
1. Introduction
Similarity between scalars (e.g., potential temperature E  and specific humidity q) is a widely used theoret-
ical approximation not only in field experiments to derive surface fluxes, but also in numerical models to 
determine turbulent fluxes and transport of heat, water vapor, and other scalars in the atmospheric sur-
face layer (ASL) (Asanuma et al., 2007; Cancelli et al., 2014; Foken, 2006). The similarity of two scalars 
implies the equality of their corresponding dimensionless Monin-Obukhov similarity functions (Dias & 
Brutsaert, 1996), which can be evaluated in various ways, such as eddy diffusivities, similarity functions, 
and correlation coefficients (e.g., Cancelli et al., 2012; De Bruin et al., 1993; Katul et al., 2008). Here and 
throughout,  E q similarity is defined as the unity of their correlation coefficient (i.e., qE R   = 1) (Hill, 1989), 
whereas dissimilarity means that qE R  is less than 1. However, field measurements indicate that the dissim-
ilarity between E  and q is almost always observed under different Bowen ratios ( E  , a ratio of surface-sen-
sible heat flux to latent heat flux), though the dissimilarity degree varies distinctly across field sites and 
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the ASL turbulence structures.
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experimental conditions (e.g., De Bruin et al., 1993; Dias & Brutsaert, 1996; Katul et al., 2008; Li & Bou-
Zeid, 2011; Moene & Schüttemeyer, 2008). Even under steady-state and homogeneous conditions to satisfy 
the assumptions required by the Monin-Obukhov similarity theory (MOST), dissimilarity is often reported 
(Cancelli et al., 2014). The presence of such  E q dissimilarity poses large challenges to many applications 
of MOST such as flux-variance and energy-budget Bowen ratio methods and many numerical models in 
determining turbulent fluxes (Dias & Brutsaert, 1996; Gao et al., 2018). Improving our understanding of 
the underlying physical mechanisms for  E q dissimilarity under different E  conditions remains a subject 
of active research.

Previous studies have suggested that  E q dissimilarity is caused by several possible factors such as un-
steadiness of turbulence flows (McNaughton & Laubach, 1998), local advection (Lee et al., 2004), surface 
heterogeneity (Detto et al., 2008; Huang et al., 2009; Moene & Schüttemeyer, 2008; Moene et al., 2006; Wil-
liams et al., 2007), different active-passive roles of the scalars (Katul & Parlange, 1994), and entrainment at 
the top of the atmospheric boundary layer (ABL) (Babić et al., 2021; Boer et al., 2014; Cancelli et al., 2014; 
De Bruin et al., 1993; Detto et al., 2008; Gao et al., 2018; Katul et al., 2008; Lohou et al., 2010). It is reported 
that  E q dissimilarity in the ASL results from interactions between the ABL processes (e.g., entrainment 
induced) and surface forcing. Nevertheless, it is rather difficult to identify specific causes for  E q dissimi-
larity with field experiments alone, given the complexity of multiple processes contributing to the dissimi-
larity (Cancelli et al., 2014). Therefore, it is critical to examine how varying surface-sensible and latent heat 
fluxes regulates the ABL processes that impact the ASL  E q dissimilarity, which motivates the work here 
via large-eddy simulations (LESs).

As pointed out by Cancelli et al. (2012),  E q dissimilarity in the ASL can be connected to the magnitudes 
of surface-sensible and latent heat fluxes and the consequent establishment of a balance between gradient 
production and molecular dissipation of scalar variance and covariance. Cancelli et al. (2014) further de-
duced that the imbalance is likely attributed to weak surface flux that allows turbulence transport and top-
down mixing (entrainment) to play an increased role in regulating the ASL dissimilarity. Such conditions 
with weak surface flux correspond to cases for humidity over the dry land (i.e., high E  ) and temperature 
over water surface (i.e., low E  ). This argument is supported by eddy-covariance measurements that  E q 
dissimilarity is more prominent under drier surface conditions (i.e., higher E  ) and humidity variance de-
viates noticeably from the MOST universal function (e.g., De Bruin et al., 1993; Lamaud & Irvine, 2006; 
Moene et al., 2006). More recently, Babić et al. (2021) found that qE R  is larger over the slope with low E  than 
over the valley floor with high E  . Varying partitioning of surface-sensible and latent heat fluxes (i.e., chang-
es in E  ) leads to different entrainment regimes for E  and q, as indicated by different entrainment ratios (ratio 
of entrainment flux to surface flux) (Boer et al., 2014; Mahrt, 1991; Moene et al., 2006). In a high E  situation, 
turbulence is vigorous, and large eddies produced in the convective boundary layer (CBL) can affect the 
ASL. The relative influence of large CBL eddies on E  in the ASL is small because the surface-sensible heat 
flux is dominantly large (i.e., local process dominates), while the impact on q is significant due to the low 
latent heat flux (De Bruin et al., 1993; Mahrt, 1991). Though these field works support the role of varying 
E  in affecting  E q dissimilarity, how the CBL processes respond to changes in E  which in turn affect  E q 
dissimilarity across the CBL remains underexplored.

LES has been widely employed to study the ABL-related issues, and the model outputs are usually treated 
as “true” observation data (e.g., Huang et al., 2011; Moeng, 1984; Sullivan & Patton, 2011). In this study, LES 
experiments are conducted with prescribed vertical profiles of E  and q and varying E  to quantify the  E q 
dissimilarity in the buoyancy-driven CBL under homogeneous surface conditions. With the adoption of 
idealized periodic lateral boundary conditions and focusing on the quasi steady turbulence flow, the role of 
varying E  in  E q dissimilarity can be isolated from other factors such as local advection, nonstationarity, 
and surface heterogeneity. Therefore, the impact on the  E q dissimilarity can be caused only by the CBL 
turbulence processes induced by the initial conditions and varying E  . The study aims to investigate how the 
varying partitioning of surface turbulent fluxes regulates  E q dissimilarity in the CBL, with an emphasis 
on the physical mechanisms based on variance budget analysis.
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2. Model and Methods
2.1. LES Configurations

The LES code employed in this study was originally developed by Moeng (1984) and later refined by Sulli-
van et al. (1996), Patton et al. (2005), and Huang et al. (2009, 2011). The simulation domain size in this study 
is set to 5.0 × 5.0 × 1.92 km with a grid spacing of 12.5 × 12.5 × 5 m in the x, y, and z directions, respec-
tively. Such domain size and grid mesh are sufficient to well resolve the CBL turbulence flows (Sullivan & 
Patton, 2011). For all the simulations, geostrophic wind is set to be zero (i.e., shear-free CBL) and a spatially 
uniform surface-sensible and latent heat flux is prescribed (Table S1 in Supporting Information S1). Varying 
E  is implemented through partitioning of the available energy (  0nE R G  , 450 W m−2 used in this study, where 

nE R  is the net radiation and 0E G  is the ground heat flux) into surface-sensible and latent heat fluxes. The sur-
face roughness length in the model domain is set to 0.1 m. MOST is used as the bottom boundary condition 
to calculate the surface Reynolds stress (Sullivan et al., 1994).

Two sets of LES experiments are completed with different initial vertical profiles (Table S1 in Supporting 
Information S1). In group 1, both E  and q have similar initial profiles. Specifically, E  and q have constant 
values of 290 K and 5 g kg−1 within the mixed layer, vertical gradients of 0.075 K m−1 and 0.075 g kg−1 m−1 
in the interfacial layer (i.e., the entrainment zone), and gradients of 0.003 K m−1 and 0.003 g kg−1 m−1 in 
the free atmosphere, respectively (Figure S1 in Supporting Information S1). This represents the scenario 
when an elevated humid air mass associated with mesoscale processes is horizontally advected above the 
CBL. Seven simulations are then completed with different E  conditions. The simulations in group 1 with the 
perfectly correlated initial and boundary conditions for the E  and q are intended to eliminate the effect of 
entrainment of the warm dry air (i.e., anticorrelated E  and q) from the free atmosphere on similarity in the 
CBL and examine whether such identical initial and boundary conditions result in a perfect  E q similarity 
over homogeneous landscape with varying E  . In group 2, the initial E  vertical profile is set the same as that 
in group 1, whereas the initial q profile is different from that in group 1, with a constant of 8 g kg−1 within 
the mixed layer, a vertical gradient of −0.075 g kg−1 m−1 in the entrainment zone, and a vertical gradient 
of −0.003 g kg−1 m−1 in the free atmosphere. Another seven simulations are completed with the settings 
of group 2 (Table S1 in Supporting Information S1). Note that the initial profiles in group 2 are similar to 
those used by Huang et al. (2009) based on the data collected during the 1994 field campaign of the Boreal 
Ecosystem-Atmosphere Study (BOREAS) (Barr & Betts, 1997). Given the similar impacts of varying E  on 
 E q dissimilarity between two groups, the simulations in group 1 are presented in the main text, and those 
in group 2 are primarily provided in the Supporting Information S1.

The time step of integration was dynamically determined with a typical value ranging from 0.4 to 0.8 s in 
this study. The 200-time-step samples of LES data were postprocessed after the turbulence kinetic energy 
reached a quasi steady state after about 1-hr spin-up (Huang et al., 2008; Liu et al., 2019). Note that we also 
calculated the results with 5-time-step samples and found the difference between two output frequency 
cases to be less than 1.2% (see Figure S2 in Supporting Information S1). The results presented here were 
obtained from the last 1-hr simulation for each case.

2.2. Scalar Similarity

Temperature-humidity similarity in this study is quantified by their correlation coefficient qE R  as

R
q

q

q





 


 

, (1)

where E  and  qE  are the standard deviations of E  and q, respectively, and   q  is  E q covariance. qE R  varies 
from −1 to 1 and a perfect similarity is defined when qE R   = ±1. Meanwhile, the spectral correlation coeffi-
cient  qE R k  is used to investigate the scale dependence of similarity or dissimilarity, which is expressed as 
(e.g., Asanuma et al., 2007)
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where E k is the wave number,  E S k  and  qqE S k  are the spectral density of E  and q, respectively, and  qE S k  
is the cospectra between E  and q.

3. Results and Discussion
3.1. Changes in θ − q Dissimilarity With Varying Bowen Ratios

Figure 1 shows vertical profiles of qE R  for all simulation cases and qE R  at z/zi = 0.04, 0.4, and 0.8. In group 
1, the perfect correlation between E  and q across the CBL is reached (i.e., qE R   = 1) only when E   = 0.4. In 
the rest of the cases, however, qE R  is reduced across the CBL (i.e., qE R   < 1) as E  increases from 0.4 to 2.0 or 
decreases from 0.4 to 0.13. qE R  generally decreases with increasing heights, reaches its minimum around the 
middle or upper CBL (0.5 < z/zi < 0.9), and then gradually increases to 1 near the top of the CBL (Figure 1a). 
Focusing on the ASL and taking z/zi = 0.04 as an example, qE R  is reduced from 1 to 0.81 as E  increases from 
0.4 to 2.0 (Figure 1d). Around the middle of the CBL, qE R  is reduced from 1 at E   = 0.4 to 0.15 at E   = 2.0 and 
is reduced from 1 to 0.91 as E  decreases from 0.4 to 0.13 (Figure 1c). qE R  shows a similar trend with varying 
E  in the upper CBL (Figure 1b). As shown in Figure 2, the dissimilarity is also evidenced in the horizontal 
(x-y) distributions of E  and q at the lower, middle, and upper CBL. Cellular turbulent organized structures 
(TOSs) develop in both the E  and q fields in all cases (Figure 2). The TOSs for the E  fields behave similarly 
to those of the q fields only when E   = 0.4 at all levels, but they show more distinct patterns as E  increases. 
It reflects that E  and q tend to be organized more differently in their spatial variation patterns at higher E  
primarily due to the enhanced active role of temperature in affecting turbulent flows that become more 
convective as E  increases. Our results indicate that the perfect  E q similarity rarely occurs even over the 
homogeneous landscape for the CBL flows with the identical initial shapes of the E  and q profiles and the 
persistently perfectly correlated E  and q as the top boundary conditions. Instead, the dissimilarity shows a 
strong dependence on E  .

To further investigate at what scales dissimilarities occur across E  conditions, we present the spectral cor-
relation coefficient  qE R k  at three different heights for all the simulated cases in group 1 (Figure 3). At the 
ASL (i.e., z/zi = 0.04),  qE R k  remains constant of one at all scales for E   = 0.4, indicating that a perfect  E q 
similarity does occur at all scales. As E  > or <0.4,  qE R k  at large scales is reduced. As the height increases, 

 qE R k  at large scales is further reduced and even becomes negative for E   = 1.0 and 2.0 at z/zi = 0.4 and z/
zi = 0.8 and for E   = 0.13 and E   = 0.2 at z/zi = 0.8. In addition, the scales with dissimilarity are gradually 
shifted to smaller ones at z/zi = 0.4 and z/zi = 0.8, even though most of the loss in  qE R k  still originates 

Figure 1. Vertical profiles of correlation coefficient ( qE R  ) between potential temperature ( E  ) and specific humidity (q) 
for group 1 (a) and group 2 (e) at different Bowen ratios ( E  ). qE R  at z/zi = 0.8, z/zi = 0.4, and z/zi = 0.04 are shown in 
(b–d), respectively, where circles represent qE R  for group 1 and squares are for group 2.
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from large scales (i.e., kxzi < 4). Our results indicate that the  E q similarity and its variations with varying 
E  observed in Figure 1 are linked to the large-scale eddies that have larger impacts on dissimilarity at high-
er levels than at lower levels as they progressively penetrate downward. This is supported by the w spectra 
(Figures 3d–3f), where the  wwE S k  difference between various E  conditions is more distinct at larger scales 
than that at smaller scales at higher levels. The x–z cross sections of the E  and q fields in Figure S3 further 
indicate that top-down eddies (entrainment) lead to more progressive downward invasions of q than E  for 
higher E  cases. Note that the  E q dissimilarity with varying E  in group 2 is generally consistent with group 
1 and is provided in Supporting Information S1.

In summary, our simulations in groups 1 and 2 all indicate that similarity across the CBL is degraded with 
increasing and decreasing E  from 0.4 and is mostly linked to the large-scale eddies.

Figure 2. Horizontal (x–y) distributions of E  and q at a height of z/zi = 0.8 (a–d), z/zi = 0.4 (e–h), and z/zi = 0.04 (i–l) for two different E  cases ( E  = 2.0 and 
E   = 0.4) in group 1. The first and third columns represent E  fields while the second and fourth columns represent q fields.
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3.2. Contributions of σθ, σq and   q  and Their Budgets

We now quantify relative contributions of E  ,  qE  , and   q  to qE R  with Equation 1. As illustrated in Figures 4a 
and 4b for group 1, vertical profiles of E  show different variations from those of  qE  as E  increases. In other 
words, E  at all levels of z/zi < 1.0 increases with increasing E  , whereas  qE  gradually reduces with increasing 
E  in the lower CBL and then increases with increasing E  in the upper CBL. The differences in E  between 
the E   = 0.4 case and each of the other E  cases gradually decrease with heights in the CBL (Figure S5a in 
Supporting Information S1). However, the differences in  qE  between the E   = 0.4 case and all the E   > 0.4 
cases are negative below z/zi ≈ 0.5 with the largest magnitudes near the surface, gradually decrease with 
heights, become positive, and then increase with heights aloft, while the E   < 0.4 cases are just the opposite 
(Figure S5b in Supporting Information S1). The E  and E q spectra show that changes in E  and  qE  with varying 
E  occur at all scales in the lower/middle CBL and primarily at large scales in the upper CBL (Figures S6 
and S7). As indicated in Figure 4c,   q  is positive throughout the entire CBL, characterized by its reduction 
across layers as E  increases from 0.4 to 2.0 and its decrease from 0.4 to 0.13 below z/zi ≈ 0.7 and its significant 
increase across layers with increasing E  above z/zi ≈ 0.7. The  E q cospectra show that the change in   q  
with varying E  is mainly associated with large-scale processes (Figure S8 in Supporting Information S1). 
Our calculation indicates that as E  increases from 0.4 to 2.0, the increased E  outpaces the decreased  qE  
below z/zi ≈ 0.5, together with reduced   q  , and primarily contributes to the reduced qE R  in the lower CBL 
(Figures 4a–4c), while the largely increased  qE  and the relatively slightly increased E  along with the in-
creased   q  above z/zi ≈ 0.5 contribute to the reduced qE R  in the upper CBL (just the opposite as E  decreases 
from 0.4 to 0.13). The underlying reasons identified to explain the reduced qE R  with varying E  in group 1 
remain applicable in explaining the reduced qE R  in group 2 (see Supporting Information S1).

Physical processes affecting vertical variations in E  and  qE  with varying E  are now investigated through 
the scalar variance budget equation. Under quasistationary and horizontal homogeneous conditions, the 
budget equation of scalar variance and covariance is given by (Dias & Brutsaert, 1996; Garratt, 1992)




  












 

   
  a b

t
w a

b

z
w b

a

z

w a b

z
ab0 2 , (3)

Figure 3. Spectral correlation coefficient (   qE R k  ) between E  and q (top panels) and one-dimensional (x) spectra of the 
w velocity component (  wwE S k  ) (bottom panels) at the three heights of z/zi = 0.04, 0.4, and 0.8 for group 1.
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where a and b may be either E  or q, and abE  is the molecular dissipation. The first and the second terms on 
the right-hand side of Equation 3 represent production terms (P) associated with turbulent flux of scalar 
and their concentration gradient. The third term is a vertical transport term (T).

The middle panels of Figure 4 show vertical profiles of the production and transport terms in the budget 
equations for 

2E  ,  2
qE  , and   q  for group 1. The increased production as a result of enhanced sensible heat 

flux with increasing E  primarily contributes to the enhancement of 
2E  in the lower CBL, whereas it is 

insensitive to the increasing E  in the upper CBL (Figure 4a vs. 4d). Nonlocal transport by large eddies acts 
as a dominant source of 

2E  in the regions of 0.1 < z/zi < 0.9, but increases slightly as E  increases. It means 
that as E  increases, the increased production leads to the largely increased 

2E  below z/zi ≈ 0.2, while the 
increased turbulent transport by large eddies results in the increased 

2E  above z/zi ≈ 0.2 (Figure 4a vs. 4d). 
Different from 

2E  production,  2
qE  production is largely reduced below z/zi ≈ 0.4–0.5 due to the weakened 

surface water vapor flux, but enhanced above z/zi ≈ 0.4–0.5 because of the enlarged entrainment flux with 

Figure 4. Vertical profiles of (a) standard deviation of E  ( E  ), (b) standard deviation of E q (  qE  ), (c)  E q covariance 
(   q  ), and their variance budget (d–f) as well as (g) correlation coefficient between E w and E  ( wE R  ), (h) correlation 
coefficient between E w and E q ( wqE R  ), (i) heat flux (  w  ), and (j) water vapor flux (  w q  ) for group 1.
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increasing E  , while its nonlocal turbulent transport by large eddies is consistently reduced within the mix-
ing layer as E  increases. Apparently, the change in the  2

qE  production predominantly regulates  qE  in the 
lower and upper CBL and the change in the  2

qE  transport contributes to  qE  within the middle CBL as E  
increases (Figure 4b vs. 4e). The turbulent transport of   q  by large eddies is insensitive to the increased 
E  for all E   > 0.4 cases, and the change in its production mainly regulates the variation of   q  in the upper 
CBL (Figure 4c vs. 4f).

3.3. Physical Mechanisms Causing θ − q Dissimilarity With Varying β Under Homogeneous 
Surface

Our results have indicated that  E q dissimilarity in the CBL almost always exists under varying E  condi-
tions over homogeneous surface even with the perfectly correlated initial and boundary conditions for E  and 
q in group 1 (Figure 1). TOSs are a primary inherent turbulence feature acting as the most efficient way of 
transporting heat and water vapor in the CBL (Huang et al., 2009). While TOSs are extensively seen in the 
spatial distributions of E  and q fields for all the cases, they tend to be organized more differently at higher 
E  (Figure 2), suggesting that TOSs have a distinct transport efficiency in E  and q and play a critical role in 

regulating dissimilarity. Indeed, there exist differences between heat transport efficiency ( R
w

w

w





 


 

 ) and 

humidity transport efficiency ( R w q
wq

w q


 

 
 ) as indicated in Figures 4g and 4h, where wE R  shows a small 

change with increasing E  across the CBL, but wqE R  follows a decreasing trend with increasing E  in the lower 
CBL and a largely increasing trend (more negative) in the upper CBL. It indicates that the reduced  E q 
similarity is attributed to the difference of their transport efficiency. Such differences of vertical transport 
between E  and q are tightly associated with asymmetric variations in bottom-up (surface-flux dominated) 
and top-down (entrainment-flux dominated) processes for the E  and q as a result of varying partitioning of 
surface fluxes.

Entrainment ratio A w s w ss e    /
0  is a useful parameter quantifying the relative importance of the entrain-

ment flux, where s represents scalar (Wyngaard & Brost, 1984). As E  increases from 0.13 to 2.0 in group 1, 
the entrainment ratio for humidity Aq varies from −0.048 to −1.12 (i.e., 2237.5%), which is more significant 
than that for heat E A  that changes from −0.273 to −0.092 (i.e., −66.3%) (Table S1 in Supporting Informa-
tion S1). As a result, entrainment flux has the significantly increased contributions to  2

qE  and the influence 
of this increased contributions progressively propagates downward (i.e., top-down effect) as E  increases 
(Figures 4b and 4e), whereas the contributions of entrainment flux to 

2E  are roughly invariant across E  
cases (Figures 4a and 4d). As E  increases, the effect of bottom-up processes induced by surface-sensible 
heat flux progressively invades upward into the upper CBL, and the effect induced by surface water vapor 
flux gradually retreats to lower levels. Therefore, such changes in asymmetric contributions of entrainment 
fluxes and surface fluxes to E  and q (i.e., asymmetry) with varying E  lead to reduced  E q similarity. At 
E   = 0.4, however, E A  and Aq become identical (Table S1 in Supporting Information S1) and wE R  is same as 

wqE R  , suggesting that the contributions of the top-down entrainment to both 
2E  and  2

qE  are comparable to 
those of the bottom-up transport induced by surface flux (i.e., a symmetry case). As a result, qE R  approaches 
one in the CBL with the identical turbulent sources and sinks of heat and humidity in the vertical direc-
tions at E   = 0.4. Furthermore, the normalized vertical profiles of  w  manifest a slight departure (Figure 4i) 
but  w q  profiles show a large departure as E  changes (Figure 4j), highlighting distinct vertical transport of 
these two turbulent fluxes by large eddies. Note that the free atmosphere provides the background of the 
CBL growth, the gradient in the entrainment zone plays a direct role in entrainment, and the gradient in 
the free atmosphere can also influence the gradient in the entrainment zone. Our sensitivity tests show 
that an increasing ΔE  (or a decreasing ΔE q ) slightly enhances the entrainment of E  and largely reduces the 
entrainment of E q , which further modifies the  E q dissimilarity (Figure S11 in Supporting Information S1). 
However, our tests indicate that even though the initial jumps and vertical gradient in the free atmosphere 
are altered, our conclusions about changes of dissimilarity with varying E  remain unchanged (Figure S12 
in Supporting Information S1).
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4. Conclusions and Implications
Even with steady-state and horizontally homogeneous CBL flows that satisfy the MOST requirements, it 
is found here that  E q similarity across the CBL is largely reduced as a result of varying partitioning of 
surface turbulent fluxes. The largest  E q dissimilarity occurs around the middle or upper CBL. The vari-
ance budget analysis indicates that as E  increases, the increased E  outpaces the decreased  qE  in the lower 
CBL, which is more associated with changes in their local productions through the bottom-up turbulent 
processes. In the upper CBL, however, local production of  qE  is substantially enhanced due to the enlarged 
entrainment flux and transported to the lower CBL by vigorous large eddies as E  increases, while the con-
tributions of entrainment flux to E  are roughly invariant. The disproportional variations of 

2E  and  2
qE  

associated with asymmetric contributions by top-down and bottom-up transport of E  and q under varying E  
conditions regulate the  E q dissimilarity in the CBL.

Our results suggest that  E q similarity is strongly dependent on E  . This further reminds us to be cau-
tious when applying MOST-based methods to determine scalar fluxes even under idealized conditions. 
The results highlight the importance of interactions between the CBL processes and the ASL turbulent 
exchanges, which in turn lead to changes in the ASL turbulence structures and fluxes (Cheng et al., 2021; 
Li et al., 2018, 2021; Liu et al., 2021). It should be noted that although other factors (e.g., surface heteroge-
neity) can also contribute to dissimilarities, the findings in this study can facilitate the understanding of the 
impact of surface heterogeneity on  E q dissimilarity, given that heterogeneous surface consists of patches 
with different E  , which will be investigated in future studies.
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