
 Response Reviewer 1: egusphere-2026-684 
Note: The response to reviewer 1, was posted on 18-06-26, small changes to this response might be applied in 

the final manuscript based on the responses to Reviewer 2, 3, Bruce Hicks and Peter. A. Taylor.  

We thank the referee for the valuable comments and constructive suggestions. These comments are appreciated 

and will be carefully addressed in both the response and the revised manuscript. 

The main aim of this study is to investigate whether the prototypical nocturnal boundary layer above tropical 

rainforests, as commonly represented in weather and climate models, adequately captures the actual dynamics of 

this layer. To this end, we make use of a comprehensive observational dataset that enables us to analyse, the 

nocturnal boundary layer height evolution (Fig. 2 in the manuscript), characteristic vertical profiles of turbulence 

and state variables (Fig. 3 and 5 in the manuscript), the stability within and above the canopy (Fig. 4), as well as 

an estimation of the mechanisms that drive the above canopy evolution of state variables. The latter mechanisms 

include buoyancy consumption, shear production, longwave cooling rate, among others (Fig. 6, 7, and 8) 

A main focus has been to characterize the dynamics of the stable boundary layer overlying the forest, with the 

available observations of the CloudRoots-Amazon22 measuring campaign. There, we analysed its extent, its 

degree of stability and the drivers of its diurnal evolution. However, references to within-canopy processes are 

necessary to properly interpret the coupled system. We analysed within-canopy properties (Fig. 3 and 5 in the 

manuscript) and stability (Fig. 4), although our within canopy analysis was limited by observations, which lacked 

important information such as within-canopy longwave radiative transfer, leaf and branch temperatures. 

In the revised version of the manuscript, we will further strengthen and clarify this central objective throughout 

the paper. Below we will respond to the comments raised one by one. If changes are indicated in the manuscript, 

the adjusted text is coloured in blue.  

Major comments 

Comment 1: There are two radiative coolings at night: longwave radiative cooling from the surface and the 

canopy layer, and the cooling associated with vertical radiative divergence within the air layer, either above or 

within the canopy. For the development of the NBL, radiative cooling below the NBL is generally much more 

important than vertical radiative divergence, based on previous field observations as far as I understand. It is 

therefore important to distinguish the two especially when discussing radiative cooling from the soil surface and 

the canopy surface. I was often confused about which process was discussed in the manuscript.  

Response 1: We acknowledge the difference between the longwave radiative cooling from the surface 

and the cooling by atmospheric vertical radiative divergence. In the revised manuscript we will be clearer 

on which definition we use. Longwave radiative cooling of the canopy can be defined as the heat lost by 

the surface (including canopy and soil) during the night. Longwave radiative vertical divergence is the 

rate at which the atmosphere itself gains or loses heat due to the net radiation difference between 

atmospheric layers. In this study, we focus on the cooling of the atmosphere above the canopy associated 

with the vertical divergence of radiative fluxes. This is the term that appears in the governing heat 

equation (Eq. 4 in the Manuscript). In the revised manuscript for clarification, we will rename radiative 

cooling with atmospheric longwave cooling rate when we refer to this vertical radiative divergence. To 

prevent further confusion, as shown below, we will clearly state in Section 2.5.2 with the introduction of 

Eq. 4, that we refer to the vertical radiative divergence term as atmospheric longwave cooling rate from 

that moment onward.  

(L 164 – 166 in manuscript): In Eq. 4 the net tendency of θ (∂θ/∂t), is controlled by three terms, from left 

to right: the turbulent transport of heat (term 1), the vertical longwave radiative divergence (atmospheric 

longwave cooling rate from here onward) (term 2), defined such that the radiation is positive towards the 

(canopy) surface and R_θ (term 3).  



Additionally, for the interpretation of the results (Fig. 7 in manuscript), it is important to stress that we 

only study the layer on top of the canopy. Because there are no multiple level radiation measurements 

available (only at 75 m), we estimated the longwave radiative profiles using the RTE+RRTMGP with 

input from ERA5 (Appendix A in manuscript). The input data of ERA5 does not describe a detailed 

canopy layer and can therefore not be used to estimate the within canopy radiative divergence.  

As can be seen in Fig. 7 and Fig. A1 from the manuscript, the largest longwave radiative divergence 

occurs at the canopy-atmosphere interface (Fig. A1), here the atmospheric longwave cooling rate is at its 

maximum (Fig. 7). We expect this strong longwave radiative divergence to be driven by the strong 

radiative cooling that takes place near the canopy top, where the net loss of longwave radiation is 

maximized. This radiative cooling gives rise to two distinct dynamical effects. First, it promotes the 

formation of the nocturnal boundary layer (NBL) above the canopy, which is the primary focus of this 

study. Second, it contributes to the gradual development of a relatively well-mixed layer within the 

canopy itself. The coexistence of these two responses highlights the key role of canopy-top radiative 

cooling in shaping the nocturnal structure of the forest-atmosphere system. 

Finally, we want to clarify the text in line 245 where we stated: “We hypothesise that the mixing within 

the canopy layer originates from the cold layer forming on top of the canopy following the strong 

longwave radiative cooling.”  

(L 245 -247 in manuscript): We hypothesise that the mixing within the canopy layer originates from the 

cold layer forming in the dense canopy crowns, where the biomass of the vegetation radiatively cools, 

creating a locally cold layer, promoting sinking motions due to density changes and enhancing convective 

turbulence, in the canopy layer. 

Comment 2: With the above considerations in mind, my major confusion is why the authors used six criteria to 

classify the observation based on previous investigations. Although the fundamental physics governing the 

atmospheric boundary layer is the same, the observation heights and canopy structure in this study differ from all 

the studies listed in Table 1. Why can the authors not analyse their own observations directly and then highlight 

the unique characteristics of different stability regimes based on what they observe? After reading the abstract, I 

expected a comparison between the air layers above and within the canopy and kept looking for distinct stability 

regimes in each layer. Only after reading the manuscript several times, I realized that all six criteria are based on 

observations above the canopy layer. Thus, the distinction between strongly and weakly stable regimes applies 

only to the air layer above the canopy.  

Response 2: We understand the confusion of the referee and acknowledge that our description should be 

clarified. Our criteria are indeed applied to the atmosphere aloft of the canopy, although we also explore 

how these regimes are related to the stability within canopy in Fig. 4. As mentioned before, our main 

interest is the stable atmosphere above the canopy, however we make references to the in-canopy 

atmosphere to understand the results. We justify the use of the six criteria based on the prototypical NBL 

profiles described by Stull (1988), which are currently used in weather and climate models to describe 

the NBL. These criteria are among others, used in the ECMWF-IFS model, because its resolution is too 

large to resolve the stable boundary layer (Edwards et al., 2020). Given that these prototypical NBL 

profiles are used in weather and climate models to simulate the NBL, it is important to understand the 

physical behaviour of these prototypes. At the same time, it is important to acknowledge that these 

prototypes are only observed in less than 6% of the time (as indicated by the reviewer), causing a 

mismatch between reality and models. The comparison of the six criteria is also valuable because of the 

diversity of processes governing the nocturnal boundary layer. These include temperature stratification, 

wind shear, and turbulence, each of which influences the structure and evolution of the NBL in different 

ways. Evaluating multiple criteria therefore provides a more comprehensive assessment of NBL 

formation and development than any single metric alone. 

In the revised manuscript we will clarify the description for the criteria for strongly and weakly stable 

profiles in Section 2.2 as follows:   



(L 90 – 97 in manuscript): 

2.2 Criteria for assessing strongly and weakly stable regimes 

To distinguish between the strongly and weakly stable regimes, we employed six criteria (θ, CO2, U, Ri, 

TKE, u∗) that describe prototypical NBL profiles based on previous characterisation studies, adjusted to 

the CloudRoots observations (Table 1). More specifically, the criteria are based on gradients between 50 

and 25 m for θ and 79 and 39 m for CO2. We determined thresholds on the degree of stratification (Stull, 

1988) (Table 1), which are consistent with the strongly and weakly stable characterisation reported by 

Culf et al. (1999). The other four criteria are based on thresholds found in the studies indicated in Table 

1.  

These prototypical NBL profiles are important for the parameterization of the NBL in numerical weather 

models (Edwards et al., 2020). Therefore, it is crucial to understand how well these prototypical profiles 

represent the nocturnal observations in the Amazon rainforest. It is well known, that NBL 

parameterizations are often based on grassland observations, hereby not considering the canopy-

atmosphere interactions. Since NBL parameterization normally coarsely reproduced canopy layer, the 

vertical profiles can only be related to the above canopy atmosphere, where the stable stratification forms. 

Because of this we apply our six criteria, to the atmospheric layer above the canopy.  

Comment 3. Since the study deals with turbulent transfer across the two layers, a brief description of turbulence 

measurements such as sensor types and data processing methods would help readers understand the data used in 

the study even if detailed information is available elsewhere. 

Because the study concerns the CO2 and heat exchange between the two layers, it is also important to know the 

canopy density, tree types, and whether low vegetation is present near the soil surface. 

In addition, because the analysis is based on measurements from two towers, the manuscript should specify how 

far apart the two towers are and whether they are within the same forest stand.  

Response 3: Thank you for pointing out the difficulties in understanding the data used. Even though all 

the information is available in the literature mentioned in the manuscript, we will add the important 

information to the data description (Section 2.1). We will clarify your questions on data one by one below 

(all this information will be added to section 2.1): 

• The turbulent measurements were done with 3D ultrasonic anemometers and processes with 

Eddy Pro; raw data has been processed over 30-minute periods using Reynolds averaging. A 

more elaborate description including other measurement devices used will be added to the data 

description in the revised manuscript. 

• The vegetation at the ATTO site can be characterized as a dense tropical forest with a LAI of 

approximately 5.3 m2m-2 (Gomes Alves et at. (2023)). The leaf area density profile is bimodal, 

indicating the presence of an understory vegetation layer at approximately 4 m (see Fig. 2b of 

Gomes Alves et al. (2023))  

• The 325 m ATTO tall tower (-2.1448° N, -59.0008° E) and the shorter 81 m Instant tower (-

2.1468° N, -59.0068° E) are 670 m apart. The Instant tower is densely surrounded by vegetation 

while the ATTO tower is located in more disturbed and open forest. Here it is important to know 

that the within canopy measurements were done on the INSTANT tower, therefore the within 

canopy measurements are representative for dense forest canopy. 

Comment 4: I am particularly puzzled by evaluation of the boundary layer height. From what I understand, the 

measurement extends only to 298 m, assuming above the ground. With an average tree height of about 20 m, the 

maximum depth of the air layer above the canopy layer is therefore about 278 m. Considering the development of 

the stable air layer above a cooling surface, the NBL impacted by the surface can be quite shallow. Therefore, the 

NBL height, h_NBL, might be directly inferred from vertical profiles of turbulent variables measured from the two 



towers. Furthermore, any coupling between the two layers should be readily observable from the vertical variation 

of turbulent variables across the two layers under different conditions.  

Response 4: To clarify the confusion, our criteria to calculate the boundary layer height (as measured 

from the soil surface) are again based on the book Stull (1988). To our knowledge this comprehensive 

range of estimation criteria based on NBL physics has never been applied to the data set. The goal of 

comparing multiple criteria is to determine which method yields most reliable estimates the NBL height. 

Additionally, the study shows that the gradient method is a trustworthy alternative for turbulence-based 

estimates, if vertical flux profiles are not available (which is the case for a lot of atmospheric vertical 

towers).  

Even though a recent study by Mendonca et al. (2025) shows that turbulent fluxes can estimate the 

h_NBL. We find that only using the turbulence measures is not sufficient in strongly stable conditions, 

where turbulence is almost absent. These strongly stable conditions are often observed in the two-week 

measuring period, occurring in the Amazonian dry season. In the strongly stable periods, as can be 

observed from Fig. 2 (TKE, Ri and u*), very often random patterns are observed in the turbulent vertical 

profiles, which makes the h_NBL calculations with turbulent based variables complicated. Here the 

potential temperature gradient (∂θ/∂t) criteria is a more trustworthy method to determine h_NBL.   

We agree with the referee that the coupling can be determined based on the turbulent flux between the 

two layers. As can be observed in Appendix B, if the two layers are coupled in the weakly stable regime 

there is a negative heat flux (w’ > 0, θ’ < 0 or w’ < 0, θ’ > 0) observed above the canopy. However, the 

goal of Section 2.3 is to estimate the h_NBL, in the results Sections 3.2 and 3.3 we investigate the 

coupling between the two layers in more detail. In the revised manuscript we will highlight the relation 

between the coupling of the two layers and fluxes in more detail in Sections 3.2 and 3.3. Below some 

examples are given. 

(L 279 – 281 in manuscript): In the weakly stable night, Ri_can decreased between 22:00-02:00 LT, 

indicating a coupling between the stable and canopy layer where mixing between the two layers is 

possible, this is in accordance with the observations in Santos et al. (2016). 

(L 305-306 in manuscript): We observe that in the weakly stable regime, the increased U results in 0.2 

m2 s−2 > TKE > 0.4 m2 s−2, Ri < Ri_c and 0.2 m s−1 > u∗ > 0.3 m s−1 at 50 m (Fig. 5def). Additionally, 

in profiles of TKE and u_* (Fig. 5df) there is mixing observed between the within canopy and atmosphere 

aloft, indicating that the two layers are coupled in this regime.  

(L 358 – 359 in manuscript): The difference can be explained by enhanced shear in the weakly stable 

regime, which increased transport of cold air from within the canopy to aloft, the transport of cold air 

around the canopy top can be observed in Appendix B, Fig. B1. 

Comment 5: The description of the data used in this study is confusing. See my detailed comments below.  

Response 5: Thank you for pointing out the points that are not clear below, before we tackle those 

comments, we want to give some general response, resolving hopefully already part of the confusion. In 

the results, for Sections 3.1 and 3.2 the complete data range of the campaign between 8 and 19 August 

2022 has been used. Note here that officially the campaign lasted until 21st of August, but we decided to 

use the data up to the 19th due to data limitations (We will clearly state this in the revised manuscript). 

Only in Section 3.3 does the analysis make use of the selected hours indicated in Table 2, which represent 

the prototypical NBL profiles. To avoid future confusion, in the revised manuscript, we will explicitly 

mention this in the introduction of both the methods and results sections. Additionally, as you suggested 

we plan to state the used data range in all the Figure captions.  

Detailed comments 

Figure 1: Is this figure intended as a schematic illustrating the five criteria? Also are NLLJs frequently observed 

under the strongly stable conditions?  



Response: Indeed, the figure is indented as the schematic illustration of the five criteria. The NLLJ has 

been observed during two nights in the period between 8 and 19 August 2022. As mentioned in the results 

L 212 on the night between 12-13 August and 17-18 August. However, to guide the reader we will add 

this information to the methods:  

(L 116 – 117 Manuscript): The U criterion was subdivided into two parts, based on whether a nocturnal 

low-level jet (NLLJ) Blackadar (1957) is observed above the NBL or not. In the measuring period of the 

CloudRoots campaign a weak NLLJ was observed in two nights (12-13 August and 17-18 August). 

L.112: What is h_theta?  

Response: h_θ is the estimated h_NBL found by using the criteria based on θ. The description can be 

found in L 103.  

L 119: How do the authors justify the assumption of U=U_g? It 

seems to me that this is an unnecessary assumption, especially if the 

goal is simply to classify the strongly and weakly stable regimes.  

Response: Thank you for pointing this out, we did some 

further investigation and discovered that it is indeed not 

valid to use the windspeed measured at 298 m, to estimate 

U_g. During the measuring campaign radio soundings 

were released during two hours in two nights (00:00 and 

03:00 LT on the 12th and 13th of August) (Fig. 1). In Fig. 1 

we observe that U_g is reached around 2000 m height. 

Between 2000 m and 5000 m we find a four-hour average 

value of U_g of 10 m s-1. At 298 m we find a four-hour 

average windspeed of 4.3 m s-1. From this we can conclude 

that we indeed cannot estimate U_g with the windspeed 

measured at 298 m.  

However, we want to be able to estimate our h_NBL 

directly from our observed vertical wind profile. We 

therefore plan to instead calculate the h_NBL with an 

alternative method based on the vertical wind speed profile. 

We propose to use the vertical gradient (∂U/∂z) and 

estimate h_U with a similar method as for θ and CO2. We believe this to work based on the logarithmic 

wind speed profiles observed in Fig. 2 (3rd row).  

The method can be explained based on the NBL physics. On top of the boundary layer where friction is 

very low, the wind speed becomes constant with height, based on this principle we can find h_U once 

∂U/∂z ~ 0 ms-1. In Fig. 2 (3rd row), we show the results for one night (11-12 August), the remaining 

nights show similar results. In this night we find values for h_U, between 100 m and 200 m, which is in 

accordance with our results based on the other four methods. In Fig. 3, we show the updated version of 

Fig. 2 from the manuscript. In Fig 3. we can observe that h_U estimated with the new method closely 

approaches the five methods mean. Nevertheless, we must stress one limitation, no value for h_U can be 

found with linear vertical wind profiles, (05:00 and 06:00 UTC in Fig. 2), as the gradient does not reach 

0 m s-1.  

In the Manuscript, we will update Section 2.3 and 3.1 and Figures 1 and 2, according to explanation 

above.  

Figure 1. Radiosonde profiles of windspeed, during four 

periods in two nights. Here the thick black line indicates 

the mean of the two profiles, the horizontal dotted line 

the highest tower measurement at 298 m, and the vertical 

dotted lines the average windspeed at 298 m and the 

average Geostrophic windspeed between 2000 and 5000 

m. 



L 123: If “sufficient turbulence above the canopy is required for the application of the criteria”, why is it necessary 

to separate the strongly and the weakly stable stratification?  

Response: To clarify, only for the estimation criteria based on Ri (Fig 1d) and TKE (Fig 1e), sufficient 

turbulence is needed, so according to Table 1 (in the manuscript) below 0.25 for Ri and above 0.1 m2 s-2 

for TKE. The separation is needed because if there is limited turbulence h_NBL will always be found at 

the canopy top for strongly stable periods, because the conditions to define h_NBL will be already met 

here. We plan to clarify in the following way.  

(L 123-124 in manuscript): The final two methods, based on Ri (calculated as the gradient Richardson 

number) and TKE, are only applied in the weakly stable regime, as sufficient turbulence (below (above) 

Ri_c (TKE) thresholds mentioned in Table 1) above the canopy is required for the application of the 

criteria. The above distinction is needed for Ri because if Ri > Ri_c at the canopy top the h_Ri will 

always be found at the canopy top based on our method. For TKE we need the distinction because if 

TKE < 0.1 m2s-1 at the canopy top, TKE_0 already approaches zero and does not decrease by 80% in the 

vertical profile.  

 

Figure 2. Vertical profiles from top to bottom: θ, CO2, U, Ri, TKE and u_*. The black dots represent the tower observations, 

the red lines the fitted logarithmic profiles, the horizonal green line the canopy top, the horizontal grey line the estimated 

h_NBL, the vertical red line for Ri the critical Richardson number (0.25) and for U_* the threshold value of 0.1 m/s. 



 

Figure 3. New version of Figure 2 in the manuscript. Hourly nocturnal boundary layer height in LT (UTC-4), estimated for 

the period between 8 and 19 August 2022. Panel (a) gives the mean boundary layer height for each of the five criteria (θ, CO2, 

U, Ri & TKE) and the average of those five criteria (grey line). The remaining five graphs give the variation between the nights 

for every hour, for (b) potential temperature (θ), (c) CO2, (d) windspeed (U), (e) Richardson number (Ri) and (f) turbulent 

kinetic energy (TKE). Here, the grey line represents the five-criterion mean boundary layer height. 

L 126: At which measurement level is TKE assumed to be 0.2 TKE_0? 

Response: To clarify, there is no constant level where TKE is assumed to be 0.2 TKE_0. It should be 

interpreted as a threshold to find h_NBL with the TKE criteria. We will clarify this in the manuscript as 

follows.  



(L 125 – 126 in manuscript): h_TKE is determined where TKE has been largely reduced compared to its 

value at the canopy top. We find the values of h_TKE at the first height where TKE= 0.2TKE_0, where 

TKE_0 is the observed TKE value at the canopy top. We chose to use a threshold of 20% of the TKE 

values relative to the canopy top (instead of 5%), due to predominantly stable conditions during the 

observation period (Fig. 1e).  

Eq. (2). Ri_can is not actually an in-canopy layer Richardson number as stated in L. 133. Instead, it represents a 

Ri across the canopy top.  

Response: We agree with the referee that Ri_can represents the stability of the canopy layer including 

the canopy interface and the first meters of the roughness layer. Therefore, it indeed accounts for the 

stability across the canopy top. We will stress this in the revised manuscript: 

(L 131 in manuscript): we introduce Ri for the stable layer above the canopy and within canopy 

atmosphere which includes the canopy roughness layer reaching until 35 m height.  

L. 157: Do the authors mean horizontal advection of TKE? 

Response: No, we understand the confusion, but with advection of TKE we mean both the horizontal 

and vertical advection of TKE. We will change ‘advection’ to ‘horizonal and vertical advection in the 

manuscript for clarification. 

L. 158: is theta_v derived from sonic anemometer temperature measurements?   

Response: θ_v is calculated from air temperature and relative humidity measurements, measured by a 

thermohygrometer (IAKM, Galtec Germany) with a measuring frequency of 1 min. However, the 

turbulent flux was indeed measured by a sonic anemometer (CSAT-3b). Related to main comment 2, we 

will add a table in the data description section describing the measuring devices.  

L. 168: Assuming latent heat release to be zero at night is questionable. Even under very stable conditions with 

weak turbulent mixing, evaporation generally continues throughout the night.  

Response: We understand the confusion, during the night the trees may continue transpiring and the soil 

evaporating, and dew can be formed. However, given that we solve the governing equation in Section 

2.5 above the canopy top, we assume it is valid to assume that the evapotranspiration of soil and 

vegetation is stored in the canopy layer. That this assumption is indeed valid, can be observed in the 

paper of Gonzales-Armas et al., (2025) where the evapotranspiration flux approaches 0 W m-2 s-1 at the 

beginning and end of the day (Fig. 8b in Gonzales-Armas et al., (2025)). Additionally, they observe a 

peak in the water storage flux at 50 m in the early morning, suggesting a storage of moisture in the NBL 

canopy (Fig. C14b in Gonzales-Armas et al., (2025)).   

L. 180: What do the authors mean by “sufficient to get a realistic estimate of radiative cooling”?  See Hoch et al. 

(2007 JAMC, 46, 1469). 

Response: We acknowledge that the approximation of the radiative divergence term is not the perfect 

solution where a lot of assumptions are involved. However, as there are no multiple level radiation 

measurements present (only at 75 m), using the RTE+RRTMGP with input from ERA5 was the best 

current estimate we can give. In Appendix A, we show the observed differences between the ERA5 

vertical profiles and tower observations.  

In the paper of Hoch et al. (2007 JAMC, 46, 1469), they point out that the temperature tendency and 

radiative divergence term are out of phase. While this is a very interesting finding, we believe this not to 

be directly applicable to our data. To take this finding into account we would have to study the time series 

of the complete night, and not a subset of a few hours. Additionally, due to the above-mentioned 

measuring limitation, we had to use ERA5 data which does not have a high enough temporal and spatial 

resolution to reproduce the differences found in the study with enough accuracy.  



L. 187: There is no molecular viscosity in the CO2 balance.  

Response: Indeed, thank you for pointing this error out. To be correct there is no molecular viscosity in 

the CO2 balance, we wanted to mention the molecular diffusivity. We will correct this in the revised 

manuscript. 

L. 196: With such a valuable two-weeks observational dataset, only eight hours of the data are used for the study? 

That corresponds to less than 6% of the nighttime observations. What characterizes the excluded hours? Where 

they associated with Intermittent turbulent mixing? Since clouds are mentioned here, where the selected hours 

limited to cloud-free conditions? By the end of the manuscript, it appears that Scu clouds were frequently present 

even during the dry season. Is there a way to identify impacts of cloud cover on surface radiative cooling and the 

subsequent development of the NBL? How representative are the selected data for this study overall? How many 

nights were ultimately included in the analysis?  

Response: Related to comment 5 above, we want to clarify that we use the eight selected hours only in 

section 3.3. During this period solve the governing equation for the two NBL prototypes (strongly and 

weakly stable). However, we agree that it is informative to stress that the NBL prototypes are only 

observed in less than 6% of the hours, and what characterized the remaining hours. We will add a small 

discussion in the final manuscript, covering information about the limited selected hours (<6 % of data 

range), which we chose to use to represent the prototypical NBL that is used to represent the NBL in 

numerical weather models. We will especially highlight that these idealized model conditions therefore 

only represent this very small range of observed profiles and are therefore likely to generate a mismatch 

between model and reality.  

To answer your question about the characterization of the remaining hours, they could indeed be 

characterized by moments of intermittent turbulence, or elevated layers of increased turbulence, 

complicating the calculations beyond the scope of this paper, as holds as well for the effect of clouds. 

However, in future research the complete data series could be used, including a more thorough 

investigation into the effect of clouds on the NBL (see Section 4.2 in the Manuscript) 

L. 200: Should this refer to Fig. 2 instead of Fig.5?  

 Response: Indeed, thank you for pointing this out, we correct this in the revised manuscript. 

L. 238: Only 8 hrs data were used for the study. How many independent data points can be obtained from a two-

hour average?   

Fig. 3: Are these profiles derived from the 8-hours observations mentioned earlier?  

L.243: “…, a shallow stable daytime layer within the canopy was present”. Based on Fig.3, both the entire NBL 

and the within-canopy layer appear stable. Is Fig. 3 constructed from the three nights listed in Table 2? If ambient 

wind and temperature vary from night to night, then Fig. 3 does not represent the temporal variation of theta and 

CO2 during any individual night. What exactly does the figure represent then?   

Response (three comments above): With the response to comment 5 in mind, I will clarify the three 

comments above at once. In Figure 3 the results shown are based on the period between 8 and 19 August 

2022. The 2-hour average therefore consists of 4 datapoint per night (30 min temporal resolution) over 

11 nights, total 44 individual points for every 2-hour period. Because Figure 3 is constructed from the 

complete data range and not the subset of 8 hours, it therefore does represent the average temporal 

evolution of the NBL throughout the night. As pointed out in comment 5, we will more clearly stress the 

used data range, in the section introductions and figure captions.  

L. 250: S2,…S4 and W3 are not introduced here without prior explanation. I eventually found them in Table 2, 

and they are only discussed later in L 294. Does this mean that all analyses are based on the three nights listed in 

Table 2? On 13 August, the NBL apparently transitioned from weakly stable to strongly stable conditions. It would 

be interesting to see how this transition occurred.  



Response: We acknowledge the confusion, S2, S3, S4 and W4 are introduced in Table 2, this should be 

stated more clearly. However again with the response to comment 5 in mind, the results of Fig. 3 are 

based on the period from 8 to 19th of August. Here we only highlighted S2, S3. S4 and W4 as an example 

to clearly indicate the difference between the behaviour of the two regimes (Figure B1). We will 

emphasize this in the results section for clarification and indicate table 2 to guide the reader as follows: 

(L249 -251 in manuscript) In addition, when we inspect the selected hours used in Section 3.3 (Table 2) 

as an example, we observed a positive heat flux (w′θ′) during S2, S3, S4 and W3 within the canopy layer, 

which potentially is related to the downward movement of cold air (w’< 0 & θ’< 0) (Appendix B). 

L. 253:  A case study illustrating the evening transition would be particularly informative. 

Response: We agree with the referee that this would be particularly informative, however this is beyond 

the scope of this study, which focusses on the nighttime processes. However, we agree that research focus 

on transient states is very relevant for subsequent research. 

L. 255. “Black error bars”? All the horizontal bars in the figure appear red. How were the error bars calculated? 

Do they represent variations between nights? 

Response: To clarify, in the figure there are two types of error bars. Indeed, the red ones represent total 

variation both within the two-hour period and between night. However, within the red error bars there 

are smaller black error bars (this is best visible at 4m in the CO2 profiles), which represent the variation 

within the two-hour average period. The black error bars are calculated as the means of the within two-

hour variation from the 11 nights. They therefore represent the average standard deviation of the within 

hour variation. In the revised manuscript we will make the lines of the error bars thicker, so the difference 

between the two error bars will become better visible. 

L. 257: The two proposed mechanisms sound good. Which one is more important for the present study?  

Response: Even though we agree this would be interesting to know, it remains hard to determine what 

causes the large variation in CO2 molar fractions at 4m between nights. As the daily variation in the 

stable canopy layer can is influenced by multiple processes acting non-homogeneous over time. For 

example, if there has been precipitation on one day this will influence the soil temperature and moisture, 

thereby influencing the respiration rate and CO2 molar fractions. Additionally, it has been observed by 

Moonen et al., (2025) that there are ejections of CO2 from the stable canopy layer into the atmosphere 

during the day, how often and how deep these ejections reach in the canopy, strongly influences the CO2 

molar fraction at 4m. Additionally, a third reason should be added, because the indicated preference of 

CO2 to build up in topographical points of lower elevation, low-level horizontal advection of areas with 

high CO2 concentration over the forest floor can cause large difference in CO2 molar fraction in stable 

conditions (de Araújo et al., 2010). We will add the third reason to the revised manuscript and indicate 

that the processes are acting on different timescales, which makes the dominant process dependent on 

the daily conditions. 

L. 273: “from 11 nights”? I am totally lost here. The “eight hours” mentioned at the beginning of section 3 gave 

the impression that the entire section was based on that limited dataset. Does the observational dataset vary 

between subsections of section 3? As Table 2 does not cover the full period from 18:00 to 06:00, please specify 

the data used for each figure and analysis.  

Response: With the response to comment 5 in mind, only section 3.3 is based on the eight selected hours 

in table 1. In the revised manuscript we will mention the data range we used for each subsection, in the 

Section introduction and in the Figure captions.  

Figure 5. I find this figure is the most informative although I still don’t know which nights are represented.  

Response: With the response to comment 5 in mind, from this section onward we make the data selection. 

Therefore, Fig. 5 represents the average prototypical strongly stable profiles (average of S1-S2-S3-S4) 



and the average prototypical weakly stable profiles (average of W1-W2-W3-W4), as mentioned in table 

2. 

L. 313: “the four selected periods”, where were they described?  

Response: Thank you for pointing out the confusion. The periods are described in Table 2, so the four 

strongly selected periods refer to S1, S2, S3, S4 and the four weakly stable periods refer to W1, W2, W3, 

W4. In the revised manuscript we clarify it as follows:  

(L312 – 313 in manuscript): In Fig. 6, the average logarithmic fitted profiles are plotted for the four 

strongly (S1, S2, S3, S4) and four weakly stable (W1, W2, W3, W4) profiles indicated in Table 2. The 

shaded area indicates the standard deviation between these four selected hours for both the strongly and 

weakly stable regimes. 

Figures 6, 7, 8: What do the shaded areas represent?  

Response: To clarify, the shaded areas represent the standard deviation between the strongly stable points 

(S1, S2, S3, S4) and weakly stable points (W1, W2, W3, W4). We will clarify this in the figure headings 

as follows: 

(Figure caption 6, 7, 8 in manuscript): … according to Eq. 3/4/5, based on the selected profiles described 

in Table 2. Here the red line represents the average of the four strongly stable profiles (S1, S2, S3, S4) 

and the shaded area, the standard deviation. Blue is the same, but for the four weakly stable profiles (W1, 

W2, W3, W4). … 

L. 448: Clouds. Yes, it would be interesting to see their impact on NBL development.  

Response: We agree with the referee that it would be valuable to study the impact of clouds on the NBL; 

however, this is beyond the scope of this paper. As highlighted in the discussion (Section 4.2) we do 

expect clouds to have an influence on formation of the NBL. In terms of NBL formation we expect this 

effect to mainly influence the radiation balance of the NBL. It is well known that the presence of clouds 

reduces the nighttime cooling, likely, preventing a strongly stable atmosphere from forming. 

Additionally, as daytime clouds were found to be important for the ventilating of CO2 from the boundary 

layer (de Feiter et al., 2025), it would be valuable to study the effects of nighttime clouds on the CO2 

transport in the NBL.  

L. 486: The study focuses on nighttime conditions during which stable layers are present throughout. Is the 

discussion here referring to longwave radiation emitted from the canopy top or to radiative divergence cooling 

within the atmosphere?  

Response: See response to comment 1, in the manuscript we refer to the vertical longwave radiative 

divergence which cools the atmosphere. But likely the strong vertical longwave radiative divergence is 

caused by the net longwave emission of the canopy top, which cools the biomass and gets transferred to 

the air.  

Fig. B1: Interesting! Whenever winds are strong over the canopy layer (W1-W4), turbulent mixing in the air layer 

above the canopy can penetrate into the canopy layer resulting in enhanced heat transfer. When winds above the 

canopy layer are weak (S1-S4), the positive heat flux below the canopy crown (presumably) in the nearly neutral 

canopy layer (Fig. 5a) may develop because shear-generated turbulent mixing transports warm air downward 

from above the canopy while turbulent development near the soil surface remains constrained.  

Response: Thank you for the useful input. This nice example shows the advantage of using the prototype 

for the strongly and weakly stable regime. The separation of the two regimes allowed us to point out the 

different dynamics governing the two regimes, which would not be possible in by using average over the 

complete CloudRoots period. To stress the interesting results, we will in the revised manuscript, connect 

this finding to section 3.2.1. In Fig. 4 (in the manuscript) you can observed in the mostly weakly stable 

night, that Ri < Ri_c above the canopy and during part of the night at the interface between canopy and 



atmosphere, this will increase the heat flux (as observed in Fig B1). While for the strongly stable period 

Ri decreases in in the last hours of the night, indicating enhanced mixing through, movements of warm 

air upward (w’> 0 & θ’> 0) or cold air downward (w’< 0 & θ’< 0). However, the movement of warm air 

downward as you suggested is not possible because of the sign convention.  
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Response Reviewer 2: egusphere-2026-684 
We thank the two referees, as well as Dr. Bruce Hicks and Dr. Peter A. Taylor, for their valuable 

comments and constructive suggestions. We greatly appreciate their feedback and have carefully 

addressed their comments in both our responses and the revised manuscript. Before addressing the 

individual comments, we would like to clarify the general aim and scope of our study. 

The main aim of this study is to investigate whether the prototypical nocturnal boundary layer (NBL) 

above tropical rainforests, as commonly represented in weather and climate models, adequately captures 

the observed dynamics of this layer. By a prototypical or canonical NBL, we refer to the boundary layer 

developing above a bulk (zero-order) representation of the canopy and governed primarily by the 

interplay between turbulence generated by wind shear and stable thermal stratification associated with 

longwave radiative cooling. 

Our aim is therefore to bridge the complexity of the observed nocturnal canopy–atmosphere system, 

influenced by thermal stratification, turbulence, and interactions across the canopy–atmosphere 

interface, with the necessarily simplified and relatively coarse representations commonly used in 

weather and climate models. We do not attempt to characterize all processes occurring within the canopy 

or all sources of variability in the observed NBL. Rather, we use observations to assess to what extent 

the canonical representation captures the main characteristics and governing processes of the NBL 

above the rainforest, and to identify where this simplified representation may become insufficient. 

To address this question, we make use of a comprehensive observational dataset to characterize the 

main features and governing processes of this canonical NBL above the rainforest. Specifically, we 

analyse: (i) the evolution of the NBL height using different criteria that reflect the different mechanisms 

controlling its development (Fig. 2); (ii) the characteristic vertical profiles of turbulence and state 

variables (Figs. 3 and 5); (iii) the stability within and above the canopy (Fig. 4), which provides an 

important lower boundary condition and may introduce variability at the canopy–atmosphere interface; 

and (iv) the individual terms in the budgets of turbulent kinetic energy, heat, and carbon dioxide above 

the canopy (Figs. 6, 7, and 8). These budgets enable us to quantify, among other processes, the role of 

stable thermal stratification associated with longwave radiative cooling near the canopy top and the 

mechanical production of turbulence by wind shear. 

Together, these four elements provide an observational characterization of the prototypical NBL above 

the rainforest and establish a framework that can be used in future work to systematically evaluate 

model representations of turbulent kinetic energy, potential temperature, and carbon dioxide under 

nocturnal boundary-layer conditions. 

Regarding the more specific comment raised by the referee, we agree that atmospheric turbulence 

generated by wind shear plays a central role in controlling the mixing of CO₂ and heat between the 

canopy top and the NBL. However, a key question addressed in our study is to what extent longwave 

radiative cooling near the canopy top enhances local stability and thereby inhibits this turbulent mixing 

in the lower part of the NBL. It is precisely the interplay between these two competing mechanisms—

shear-generated turbulence promoting mixing and radiatively induced stable stratification suppressing 

it—that we aim to characterize from the observations. 

Based on all the comments, in the revised version of the manuscript, we have further strengthened this 

central objective throughout the paper. Below we have responded to the comments raised point by point. 

If adjustments of the manuscript are indicated below the response, the newly added text is indicated in 

blue.  



Response 

1. ‘Accurately representing the CO2 exchanges ----‘, I think the authors need to elaborate on the 

challenges here. 

Response: Based on the comments received from all referees, we have rewritten our 

introduction. In doing so, we have clarified current challenges found in representing the CO2 

exchanges in weather or climate models including the active role of CO2. Below we attach the 

improved section of the introduction.  

(L 25-34 in manuscript): During the night, net longwave radiative cooling of the canopy top 

leads to the formation of a stable layer, referred to as the nocturnal boundary layer (NBL) 

(Mahrt et al., 1979; Garstang and Fitzjarrald, 1999; Mahrt, 1999). This stratification has a direct 

impact on the vertical distribution of CO2. Because of the stable thermal atmospheric stability 

above the canopy top, the respired CO2 is trapped within the canopy and accumulates over time 

(Mahrt, 1999). The extent to which the in-canopy atmosphere and stable layer aloft interact is 

governed by the intricate interplay of shear-driven turbulence and buoyancy inhibition at the 

canopy-atmosphere interface, which can either decrease, maintain or enhance the thermal 

atmospheric stability (Stull, 1988; Mahrt, 1999).  

These canopy-atmosphere interactions are known to be non-stationary in nature, associated 

with intermittent bursts of turbulence (Van de Wiel et al., 2002a, b; Acevedo et al., 2008; Marth, 

2011; Acevedo et al., 2016; Santos et al., 2016; Dias-Junior et al., 2017), and affected by both 

the characteristics and processes happening within the canopy and the roughness sublayer aloft 

(De Kauwe et al., 2017). The non-stationarity results from the opposing mechanisms of 

thermodynamic stratification by longwave radiative cooling and turbulent mixing caused by 

shear and lead to misrepresentations of the NBL in numerical weather and climate models. In 

addition, the non-stationary complicates observations with the eddy covariance (EC) technique, 

which are limited due to the absence of turbulence and its dependency on height, complicating 

the validation of nocturnal representation CO2 exchange (Aubinet 2008; Nicolini et al., 2018) 

in numerical weather and climate models. 

2. Paragraph in Line 50: This paragraph sounds to me like summarizing the results in the Introduction 

section. The authors should focus more on motivating the present study with respect to previous ones 

rather than stating the results in the Introduction. 

Response: In line with the comment above, we have decided to remove this part of the 

introduction. For the complete changes made to the introduction we refer to the revised 

manuscript.  

3. Line 85: ‘tall 90 tower’, tall 90 tower or 325 m tower? 

Response: Thank you for pointing this out to us, the number 90 is misplaced. In the revised 

manuscript we have removed the number 90.  

4. Line 85: ‘Moisture and CO2 fluxes ---‘, Were the moisture and CO2 fluxes WPL-corrected? 

Response: In the final manuscript we have included a more elaborate data description 

paragraph. For the sake of completeness, we have included a brief description here.  To respond 

to the raised comment, for the calculation of the half hourly fluxes, the raw eddy covariance 

data was processed using the standard data processing procedure of Eddy Pro (LI-COR 

Biosciences. 2021; Fratini & Mauder 2014). The data has been corrected for outliers, detrended, 



double rotated, compensated for time-lags, and corrected for spectral loss, crosswind and WPL 

(Webb-Pearman-Leuning) density fluctuations.  

5. Line 100: To not limit ourselves ---‘, I do not understand what the authors mean. 

Response: We understand the confusion; to clarify we rewrite the line in the revised 

manuscript: 

(L 101-102 in manuscript): Before estimating h_NBL we fitted a 2nd-order logarithmic 

function to the observed vertical profiles of 𝜃, CO2, U from the canopy top up to the highest 

measuring level. The 2nd-order logarithmic function was fitted using a least-squares 

polynomial. The fitted analytical logarithmic functions enable us to estimate h_NBL not only 

at the present measuring heights, but also in between the measuring levels. 

6. Line 105: What sort of data limitations? 

Response: The data limitation is mainly related to incomplete data series, after the 19th of 

August. The incomplete data series includes radiation (short- and longwave) and CO2 flux 

measurements. We clarify in the revised manuscript as follows. 

(L 104-105 in manuscript): We applied the criteria to the data spanning 8 to 19 August; we 

excluded the final two days of the field campaign because of multiple unavailable variables 

including longwave radiative and CO2 flux observations.  

7. ‘U_g being the geostrophic wind’, Is U_g really the geostrophic wind? Why do you need to specify 

that as a geostrophic wind, would it not suffice to just mention as the wind speed at the highest height? 

Response: Thank you for pointing this out, a 

similar comment was written by the first referee. 

Therefore, we did some additional research to 

clarify this issue and adapt it to our data. It is 

explained below. We acknowledge that it is 

indeed not valid to use the windspeed measured 

at 298 m, to estimate U_g. To support this, we 

make use of the high-frequency soundings taken 

during the CloudRoots campaign. 

During the measuring campaign radio soundings 

were released during two hours in two nights 

(00:00 and 03:00 LT on the 12th and 13th of 

August) (Fig. 1). In Fig. 1 we observe that U_g 

is reached around 2000 m height. Between 2000 

m and 5000 m we find a four-hour average value 

of U_g of 10 m s-1. At 298 m (top of the tower) 

we find a four-hour average windspeed of 4.3 m 

s-1. From this we can conclude that we indeed 

cannot estimate U_g with the wind speed 

measured at 298 m.  

However, our aim is to estimate our h_NBL directly from our observed vertical wind profile. 

We have therefore calculated the h_NBL with an alternative method based on the vertical wind 

speed profile. Our criteria uses the vertical gradient (∂U/∂z) and estimates h_U with a similar 

Figure 4. Radiosonde profiles of windspeed, during four periods 

in two nights. Here the thick black line indicates the mean of the 

two profiles, the horizontal dotted line the highest tower 

measurement at 298 m, and the vertical dotted lines the average 

windspeed at 298 m and the average Geostrophic windspeed 

between 2000 and 5000 m. 



method as for θ and CO2.  Although this definition departs from the criteria of U equal to Ug, 

it has the advantage to ensure consistency with the other two variables Fig. 2 (3rd row). 

In addition, this criterion can be further supported based on the NBL dynamics. We assume that 

the residual layer is well mixed because of the turbulent convection of the previous day, and 

therefore the wind speed is constant with height. Based on this principle we can find h_U once 

∂U/∂z ~ 0 ms-1. In Fig. 2 (3rd row), we show the results for one night (11-12 August), the 

remaining nights show similar results. In this night we find values for h_U, between 100 m and 

200 m, which is in accordance with our results and other studies on h_NBL utilizing ATTO data 

(Mendonça et al., 2025, 2026, Souza et al., 2026). In Fig. 3, we show the updated version of 

Fig. 2 from the manuscript. 

In Fig 3. we can observe that h_U estimated with the new method closely approaches the other 

five methods mean. Nevertheless, we must stress one limitation, no value for h_U can be found 

with linear vertical wind profiles, (05:00 and 06:00 UTC in Fig. 2), as the gradient does not 

reach 0 m s-1, within the measuring range of the tower.  

In the Manuscript, we have updated Section 2.3 and Figures 1 and 2 (Fig 3 in response) and 

adjusted the results (Section 3.1) to reflect the new findings.  

(L 119 – 121 in manuscript): When no NLLJ is present, we used the U gradient with height 

(Fig. 1c). Similar to 𝜃 and CO2, we normalized the U gradient and relaxed the threshold to 2.5 

x 103 m-1. 

(L 210 in manuscript): Estimations of hU (Fig. 2d) are found to be 156 ± 46.5 m. 



 

Figure 5. Vertical profiles from top to bottom: θ, CO2, U, Ri, TKE and u_*. The black dots represent the tower observations, the 

red lines the fitted logarithmic profiles, the horizonal green line the canopy top, the horizontal grey line the estimated h_NBL, the 

vertical red line for Ri the critical Richardson number (0.25) and for U_* the threshold value of 0.1 m/s. 



8. Line 145: ‘----- are done’, This sentence reads odd. 

Response: Thank you for pointing this out, it words “are done” will be removed in the final 

manuscript.  

9. ‘In addition, we aligned ---‘, Was this alignment done at each height? What was the turbulence 

intensity of the flow? If the turbulence intensities were large, this alignment can be highly inaccurate. 

Figure 3. New version of Figure 2 is in the manuscript. Hourly nocturnal boundary layer height in LT (UTC-4), 

estimated for the period between 8 and 19 August 2022. Panel (a) gives the mean boundary layer height for each 

of the five criteria (θ, CO2, U, Ri & TKE) and the average of those five criteria (grey line). The remaining five 

graphs give the variation between the nights for every hour, for (b) potential temperature (θ), (c) CO2, (d) windspeed 

(U), (e) Richardson number (Ri) and (f) turbulent kinetic energy (TKE). Here, the grey line represents the five-

criterion mean boundary layer height. 



Response: The alignment (using the double rotation technique) has been done at each height. 

We acknowledge your concern and calculate the turbulence intensity of the eddy covariance 

data. We calculate the turbulence intensity as follows: 𝐼 = 𝜎𝑢/𝑈̅, where 𝜎𝑢 is the variance of 

the u-wind component and 𝑈̅ the mean windspeed. In Fig. 4, the calculated I profiles for three 

nights of the CloudRoots period are shown. In most nights, the values are slightly elevated close 

to the canopy, this can be attributed to the rough canopy surface that introduces flow 

instabilities. Above the canopy layer the values approach zero, the typical profiles look similar 

to 8-9 August (Fig. 4 top) and 17-18 August (Fig. 4 bottom). However, there are exceptions 

(~10% of hours), for example during the night of 12-13 August (Fig. 4 middle) and at 05:00 LT 

in the night of 17-18 August. During moments with high turbulence intensity, the observations 

might be less accurate, however we do decide to stick to the rotation technique. To address this 

issue, we add a data uncertainty discussion to the general discussion. It is important to mention 

here that during the nights of both 12-13 and 17-18 August a nocturnal low level jet has been 

observed, this can possibly related to the observed increases in I.  

 

 

Figure 6. Vertical turbulence intensity profiles (I) for three nights of the CloudRoots Campaign. At the top 8-9 August 

representing the general pattern, in the middle 12-13 August representing a disturbed pattern, and at the bottom 17-18 

August with a partly disturbed pattern. Important to note is that there was observed low level jet activity during the nights of 

12-13 and 17-18 August.  



 

 

10. Line 160: Why do you need to parametrize the dissipation rate? Can't you directly compute it from 

the u spectra? 

Response: We justify using a parameterization of the dissipation rate as this is currently the 

way dissipation is calculated in weather and climate models. To solve the turbulent kinetic 

energy, potential temperature and CO2 governing equations, we aim to replicate the prototypical 

stable profiles used in the parameterized climate models 

Nevertheless, we acknowledge the large misrepresentation in the parameterized dissipation 

rate. Therefore, following the advice of the referee, we have calculated the dissipation rate using 

both the fast Fourier transform (FFT) and an Auto Regressive Moving Average model (ARMA) 

with the u, v, w components of the wind. The dissipation rates are calculated based on the 

method explained by Hartogensis & de Bruin (2005). In short, the method follows six steps: 1) 

the wind vector was rotated with the planar fit routine; 2) 30-min spectra of the u and v wind 

velocity were calculated; 3) For the ARMA method the optimal auto-regression is determines 

and a moving-average applied; 4) Calculate dissipation with Equation 9 in the paper; 5) 

performing a quality check on the spectrum and calculated dissipation values to determine 

whether an inertial range was present in the spectrum. 6) The average dissipation rate for the 

30 min period is calculated if the slope deviated less than 20% of the theoretical 5/3 slope, and 

the root mean square error of the dissipation was less than 30% of its block-average value. 

When none of the blocks fulfilled these criteria, the dissipation value was rejected for that 30-

min period. 

Figure 5. Dissipation rates estimated for the eight selected hours (Table 2 in manuscript). The top represents the dissipation 

calculated from the u-spectra, for both the FFT (dot) and ARMA (cross) method. The bottom represents the same as the top 

but calculated from the v-spectra. The lines are fitted through the profiles using a least-squares polynomial fit. 



We find that the spectra based on the FFT and ARMA spectra for both the u and v wind 

components yield similar results (Fig. 5). The dissipation rates calculated from the w-wind 

component are not shown, because these results were less reliable due to the influence of the 

canopy. For the final estimation (used in revised manuscript), we have selected to use the FFT 

spectra from the u wind (widely used), to estimate our dissipation rate. We use the newly 

calculated dissipation rate to update Fig. 6 in the manuscript (Fig. 6). As expected, the absolute 

magnitude of our dissipation increases from about ~ -0.1 m2 s-3 at the canopy top with the 

parameterization to ~ -4 m2 s-3 (weakly stable) and ~ 1 m2 s-3 (strongly stable) with the spectral 

method. With the new spectral calculations our dissipation is now more comparable, but with 

opposite sign, to the shear production rate. Consequently, the residual term largely reduces (in 

the weakly stable atmosphere from ~ -5 m2 s-3 (with the parameterized form) to < 0.6 m2 s-3 

(Fig. 6)).  

11. We expected the latent heat ---‘, I do not understand this, since you have the moisture flux 

measurements why you need to invoke this assumption? 

Response: To clarify, we could indeed calculate the latent heating term. However, based on an 

earlier study with the CloudRoots observations, we find that the latent heat flux above the 

canopy approaches zero during the night (González-Armas et al. 2025). In the paper there can 

be found that the evapotranspiration flux approaches 0 W m-2 s-1 at the beginning and end of the 

day (Fig. 8b in Gonzales-Armas et al., (2025)). These lower values can be related to maximum 

values of the water storage flux at 50 m in the early morning, suggesting a storage of moisture 

in the NBL canopy (Fig. C14b in González-Armas et al., (2025)). Therefore, we have assumed 

that the latent heat flux is neglectable on the budget (above the canopy) and have decided not 

to include the term.  

12. Line 260: ‘canopy crown’, What does the +- sign refer to here? 

Response: The +- sign refers to the height where the main uptake takes place, the +- indicates 

that this is roughly 24 meters. The exact location of the canopy crow is between 15 and 30 

meters (Gomes Alves et at., 2023), where the canopy is most dense. In the revised manuscript 

the exact sentence has been removed due to rewriting of section 3.1. However, in the revised 

manuscript we clarify the location of the dense canopy crown more precisely.  

Figure 6. Fig 6. From the manuscript, but with dissipation rate calculated with the u-spectra.  



(L 259-260 in revised manuscript): in the dense canopy crown, roughly between 15 and 30 

meters (Gomes Alves et at., 2023). 

13. Line 285: How does it decoupling parameter compare the against the previous studies, such as the 

one by Peltola et al. (2025)? 

Response: In Peltola et al. (2025) they calculate the stability parameter as, Ω =  
𝝈𝒘

𝒘𝒆,𝒄𝒓𝒊𝒕
, here  

𝑤𝑒,𝑐𝑟𝑖𝑡 is the minimal vertical windspeed needed for a parcel to reach the forest floor, and 𝜎𝑤 

the variance of the vertical wind component. In theory Ω approaches infinity when coupled and 

0 when stable, this will be similar above the forest canopy. However, it is hard to directly 

compare the two stability criteria, as the one proposed in the paper is based on a two-layer 

system (differentiating between the stability within and above the canopy), while Ω indicates 

one value for both the within canopy layer and the layer above.  

Additionally, it is highly unlikely that the three needed assumptions to estimate 𝑤𝑒,𝑐𝑟𝑖𝑡 hold in 

the dense and moist Amazon forest canopy. The following assumptions need to be fulfilled are 

the following: (1) humidity gradients are compared to potential temperature, and therefore the 

buoyancy flux can be calculated only as a function of the 𝜃-gradients, (2) canopy density 

and drag are constant with height and (3) mean horizontal wind speed air parcel downward 

speed below canopy decay exponentially with height. Even if we assume (1) (Fig. A1 in 

manuscript) and (3) (Fig. 5c in manuscript) to be valid, the canopy density and with this also 

the drag cannot be assumed to be constant with height. In Gomes Alves et al. (2023) there can 

be observed that the canopy density peaks between 15 and 30 meters, and a secondary peek (~ 

5 m) exists in the canopy understory.  

14. Line 325: ‘Dissipation below ----“, This term is parameterized and therefore I have significant 

concerns. The authors should reevaluate this term from the velocity spectra. I am unsure why the 

authors state that this was beyond the scope of this study. If you have the data, this should not be too 

cumbersome exercise. 

Response: See response to 10, here we have shown that the dissipation rate is estimated with 

the turbulent u-spectra 

15. Line 370: Why are you attributing this residual to horizontal advection? You have not included the 

dissipation rate of temperature, which also would play a significant role in deciding the heat budget. 

This could also be done with the high-frequency temperature observations. Yes, within the canopy the 

temperature fluctuations could be sufficiently damped and might not show an inertial subrange but 

above the canopy it should be OK to see a well-behaved temperature spectra and heat flux cospectra.  

16. Line 405: Again, you are ignoring the dissipation terms in the CO2 budget. 

Response (15+16): We base our formulations of the mean potential temperature governing 

equation following Stull (1988), in this book the mean equation of heat is formulated as 

equation 1 and simplified to equation 4 in the manuscript given the described simplifications in 

the manuscript. 

𝜕𝜃̅

𝜕𝑡
+  𝑈𝑗̅

𝜕𝜃̅

𝜕𝑥𝑗
=  − 

𝜕𝑢𝑗
′𝜃′̅̅ ̅̅ ̅̅ ̅

𝜕𝑥𝑗
+  

1

𝜌̅𝑐𝑝

𝜕𝑄̅

𝜕𝑥𝑗
+ 𝜐0

𝜕2𝜃̅

𝜕𝑥𝑗
2 −  

𝜕𝐿𝑣𝐸̅̅ ̅̅ ̅

𝜕𝜌̅𝑐𝑝
   (1) 

In equation 1 𝜐0 is the molecular thermal diffusivity and LvE the latent heating. 



We agree with the referee that dissipation is important in the TKE budget (see response to 10). 

However, in the mean potential temperature budget, calculated with 30-min mean variables, we 

believe the dissipation is not significant in magnitude compared to the effect of turbulent 

transport and longwave radiative divergent cooling. The same reasoning holds for the mean 

CO2 budget equation.  

We believe our approximation to be sufficient, given our objective to evaluate whether a 

prototypical nocturnal boundary-layer parameterization, of the type commonly used in 

numerical weather and climate models, can reproduce the observed variability. Such model 

parameterizations generally represent the effects of turbulence on the mean heat and CO₂ fields 

through turbulent fluxes or eddy diffusivities, while scalar-dissipation terms are taken into the 

equation imbalance term. Therefore, we choose to calculate the same term with our 

observations.  

Nevertheless, we agree with the referee that our residual cannot only be explained by the 

advection term. In the revised manuscript we will state this more clearly.  

(L369 -376 in manuscript): Similar to the TKE equation, a large residual remained in the heat 

equation. At 50 m, the residual is 0.74 ± 0.62 K h-1 for the strongly stable case and 1.75 ± 0.40 

K h-1 for the weakly stable case. Temperature advection may explain a significant part of the 

residual. A horizontal temperature gradient of 0.15 K km-1 downwind would already lead to a 

heat advection of about 1.0 K h-1 in the strongly stable regime and 1.6 K h-1 in the weakly stable 

regime at 50m height. Multiple processes can initiate horizontal temperature differences in the 

Amazon rainforest, for example, differences in land use or soil moisture content (Al-Kayssi et 

al., 1990; Gash et al., 1997). To the east of the ATTO, a swampy area is located, which likely 

increased nocturnal temperatures; this may explain the positive residual given the observed 

dominant South-eastern wind direction (Appendix B). Additionally, the residual term includes 

effects of temperature dissipation and measurement and calculation errors. 
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Response Reviewer 3: egusphere-2026-684 
We thank the two referees, as well as Dr. Bruce Hicks and Dr. Peter A. Taylor, for their valuable 

comments and constructive suggestions. We greatly appreciate their feedback and have carefully 

addressed their comments in both our responses and the revised manuscript. Before addressing the 

individual comments, we would like to clarify the general aim and scope of our study. 

The main aim of this study is to investigate whether the prototypical nocturnal boundary layer (NBL) 

above tropical rainforests, as commonly represented in weather and climate models, adequately captures 

the observed dynamics of this layer. By a prototypical or canonical NBL, we refer to the boundary layer 

developing above a bulk (zero-order) representation of the canopy and governed primarily by the 

interplay between turbulence generated by wind shear and stable thermal stratification associated with 

longwave radiative cooling. 

Our aim is therefore to bridge the complexity of the observed nocturnal canopy–atmosphere system, 

influenced by thermal stratification, turbulence, and interactions across the canopy–atmosphere 

interface, with the necessarily simplified and relatively coarse representations commonly used in 

weather and climate models. We do not attempt to characterize all processes occurring within the canopy 

or all sources of variability in the observed NBL. Rather, we use the observations to assess to what 

extent the canonical representation captures the main characteristics and governing processes of the 

NBL above the rainforest, and to identify where this simplified representation may become insufficient. 

To address this question, we make use of a comprehensive observational dataset to characterize the 

main features and governing processes of this canonical NBL above the rainforest. Specifically, we 

analyse: (i) the evolution of the NBL height using different criteria that reflect the different mechanisms 

controlling its development (Fig. 2); (ii) the characteristic vertical profiles of turbulence and state 

variables (Figs. 3 and 5); (iii) the stability within and above the canopy (Fig. 4), which provides an 

important lower boundary condition and may introduce variability at the canopy–atmosphere interface; 

and (iv) the individual terms in the budgets of turbulent kinetic energy, heat, and carbon dioxide above 

the canopy (Figs. 6, 7, and 8). These budgets enable us to quantify, among other processes, the role of 

stable thermal stratification associated with longwave radiative cooling near the canopy top and the 

mechanical production of turbulence by wind shear. 

Together, these four elements provide an observational characterization of the prototypical NBL above 

the rainforest and establish a framework that can be used in future work to systematically evaluate 

model representations of turbulent kinetic energy, potential temperature, and carbon dioxide under 

nocturnal boundary-layer conditions. 

In the revised version of the manuscript, we have further strengthened and clarified this central objective 

throughout the paper. Below we have responded to the comments raised one by one. If adjustments of 

the manuscript are indicated below the response, the newly added text is indicated in blue.   



Response 

1. The manuscript is considerably long, which makes it difficult to follow in several sections. I 

recommend carefully revising the text to remove repetitive or less relevant material and focus on the 

key findings. A more concise manuscript will improve readability and maintain the reader's interest. 

2. The introduction includes a summary of the study results, which would be more appropriate for the 

Results or Discussion section. Instead, the introduction should focus on the scientific background, 

motivation, relevant previous studies, and the research gap. The objectives and novelty of the study 

should be clearly stated at the end of the introduction, highlighting how this work differs from previous 

research and addresses existing knowledge gaps. 

Response (1 + 2): Thank you for pointing this out, following all the discussion on the 

manuscript we adjusted the introduction and other manuscript text and made the final revised 

manuscript more concise and adjusted the introduction to focus on the scientific background, 

motivation and research gap (see revised to manuscript). 

3. Please clarify whether any outlier detection, quality control, or data-cleaning procedures were 

performed before the final analysis. If so, describe the methods used. 

Response: In the final manuscript we have added a more elaborate data description. Here we 

have included the data-cleaning procedures. To respond to the raised comment, for the 

calculation of the half hourly fluxes, the raw eddy covariance data was processed using the 

standard data processing procedure of Eddy Pro (LI-COR Biosciences. 2021; Fratini & Mauder 

2014). The data has been corrected for outliers, detrended, double rotated, compensated for 

time-lags, and corrected for spectral loss, crosswind and WPL (Webb-Pearman-Leuning) 

density fluctuations.  

4. Line 25: The phrase "in its immediate surrounding" is unclear. Are the authors referring to the eddy 

covariance footprint? If a footprint analysis was performed, please describe the methodology and 

discuss its implications for the results. 

Response: The phrase “in its immediate surrounding” in the text indicates that all 

measurements used for the study are done in the surrounding of the ATTO tall tower. We have 

removed this phrase and indicated the exact locations of the measurements more clearly in the 

revised manuscript. 

(L 69-70 in Manuscript) For this study specifically, observations were collected from both the 

325 m high ATTO tall tower (-2.1448° N, -59.0008° E) and the shorter 81 m high Instant tower 

(-2.1468° N, -59.0068° E), which are 670 m apart.  

5. Please clearly define the variables U, U* (friction velocity), and U, when they are first introduced in 

the manuscript. 

Response: In the manuscript, the variable U has been indicated in L 59 in the introduction. In 

section 2.2 u* should have been clearly indicated, this is however not the case, thank you for 

pointing this out. Given planned adjustments to the introduction, all the variables are introduced 

in at the location where they are first stated. For U this is in section 2.2 (revised manuscript) 

and u* in section 2.4.1 (revised manuscript). 

 



6. Figure 2: The figure would benefit from including units for all variables. Please ensure that the units 

are shown either on the axes or clearly stated in the figure caption. 

Response: Thank you for the suggestion, in the revised manuscript we have indicated the units 

in the sub-figure titles.  

7. Section 3.2 (Temporal Evaluation of Stability Within and Above the Canopy): The first paragraph of 

this section is difficult to follow and contains several unclear statements. I recommend rewriting this 

paragraph to improve clarity and better communicate the main findings. 

Response: We appreciate that you point this out, given all the comments we have decided to 

condense our text in the revised manuscript. For the updated version of section 3.2 we refer to 

the revised manuscript. 

8. The study is based on approximately two weeks of observations. Please discuss whether this 

observation period is sufficient to draw broader conclusions regarding nocturnal canopy-atmosphere 

interactions in the Amazon rainforest. It would be helpful to acknowledge this limitation and discuss its 

implications. 

Response: We believe the observations are representative of the NBL during the Amazonia dry 

season. However, there are limitations: 1) during the wet season changing cloud cover and 

precipitation change the atmospheric structure and NBL development (Biscaro et al., 2021). 2) 

our observations are limited to one year there cannot be accounted for multi-year climate 

variability, caused by for example the ENSO modes. Studies by Carneiro and Fisch (2020) and 

Souza et al. (2026), found that these climate modes have an influence on the evolution of the 

NBL. 3) the observations do only apply to regions on top of a plateau and not to lower elevated 

regions close to a river. Close to the rivers and in the valleys, the vegetation is less dense and 

possible influences by the river breeze are possible (de Oliveira and Fitzjarrald, 1993). We have 

highlighted these limitations more clearly in the discussion in the revised manuscript 

9. The Results and Discussion sections would be strengthened by a more comprehensive comparison 

with previous studies. Please discuss how your findings agree with or differ from the existing literature 

and explain the possible reasons for any differences. 

Response: We agree with the reviewer, in the revised manuscript we have extended our 

comparison of our results to excising literature. Below we give one example of how is carried 

out. When necessary, and throughout the manuscript, we have included these references to 

improve the perspective of our study. The example is: 

Recently two new studies estimating the h_NBL at the ATTO site have been published. In the 

first by Mendonca et al., (2026) they estimate h_NBL using the maximum of the nocturnal low-

level jet (NLLJ). In the study they estimate h_NBL to be between 81 and 247 m, this in 

accordance with our estimated range with the windspeed criteria (156 ± 46.5 m). Additionally, 

they find the height of the NLLJ to be dependent on the wind direction. We observe a NLLJ for 

two nights (12-13 and 17-18 August), these nights are dominated by winds from a North / 

Northeastern direction. In line with the paper, the NLLJ height is between 80-100 m.  

In the second by Souza et al. (2026) they show the variability of h_NBL during the wet and dry 

season (including the CloudRoots observation period). In the dry season of 2022, they find an 

average h_NBL of 120 +- 28 m, which is lower than our average value with ranges between 

142 and 164 m through the night. The difference can be attributed to the different methods used 



to estimate h_NBL. In the paper by Souza et al. (2026) they use turbulent fluxes to estimate 

h_NBL. We use five different methods, which all yield slightly different results. It would be 

fairer to compare their results with our turbulent based estimate (Ri). With the estimation using 

the Ri, we find a h_NBL of 134 +- 29.5 m, which is closer to the values found by Souza et al. 

(2026).   

10. The Results section is overly detailed, and several paragraphs are difficult to follow. Consider 

condensing the presentation by focusing on the most important findings and improving the clarity of 

several sentences. A more concise presentation will make the results easier to interpret and more 

engaging for readers. 

Response: Thank you for pointing this out, in the revised manuscript we have condensed our 

results section.  
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Response Bruce Hicks: egusphere-2026-684 
We thank the two referees, as well as Dr. Bruce Hicks and Dr. Peter A. Taylor, for their valuable 

comments and constructive suggestions. We greatly appreciate their feedback and have carefully 

addressed their comments in both our responses and the revised manuscript. Before addressing the 

individual comments, we would like to clarify the general aim and scope of our study. 

The main aim of this study is to investigate whether the prototypical nocturnal boundary layer (NBL) 

above tropical rainforests, as commonly represented in weather and climate models, adequately captures 

the observed dynamics of this layer. By a prototypical or canonical NBL, we refer to the boundary layer 

developing above a bulk (zero-order) representation of the canopy and governed primarily by the 

interplay between turbulence generated by wind shear and stable thermal stratification associated with 

longwave radiative cooling. 

Our aim is therefore to bridge the complexity of the observed nocturnal canopy–atmosphere system, 

influenced by thermal stratification, turbulence, and interactions across the canopy–atmosphere 

interface, with the necessarily simplified and relatively coarse representations commonly used in 

weather and climate models. We do not attempt to characterize all processes occurring within the canopy 

or all sources of variability in the observed NBL. Rather, we use the observations to assess to what 

extent the canonical representation captures the main characteristics and governing processes of the 

NBL above the rainforest, and to identify where this simplified representation may become insufficient. 

To address this question, we make use of a comprehensive observational dataset to characterize the 

main features and governing processes of this canonical NBL above the rainforest. Specifically, we 

analyse: (i) the evolution of the NBL height using different criteria that reflect the different mechanisms 

controlling its development (Fig. 2); (ii) the characteristic vertical profiles of turbulence and state 

variables (Figs. 3 and 5); (iii) the stability within and above the canopy (Fig. 4), which provides an 

important lower boundary condition and may introduce variability at the canopy–atmosphere interface; 

and (iv) the individual terms in the budgets of turbulent kinetic energy, heat, and carbon dioxide above 

the canopy (Figs. 6, 7, and 8). These budgets enable us to quantify, among other processes, the role of 

stable thermal stratification associated with longwave radiative cooling near the canopy top and the 

mechanical production of turbulence by wind shear. 

Together, these four elements provide an observational characterization of the prototypical NBL above 

the rainforest and establish a framework that can be used in future work to systematically evaluate 

model representations of turbulent kinetic energy, potential temperature, and carbon dioxide under 

nocturnal boundary-layer conditions. 

Response 

1. An immediate reaction is that the authors have set themselves a big challenge with a limited 

dataset. In particular, while I applaud their attention to nocturnal intermittency, I suspect that 

examination of this topic is severely constrained by the sampling protocol. To be blunt, 30-minute 

averaging has been shown to hide most of the signal indicative of this phenomenon. In my own 

experience, while 30-min might satisfy old-fashioned micrometeorologists, a separate 5-min (or 

shorter) dataset is necessary to look into the basic processes that control the nighttime air-surface 

exchange of all quantities, including momentum. 

To my mind, the historic focus on log-linear profiles and their consequences is old stuff, maybe best 

forgotten. I am convinced that this is one of many areas where artificial intelligence will provide 



opportunities to delve into datasets of many kinds, including the impressive archive assembled by 

ATTO. My present belief is that the gradients detected at night are the result of how many intermittent 

occurrences occur during a 30-min period. Consequently, I look at Table 1 with a suspicion that 

strong stratification might be best quantified using the standard deviation of CO2 concentrations 

within 30-min periods rather than using the gradients. This would, of course, redirect much of the 

analysis that follows, and hence while this represents my own view of the dataset and the questions 

addressed in the present text, I cannot suggest anything more than the inclusion of a paragraph to 

address the intermittency matter a bit more thoroughly. 

My own examination of intermittency on and above forest canopies indicates that temperature is 

affected much as CO2. The signal is harder to extract, but it is still there. 

Response: We thank Dr. Hicks for this comment. We agree that nocturnal intermittency is a 

fundamental feature of stable boundary layers and that 30-min averaging cannot resolve the 

individual intermittent turbulent events that contribute to the exchange of momentum, heat, 

and CO₂. An analysis based on 5-min or shorter time intervals would indeed be more 

appropriate if the objective were to identify and characterize these individual events and their 

underlying mechanisms. 

However, this is not the primary objective of the present study. As clarified in our general 

response above, our aim is to characterize the prototypical nocturnal boundary layer above the 

rainforest and the interplay between the main processes governing its mean structure: shear-

generated turbulence and stable thermal stratification associated with longwave radiative 

cooling. For this purpose, we use 30-min averaged quantities consistently to characterize NBL 

height, vertical profiles, stability, and the different terms of the TKE, heat, and CO₂ budgets. 

We would also like to clarify the role of the classification introduced in Table 1 (Table 2 

revised manuscript). We apply relatively strict criteria to identify well-defined stable and 

weakly stable NBL conditions. We find that these criteria are generally satisfied for relatively 

short periods during the night (Table 2 (Table 3 revised manuscript) and therein). However, 

the limited duration of these periods does not necessarily imply that they are entirely 

characterized by intermittent turbulence. Intermittent events may occur within these periods 

and contribute to the variability of the 30-min averaged quantities but distinguishing such 

events from more persistent turbulent or stratified conditions requires an analysis at higher 

temporal resolution. 

We nevertheless agree with the referee that intermittency may contribute substantially to the 

variability observed within the 30-min periods and, in particular, to the observed CO₂ and 

temperature gradients. The referee's suggestion of analyzing the within-period variability of 

CO₂ concentrations is therefore relevant. Such an analysis could provide additional 

information on whether strong mean gradients are associated with a small number of intense 

intermittent events or with more persistent stratification. However, addressing this question 

systematically would require an event-based analysis at substantially higher temporal 

resolution and represents a different research objective from that pursued here. 

However, and following Dr. Hicks's suggestion, we have added a paragraph to the revised 

manuscript explicitly discussing this limitation of the 30-min averaging and the potential role 

of intermittency in both CO₂ and temperature variability. We also identify the analysis of the 

high-frequency ATTO observations as an important direction for future work. 



2. The discussion around line 115 caused me to pause a bit. Normalizing the CO2 gradient must 

involve the CO2 eddy flux determination. The latter is a 30-min average made up of a bunch of 

intermittent events (I suspect – prove me wrong!) as is the gradient. My mind is struggling with what 

happens when one considers the ratio of these two, which I think normalization does. 

Response: We thank Dr. Hicks for this comment. We understand the source of the confusion 

and would like to clarify that the normalization used here does not involve the CO₂ eddy flux. 

It is based exclusively on the vertical CO₂ molar-fraction profile. 

As discussed in our response to Comment 1, intermittent turbulent events may contribute to 

shaping the 30-min averaged CO₂ profiles by redistributing CO₂ within the NBL. However, 

the purpose of the normalization is not to quantify these intermittent events or the associated 

turbulent exchange. Rather, it allows us to compare the shape of CO₂ profiles that have 

substantially different absolute concentration differences during the course of the night. 

We would like to show this with the schematic example shown in Fig. 1. The profiles are not 

observations but represent different representative CO₂ vertical distributions during the night. 

Each profile is normalized using the difference in CO₂ molar fraction between the lower and 

upper levels of the profile. Consequently, the normalization removes differences in the 

absolute magnitude of the CO₂ accumulation while retaining the relative vertical structure of 

each profile. This makes, for example, the transition from a more nearly linear to a more 

curved vertical profile much easier to identify. 

Mathematically, the normalization simply rescales the complete profile by a constant factor. 

The magnitude of the CO₂ gradient therefore changes, but its vertical structure does not: the 

height at which the vertical gradient approaches zero remains at the same location. This is the 

information that we use to estimate (hNBL). 

Importantly, the normalized CO₂ profiles are used only for determining (hNBL). They are not 

used in the subsequent analysis of CO₂ fluxes or CO₂ budgets. For those analyses, we use the 

original, non-normalized observations. We have clarified this point in the revised manuscript 

and explicitly state that the normalization does not alter the height at which the CO₂ gradient 

approaches zero, and it helps to characterize the CO2 profiles in terms if they are under 

weakly stratification (linear) or strongly stratified (logarithmic), 

  

Figure 1. Ideal non-normalized and normalized profiles of carbon dioxide. 



3. Equations 1 and 2 are the same but applied over different height regimes. 

Response: Yes, this is true. We chose to specify both to clearly differentiate between the 

within and above canopy layer and the heights used to calculate both Richardson numbers.  

4. Section 2.5.1 needs some clarification. I could not find a definition of ν (I believe the symbol in the 

definition of the dissipation is Greek nu) but my own opinion is that the various relationships 

introduced in this paragraph are rather old and based on analyses about which I could argue because 

they manipulate hard-to-measure quantities in ways that lead to statistically uncertain results. In any 

case, why not just use the measured TKE without embellishment? Has Stull’s “15” been verified? 

Response: You are correct that is the kinematic viscosity of air. In the original analysis, we 

used a value of 1.5e-5 m2 s-1. However, following the comment of Referee #2, we have revised 

our approach and now estimate the TKE dissipation rate directly from the FFT-based 

turbulence spectrum, following Hartogensis and De Bruin (2003), rather than using the 

previous parameterization. We consider this spectral approach to provide a more robust 

estimate of the TKE dissipation rate for our observations. Further details are provided in our 

response to Referee #2 and the revised manuscript. 

5. In Section 2.5.2 we find that results published by others, elsewhere, are used to modify actual 

observations prior to analysis. This was the case earlier in the manuscript and gives the impression (I 

hope incorrect) that results could depend on assumptions made regarding the selection of models to 

be used prior to data analysis. Nevertheless, the 1 – 12 W m-2 difference between model and 

observations is outwardly impressive, until it is realized that this is the absolute difference range. I 

would like to see the average difference and its standard error. 

Response To clarify, the CloudRoots tower observations were not modified or used as input 

to the radiative transfer calculations. As explained in Section 2.5.2, we estimate the longwave 

radiative cooling rate (Eq. 4 in the manuscript) using the RTE+RRTMGP model. This 

modelling approach was necessary because radiation observations were available at only one 

height and therefore did not allow us to directly estimate the vertical divergence of the 

longwave radiative flux. 

The radiative transfer calculations use ERA5 reanalysis data as input, which are downscaled 

using the (LS)²D model to provide the atmospheric profiles required by RTE+RRTMGP. No 

tower observations are used in this procedure. The CloudRoots tower observations are used 

only afterwards, as an independent dataset to evaluate the modelled radiation. 

To address the referee’s second question, the mean absolute difference between the modelled 

and observed net radiation is 6.92 W m-2, with an associated standard error of 3.80 W m-2. We 

have added these values to the revised manuscript. 

6. Figure 3 is of great interest. In particular, I would interpret the profiles (CO2 as well as 

temperature) as indicating linearity with height within the canopy and a different linearity with height 

above it. This would align with experimental results elsewhere (many not yet published, so I cannot be 

too outspoken about this). 

Response: We agree with Dr. Hicks. The different vertical behavior within and above the 

canopy suggests that representing the forest as a single bulk layer, as commonly done in 

weather and climate models, may not adequately capture the distinct dynamics of these two 

layers and, importantly, their coupling at the canopy–atmosphere interface. A detailed 



investigation of the within-canopy dynamics is beyond the scope of the present study, which 

focuses primarily on the NBL above the canopy. Nevertheless, our results show the relevance 

of these within-canopy processes and their coupling to the overlying NBL as an important 

topic for future studies. 

7. Section 3.2.1 poses some problems that would be solved if there was a listing of nomenclature. I 

finally found that Ric is taken to be 0.25. I consider this to be an average based on countless studies of 

gradients in the past, when instrumentation was not yet adequate to examine the matter in a manner 

that would account for chaotic variability and intermittency. 

Response: We thank Dr. Hicks for this suggestion. We have now explicitly stated the adopted 

value of in the revised manuscript where the critical Richardson number is introduced. We 

agree that is a commonly adopted reference value and is not specific to the Amazon 

rainforest. However, this value is widely used in boundary-layer theory and model 

parameterizations as a threshold for the ability of shear-generated turbulence to persist under 

stable stratification. Its use is therefore consistent with the main objective of our study: to 

assess to what extent the canonical representation of the NBL used in atmospheric models is 

able to characterize the observed nocturnal conditions above the Amazon rainforest. 

8. Section 3.3.1. Here, I cannot comment much, but once again I would like to see how you might 

expect nocturnal intermittency to affect the analysis and conclusions. 

Response: We thank Dr. Hicks for this comment. In Section 3.3.1, our main objective is to 

characterize the observed vertical profiles of TKE and the dominant terms in the TKE budget. 

This information is particularly relevant for weather and climate models, in which TKE is 

commonly used to close the turbulent transport. We agree that intermittent turbulent events 

may contribute to the variability of the 30-min averaged TKE and its budget terms. However, 

resolving and characterizing these individual events is beyond the main objective of this 

section and would require a dedicated analysis at higher temporal resolution. We have added a 

short discussion acknowledging this limitation and the potential contribution of intermittency 

to the observed variability.  

9. Line 358. I cannot relate “enhanced shear” to the “weakly stable” situation. Increased 

stratification means grater shear, surely. And I interpret the causative factor as being increased 

transport of warmer air into the canopy from aloft due to intermittency. 

Response: We thank Dr. Hicks for this comment and agree that our use of the term “enhanced 

shear” was not sufficiently precise. A stronger vertical wind-speed gradient can indeed occur 

under strongly stable conditions. However, a larger mean wind shear does not necessarily 

imply a larger mechanical production of turbulent kinetic energy, since strong stratification 

suppresses vertical turbulent motions and can therefore limit the turbulent momentum 

transport required for shear production. 

Our interpretation is based on the observed TKE budget rather than on the wind-speed 

gradient alone. Figure 6c shows larger mechanical production of TKE in the weakly stable 

regime. This enhanced TKE production supports more efficient turbulent mixing between the 

atmosphere above and the colder air near and within the canopy, consistent with the larger 

downward turbulent heat transport observed at the canopy top. 

We therefore agree with the referee that the physical consequence of this turbulence is the 

transport of warmer air from aloft toward the colder canopy layer. Intermittent turbulent 



events may contribute importantly to this transport. However, with the 30-min averaged 

analysis used here, we cannot determine to what extent the observed heat transport results 

from individual intermittent bursts or from more persistent turbulence during these periods. 

Resolving this distinction would require the higher-frequency analysis discussed in our 

responses to the referee's previous comments. 

To avoid ambiguity, we have replaced “enhanced shear” by “enhanced mechanical production 

of turbulent kinetic energy” and revised the manuscript accordingly. 

Revised text (L356–359): 

“The weakly stable profile showed a more negative turbulent heat-flux divergence at the 

canopy top (−3.62 ± 1.54 K h⁻¹) than the strongly stable profile (−1.23 ± 0.79 K h⁻¹). This 

difference is consistent with the enhanced mechanical production of turbulent kinetic energy 

observed in the weakly stable regime (Fig. 6c), which promotes turbulent mixing between the 

cold canopy layer and the warmer atmosphere aloft.” 

10. Section 3.3.3 I believe that at night a major contributor to changes in CO2 concentration is the 

variation of soil efflux. Changes in soil temperature are central issues, with changes in atmospheric 

pressure being suspected contributors. As soil cools during the night, CO2 efflux might well decrease 

(in summer). In daytime, the efflux rate might decrease with increasing temperature.  The temperature 

influence on sub-surface microbial activity is well documented in general, but doubtlessly there must 

be some sort of species dependence. 

Response: We agree with Dr. Hicks that temporal and spatial variability in soil CO₂ efflux 

can contribute to the observed nocturnal evolution of CO₂. As shown, for example, by Zanchi 

et al. (2012), soil CO₂ efflux in tropical forests is strongly influenced by soil temperature and 

moisture. Moreover, the heterogeneous Amazonian landscape, including spatial variations in 

soil and vegetation properties, can lead to substantial spatial variability in soil respiration. 

This variability may therefore contribute to the CO₂ concentrations and gradients analyzed in 

Section 3.3.3 and should be considered when interpreting the CO₂ budget. However, our 

observations do not provide sufficient spatial coverage of soil CO₂ efflux to quantify this 

contribution or its variability across the footprint of the tower measurements. We have 

therefore added a short discussion of this limitation to the revised manuscript, while avoiding 

a quantitative attribution of the observed CO₂ variability to changes in soil efflux. 

11. For future activities, I would recommend (1) a separate archive of 5-min average (or shorter) 

observations, (2) soil temperature data, (3) inclusion of discussion about soil efflux changes and (4) 

supporting weather data such as the strength and height of the low-level jet (when it exists). 

Response: We thank Dr. Hicks for these constructive suggestions. We address the four points 

individually below. 

1. Shorter averaging periods. We recognize the advantages of using shorter averaging periods 

for investigating nocturnal intermittency and individual turbulent events. However, for the 

objectives of the present study, we have retained the 30-min averaging period, which enables 

a consistent characterization of the mean NBL structure and the TKE, heat, and CO₂ budgets. 

As discussed in our responses to the referee's previous comments, a dedicated analysis using 

5-min or higher-frequency observations would be valuable future work, particularly for 

quantifying the role of intermittency. 



2. Soil temperature. In the revised manuscript, we have added a short discussion of the 

potential influence of soil temperature on soil respiration and, consequently, on the observed 

nocturnal CO₂ concentrations. 

3. Soil CO₂ efflux. We have also expanded the discussion of the spatial and temporal variability 

of soil CO₂ efflux. This is particularly relevant for interpreting the variability in the CO₂ 

profiles shown in Fig. 3 and the residual term in the CO₂ budget shown in Fig. 8. However, 

the available observations do not provide sufficient spatial coverage to quantify this 

contribution across the tower footprint. 

4. Low-level jet and meteorological conditions. In the revised manuscript, we have added 

further information on the meteorological conditions, including wind direction and the 

occurrence and characteristics of low-level jets (LLJs). An LLJ was observed for two nights 

(12–13 August and 17–18 August), with the jet nose located approximately between 80 and 

100 m and winds predominantly from the North/North-east. These characteristics are 

consistent with the recent analysis of Mendonça et al. (2026), who also reported relatively 

low-level LLJs associated with similar wind directions. 

Finally, several of the processes highlighted by the referee motivate our ongoing work using a 

multi-layer canopy model coupled to the atmospheric boundary layer. This modelling 

framework explicitly resolves the vertical structure of the canopy and its interaction with the 

overlying NBL, providing an opportunity to investigate in more detail the canopy–atmosphere 

coupling and its response to intermittent turbulent events. We consider the observational 

characterization presented in the current study an important basis for evaluating such process-

resolving modelling approaches. 
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Response Peter A. Taylor: egusphere-2026-684 
We thank the two referees, as well as Dr. Bruce Hicks and Dr. Peter A. Taylor, for their valuable 

comments and constructive suggestions. We greatly appreciate their feedback and have carefully 

addressed their comments in both our responses and the revised manuscript. Before addressing the 

individual comments, we would like to clarify the general aim and scope of our study. 

The main aim of this study is to investigate whether the prototypical nocturnal boundary layer (NBL) 

above tropical rainforests, as commonly represented in weather and climate models, adequately captures 

the observed dynamics of this layer. By a prototypical or canonical NBL, we refer to the boundary layer 

developing above a bulk (zero-order) representation of the canopy and governed primarily by the 

interplay between turbulence generated by wind shear and stable thermal stratification associated with 

longwave radiative cooling. 

Our aim is therefore to bridge the complexity of the observed nocturnal canopy–atmosphere system, 

influenced by thermal stratification, turbulence, and interactions across the canopy–atmosphere 

interface, with the necessarily simplified and relatively coarse representations commonly used in 

weather and climate models. We do not attempt to characterize all processes occurring within the canopy 

or all sources of variability in the observed NBL. Rather, we use the observations to assess to what 

extent the canonical representation captures the main characteristics and governing processes of the 

NBL above the rainforest, and to identify where this simplified representation may become insufficient. 

To address this question, we make use of a comprehensive observational dataset to characterize the 

main features and governing processes of this canonical NBL above the rainforest. Specifically, we 

analyse: (i) the evolution of the NBL height using different criteria that reflect the different mechanisms 

controlling its development (Fig. 2); (ii) the characteristic vertical profiles of turbulence and state 

variables (Figs. 3 and 5); (iii) the stability within and above the canopy (Fig. 4), which provides an 

important lower boundary condition and may introduce variability at the canopy–atmosphere interface; 

and (iv) the individual terms in the budgets of turbulent kinetic energy, heat, and carbon dioxide above 

the canopy (Figs. 6, 7, and 8). These budgets enable us to quantify, among other processes, the role of 

stable thermal stratification associated with longwave radiative cooling near the canopy top and the 

mechanical production of turbulence by wind shear. 

Together, these four elements provide an observational characterization of the prototypical NBL above 

the rainforest and establish a framework that can be used in future work to systematically evaluate 

model representations of turbulent kinetic energy, potential temperature, and carbon dioxide under 

nocturnal boundary-layer conditions. 

In the revised version of the manuscript, we have further strengthened and clarified this central objective 

throughout the paper. Below we have responded to the comments raised one by one. If adjustments of 

the manuscript are indicated below the response, the newly added text is indicated in blue.  

Responses 

1. In the cited paper by Andreae et al (2015) there are several comments about terrain inhomogeneity. 

These include, in Section 2.1, “From the perspective of micro-meteorological flux measurements, this 

is not an ideal type of terrain because it induces significant up-slope and down-slope circulations. The 

effects of local topography on the local flux measurements from the small towers are the subject of 

ongoing investigations.”  Figure 1b of the Andreae paper shows the topography in the region around 

the ATTO site. There appears to be considerable topographic variability within a 5 km circle around 



the 325m ATTO tower. Andreae state “The tower site is located approximately 12 km NE of the 

Uatumã River (Fig. 1b). As is typical for this region in the central Amazon Basin, there is little large-

scale relief, but at smaller scales a dense drainage network has produced a pattern of plateaus and 

valleys with a maximum relief height of about 100m ….” 

My main concern would be the assumptions made in Section 2.5 concerning horizontal homogeneity. 

“To evaluate the governing equation with our observations, we made the following two assumptions: 

1) The atmosphere is horizontally homogeneous (∂ψ ∂x = ∂ψ ∂y =0) and 2) subsidence is negligible 

(w = 0) are done.”  These lead to Equations 3,4,5. Remainder terms are included and will include 

advection associated with horizontal inhomogeneity. “The Rθ encompasses the molecular diffusion 

term, the latent heat term and the advection of heat (Stull, 1988).”  

The problem is that these remainder terms are generally as large as the other terms, at least in the 

weakly stable case (Figures 6, 7, 8). 

Response: We agree with Dr. Taylor on the concern about horizontal homogeneity. In both 

the results and discussion, we stress that the contribution of (horizontal and vertical) 

advection of heat and CO2 could play an important role in the governing equations of heat and 

CO2. However, we have decided to make this assumption to be able to solve the governing 

equations with the available observations which are clearly limited on space. Since our 

observations are tower measurements (at one location), we cannot calculate the advection 

terms. In the revised manuscript we have already stressed more clearly that the assumptions 

are dictated by the availability of the ATTO observations.  

(L 144-145 in manuscript): To calculate the budgets using only our observations, we had to 

make the following two assumptions: (1) The atmosphere is horizontally homogeneous (
∂ψ̅

∂x
=

 
∂ψ̅

∂y
= 0) and (2) subsidence (vertically advective term) is negligible (w = 0). 

2. We are told (line 375) that “To the east (main wind direction) of the ATTO, a swampy area is 

located …”, but there is little mention of wind direction data elsewhere, although we are told “we 

found that NLLJ formation (associated with low turbulence) occurred under Northeast winds, in line 

with the lower roughness area to the Northeast.”  Key questions are whether wind direction was 

measured, and did it have any impact on boundary-layer depths and other boundary layer 

parameters. Maybe wind direction could be added to profile plots like Figure 5. 

Response: To elaborate on the wind observations in relation to the observed NBL features. 

The wind direction has been measured all night. Information on the wind direction is added in 

Table 1. The dominant wind direction during the campaign was from the South-East (SE). In 

the levels above 100 m, the wind is from a SE direction during almost all nights, only for two 

nights (11-12 and 12-13 August) a South-western (SW) wind direction was observed. In the 

levels between 35 and 100 m (above the canopy) the observed wind direction was more 

variable. During five of the nights the wind direction was from a SE direction. Within the 

same five nights the highest wind speeds at 298 m were observed.  In two nights (11-12 and 

15-16 August) the wind direction was SW, this corresponds in general to medium wind speeds 

at the top of the tower. In the nights where North (N) / North-East (NE) wind direction in the 

layer between 35 and 100 m prevailed, in low windspeeds are observed. Except for one night 

with NE (13-14 August) wind, where in contrast the windspeed was not low.  



In the same nights where the low-level (between 35 and 100 m) wind direction was N / NE 

and low in magnitude, we observed a nocturnal low-level jet (NLLJ). In the nights where an 

NLLJ was observed the estimated hNBL was significantly lower compared to the other nights. 

The information on wind direction and speed has been added to the results discussion in 

Section 3.1. 

Table 1. Dominant observed wind directions above and below 100 m, wind speed at the top of the tower 

(298 m), and mean hNBL with standard deviations for the nights of the CloudRoots campaign. The two 

nights where a NLLJ was observed are highlighted in yellow. 

Night Wind 

direction (> 

100 m) 

Wind direction 

(35- 100 m) 

U_298m (m s-1) hNBL (m) 

8-9 August SE SE 8.0 ± 1.4 169 ± 25 

9-10 August SE SE 6.5 ± 0.9 153 ± 20 

10-11 August SE SE 4.9 ± 0.9 160 ± 24 

11-12 August S / SW S / SW 5.4 ± 1.6 171 ±  34 

12-13 August SW / SE N / NE 1.5 ± 0.9 132 ±  24 

13-14 August SE  NE 6.9 ± 0.7 171 ±  14 

14-15 August SE  N / NE 5.1 ± 0.9 176 ±  23 

15-16 August SE  SW 5.2 ± 1.0 180 ±  35 

16-17 August SE SE 5.3 ± 1.3 167 ±  25 

17-18 August SE N / NE 3.0 ± 0.9 135 ±  21 

18-19 August SE SE 8.6 ± 1.5 165 ±  16 

 

3. In discussing boundary-layer depths and Fig 1. Line 102 states “To not limit ourselves to hNBL at 

measuring heights, we fitted a 2nd-order logarithmic function to vertical profiles of θ, CO2 and U 

(Stull, 1988).” Checking though Stull I could not find this but envisage a form, for θ, like 

(θ – θ0) / Δθ = A (ln (z-zc) – ln z0θ) + B (ln (z-zc))2    where zc is canopy height and z0θ is a temperature 

roughness length.  Or the 2nd order could be ln(ln (z-zc)?  

We should be given details of the “2nd-order logarithmic function” used and confirmation that a 

displacement height was used. Values determined of A, B and z0θ might also be interesting. These 

should include U and CO2 profile fits. 

Response: The logarithmic profiles (𝜃, CO2, U) have been fitted using Equation 1. In 

Equation 1, z represents the height (from the canopy top). Note here that we did only fit the 

profile above the canopy. The coefficients a, b and c have been fitted using a least-squares 

polynomial fit (numpy.polyfit) (Eq. 1), for the specified time of the profile. Because we fitted 

the coefficient per profile, they are very variable and show no clear trend. In the revised 

manuscript we have added more detailed information in the following way. 

𝑦 = 𝑎 ln(𝑧)2 + 𝑏 ln(𝑧) + 𝑐        (1) 

(L 101-102 in manuscript): Before estimating h_NBL we fitted a 2nd-order logarithmic 

function to the observed vertical profiles of 𝜃, CO2, U from the canopy top up to the highest 

measuring level. The 2nd-order logarithmic function was fitted using a least-squares 

polynomial. The logarithmic functions allow us to estimate h_NBL not only at the present 

measuring heights, but also in between the measuring levels. 



4. As I see it the best hNBL estimate should be the simple TKE < 0.2 TKE0 criterion. In Fig 2 this and 

the estimate based on U criterion seem to have the most variability. This variability may be real and 

averages over 12 different days at selected hours seems a questionable way to present these data. 

Each day may have totally different external parameters, like wind speed and direction? 

Response: Even though a recent study by Mendonca et al. (2025) shows that turbulent fluxes 

can estimate the hNBL. We find that only using the turbulence measures must be limiting under 

strongly stable thermodynamically conditions, where turbulence is almost absent. These 

strongly stable conditions were often TKE and u* approach zero have been observed in at least 

one hour every night during the two-week measuring period. Additionally, in the strongly 

stable periods, the vertical profiles TKE, Ri and u*, show very often random patterns. For 

example, the observations reveal profiles characterized by a stable boundary layer beneath a 

region of enhanced turbulent activity aloft. This could complicate and mislead the hNBL 

calculations using turbulent based variable criteria. Here, we think the gradient method is a 

more trustworthy method to determine hNBL. We have strengthened the formulation of this 

finding in the final manuscript. 

Additionally, our criteria to calculate the boundary layer height (as measured from the 

displacement height) are based on the book Stull (1988). To our knowledge this comprehensive 

range of estimation criteria based on diverse NBL physical criteria is seldom applied to 

observational date set, and it can be useful in the comparison with weather and climate model 

results. As such, the goal of comparing multiple criteria is to determine which method yields 

most reliable estimates the NBL height. More important, and due to the different opposite 

drivers controlling the NBL dynamic, the study shows that the gradient method is a trustworthy 

alternative for turbulence-based estimates, if vertical flux profiles are not available which is the 

case for sites only with a single flux measurement. As one of the main results of this research, 

we do acknowledge the variability within and between the nights and therefore one of the main 

conclusions is to use several criteria in calculating and evaluation the nocturnal boundary layer 

height. Following this comment, we have stressed this in the conclusion.  
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List of relevant changes 
In addition to the detailed, point-by-point responses provided below, we summarize the main changes 

made to the revised manuscript. The changes are listed in the order in which they occur in the 

manuscript. 

1. Aim: We strengthened the formulation of the main aim, which is to investigate whether the 

prototypical nocturnal boundary layer (NBL) above tropical rainforests, as commonly represented in 

weather and climate models, adequately captures the observed dynamics of this layer. The revised and 

more clearly defined aim also explains why six strict criteria are used to identify the strongly and 

weakly stable regimes and clarifies the implications of applying these criteria. 

2. Title, abstract, and introduction: The title, abstract, and introduction were partly rewritten to 

better reflect the better-defined aim of the study. The introduction now focuses more on the scientific 

background and motivating the present study in relation to previous research, rather than summarizing 

the study. 

3. Data range and stability regimes: In the Methods and Results sections, we now explicitly state 

the data range used for the analysis, this data ranges has been specified in the relevant figure captions 

as well. We also clarify that the strongly and weakly stable regimes selected using strict criteria are 

used only in Sections 2.4 and 3.3. To avoid confusion, the criteria for selecting these regimes were 

moved from Section 2.2 to Section 2.4.1.  

4. Data description: Section 2.1 was expanded to provide a more detailed description of the data, 

including information about the measurement devices, which is summarized in the new Table 1, and 

the data-correction procedures. 

5. Estimation of hu: In Section 2.2, the criteria used to estimate hu were revised. The method now 

uses the vertical gradient of wind speed, U, rather than Ug at the top of the tower. 

6. Estimation of TKE dissipation: In Section 2.4.2, the parameterized estimation of the TKE 

dissipation rate was replaced by a method based on the fast Fourier transform of the u-wind 

component. 

7. Atmospheric longwave cooling: In Section 2.4.3, Term 2, Eq. 4, the vertical divergence of 

longwave radiation, was defined more clearly. Throughout the manuscript, this term is consistently 

referred to as the atmospheric longwave cooling rate to distinguish it from nocturnal cooling of the 

canopy. 

8. Results: The Results section was rewritten to reflect the methodological changes and to present the 

findings more condensed, hereby focussing on the main findings. We also strengthened the 

comparison with previous studies by discussing whether our results agree with or differ from earlier 

findings and by considering possible explanations for these differences. 

9. Discussion: The Discussion section was revised to describe the limitations associated with the 

relatively short dataset and the data-selection of the two regimes. We also added a more detailed 

discussion of how the processing procedures applied to the eddy-covariance data may affect the 

nocturnal observations. In particular, we discuss the influence of intermittency and potential errors 

associated with high turbulence intensities during the 30-minute averaging period. 

10. Conclusion: The Conclusion was revised to align with the revised aim presented in the 

introduction. Additionally, we more clearly state the observed variability throughout the campaign. 



11. Additional appendix: A new Appendix B was added to provide further information on the 

variability of wind direction, wind speed, boundary-layer height and NLLJ occurrences during the 

CloudRoots-Amazon22 campaign. 
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  y = a     ln ⁡ ( z ) 2 + b  ln ⁡   ( z ) + c
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