
Response to comments by Referee 2 

Dear Reviewer, 
 
We sincerely thank you for your quality review of our manuscript. Your constructive comments and 
suggestions are very useful to improve the quality of the paper. We apologize for our imprecise 
expressions. We revised the Results and Conclusions to highlight the main contribution of this study 
based on what we have investiagted. We added the discussion on the limitations of this study to point 
out the directions for future efforts. Please find below our point-to-point responses to your comments, 
as well as the corresponding changes in the manuscript.   
 
We hope that you can reconsider our revised manuscript.  
 
Sincerely, 
 

Hong Zhao, Yijian Zeng, Jan G. Hofste, Ting Duan, Jun Wen, Zhongbo Su 

 
Referee comments are written in normal font; author’s responses are written in blue font; and 
proposed changes are highlighted in green font. 
 

 

The authors present a radiative transfer modelling platform for simulating backscatter and brightness 
temperature emission. They apply this model platform to simulate in-situ backscatter and emission 
data from a grassland site on the Tibetan plateau based on observed and simulated data for soil 
moisture and temperature. The authors investigate multiple different parameterizations target 
variables, and frequencies. A particular focus is put on explaining diurnal variability, where the 
authors try to disentangle the effects of diurnal variations of temperature and vegetation water content. 

I believe that a better understanding of backscatter and brightness temperature and how they are 
influenced by diurnal variations of VWC and temperature can advance the scientific progress of the 
hydrological community. However, in the current state, I would advise the editor to reject the 
manuscript. 

The manuscript has 3 major general issues, and also some other major issues with specific analyses 
performed, as listed below. 

Major general issues: 

- The article is too long, and there are too many figures (19 figures in the article, 27 figures in the 
supplement). The authors should put more effort into presenting their results in fewer figures using 
higher-level summaries of the obtained results. 



Response: Thanks a lot for your suggestions. Supported by the detailed ground-based observations at 
the Maqu site, we tried our best to present in this manuscript our investigation results of CLAP—a 
unified multi-frequency scattering and emission observation operator, in simulating both backscatter 
and emission signals of grassland. The comprehensive investigations involve in different frequencies 
(L-, S-, C- and X-bands), polarization configurations (VV, HH, VH at active case and both V and H at 
passive case), vegetation configurations (cylinders vs discs structures; constant vs dynamic VWC and 
temperature) and soil states (in situ vs process modelled moisture and temperature).  

As shown in Figures 2-5, the observed signals at each frequency reflect the surface status in their own 
unique way. For instance, the fluctuations of the observed signals at high frequencies (i.e., X- and C-
bands) are more related to the vegetation part, while the dynamics of the observed signals at low 
frequencies (i.e., S- and L-bands) are more related to the soil part. The details of separate findings are 
described in the Results in the manuscript. We think that analyzing and modelling all these multi-
frequency signals of the same scene helps us dive into the microwave challenge: to be able to describe 
and separate the contributions of the different components in the observed total signature of the 
vegetated lands. Moreover, by utilizing all these multi-frequency signals, the reader can see that we 
are trying to figure out a system that can model the dynamic signal due to the dynamic surface status 
(e.g., vegetation growing period, soil freeze-thaw period) under different hydrometeorological 
conditions (e.g., rainfall and no rainfall), although there are limitations in this study (please see new 
section 4.4 that we added).  

By looking into figures that display time series observed and modelled signals, the reader can see 
interesting physical processes that influence signal dynamics and the ability of the model 
consideration to mimic signals. For instance, the soil freeze-thaw along the profile can be ‘seen’ by 
analyzing multi-frequency signals during the winter period. By investigating the impact of different 
soil states (in situ vs process-modelled moisture and temperature) on the modelled signals compared to 
the observations, the reader can see, for instance, the necessity of considering the topsoil moisture 
information in the modelling and considering possible physical formulations to parameterize the 
abrupt change in dielectric properties due to the soil-water-ice phase change. Although we have not 
focused on modelling signal variations due to rainfall events, based on displayed figures, the reader 
can see that small rainfall (e.g., 23/07/2018 in Figure 2) can be related to high jumps in the observed 
signals at X-band at VV and VH polarizations. Because of the less heavy rainfall amount, the other 
observed low frequencies signals do not reflect this. While heavy rainfall (e.g., 31/07/2018 in Figure 
2) is ‘seen’ through high jumps in all frequency signals (under different polarizations though). Based 
on what we had and did, we’d like to convey to readers comprehensive investigation results and the 
directions for future efforts in this manuscript.  

We wrote section 3.3, kept the most important figures for the winter case that mainly support our 
conclusions and put other figures in the supplementary materials for reference. In the end, the revised 
version has 13 figures in the text.  

We deleted the previous Figure S1, as the shape of VWC is also plotted in Figure 2b. We kept the 
previous Figure S16 as a case to show that soil contribution 𝜎𝜎𝑠𝑠0 is dominant at X-band during the 
winter period in the Maqu case. The previous Figures 17-19 showing similar findings at C-, S- and L-
bands were deleted. We kept other figures in the supplementary materials, as they provide extra details 
to support our demonstrations in the text and are also useful for experts in the field for reference. 
Although the amount of figures in the supplementary materials is large, as you see that some figures, 



for instance at X-, C-, S- and L-band cases, can be labelled as subfigures to shorten the figure number. 
In order not to make one figure too heavy, we prefer to show the figure at each frequency one by one. 
We provide an overview of all figure information in the supplementary materials, and the reader can 
easily get the information and relocate the figure according to his/her demands.  

 
- Throughout the manuscript, the authors state that CLAP can reproduce the observed signals. Based 
solely on the results shown, I am not convinced whether this is true. The authors should at least 
discuss in more detail why such large deviations as shown in the plots still qualify as "reproducing the 
observed signal". 

Response: Many thanks for this point. The analysis shows potential for matching all active and passive 
channels by CLAP, but extra investigations are necessary to mitigate the limitations in future efforts. 
We added section 4.4 of ‘Limitations in this study’. We also added metric values as references for 
good and poor performances described in the manuscript. We went through the Results and 
Conclusions and did corresponding revisions. The specific modifications in the text are listed below, 

“Section 4.4  

As investigation results shown in section 3, by considering dynamics (i.e., diurnal cycles) of 
vegetation water content and temperature as well as soil moisture and temperature, the dynamics of the 
ground-based observed microwave signals are interpreted and modelled to some extent. However, 
there are limitations in this study that lead to mismatches between modelled signals and the 
observations as shown in some results with less good performance metric values. Because there are no 
continuous measurements of VWC in this study, a sinusoidal function is assumed to estimate daily 
VWC. The assumed phase shift (𝜙𝜙 in Equation (1)) influences the phase characteristic of the modelled 
signals. In situ vegetation temperature data is also not available, and the value of vegetation 
temperature is assumed to be the same as that of air temperature. While it is known that vegetation 
temperature and air temperature are not equal, because vegetation cools off through evaporation and 
warms up through irradiance. The value of vegetation temperature should be in between that of air 
temperature and surface temperature, and it is noted that the phase shift exists between air temperature 
and surface temperature (see Fig. 2b and Fig. 7b). Thus, the vegetation temperature surrogate in this 
study also accounts for mismatches (in both magnitude and phase) between modelled signals and the 
observations especially at higher frequencies. Additionally, the investigation results show that the 
vegetation orientation influences the variation of cross-polarization signals at high frequencies (see 
section 4.1), while the grass morphology during the growth period is not considered in this study.  

Regarding the soil part, the investigation results shown in section 3.3 (e.g., Figure 12b (i.e., 𝜎𝜎𝑉𝑉𝑉𝑉0  at C-
band estimated based on in situ SM at 2.5 cm and SM at 1 mm simulated by STEMMUS process 
model) indicate the necessity of considering the topsoil moisture information in modelling dynamics 
of the observed signals, and the accuracy of topsoil moisture information influences the adequate 
simulation of signal dynamics. While the deviation exists between the process modelled soil moisture 
and in situ measurement (see Figures S1 and S2), accurate topsoil moisture information is still difficult 
to obtain (either by a process model or in situ measurement). Moreover, as discussed in section 4.2, 
the explicit physical formulations that can parameterize the abrupt change in dielectric properties due 
to the soil-water-ice phase change are not yet considered. Furthermore, surface roughness is another 
important factor influencing soil scattering and emission. The used values of the surface roughness 
parameter during the summer period in this study are calibrated values based on satellite observations. 



On the other hand, surface roughness during the winter period may exhibit slight changes due to the 
soil freeze-thaw processes, such as frozen soil water causing volume expansion and melted surface 
water smoothing the surface. These kinds of effects that influence the observed signal dynamics are 
also not considered in this study.  

As the model parameter calibration is not our main concern in this paper, the obtained statistics (see 
Tables 3, 4, 5, 6 and 7 and Tables S2 and S3) are less satisfactory than those shown in the previous 
studies (Dente et al., 2014; Zheng et al., 2021). The similar poor performance of IEM-TVG simulation 
results (e.g., RMSE of 3.91 dB) is also reported by Vermunt et al. (2021), when compared with the 
ground-based L-band radar backscatter measured for corn in Florida. The model parameter 
optimization using for instance a simple data assimilation framework, is expected to help improve 
performance.” 

The added metric values as references for good and poor performances described in the text. 

Lines 428-432: “Figure 6 shows that 𝑇𝑇𝐵𝐵𝐻𝐻 simulated with the disc parameterization is closer to 
ELBARA-III observed 𝑇𝑇𝐵𝐵𝐻𝐻 at L-band (RMSEs of 12.7 vs 30.4 K in Table 4) than those with the 
cylinder parameterization, despite slightly higher R values obtained by cylinder parameterization (R of 
0.27 vs 0.16). While the disc parameterization performs similarly as the cylinder parameterization 
does in the good simulation of 𝑇𝑇𝐵𝐵𝑉𝑉 (Fig. 6, and R over 0.8 and RMSEs of 6.5 K and 5.6 K in Table 4)”. 

Lines 487-493: “Figure S19 shows that using STEMMUS simulated soil moisture and temperature as 
the input in CLAP does not outperform using the in situ measured soil moisture and temperature in 
reproducing the observed 𝜎𝜎𝑝𝑝𝑝𝑝0  at X-band, and both lead to the heavy overestimation of 𝜎𝜎𝐻𝐻𝐻𝐻0  at X-band 
with poor performance metric values (e.g., Biases of 10.9 dB and RMSE of 11.0 in Table 5 for in situ 
case). However, using STEMMUS simulated soil moisture and temperature outperforms in 
reproducing the observed 𝜎𝜎𝑝𝑝𝑝𝑝0  at C-band (Fig. 8) with good performance metric values of Bias of 1.6 
dB and RMSE of 1.9 dB (Table 6).” 

Lines 531-534: “Figure 9 also shows that the model can capture the observed diurnal variations (with 
R of 0.65 and 0.73 for H and V polarization respectively, Table 7), but the large systematic 
underpredictions of 𝑇𝑇𝐵𝐵

𝑝𝑝 are observed in comparison to the ELBARA-III observations (RMSEs of 26.3 
K under V polarization and 48.9 K under H polarization in Table 7).” 

Lines 636-639: “Figure 12 shows that the Case1_surface_moisture_shallow_boundary can capture the 
observed diurnal variation of 𝑇𝑇𝐵𝐵

𝑝𝑝 signals but present a systematic overprediction (RMSEs of 15.0 K at 
V polarization and 16.5 K at H polarization in Table S4) of 𝑇𝑇𝐵𝐵

𝑝𝑝, which is opposite to the heavy 
underprediction by Case0_surface_moisture_deep_boundary (RMSEs over 26 K in Table 7).” 

Lines 648-652: “In contrast, the Case2_penetration_depth_moisture_shallow_boundary captures the 
magnitude of the observed 𝑇𝑇𝐵𝐵𝐻𝐻 (RMSE of 5 K in Table S4) and 𝜎𝜎𝑉𝑉𝑉𝑉0  (RMSE of 0.9 dB in Table S5), the 
Case3_penetration_depth_moisture_boundary simulates the magnitude of the observed 𝑇𝑇𝐵𝐵𝑉𝑉 (RMSE of 
5 K in Table S4) and 𝜎𝜎𝐻𝐻𝐻𝐻0  (RMSE of 3.3 dB in Table S5), although the diurnal changes simulated by 
both cases are flat.” 

In Conclusions: “In comparison to the in situ and available satellite AMSR2 X- and C-bands 
microwave emission observations during the summer period, CLAP using the cylinder 



parameterization of vegetation representation can mimic multi-frequency 𝜎𝜎𝑝𝑝𝑝𝑝0  better than the disc 
parameterization does (e.g., mean RMSEs of 2.1 vs 3.7 dB, with L-band 𝜎𝜎𝑉𝑉𝑉𝑉0  data excluded), and it 
performs similarly well as the disc parameterization does in the simulation of L-band 𝑇𝑇𝐵𝐵𝑉𝑉 (e.g., with 
RMSEs around 5.6 K and R over 0.8), although the latter case performs better in the simulation of 𝑇𝑇𝐵𝐵𝐻𝐻 
(e.g., with RMSEs of 12.7 K)…… 

The comparison results show that CLAP using the cylinder parameterization and either the in situ 
measurements or the process model outputs can mimic the observed C-band co-polarization 𝜎𝜎0 of 
grassland especially at VV polarization (e.g., with RMSE of 1.9 dB) and its diurnal variations during 
the winter period. However, the current platform cannot reproduce 𝜎𝜎0 and 𝑇𝑇𝐵𝐵

𝑝𝑝 dynamics at other bands 
during this period.” 

- As has also been pointed out by the other reviewer, the used metrics are not suitable to evaluate the 
diurnal or day-to-day variations. Metrics like correlation, unbiased RMSE, or even a detailed analysis 
of the mean diurnal cycles regarding magnitude or phase shift should be included. 

Response: Thanks a lot. We added statistics of correlation and unbiased RMSE in Tables 3, 4, 5, 6 and 
7. Regarding the detailed analysis of the mean diurnal cycles, we do not have continuous VWC 
measurements to support it in this manuscript.  
 

Major specific issues: 

- The authors compare the use of in-situ SM from 2.5cm depth with modelled SM from 1mm depth, 
and from this draw conclusions about the sensing depths of the different bands. The effect mainly 
shows as a bias component in the simulated backscatter, while the differences in the diurnal patterns 
are visible, but small.  However, as shown in Fig. S2, there is a bias between modelled and in-situ soil 
moisture even at similar depths. The different depths in the model all show the same "base level" and 
differ only in the magnitude of their diurnal variations. The difference in absolute value between using 
in-situ 2.5cm depth and modelled 1mm SM (e.g. in Fig. 11) therefore seems to be more related to this 
bias, than to difference in depth. Additionally, there is also a difference in the magnitude of diurnal 
variations between model and observations. The variations in the model at similar depths are much 
more pronounced, which furthermore makes the model simulations and the in-situ observations hard to 
compare. I would therefore be careful about drawing any conclusions about sensing depths from these 
comparisons. 

Response: Thanks a lot. We think that these two mentioned issues (i.e., the differences related to bias 
and depth) cannot be separated. We were trying to link physical quantities to explain the observed 
signal dynamics. The sensing depth in the soil does exist and varies in terms of frequency and surface 
conditions. Since the X- and C-band EM waves exhibit shorter wavelengths than L-band EM waves, 
in theory, their sensing depths should be lower than that at L-band. In situ measured topsoil moisture 
is not available, but the process-based model can provide simulated values of the topsoil. In this 
manuscript, we used what we have to discuss this issue. We added the caution you suggested in 
section 4.4 of ‘Limitations in this study’.  

- Fig. S12: I have some trouble understanding why Case 3 and Case 4 show such strong differences in 
mean and do not even cross. Since Case 4 uses the same air temperature, but imposes a diurnal pattern 



on VWC, I would guess that they have to be the same at least twice a day. All other plots also show 
that Case 3 and Case 4 are closely together and only show diurnal differences. 

Response: Thank you for spotting this. We apologize for our mistake. Case 4 is under the incidence 
angle of 50°. We put the right results under the incidence angle of 40° at L-band in revised Figure S12. 
Figure 5 in the manuscript was also revised.  

 

Figure S11 𝜎𝜎𝑝𝑝𝑝𝑝0  at L-band simulated by the CLAP (ATS_AIEM_TVG model) with the disc 
parameterization using three different cases of vegetation temperature and VWC, compared to the 
ground-based observations during the summer period. Case3 refers to dynamic vegetation 
temperature (i.e., in-situ measured air temperature at 2 m) but constant VWC (0.6 kg/kg). Case4 refers 
to the dynamic vegetation temperature used in Case3 and the estimated dynamic VWC (Figure 2b in 
the text).  



 

Figure 5 𝜎𝜎𝑝𝑝𝑝𝑝0  at L-band simulated by CLAP with the disc and cylinder parameterizations compared to 
the ground-based observations during the summer period. 
 
- In lines 508-510 the authors claim that observed winter-period VV diurnal variations of backscatter 
can be reproduced with CLAP. With some imagination I can see this in C-band, but not in the other 
bands. Please rephrase or show other plots or metrics supporting this statement. 

Response: Thank you. We have rewritten section 3.3. The revised sentences are in  

Lines 509-515: “Both simulated co-polarization 𝜎𝜎𝑝𝑝𝑝𝑝0  at S- and L-bands do not exhibit pronounced 
diurnal variations as the observations do (Figs. A5 and A6). In short, the observed co-polar 𝜎𝜎𝑝𝑝𝑝𝑝0  at C-
band and its diurnal variations especially at VV polarization during the winter period can be 
reproduced by CLAP using the process model simulated soil moisture and temperature as the input 
(i.e., the STEMMUS model in this case). Further investigations need to be done for improving CLAP 
simulations of the co-polar 𝜎𝜎𝑝𝑝𝑝𝑝0  at other bands.” 

 
Minor comments: 

- Setting the phase shift of the VWC curve to $\pi/2$ means that the minimum is reached at noon, and 
the maximum at midnight, but according to the description in section 2.2, VWC is replenished until 
early morning. This implies that the maximum should be at early morning. I don't think this is a large 
problem per se, because currently inferences are only made about the impact of dynamic VWC on 
modelled backscatter. But it might be something to consider in case a more detailed analysis of the 
mean diurnal cycles reveals a phase shift. 

Response: Thanks a lot for your comments. We agree that the explicit timing information of VWC 
would contribute to explaining the phase difference between simulated signals and the observations. 
An example is shown in Figure 9 from Vermunt et al. (2022) based on their in situ measurements of a 



maize field. In our case, we do not have continuous VWC measurements to support the detailed 
analysis of the mean diurnal cycles in this manuscript.  
 
- Change "the CLAP" to "CLAP" throughout the manuscript. I also encourage the authors to google 
for "the clap". 

Response: Thanks. Done.  

 
- If feasible, it would be helpful to have (i) an overview table of all parameters going into the model 
(maybe in the appendix) and (ii) a short summary of the main model equations of the used models 
(TVG, AIEM, ATS), also in the appendix. 

Response:  Thanks a lot. The main model equations can be found in the cited manuscript. In order not 
to lengthen the manuscript, we added Table S2 to provide an overview of input parameters in CLAP 
and Table S1 with the main model equations used in the models in the supplementary materials.   

Table S1 An overview of the main equations used in CLAP. 

Model Main equations 
 
 
 
 
 
 
 
 
 
 
 
 

TVG 

𝝈𝝈 = 𝟒𝟒𝟒𝟒�𝒇𝒇𝒑𝒑𝒑𝒑�
𝟐𝟐, where 𝜎𝜎 (m2) denotes the polarized scattering cross-section 𝜎𝜎 for a 

single scatter. 𝑓𝑓𝑝𝑝𝑝𝑝 denotes the scattering function and can be calculated by the 
aforementioned electromagnetic approximation (see section 2.4 in the text). 

𝝈𝝈𝒆𝒆𝒆𝒆 = 𝟒𝟒𝟒𝟒
𝒌𝒌
𝑰𝑰𝑰𝑰〈𝒇𝒇𝒒𝒒𝒒𝒒𝑭𝑭 〉, where 𝜎𝜎𝑒𝑒𝑒𝑒 denotes the extinction cross section of the scatter, and 𝑓𝑓𝑞𝑞𝑞𝑞𝐹𝐹  

is the average scattering amplitude calculated in the forward direction (𝜃𝜃𝑠𝑠 = 𝜃𝜃 and 

𝜙𝜙𝑠𝑠 − 𝜙𝜙 = 0), 𝑘𝑘 denotes the wave number.  

𝑺𝑺𝒑𝒑𝒑𝒑𝒑𝒑 = 𝒏𝒏∆𝒛𝒛 ∆𝜽𝜽𝐬𝐬𝐬𝐬𝐬𝐬 (𝜽𝜽𝒊𝒊)
𝟒𝟒𝟒𝟒𝐜𝐜𝐜𝐜𝐜𝐜 (𝜽𝜽𝒔𝒔)

𝒂𝒂𝒎𝒎𝓕𝓕𝒎𝒎�𝝈𝝈𝒑𝒑𝒑𝒑(𝝓𝝓𝒔𝒔 −𝝓𝝓)�, where 𝑺𝑺 represents the vegetation 

scattering matrix. 𝑛𝑛 denotes the scatter density (m-3) and ∆𝑧𝑧 denotes the sublayer 

thickness (m). In the modelling, the number of scatters per unit area (m-2) is used to 

represent 𝑛𝑛∆𝑧𝑧. The Fourier transform method (𝑎𝑎𝑚𝑚,ℱ𝑚𝑚) is used to express the azimuthal 

dependence of scattering. 𝑚𝑚 denotes the number of series terms. 𝜎𝜎𝑝𝑝𝑝𝑝 denotes the 

average polarized bistatic scattering cross-sections in the half-space.  

𝑺𝑺𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈 = ∆𝜽𝜽𝐬𝐬𝐬𝐬𝐬𝐬 (𝜽𝜽𝒊𝒊)𝒅𝒅𝝓𝝓
𝟒𝟒𝟒𝟒𝐜𝐜𝐜𝐜𝐜𝐜 (𝜽𝜽𝒔𝒔)

𝒂𝒂𝒎𝒎𝓕𝓕𝒎𝒎�𝝈𝝈𝒈𝒈𝒈𝒈𝒈𝒈𝟎𝟎 (𝝓𝝓𝒔𝒔 − 𝝓𝝓)�, where 𝑺𝑺𝒈𝒈 represents soil scattering 

matrix. 𝜎𝜎𝑔𝑔0 denotes the bistatic scattering coefficient and is calculated by AIEM.  

𝝈𝝈𝒑𝒑𝒑𝒑𝟎𝟎 = 𝟒𝟒𝟒𝟒
∆𝜽𝜽

𝐜𝐜𝐜𝐜𝐜𝐜 (𝜽𝜽𝒊𝒊)
𝐬𝐬𝐬𝐬𝐬𝐬 (𝜽𝜽𝒊𝒊)

𝑺𝑺𝒑𝒑𝒑𝒑′ (𝝅𝝅), where 𝑺𝑺′ denotes the combined vegetation-soil matrix through 

the Fourier inverse transform.  

𝜺𝜺 = 𝟏𝟏 − ∑ 𝐜𝐜𝐜𝐜𝐬𝐬(𝜽𝜽𝒔𝒔)𝐬𝐬𝐬𝐬𝐧𝐧(𝜽𝜽𝒔𝒔)
𝐜𝐜𝐜𝐜 𝐬𝐬(𝜽𝜽𝒊𝒊)𝐬𝐬𝐬𝐬𝐧𝐧(𝜽𝜽𝒊𝒊)

𝟐𝟐𝑵𝑵𝜽𝜽
𝒊𝒊=𝟏𝟏 𝑺𝑺𝟎𝟎′ , where 𝑺𝑺𝟎𝟎′  denotes the zeroth order components of 

the combined matrices. 𝑵𝑵𝜽𝜽 refers to the angular resolution in off-nadir angle 𝜽𝜽 
direction (see Table 2 in the text). 



 
 
 
AIEM 
 

𝝈𝝈𝒈𝒈𝒈𝒈𝒈𝒈𝟎𝟎 = 𝝈𝝈𝒑𝒑𝒑𝒑𝒌𝒌 + 𝝈𝝈𝒑𝒑𝒑𝒑𝒌𝒌𝒌𝒌 + 𝝈𝝈𝒑𝒑𝒑𝒑𝒄𝒄

=
𝒌𝒌𝟐𝟐

𝟐𝟐
𝐞𝐞𝐞𝐞𝐞𝐞�−𝒔𝒔𝟐𝟐�𝒌𝒌𝒛𝒛𝟐𝟐 + 𝒌𝒌𝒔𝒔𝒔𝒔𝟐𝟐 �� ∙ �

𝒔𝒔𝟐𝟐𝟐𝟐

𝒏𝒏! �
𝑰𝑰𝒑𝒑𝒑𝒑𝒏𝒏 �𝟐𝟐𝑾𝑾(𝒏𝒏)

∞

𝒏𝒏=𝟏𝟏

(𝒌𝒌𝒔𝒔𝒔𝒔 − 𝒌𝒌𝒙𝒙,𝒌𝒌𝒔𝒔𝒔𝒔 − 𝒌𝒌𝒚𝒚) 

With 
𝑰𝑰𝒑𝒑𝒑𝒑𝒏𝒏 = (𝑘𝑘𝑠𝑠𝑠𝑠 + 𝑘𝑘𝑧𝑧)𝑛𝑛𝑓𝑓𝑞𝑞𝑞𝑞𝑒𝑒−𝜎𝜎

2𝑘𝑘𝑧𝑧𝑘𝑘𝑠𝑠𝑠𝑠 +

1
4

⎩
⎪
⎨

⎪
⎧(𝑘𝑘𝑠𝑠𝑠𝑠 − 𝑞𝑞1)𝑛𝑛𝐹𝐹𝑝𝑝𝑝𝑝1

(+)𝑒𝑒−𝑠𝑠2�𝑞𝑞12−𝑞𝑞1𝑘𝑘𝑠𝑠𝑠𝑠+𝑞𝑞1𝑘𝑘𝑧𝑧� +

(𝑘𝑘𝑠𝑠𝑠𝑠 − 𝑞𝑞2)𝑛𝑛𝐹𝐹𝑝𝑝𝑝𝑝2
(+)𝑒𝑒−𝑠𝑠2�𝑞𝑞22−𝑞𝑞2𝑘𝑘𝑠𝑠𝑠𝑠+𝑞𝑞2𝑘𝑘𝑧𝑧� +

(𝑘𝑘𝑠𝑠𝑠𝑠 + 𝑞𝑞1)𝑛𝑛𝐹𝐹𝑝𝑝𝑝𝑝1
(−)𝑒𝑒−𝑠𝑠2�𝑞𝑞12+𝑞𝑞1𝑘𝑘𝑠𝑠𝑠𝑠−𝑞𝑞1𝑘𝑘𝑧𝑧� +

(𝑘𝑘𝑠𝑠𝑠𝑠 + 𝑞𝑞2)𝑛𝑛𝐹𝐹𝑝𝑝𝑝𝑝2
(−)𝑒𝑒−𝑠𝑠2�𝑞𝑞22+𝑞𝑞2𝑘𝑘𝑠𝑠𝑠𝑠−𝑞𝑞2𝑘𝑘𝑧𝑧� ⎭

⎪
⎬

⎪
⎫

|𝑢𝑢, 𝑣𝑣 = − 𝑘𝑘𝑥𝑥 ,−𝑘𝑘𝑦𝑦 +

1
4

⎩
⎪
⎨

⎪
⎧ (𝑘𝑘𝑧𝑧 + 𝑞𝑞1)𝑛𝑛𝐹𝐹𝑝𝑝𝑝𝑝1

(+)𝑒𝑒−𝑠𝑠2�𝑞𝑞12−𝑞𝑞1𝑘𝑘𝑠𝑠𝑠𝑠+𝑞𝑞1𝑘𝑘𝑧𝑧� +

(𝑘𝑘𝑧𝑧 − 𝑞𝑞2)𝑛𝑛𝐹𝐹𝑝𝑝𝑝𝑝2
(+)𝑒𝑒−𝑠𝑠2�𝑞𝑞22−𝑞𝑞2𝑘𝑘𝑠𝑠𝑠𝑠+𝑞𝑞2𝑘𝑘𝑧𝑧� +

(𝑘𝑘𝑠𝑠𝑠𝑠 − 𝑞𝑞1)𝑛𝑛𝐹𝐹𝑝𝑝𝑝𝑝1
(−)𝑒𝑒−𝑠𝑠2�𝑞𝑞12+𝑞𝑞1𝑘𝑘𝑠𝑠𝑠𝑠−𝑞𝑞1𝑘𝑘𝑧𝑧� +

(𝑘𝑘𝑧𝑧 + 𝑞𝑞2)𝑛𝑛𝐹𝐹𝑝𝑝𝑝𝑝2
(−)𝑒𝑒−𝑠𝑠2�𝑞𝑞22+𝑞𝑞2𝑘𝑘𝑠𝑠𝑠𝑠−𝑞𝑞2𝑘𝑘𝑧𝑧� ⎭

⎪
⎬

⎪
⎫

|𝑢𝑢, 𝑣𝑣 = − 𝑘𝑘𝑠𝑠𝑠𝑠 ,−𝑘𝑘𝑠𝑠𝑠𝑠  

where 𝜎𝜎𝑔𝑔𝑔𝑔𝑔𝑔0  denotes the bistatic scattering coefficient. 𝜎𝜎𝑝𝑝𝑝𝑝𝑘𝑘 , 𝜎𝜎𝑝𝑝𝑝𝑝𝑘𝑘𝑘𝑘 and 𝜎𝜎𝑝𝑝𝑝𝑝𝑐𝑐  refer to the 
Kirchhoff, cross and complementary terms respectively. 𝑠𝑠 is standard deviation of 
height. 𝑊𝑊(𝑛𝑛) is the Fourier transform of the nth power of the normalized surface 
correlation function. 𝑘𝑘 denotes the incidence wavenumber. 𝑘𝑘𝚤𝚤���⃗ = �𝑘𝑘𝑥𝑥,𝑘𝑘𝑦𝑦,𝑘𝑘𝑧𝑧� and 𝑘𝑘𝑠𝑠����⃗ =
�𝑘𝑘𝑠𝑠𝑠𝑠,𝑘𝑘𝑠𝑠𝑠𝑠,𝑘𝑘𝑠𝑠𝑠𝑠� denote wave vectors in incident and scattering directions, respectively. 
𝑓𝑓𝑞𝑞𝑞𝑞 denotes the Krichhoff field coefficient.When dealing with complementary field 𝐹𝐹𝑞𝑞𝑞𝑞 

coefficients, the reradiated fields propagate through medium 1, denoted by 𝐹𝐹𝑝𝑝𝑝𝑝1
(+) and 

𝐹𝐹𝑝𝑝𝑝𝑝1
(−), and through medium 2, denoted by 𝐹𝐹𝑝𝑝𝑝𝑝2

(+) and 𝐹𝐹𝑝𝑝𝑝𝑝2
(−). 𝑞𝑞1 and 𝑞𝑞2 represent the surface 

heights at different locations on the random surface. Detailed explanations can be found 
in Chen et al. (2003).  

 
ATS 

𝒉𝒉 = 𝒉𝒉𝑺𝑺𝑺𝑺 + 𝒉𝒉𝑺𝑺𝑺𝑺, where ℎ is a dielectric roughness thickness characterizing the depth of 
interfaces, not only resulting from topsoil structures (ℎ𝑆𝑆𝑆𝑆) affected by both irregularities 
(i.e., geometric roughness) of the soil surface and inhomogeneous distribution of 
moisture, but also due to inhomogeneity within soil volume (ℎ𝑆𝑆𝑆𝑆) that is related to soil 
porosity and moisture. 

𝒉𝒉𝑺𝑺𝑺𝑺 = �𝟐𝟐 ⋅ 𝒔𝒔 ⋅ (− 𝐥𝐥𝐥𝐥(𝑺𝑺𝑺𝑺)) ⋅ 𝒄𝒄𝒄𝒄𝒄𝒄𝑵𝑵𝑵𝑵(𝜽𝜽) SM <  FC
𝟐𝟐 ⋅ 𝒔𝒔                                                  SM ≥  FC

 

𝒉𝒉𝑺𝑺𝑺𝑺 =
−𝐥𝐥𝐥𝐥 (𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬 𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑)

𝛂𝛂
,α =

2𝜋𝜋
𝜆𝜆0

∗
𝜀𝜀𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠′′

�𝜀𝜀𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠′
 

𝜺𝜺(𝒛𝒛∗) = 𝜺𝜺𝒂𝒂𝒂𝒂𝒂𝒂 +
𝟏𝟏

𝟏𝟏 + 𝐞𝐞𝐞𝐞𝐞𝐞 �−𝒛𝒛
∗ − 𝒉𝒉𝑺𝑺𝑺𝑺
𝒌𝒌𝑨𝑨𝑨𝑨

�
(𝜺𝜺𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 − 𝜺𝜺𝒂𝒂𝒂𝒂𝒂𝒂),  𝑘𝑘𝐴𝐴𝐴𝐴 = exp(−α𝑧𝑧∗) ⋅ 𝑠𝑠 

where 𝜀𝜀(𝑧𝑧∗) is the constructed dielectric profile from air to bulk soil medium. 𝑠𝑠 is the 
standard deviation of heights. SM is volumetric soil moisture and 𝜃𝜃 is the incidence 
angle. 𝑁𝑁𝑁𝑁 is a polarization modulation parameter, and 𝑁𝑁𝑁𝑁 is set at 0 for H polarization 
and -1 for V polarization. FC refers to field capacity. 𝜀𝜀𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝜀𝜀𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠′ + 𝑖𝑖𝜀𝜀𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠′′, 𝜀𝜀𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠′ is 
real part, and 𝜀𝜀𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠′′ imaginary part of the bulk soil dielectric constant. 

 



Table S2 An overview of input parameters in CLAP. 

  Parameter name Values 
TVG: Vegetation part Vegetation morphology parameters Table 2 in the text  Number of vegetation scatters 

 

Vegetation water content (VWC) 

Estimated VWC in summer 
through Eq.(1) in the text; 
Assumed 0.04 (kg/kg) of VWC in 
winter. 

  Vegetation temperature In situ air temperature 

AIEM+ATS: Soil part 

Volumetric soil moisture and soil 
temperature 

In situ measurements at 2.5, 5, 10, 
20, 35 and 60 cm; STEMMUS 
simulated profiles at 1, 2, 5, 10, 15, 
20, 30, 40, 50 and 60cm 

Soil texture In situ measurements 

Standard deviation of height (cm) 
0.9 cm in summer and 0.4 cm in 
winter 

Correlation length (cm) 
9 cm in summer and 12 cm in 
winter 

Autocorrelation function Exponential 

Sensor configuration 
Incidence angle (°) 

Table 1 in the text Frequency 
Polarization 

 

- l. 55: "instruments ... measure" 

Response: Thanks. Done. 

 
- l. 63: the presence of vegetation 

Response: Thanks. Done. 

 
- l. 64: needed -> necessary 

Response: Thanks. Done. 

 
 
- l. 77: noticeable -> noteworthy? 

Response: Done. 

- l. 78: effect of vegetation on *the* microwave signal 

Response: Done. 
 
- l. 102: "the ground truth observations" is a bit vague, do you mean in-situ 



 
  backscatter/emission as you used in this paper? 

Response: Yes. We have revised the sentence in  

Line 106: “in comparison to in situ measured backscatter and emission”. 

 
- l. 132: how the vegetation plays the role in -> the role vegetation plays in 

Response: Thanks. Done. 

- l. 133: is not explored yet -> has not been explored yet 

Response: Done. 

- l. 140: "imposes great impacts on variations of sampling depth": unclear what you want to say here 

Response: We are sorry for the ambiguity. We mean the variations of penetration/emission depth in 
the soil. We revised the sentence in  

Line 160: “imposes great impacts on variations of penetration/emission depth in the soil, especially for 
high-frequency signals”. 

 
- l. 147: maybe start a new paragraph here with "It is well established..." 

Response: Thanks. Done. 

- l. 153: temeprature -> temperature 

Response: Done. 
 
- l. 158: forward simultaneous simulations -> simultaneous forward simulations 

Response: Done. 

- l. 190: they exhibit *a* difference 

Response: Done. 
 
- l. 201: for use -> used 

Response: Done. 
 
- l. 217: is valued at -> is set to (also l. 219) 

Response: Done. 
 



- l. 229: "comparable to the in situ measurements": See my comment above, there are biases and it is 
not clear how these influence your results. Did you calibrate the soil parameters for the site? 

Response: Thanks. The 5TM probe sensor calibration was done for soil moisture measurements by 
Dente et al. (2012). To make it clear, we added a brief sentence in  

Line 194: “Specific calibrations were conducted for the profile soil textures (Dente et al., 2012)”. 

 
- l. 240-244: This sentence is very long, it would help readability to split it into multiple sentences. 

Response: Thank you. The sentence was revised in  

Lines 254-260: “After defining the shape of discrete scatters, in respect of selected geometry and 
frequency (Fig. 1), the electromagnetic approximations (i.e., Rayleigh-Gans (Eom & Fung, 1984; 
Schiffer & Thielheim, 1979), physical optics (LeVine et al., 1983) and infinite length (Karam & Fung, 
1988; Wait & Maxwell, 1988)) are adopted correspondingly to calculate vegetation bistatic scattering 
and extinction (absorption plus scattering) cross-sections. Therein the vegetation dielectric constant is 
calculated from either the Matzler (1994) model (gravimetric VWC not less than 0.5 (kg/kg)) or Ulaby 
(1987) model (dry vegetation).” 

 
- l. 248: for obtaining *the* soil scattering matrix 

Response: Thanks. Done. 

- l. 260: remove "below (Eq. (3))" 

Response: Done. 

 
- l. 286-287: remove "please also refer to" 

Response: Done. 
 
- l. 312: The role of the low air pressure in the approximation is not clear to me, can you make this 
more detailed? 

Response: Thank you. Values of vegetation temperature should lie in between those of air temperature 
and those of surface temperature. In Tibetan Plateau, there is strong solar radiation, and the plant 
should get an intense warm-up. While due to low pressure, which correlates with low air temperature, 
plant temperature cannot get as high as land surface temperature. As such, air temperature is closer to 
vegetation temperature, and values of air temperature can be assigned to values of vegetation 
temperature. We revised the sentence in  

Line 330: “the value of air temperature measured at 2 m above the surface (Fig. 2b ) is assigned to the 
value of vegetation temperature, which is acceptable because of the low air pressure on the Tibetan 
Plateau, where vegetation regulates temperature close to air temperature by transpiration”.    



 
- l. 330: What is the reason for the low value? Does this indicate a problem with the model or the 
model parameters in this setup? 

Response: Thanks a lot. The low value is mainly due to volume scattering effects, which are present in 
the soil and exaggerated by the presence of ice and snow but are not considered by the surface 
scattering model of AIEM. We added this sentence in lines 347-349.  

 
- l. 333: simulated at X-band 

Response: Thanks. Done. 
 
- l. 338-341: You show that both vary at similar frequencies, but is there a correlation between wind 
and X-band signal? 

Response: The correlation coefficient is used to measure the strength of the linear relationship between 
two variables. However general sense is that the wind influences vegetation orientation and its angle 
distribution and further vegetation scattering and emission in a nonlinear way, which is hard to 
quantify as far as we know. Therefore, we did the Fourier transform analysis, which is in practice used 
in modelling nonlinear systems. Based on results in frequency domains, we tried to explore in which 
frequencies which factors may contribute to the variation of observed signals. As such, we approach to 
understand the possible reason that does not lie in the established assumptions in the model but may 
account for the mismatched variations between the observations and model simulation results (as 
shown in Figure 2). 

Nevertheless, we calculated the correlation coefficient (R) between the observed 𝜎𝜎0 at X- and L-bands 
and wind speed. To assess the degree of correlation, we calculated R between the observed 𝜎𝜎0 at X-
band and soil moisture at 2.5 cm (SM_2.5cm) as a reference, as surface soil moisture is known mainly 
contributing to soil scattering. The results show that with SM_2.5cm, 𝜎𝜎𝑝𝑝𝑝𝑝0  at X-band exhibits R of 0.3 
at VV polarization, R of 0.12 at HH polarization and 0.29 at VH polarization. Comparatively, with 
wind speed, 𝜎𝜎𝑝𝑝𝑝𝑝0  at X-band exhibits R of 0.09 for VH polarization, R of 0.03 for VV polarization and 
R of 0.18 for HH polarization. In contrast, with wind speed, 𝜎𝜎𝑝𝑝𝑝𝑝0  at L-band exhibits R of 0.05 for VH 
polarization, R of -0.0.2 for VV polarization and R of 0.05 for HH polarization. These R results 
indicate that the single factor (e.g., soil moisture and wind speed) exhibits a weak linear relationship 
with the observed 𝜎𝜎0 at X-band (if we applied the rule of thumb that a R of 0.35 represents a “weak” 
association). The complex physical process is there and we focus on combining the observed signals 
and physically based model platform to understand it. Considering our main focus in this study and the 
manuscript length, we will not add the above descriptions in the text.   

 
- l. 398: despite -> except for? 

Response: Thanks. Done.  

- l. 458: while those simulated at L-band to not 

Response: Done. 



- l. 458: Is Figure 4 a wrong reference? Which figure should this refer to? 

Response: Thanks a lot for spotting this. We are sorry for this mistake. Here it refers to Figure 7 and 
Figures A1-A3 in the shortened manuscript (Figures 7-10 in the old version).  

- l. 462: the volume scattering effect *is* present 

Response: Done. 

- l. 480: remove "While" 

Response: Done. 

- l. 495: as mentioned above, I cannot see that the diurnal variations agree with the observations from 
the plots 

Response: Thanks a lot for spotting this. We are sorry for this mistake. We revise the sentence into 

Lines 509-515 “Both simulated co-polarization 𝜎𝜎𝑝𝑝𝑝𝑝0  at S- and L-bands do not exhibit pronounced 

diurnal variations as the observations do (Figs. A5 and A6). ” 

- l. 517-518: The cylinder parameterization outperforms the disc parameterization in simulating ... 

Response: Thanks a lot. Done. 

- l. 523: deep -> low 

Response: Done. 

- l. 535: despite -> with? 

Response: Done. 

- l. 543: Are the values for L-band exactly zero or just very small? 

Response: In this case, CLAP with the cylinder parameterization estimates 𝜔𝜔 at L-band with exact 
zero values.  

- section 4.2: a more verbose naming scheme for the different cases might help understanding your 
argument here  

Response: Thanks a lot. This part discusses different considerations of parameterizing the contribution 
from the surface and beneath soil at the emission depth. The parameters considered in the 
parameterization involve soil moisture, surface roughness s and wavelength information. Regarding 
the input of soil moisture, the related question is soil moisture at which layer should be used for 
constructing the dielectric profile from air to bulk soil medium. Accordingly, which dielectric layers 
determine the whole reflectivity of the composite air-soil medium and represent the penetration depth 
of soil moisture, a similar concept as in Wilheit (1978). Based on what we had, for instance, soil 
moisture measured at 2.5 cm and other depths and the detailed observed TB signals, we did 
investigations. The results displayed in Figure 18 demonstrate the necessity of considering 



contributions from the surface and beneath soil at the emission depth, however, the dynamics in the 
observed TB still cannot be reproduced by the current set-up. There are still issues, for instance, the 
explicit physical formulations on abrupt soil water phase change and the topsoil moisture are not 
considered yet and need further investigations. With explicit consideration of the surface layer, the 
current ATS model can be adjusted into a two-layer model for practical simplicity, but these are 
beyond this study. We have put these descriptions in section 4.2 to make it clear.  

We renamed cases as “Case0_surface_moisture_deep_boundary, 
Case1_surface_moisture_shallow_boundary, Case2_penetration_depth_moisture_shallow_boundary 
and Case3_penetration_depth_moisture_boundary.” 

 
- l. 664: To me it seems not really useful to use CLAP for detecting rainfall events, if they could also 
be detected directly from the data going into CLAP (e.g. the soil moisture data) 

Response: Thanks a lot. It is indeed that the measured SM at 2.5 cm in our case can be used to directly 
detect rainfall events. However, topsoil moisture is not always available. Supposing that we only have  
SM measured at 5 cm, the variation of SM on 23/07/2018 shown in Figure 2 is not sufficient to assure 
the precipitation event. But the compared large difference between CLAP simulated results and both 
passive and active observations at X-band can indicate rainfall occurring.  

 
- l. 689: While as -> Whereas 
Response: Thanks. Done. 

- l. 691: varied -> different 
Response: Done. 

- l. 740: observed signal -> modelled signal, since your dynamic VWC only influences the modelled 
signal 

Response: Thanks for spotting this. Done.  
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