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1. Result analyses for the post-monsoon period 21 

1.1 The dielectric roughness thickness ( ℎ ) and the sampling depths of soil effective 22 

temperature (𝛿𝑃𝐷 and 𝛿𝑇):  23 

Figure S1 shows that the SM_Wil and SM_Lv and associated ℎ _Lv and ℎ _Wil are 24 

consistent with the in situ SM at 2.5 cm and ℎ_Lv_SM2.5cm correspondingly during the 25 

post-monsoon period before the soil freezing-dominated period, where the surface soil 26 

temperature is below 0 C° (e.g., from 26/11/2016 to 30/11/2016, see Figure S2). The 27 

SM_Wil and SM_Lv and associated ℎ_Lv, ℎ_Wil and ℎ_Lv_SM2.5cm (Figure S1) are 28 

noted experiencing less diurnal variations than those of SM_2.5cm during the surface 29 

freeze-thaw transition period, in which the surface soil temperature changes along the 30 

freezing level 0 C° (e.g., from 12/11/2016 to 25/11/2016, Figure S2). During the beginning 31 

of the freezing-dominated period, the in situ SM at 2.5cm, SM_Wil and SM_Lv drop 32 

rapidly, resulting in all estimated ℎ increased. It is to note that the estimated ℎ within 4-6 33 

cm is corresponding to surface SM changes within 0.24-0.32 m3/m3 (Figure S1). 34 
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 1 

Figure S1.  The same as Figure 4 in the text but for the post-monsoon period. 2 

 3 

Figure S2. In situ measurements of atmospheric variables, soil moisture and soil temperature at 2.5 cm 4 

(SM_2.5cm and ST_2.5cm) and the ELBARA-III 𝑻𝑩
𝒑

 at Maqu site in the post-monsoon period. The 5 

albedo (dimensionless) is calculated using measured down- and up-welling solar radiation. TG refers to 6 

ground temperature, derived from measured down- and up-welling longwave radiation. Tair refers to 7 

air temperature and Pre is precipitation intensity. 8 
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Figure S3 shows that 𝛿𝑇 is higher (~1.6 cm) than 𝛿𝑃𝐷 most of the time during the post-1 

monsoon period with 𝛿𝑇 ranging within 7.2-14.0 cm and 𝛿𝑃𝐷 within 6.1-12 cm. Values of 2 

𝑇𝑒𝑓𝑓 _Wil and 𝑇𝑒𝑓𝑓 _Lv are almost the same, and the difference between 𝑇𝑒𝑓𝑓 _Wil and 3 

𝑇𝑒𝑓𝑓_Lv with ST_2.5 cm shown in Figure S3 is smaller than that during the late-monsoon 4 

period (see Figure 5 in the text), which is related to season variations of solar radiation. 5 

Similar to Figure 5 in the text, Figure S3 also indicates a negligible difference between 6 

𝑇𝑒𝑓𝑓 _Wil and 𝑇𝑒𝑓𝑓 _Lv, while the important varied thermal sampling depth of soil 7 

temperature used for determining the optimal mounting depth for observations as previously 8 

mentioned in the text.  9 

 10 

Figure S3. The same as Figure 5 in the text but for the post-monsoon period. 11 

1.2 The 𝑇𝐵
𝑝
 simulation: 12 

Figure S4 shows that the two baseline simulations underestimate 𝑇𝐵
𝑝
 (≈ 20-50 K) in the post-13 

monsoon period, while 𝑇𝐵
𝑝

 simulated by the ATS-based models are much closer to 14 

observations. 𝑇𝐵
𝑝
 simulated by the ATS-based models deviate in October (Figure S4) when 15 

the weather system changes and soils start to experience freeze-thaw processes. For 16 

instance, low air temperature (Tair) and ground temperature (TG) appear around 13/10/2016 17 

(see Figure S2), below freezing point during nighttime, followed by heavy precipitation 18 

with intensity over 10.0 mm/hour on 14/10/2016. As both TG and Tair are below freezing 19 

point during nighttime in the following days (see Figure S2), the surface soil water might 20 

be frozen in nighttime and melt in the daytime, and accumulated surface water might be 21 

ponding on the top of a frozen soil layer. 𝑇𝐵
𝑝

 simulated by ATS-based models present 22 

deviations but are much closer to observations than those by the baseline models during this 23 

time window (Figure S4). When soils experience steady surface freeze-thaw processes (e.g., 24 

without rainfall and snowfall in the period of 12/11/2016 to 25/11/2016, see Figure S2), 𝑇𝐵
𝐻 25 

simulated by the ATS-based models are close to observations but have weak diurnal 26 
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variations ( in Figure S4). 𝑇𝐵
𝑉 simulated by the ATS-based models are underestimated ( 1 

in Figure S4). However, both 𝑇𝐵
𝐻  and 𝑇𝐵

𝑉  simulated by the ATS-based models show 2 

coincidences to observations during the freezing-dominated period (e.g., from 26/11/2016 3 

to 30/11/2016,  in Figure S4) in the study period.  4 

5 
Figure S4. The same as Figure 6 in the text but for the post-monsoon period. 6 

2. Figures S5-S8 for the post-monsoon period to support Discussions in the text.  7 

 8 
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Figure S5. The same as Figure 8 in the text but for the post-monsoon period.  1 

 2 
Figure S6. The same as Figure 7 in the text but for the post-monsoon period.  3 

 4 

 5 

 6 

Figure S7. The same as Figure 9 in the text but for the post-monsoon period. (A) and (B) are by the 7 

Base-Lv and ATS-Lv models respectively. 8 
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 1 

Figure S8. The same as Figure 10 in the text but simulated by the ATS-Lv model for the post-monsoon 2 

period.  3 

3. Comparisons of 𝑇𝐵
𝑝
 simulations by considering the impacts of only ℎ𝑆𝑆 and ℎ𝑆𝑆+ℎ𝑆𝑉 4 

To quantify the change in simulated 𝑇𝐵
𝑝
 due to the consideration of the roughness resulted 5 

from only topsoil structures (ℎ𝑆𝑆) and from both topsoil structure and soil volume (ℎ𝑆𝑆+ℎ𝑆𝑉, 6 

current case in the text), we extended 𝑇𝐵
𝑝
 simulations by only considering the former (i.e., 7 

ℎ𝑆𝑆) and compared results to current simulation results shown in the text. Conclusions in 8 

the text show that the ATS model using the in situ SM at 2.5 cm (ATS-Lv2.5) can be applied 9 

during the whole study period except during the soil freeze-thaw transition period. 10 

Accordingly, the configuration of the ATS-Lv2.5 model was used for simulations.   11 

To only consider the impact of ℎ𝑆𝑆 on 𝑇𝐵
𝑝
 simulations, we set ℎ𝑆𝑉 as zero. As described in 12 

the text, there is an exponential dependence of the roughness thickness on soil moisture 13 

(Mätzler, 2006; Schneeberger et al., 2004; Schwank et al., 2008), which considers that the 14 

upper boundary is the dielectric constant of air and the lower boundary that of the bulk soil. 15 

To obtain the dielectric profile, we utilized the Fermi-function, which describes the 16 

probability of energy (bulk dielectric in this case) distribution. The parameterization of 𝑘𝐴𝑆 17 

was unchanged. To meet the requirement of air being the upper boundary, namely 18 

휀(𝑧∗ = 0) ≈ 휀𝑎𝑖𝑟, we arbitrarily chose a constant set for 𝑧𝐴𝑆, which replaced the ℎ𝑆𝑉 in Eq. 19 

(7) in the text, and it referred to at which 𝑧∗ = 0 for the case with only ℎ𝑆𝑆 considered. The 20 

5 cm of 𝑧𝐴𝑆  was chosen for the simulation. Correspondingly, the depth at which the 21 

averaging procedure (see Eqs. (9,10) in the text) carried out was adjusted to 𝑧𝑎𝑣𝑔
∗ = 𝑧𝐴𝑆 +22 

ℎ𝑆𝑆/2.0, and the variation of layer thickness around the 𝑧𝑎𝑣𝑔
∗  was assumed due to the 23 

physical geometric roughness (𝑠) at the top, that was 𝑧𝑢𝑏
∗ = 𝑧𝑎𝑣𝑔

∗ − 𝑠.  24 

Figure S9 and Figure S10 show that 𝑇𝐵
𝑝

 simulated by the ATS-Lv2.5 model only 25 

considering ℎ𝑆𝑆 are higher than those from baseline simulations, especially when the soil is 26 
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wet (see soil moisture in Figure 4 in the text). However, without considering the impact of 1 

ℎ𝑆𝑉, 𝑇𝐵
𝑝
 especially for H polarization are still underestimated, and the underestimation is 2 

compensated by considering the impacts of both ℎ𝑆𝑆+ℎ𝑆𝑉. This indicates the importance of 3 

the ATS model that incorporates the parameterization of dielectric roughness resulted from 4 

both topsoil structure and the soil volume in this study. The error metrics involving R and 5 

RMSEs are listed in Table S1 for comparisons.  6 

 7 

Figure S9 Comparisons of simulated 𝑻𝑩
𝒑

 by different models to the ELBARA-III observed 𝑻𝑩
𝒑

 during the 8 

late-monsoon period. 𝒑 refers to H or V polarization mode. Base-Lv refers to experiments using 9 

AIEM+TVG in combination with Lv’s models. ATS-Lv2.5 denotes experiments considering 𝒉𝑺𝑺+𝒉𝑺𝑽, 10 

and ATS-Lv2.5_𝒉𝑺𝑺 with 𝒉𝑺𝑺 considered. (As a matter of fact, Base-Lv gives the lower limit for 11 

excluding the effect of 𝒉𝑺𝑽 in ATS-Lv2.5, and is demonstrated by ATS-Lv2.5_𝒉𝑺𝑺). 12 

 13 

 14 
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 1 

Figure S10 The same as Figure S9 but for the post-monsoon period.  2 

 3 

Table S1 Comparisons of simulated 𝑻𝑩
𝒑

 by different models to ELBARA-III observations. RMSE is in K 4 

and R is Pearson correlation coefficient.  5 

Polarization 
Period Late-monsoon Post-monsoon 

Experiments R RMSE (K) R RMSE (K) 

H 

Base-Lv 0.90 37.6 0.36 39.4 

ATS-Lv2.5 0.89 9.1 0.29 11.9 

ATS-Lv2.5_ℎ𝑆𝑆 0.88 31.4 0.3 30.9 

V 

Base-Lv 0.88 12.1 0.54 18.1 

ATS-Lv2.5 0.87 7.5 0.26 10.5 

ATS-Lv2.5_ℎ𝑆𝑆 0.88 9.4 0.48 15.1 

 6 

 7 

 8 

4. 𝑇𝐵
𝑝
 simulations for incidence angles of 50° and 60° 9 

We think the mechanism of surface-radiation interaction has less to do with footprint. The 10 

bigger footprint may average out some surface irregularities, however, it does not alter the 11 

wavelength scale interactions between the waves and the surface features. Nevertheless, we 12 

tried to demonstrate the impact of footprint size on 𝑇𝐵
𝑝
 modelling with the measured multi-13 

incidence angular data by comparisons to baseline and ATS-based simulations. The ATS-14 

Lv2.5 model was used for investigations, please see the reason described in section 3.  15 
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We extended simulations by Base-LV and ATS-Lv2.5 models for incidence angles of 50° 1 

and 60° as a case study. Here we only focused model comparisons on the late-monsoon 2 

period because of the limitation of the current ATS model used for the post-monsoon period 3 

(see discussions in section 4.1 in the text), in which the soil surface starts to experience 4 

freeze-thaw processes. 5 

Figure 6 in the text and Figures S11-1 and S12-1 show that the underestimation of 𝑇𝐵
𝐻  (≈ 6 

30-50 K) by the baseline model at incidence angles of 40°, 50° and 60° respectively is 7 

obviously compensated by integrating the ATS model. Accordingly, it can be seen that 8 

integrating the ATS model reduces the impact of surface roughness on surface emission 9 

modelling for different incidence angles for H polarization. Figure 6 in the text shows the 10 

consideration of the ATS model improving 𝑇𝐵
𝑉(40°)  simulations for the late-monsoon 11 

period. Figure S11-2 also shows a slight improvement of 𝑇𝐵
𝑉(50°) simulated by the ATS-12 

based model compared to the baseline. Although Figure S12-2 shows 𝑇𝐵
𝑉(60°) 13 

overestimated by both baseline and ATS-based models, the ATS-based model attempts to 14 

decrease emissivity and led to simulated 𝑇𝐵
𝑉(60°) closer to observations than those by the 15 

baseline model. The effect of Brewster angle might account for the aforementioned 16 

description (Shi et al., 2002). It is seen that 𝑇𝐵
𝑉 simulations shows less sensitivity to surface 17 

roughness especially at large incidence angle (e.g., 50°-60°). As such, factors rather than 18 

surface roughness may be responsible for overestimations of 𝑇𝐵
𝑉(60°) (Figure 12-2) but an 19 

in-depth investigation is also beyond the scope of this study. 20 

 21 
Figure S11. Comparisons of simulated  𝑻𝑩

𝒑
(𝟓𝟎°)  by different models to the ELBARA-III observed 22 

𝑻𝑩
𝒑

(𝟓𝟎°)  during the late-monsoon period. 𝒑 refers to H or V polarization mode. Base-Lv refers to 23 

experiments using AIEM+TVG in combination with Lv’s models. ATS-Lv2.5 denotes experiments 24 

using ATS+AIEM+TVG in combination with Lv’s model and soil moisture at 2.5 cm for calculating the 25 

dielectric constant of bulk soil. 26 

 27 
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 1 
Figure S12. The same as Figure S9 but for 𝑻𝑩

𝒑
(𝟔𝟎°). 2 

5. Two snapshots of Maqu region in Figure S13. 3 

 4 

    5 

Figure S13. Snapshots of Maqu site (left, taken in October) and Naqu site (right, taken in Augusts) on 6 

the Tibetan Plateau, where the grassland is grazed by yarks.  7 

 8 
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