy. Soc. A - Math. Phy., vol. 193, pp. 120–145, The

Royal Society, 1948.25

Raasch, S. and Schröter, M.: PALM–a large-eddy simulation model performing on massively parallel computers, Meteorol. Z., 10, 363–372,

2001.

Rotenberg, E. and Yakir, D.: Contribution of semi-arid forests to the climate system, Science, 327, 451–454, 2010.

Rotenberg, E. and Yakir, D.: Distinct patterns of changes in surface energy budget associated with forestation in the semiarid region, Glob.

Change Bio., 17, 1536–1548, 2011.30

Saiki, E. M., Moeng, C.-H., and Sullivan, P. P.: Large-eddy simulation of the stably stratified planetary boundary layer, Bound.-Lay. Meteo-

rol., 95, 1–30, 2000.

Seginer, I.: Aerodynamic roughness of vegetated surfaces, Bound.-Lay. Meteorol., 5, 383–393, 1974.

Shaw, R. H. and Schumann, U.: Large-eddy simulation of turbulent flow above and within a forest, Bound.-Lay. Meteorol., 61, 47–64, 1992.

Shuttleworth, W. J. and Gurney, R. J.: The theoretical relationship between foliage temperature and canopy resistance in sparse crops, Q. J.35

Roy. Meteorol. Soc., 116, 497–519, 1990.

Smagorinsky, J.: General circulation experiments with the primitive equations: I. the basic experiment, Mon. Weather Rev., 91, 99–164,

1963.

21



Stull, R. B.: An introduction to boundary layer meteorology, vol. 13, Springer Science & Business Media, 2012.

Thom, A.: Momentum, mass and heat exchange of plant communities, vol. 1, Academic Press, London, 1975.

Verma, S., Rosenberg, N., Blad, B., and Baradas, M.: Resistance-energy balance method for predicting evapotranspiration: Determination of

boundary layer resistance and evaluation of error effects, Agron. J., 68, 776–782, 1976.

Viney, N. R.: An empirical expression for aerodynamic resistance in the unstable boundary layer, Bound.-Lay. Meteorol., 56, 381–393, 1991.5

Walko, R. L., Band, L. E., Baron, J., Kittel, T. G., Lammers, R., Lee, T. J., Ojima, D., Pielke Sr, R. A., Taylor, C., Tague, C., et al.: Coupled

atmosphere-biophysics-hydrology models for environmental modeling, J. Appl. Meteorol., 39, 931–944, 2000.

Watanabe, T.: Large-eddy simulation of coherent turbulence structures associated with scalar ramps over plant canopies, Bound.-Lay. Mete-

orol., 112, 307–341, 2004.

Webb, E.: On the correction of flux measurements for effects of heat and water vapour transfer, Boundary-Layer Meteorology, 23, 251–254,10

1982.

Xie, X.: An improved energy balance-aerodynamic resistance model used estimation of evapotranspiration on the wheat field, Acta Meteorol.

Sin. (in Chinese), 46, 102–106, 1988.

Yang, K., Tamai, N., and Koike, T.: Analytical solution of surface layer similarity equations, J. Appl. Meteorol., 40, 1647–1653, 2001.

Zilitinkevich, S. S., Mammarella, I., Baklanov, A. A., and Joffre, S. M.: The effect of stratification on the aerodynamic roughness length and15

displacement height, Bound.-Lay. Meteorol., 129, 179–190, 2008.

22


