
1. Comments from Referees 

Comment by Anonymous Referee #1 

General comments 

The paper is improved. I have only minor specific comments other than the general 

comment below. 

In general, in this paper I would like the authors to address if there is a horizontal talik 

above the permafrost or not. Surely there would be somewhere in the catchment 

especially where the permafrost is discontinuous. Horizontal taliks exist where the 

maximum frost depth does not extend as deep as the maximum seasonal thaw depth. 

So there is a perennially unfrozen zone above the permafrost but below the active layer. 

Could this be significant like the conversion from permafrost to seasonally frozen 

ground? Would the model account for this? 

 

Minor comments 

 

1. L51, delete ‘the’. 

2. L56, delete ‘the’ 

3. L57,58, the authors should be careful with the phrase ‘field experiments’ here. If they 

are talking about looking at field data, some of the studies (e.g., Jacques and Sauchyn 

2009) have been done on large spatial scales. If they are talking about intensively 

monitoring a catchment, that is different and likely only accomplished on fine scales. 

4. L62, delete ‘the’. 

5. L31 and many other places in the manuscript. If I were the authors I would define 

runoff up front. They use it in the normal hydrological way, but many hydrogeologists 

or civil engineers could be interested in this paper, and runoff often means different 

things to different people. Given that The Cryosphere is a bit of a general cold regions 

journal, I’d suggest a clear precise definition early on in the paper for runoff.  

6. L70, delete ‘the’ before ‘vertical’.  

7. L72, ‘overly simple ways’ is vague. Explain or remove? 

[8. L83, delete ‘the’ before ‘downstream’  

9. L88, ‘thickness’ can be removed (besides it makes no sense to say that the thickness 

is thin and the thickness is warm).  

10. L91, delete ‘the’ after ‘air’. 

11. L103-107 and 172-175. This seems to be almost branding for the research grant and, 

in my mind, is only suitable for the acknowledgements not the main body of a research 

paper. 

12. L122, ‘mean’ should be before ‘annual’. 

13. I’m surprised by the high RMSE in the soil temperature results, especially after 

calibration’ 

14. Section 5.3, the uncertainty ‘analysis’ is highly qualitative. 



 

15. Figure 1, The authors could show the plateau on the map of China. OR be clearer 

what the grey zone refers to in the inset.?  

16. Figure 7, the caption should be clearer why there are groups of 2 figure panels for 

each location. 

 

Comment by Anonymous Referee #2 

General comments 

This paper reports a modelling study about the impacts of climate warming on frozen 

ground and hydrological processes for a large mountainous area containing permafrost 

and non-permafrost areas. The model reasonably captured the thermal and hydrological 

processes, especially the seasonal and long-term variations of river discharge and runoff. 

The results show changes in permafrost extent and thawing/freezing deaths, and 

associated changes in hydrological processes in this large area. The spatially distributed 

modelling approach is novel and efficient for such a large and cold region as well. This 

work is valuable to demonstrate the progress in high-resolution thermal-hydrological 

integrated spatial modelling for large cold regions and to understand the impacts of 

climate change on frozen ground and associated hydrological processes. Although I 

agree with some of the concerns indicated by the previous reviewer (see details below), 

I feel it is worthy to be published after a revision. 

 

Specific comments  

1. I agree with the concern of the previous reviewer that the almost exact simulation 

of ground temperatures at deep layers at the test sites (Figure 3, and Figure S1) probably 

is the results of calibration, i.e., setting the initial values. The paper should indicate that 

and probably needs to revise the phase “generally accurate” to a looser term. In addition, 

if there is no geothermal heat flux at the bottom, ground temperature profile in lower 

ground should not vary much with depth under equilibrium conditions (unless the 10-

year climate force used to spin-up varied significantly from year to year). Most 

simulated and observed soil temperature increased with depth, indicating the existence 

of a geothermal gradient. The assumption of zero geothermal heat flux at the lower 

boundary (Line 279) seems not right. 

 

2. The causal relationship between changes in frozen ground and runoff is an 

important issue and the paper tried to answer it. The high correlation between liquid 

soil moisture and runoff in freezing season is not enough to establish that causal 

relationship (Line 471-474). The modelling exercise of without frozen soil and Figure 

S2 are a direct way to show the effects of frozen ground and its thaw. More detailed 

explanation of the modelling exercise needs to be provided (e.g., how the model was 

modified to do that? is this a run for a grid or for the entire basin?). Figure 15 is 



interesting but not so clear for me. An analysis from typical grids (permafrost and non-

permafrost grids) and seasonal patters (e.g., Figure S2) might be helpful to understand 

it. 

 

 

Minor comments 

1. Line 30: “active layer depth”. Using “active layer thickness” for consistency in the 

paper  

2. Line 34: “large changes in runoff”, can you specify “change” as “increase”?  

3. Line 38-39: “due to the degradation of permafrost in the study area”. Increase in 

precipitation probably also contributed to that change”.  

4. Line 47: revise “regime” to “regimes”  

5. Line 51: delete “the”.  

6. Line 59: “…the frozen soil, and the long-term…”, separate it into two sentences.  

7. Line 71: “…processes especially …”, add a comma after “processes”.  

8. Lines 85-86. Unpack it into two sentences. “The Qinhai-Tibetan Plateau is 

characterized by… . Cryospheric processes have great impacts on its hydrological 

processes”. 

9. Line 88: “permafrost thickness”, delete “thickness” 

10.Line 91: delete “the”  

11. Line 103-110: Agree with the previous reviewer, delete it.  

12. Section 2: probably no needs for the sub-titles. Just describe the study area, field 

observations and spatial data. Try to focus on data description rather than how they 

are used (leave that in the next section).  

13. Line 135-136: moving “provided by ..(CMA)” to the end of the sentence.  

14. Line 141: revise “build” to “run”  

15. Line 173-175: “in an integrated … 2016)” delete it.  

16. Line 176: The approach of the model is very interesting. It is not a fully distributed 

model with lateral interactions but efficient in computation and handling water flows. I 

feel that is a important progress of spatial modelling. You may add some sentences 

about the feature of the model (not branding the project or funding) before “As…”.  

17. Line 188 revise “used in” to “of”  

18. Line281-285: You used thinner layers around 0.8m and from 1.7-3m, probably to 

capture the details of maximum thawing/freezing depths. You mad add some 

explanations about that.  

19. Section 3.3: you may begin the section by “to initialize the model, we first estimated 

the soil temperature profiles based on the assumption that ….”. You may delete the 

sentence “For spin up run, the initial … this relationship”.  

20. Line 318-319: the good agreement probably is due to calibration of initial values. A 

500 year spin up run should change to a near constant ground temperature with depth. 

You need to check the model or whether the climate data from 1961-1970 vary 

significantly from year to year that prevent the establishment of equilibrium conditions.  

21. Line 338-339. The value of RMSE and variation with depth is comparable with the 



study of Ou et al. (2016).  

22. Line 353: revise “station” to “stations” 

23. Line 366: “without the frozen soil scheme”. How the model was modified? and is 

the Figure S2 for the entire basin or just a grid? This is an important part of directly 

show the effects frozen ground on runoff. More description is needed, probably in the 

method section.  

24. Section 4.2: It would be useful include the trends of air temperature (annual, 

thawing and freezing seasons) in the analysis.  

25. Line 407: “In contrast”. Not a real contrast. It is expected. Delete it.  

26. Line 434 “accurately reproduced” may be replace by “well reproduced” 

27. Line 453: is increasing in precipitation a factor?  

28. Line 455-469. It is easy to understand that the volume of soil liquid water 

increases with the increase in the volume of unfrozen soils. The sentences in these 

lines are long and complicated. You may simplify them.  

29. Lines 471-474: You need more evidence to support the causal relations. The 

correlation is only one evidence. See the specific comments.  

30. Line 482: From Table 2, the increase probably is mainly due to increase in snow 

run off in thaw season.  

31. Line 484-485: revise “during the different seasons” to “between the two seasons”.  

32. Line 499, 506, 512: “change in frozen soil”. You may specify it as “thaw of frozen 

soil”  

33. Line 508: “was controlled by” the word probably is too strong. You may use 

“strongly affected by”  

34. Line 512 revise “soil moisture” to “soil liquid moisture”  

35. Line 540-522: “Different methods produce large differences in their estimates”. The 

following citations do not support such a statement since they are mainly for different 

areas. Actually, some of the estimates in Qinghai-Tibetan Plateau is comparable with 

your estimate, which is a support of your estimate.  

36. Line 568: “especially in spring”, not clear for me.  

37. The sediment thickness (depth from surface to bedrock), top organic layer thickness, 

and fraction of rock in soil are important to ground temperature and permafrost. You 

may add some sentences about them in sections of data, discussion or uncertainty. 

Active layer is thinner in valleys than in high slopes and on top of mountains due to 

differences in organic layer and vegetation conditions (Zhang et al., 2013). Temperature 

inversion and shading by surroundings may also keep the valley cooler than top of the 

mountains (O’Neil et al., 2015). You may comments on this in the discussions.  

38. Figures: The font of words or numbers are too small in most figures.  

39. Figure 3, S1: It is better to use a line with dots to represent the observations (so 

readers know the depths of observations). If you have annual averages, it is better to 

use annual averages rather than a specific date or month.  

40.Figure 10b: revise “thaw depth” to “active layer thickness”  

41. Figure 11d,e, Red curves are not necessary. For easy understanding, you may put 

elevation as Y axis, and percentage of permafrost to x axis. 

 



2. Author's response 

Reply to the Referee Comment by Anonymous Referee #1 

 

General comments:  

The paper is improved. I have only minor specific comments other than the general 

comment below.  

In general, in this paper I would like the authors to address if there is a horizontal talik 

above the permafrost or not. Surely there would be somewhere in the catchment 

especially where the permafrost is discontinuous. Horizontal taliks exist where the 

maximum frost depth does not extend as deep as the maximum seasonal thaw depth. 

So there is a perennially unfrozen zone above the permafrost but below the active layer. 

Could this be significant like the conversion from permafrost to seasonally frozen 

ground? Would the model account for this? 

 

Reply: Thanks for this comment. We have checked the results of soil temperature of 

each layer for all grids. We have found some taliks in permafrost region. But the 

horizontal taliks are not significant as shown in the following figure. 

 

Minor comments: 

Q[1]: L51, delete ‘the’. 

Reply: We have revised as suggested (Please see line 51 in the revised clean version 



manuscript ). 

  

Q[2]: L56, delete ‘the’ 

Reply: We have revised as suggested (Please see line 56 in the revised clean version 

manuscript). 

 

Q[3]: L57,58, the authors should be careful with the phrase ‘field experiments’ here. If 

they are talking about looking at field data, some of the studies (e.g., Jacques and 

Sauchyn 2009) have been done on large spatial scales. If they are talking about 

intensively monitoring a catchment, that is different and likely only accomplished on 

fine scales. 

Reply: We have modified “field experiments” as “intensive field observations” (Please 

see line 58-59 in the revised clean version manuscript). 

 

Q[4]: L62, delete ‘the’. 

Reply: We have revised as suggested (Please see line 63 in the revised clean version 

manuscript). 

 

Q[5]: L31 and many other places in the manuscript. If I were the authors I would define 

runoff up front. They use it in the normal hydrological way, but many hydrogeologists 

or civil engineers could be interested in this paper, and runoff often means different 

things to different people. Given that The Cryosphere is a bit of a general cold regions 

journal, I’d suggest a clear precise definition early on in the paper for runoff.  

Reply: Thank you for this suggestion, we added the runoff definition when it first 

appeared in this paper. The related sentence has been revised as “A few studies reported 

that permafrost thawing might reduce river runoff (This paper defines the runoff as all 

liquid water flowing out of the study area.)”. Please see line 57 in the revised clean 

version manuscript. 

 

Q[6]: L70, delete ‘the’ before ‘vertical’.  

Reply: We have revised as suggested (Please see line 71 in the revised clean version 

manuscript). 

 

Q[7]: L72, ‘overly simple ways’ is vague. Explain or remove? 

Reply: We modified “in overly simple ways” as “by simplified ways” (Please see line 

72 in the revised clean version manuscript). 

 

Q[8]: L83, delete ‘the’ before ‘downstream’  

Reply: We have revised as suggested (Please see line 83 in the revised clean version 

manuscript).  

 

Q[9]: L88, ‘thickness’ can be removed (besides it makes no sense to say that the 

thickness is thin and the thickness is warm).  

Reply: We have revised as suggested (Please see line 88 in the revised clean version 



manuscript). 

 

Q[10]: L91, delete ‘the’ after ‘air’. 

Reply: We have revised as suggested (Please see line 90 in the revised clean version 

manuscript). 

 

Q[11]: L103-107 and 172-175. This seems to be almost branding for the research grant 

and, in my mind, is only suitable for the acknowledgements not the main body of a 

research paper. 

Reply: we have delete the sentences about the Heihe Research plan in the main body 

(Please see line 103-106 and line 161-164 in the revised clean version manuscript). 

 

Q[12]: L122, ‘mean’ should be before ‘annual’. 

Reply: We have revised (Please see line 119 in the revised clean version manuscript). 

 

Q[13]: I’m surprised by the high RMSE in the soil temperature results, especially after 

calibration’ 

Reply: We calibrated the soil reflectance according to vegetation type, and we do not 

calibrate the soil heat capacity and soil thermal conductivity. The soil heat capacity and 

soil thermal conductivity are estimated using the method developed by Farouki (1981). 

This may lead uncertainties in simulation of the soil temperature.  

 

Q[14]: Section 5.3, the uncertainty ‘analysis’ is highly qualitative. 

Reply: We have quantified the uncertainties of soil temperature simulation induced by 

geothermal flux (Please see line 576-580 in the revised clean version manuscript). 

However, due to the complexity of the distributed model and large number of model 

parameters, it is challenge to quantify overall simulation uncertainty. This work will be 

done in the future study. 

 

Q[15]: Figure 1, The authors could show the plateau on the map of China. OR be clearer 

what the grey zone refers to in the inset.?  

Reply: We have modified Figure 1 to show the plateau on the map of China (Please 

see Figure 1 in the revised clean version manuscript).  

 

Q[16]: Figure 7, the caption should be clearer why there are groups of 2 figure panels 

for each location. 

Reply: We have changed the caption of Figure 7 as “Comparison of the simulated and 

the observed daily river discharge at: (a) the Yingluoxia Gauge, (b) the Qilian Gauge, 

and (c) the Zhamashike Gauge (The upper panel is the calibration period, and the 

bottom panel is the validation period for each gauge)”. Please see Figure 7 in the revised 

clean version manuscript. 

  



Reply to the Referee Comment by Anonymous Referee #2 

General comments: 

This paper reports a modelling study about the impacts of climate warming on frozen 

ground and hydrological processes for a large mountainous area containing permafrost 

and non-permafrost areas. The model reasonably captured the thermal and hydrological 

processes, especially the seasonal and long-term variations of river discharge and runoff. 

The results show changes in permafrost extent and thawing/freezing deaths, and 

associated changes in hydrological processes in this large area. The spatially distributed 

modelling approach is novel and efficient for such a large and cold region as well. This 

work is valuable to demonstrate the progress in high-resolution thermal-hydrological 

integrated spatial modelling for large cold regions and to understand the impacts of 

climate change on frozen ground and associated hydrological processes. Although I 

agree with some of the concerns indicated by the previous reviewer (see details below), 

I feel it is worthy to be published after a revision. 

 

Reply: Thanks for this positive comment. We have revised the manuscript according 

to your suggestions. 

 

Specific comments: 

 

Q[1]:I agree with the concern of the previous reviewer that the almost exact simulation 

of ground temperatures at deep layers at the test sites (Figure 3, and Figure S1) probably 

is the results of calibration, i.e., setting the initial values. The paper should indicate that 

and probably needs to revise the phase “generally accurate” to a looser term. In addition, 

if there is no geothermal heat flux at the bottom, ground temperature profile in lower 

ground should not vary much with depth under equilibrium conditions (unless the 10-

year climate force used to spin-up varied significantly from year to year). Most 

simulated and observed soil temperature increased with depth, indicating the existence 

of a geothermal gradient. The assumption of zero geothermal heat flux at the lower 

boundary (Line 279) seems not right. 

 

Reply: We have deleted “accurate”, and changed the expression as “The model 

generally captured the vertical distribution of the soil temperature at T1, T2, T3 and T4 

in the permafrost area. Good agreement between the simulated and observed soil 

temperature profiles below the depth of 20 m is probably due to fitting of initial values.” 

(Please see line 316-320 in the revised clean version manuscript).  

We also recognized the fact of soil temperature increased with depth, indicating the 

existence of a geothermal gradient, which may cause uncertainty in our simulation. We 

have estimated the geothermal heat flux at the lower boundary and run the model using 

a heat flux of 0.2 W/m2 at the lower boundary and compared the results with simulation 



with zero heat flux. The geothermal heat flux of 0.2 W/m2 is estimated by geothermal 

gradient of T4 shown in Figure 3. And the geothermal gradient of T4 is larger than the 

other boreholes. The results are shown in Figure S5 in the supplement file. It can be 

seen from Figure S5 that geothermal heat flux only causes slightly increase in soil 

temperature below 30 m. We have added discussions about the uncertainties due to 

geothermal heat flux in section 5.3 as “Figure S5 in the supplement material compares 

the results of simulation with zero thermal flux at the lower boundary and the results of 

simulation with thermal flux of 0.2 W/m2 (Estimated by geothermal gradient at T4 in 

Figure 3). It can be seen that the geothermal heat flux at the lower boundary causes 

slight increase in soil temperature below the depth of 30 m.” (Please see line 576-580 

in the revised clean version manuscript).  

 

 

Q[2]: The causal relationship between changes in frozen ground and runoff is an 

important issue and the paper tried to answer it. The high correlation between liquid 

soil moisture and runoff in freezing season is not enough to establish that causal 

relationship (Line 471-474). The modelling exercise of without frozen soil and Figure 

S2 are a direct way to show the effects of frozen ground and its thaw. More detailed 

explanation of the modelling exercise needs to be provided (e.g., how the model was 

modified to do that? is this a run for a grid or for the entire basin?). Figure 15 is 

interesting but not so clear for me. An analysis from typical grids (permafrost and non-

permafrost grids) and seasonal patters (e.g., Figure S2) might be helpful to understand 

it. 

 

Reply: For Figure S2, the result is obtained by a run for entire basin. We have modified 

the figure caption to indicate this. We have added explanations about how the model is 

modified to run without frozen soil in section 3.4 (Please see line 302-306 in the revised 

clean version manuscript). Figure S4 has been added in supplement files to show runoff 

changes in typical regions where the permafrost changed into seasonally frozen ground. 

We have also checked seasonal pattern of the runoff in the permafrost areas and the 

seasonally frozen soils, see Figure 15(c). 

We discussed the runoff changes in section 5.1 as “Figure 15(c) shows the seasonal 

pattern of runoff in the permafrost area and seasonally frozen soils. From April to 

October (the thawing season), runoff in the permafrost area is much larger than in the 

seasonally frozen soils, but in the freezing season runoff in the permafrost area is lower 

than in the seasonally frozen soils. Figure S4 in the supplement material shows runoff 

changes from typical area (with elevation between 3500-3700 m) where covered by the 

permafrost in the period of 1971 to 1980 and changed into the seasonally frozen ground 

in the period of 2001 to 2010. This illustrates that thaw of permafrost increased the 

runoff in the freezing season and slowed recession processes in autumn. The increase 

in freezing season runoff and shift in the seasonal flow pattern are also illustrated by 

the model simulation without frozen soil scheme as shown in Figure S2.” (Please see 

line 481-491 in the revised clean version manuscript)  



Minor comments: 

 

Q[1]: Line 30: “active layer depth”. Using “active layer thickness” for consistency in 

the paper  

Reply: We have revised as suggested (Please see line 30 in the revised clean version 

manuscript). 

 

Q[2]: Line 34: “large changes in runoff”, can you specify “change” as “increase”?  

Reply: Yes, we have use “increase” instead of “change” (Please see line 34 in the 

revised clean version manuscript). 

 

Q[3]: Line 38-39: “due to the degradation of permafrost in the study area”. Increase in 

precipitation probably also contributed to that change”.  

Reply: Increase in precipitation may also contribute to this change, but degradation of 

permafrost is the major reason. We modified this sentence as “mainly due to the 

degradation of permafrost in the study area” (Please see line 38-39 in the revised clean 

version manuscript). 

 

Q[4]: Line 47: revise “regime” to “regimes”  

 

Reply: We have revised as suggested (Please see line 48 in the revised clean version 

manuscript). 

 

Q[5]: Line 51: delete “the”.  

Reply: We have revised as suggested (Please see line 51 in the revised clean version 

manuscript ). 

 

Q[6]: Line 59: “…the frozen soil, and the long-term…”, separate it into two 

sentences.  

Reply: We have revised as suggested (Please see line 60 in the revised clean version 

manuscript). 

 

Q[7]: Line 71: “…processes especially …”, add a comma after “processes”. 

Reply: We have modified this sentence as “but they represent the flow routing at the 

catchment scale by simplified ways” according to the comment of reviewer 1 (Please 

see line 72 in the revised clean version manuscript). 

 

Q[8]: Lines 85-86. Unpack it into two sentences. “The Qinhai-Tibetan Plateau is 

characterized by… . Cryospheric processes have great impacts on its hydrological 

processes”. 

Reply: We have revised as suggested (Please see line 85-87 in the revised clean version 

manuscript). 



 

Q[9]: Line 88: “permafrost thickness”, delete “thickness” 

Reply: We have revised as suggested (Please see line 88 in the revised clean version 

manuscript). 

 

Q[10]: Line 91: delete “the”  

Reply: We have revised as suggested (Please see line 90 in the revised clean version 

manuscript). 

 

Q[11]: Line 103-110: Agree with the previous reviewer, delete it. 

Reply: We have delete the sentences about the Heihe Research plan as suggested 

(Please see line 103-106 in the revised clean version manuscript). 

 

Q[12]: Section 2: probably no needs for the sub-titles. Just describe the study area, 

field observations and spatial data. Try to focus on data description rather than how 

they are used (leave that in the next section).  

Reply: We have revised as suggested (Please see line 114, line 127-130, line 148-149 

in the revised clean version manuscript). 

 

Q[13]: Line 135-136: moving “provided by ..(CMA)” to the end of the sentence.  

Reply: We have revised as suggested (Please see line 132-133 in the revised clean 

version manuscript). 

 

Q[14]: Line 141: revise “build” to “run”  

Reply: We have revised as suggested (Please see line 138 in the revised clean version 

manuscript). 

 

Q[15]: Line 173-175: “in an integrated … 2016)” delete it.  

Reply: We have revised as suggested (Please see line 161-163 in the revised clean 

version manuscript). 

 

Q[16]: Line 176: The approach of the model is very interesting. It is not a fully 

distributed model with lateral interactions but efficient in computation and handling 

water flows. I feel that is a important progress of spatial modelling. You may add some 

sentences about the feature of the model (not branding the project or funding) before 

“As…”.  

Reply: We have added some sentences as “GBEHM is a spatial distributed model for 

large-scale river basin. It employs the geomorphologic properties to reduce the lateral 

two-dimensions into one-dimension for flow routing calculation within a sub-

catchment, which greatly improves the computation efficiency while retaining the 

spatial heterogeneity in water flow paths at basin scale.” (Please see line 164-168 in the 

revised clean version manuscript) 

 

Q[17]: Line 188 revise “used in” to “of” 



Reply: We have revised as suggested (Please see line 179 in the revised clean version 

manuscript). 

 

Q[18]: Line281-285: You used thinner layers around 0.8m and from 1.7-3m, probably 

to capture the details of maximum thawing/freezing depths. You mad add some 

explanations about that.  

Reply: We have added a sentence as “As shown in Figure 2, thinner layers are used at 

the depth from 1.7 to 3 m for better capturing the maximum frozen depth according to 

the field observations.” (Please see line 274-275 in the revised clean version 

manuscript). 

 

Q[19]: Section 3.3: you may begin the section by “to initialize the model, we first 

estimated the soil temperature profiles based on the assumption that ….”. You may 

delete the sentence “For spin up run, the initial … this relationship”. 

Reply: We have revised as suggested (Please see line 285-289 in the revised clean 

version manuscript). 

 

Q[20]: Line 318-319: the good agreement probably is due to calibration of initial values. 

A 500 year spin up run should change to a near constant ground temperature with depth. 

You need to check the model or whether the climate data from 1961-1970 vary 

significantly from year to year that prevent the establishment of equilibrium conditions.  

Reply: We have checked the climate data, air temperature rising started from 1980s. 

We have changed this sentence as “Good agreement between the simulated and 

observed soil temperature profiles below the depth of 20 m is probably due to fitting of 

initial values” (Please see line 318-320 in the revised clean version manuscript). 

 

Q[21]: Line 338-339. The value of RMSE and variation with depth is comparable with 

the study of Ou et al. (2016).  

Reply: We have added a sentence as “This result is similar with the findings by Ou et 

al. (2016) using the Northern Ecosystem Soil Temperature (NEST) model.” (Please see 

line 342-343 in the revised clean version manuscript). 

 

Q[22]: Line 353: revise “station” to “stations” 

Reply: We have revised as suggested (Please see line 356 in the revised clean version 

manuscript). 

 

Q[23]: Line 366: “without the frozen soil scheme”. How the model was modified? and 

is the Figure S2 for the entire basin or just a grid? This is an important part of directly 

show the effects frozen ground on runoff. More description is needed, probably in the 

method section.  

Reply: We added some explanations about the model modification in section 3.4. 

Figure S2 is for entire basin (Please see line 302-306 in the revised clean version 

manuscript).  

 



Q[24]: Section 4.2: It would be useful include the trends of air temperature (annual, 

thawing and freezing seasons) in the analysis.  

 

Reply: We have added a table in supplement file (Table S2) and discussions in the 

manuscript as “Table S2 in the supplement material shows that annual mean air 

temperature increased by approximately 1.2℃ in the period of 2001 to 2010 comparing 

with the period of 1971 to 1980. And air temperature in the freezing season shows larger 

increase (approximately 1.4℃) than in the thawing season (1.1℃) between the two 

periods.” (Please see line 384-387 in the revised clean version manuscript). 

 

Q[25]: Line 407: “In contrast”. Not a real contrast. It is expected. Delete it.  

Reply: We have revised as suggested (Please see line 414 in the revised clean version 

manuscript). 

 

Q[26]: Line 434 “accurately reproduced” may be replace by “well reproduced” 

Reply: We have revised as suggested (Please see line 441 in the revised clean version 

manuscript). 

 

Q[27]: Line 453: is increasing in precipitation a factor?  

Reply: Increasing precipitation may be a factor, but it is not the major factor. 

 

Q[28]: Line 455-469. It is easy to understand that the volume of soil liquid water 

increases with the increase in the volume of unfrozen soils. The sentences in these lines 

are long and complicated. You may simplify them.  

Reply: We have simplified this part as suggested (Please see line 462-472 in the revised 

clean version manuscript). 

 

Q[29]: Lines 471-474: You need more evidence to support the causal relations. The 

correlation is only one evidence. See the specific comments.  

Reply: We have added new figures and analysis to support the causal relations as 

mentioned above (Please see line 481-491 in the revised clean version manuscript). 

 

Q[30]: Line 482: From Table 2, the increase probably is mainly due to increase in snow 

run off in thaw season.  

Reply: We have revised this sentence as “The increased runoff mainly came from 

increased precipitation and snowmelt in the thawing season.” (Please see line 495-496 

in the revised clean version manuscript) 

 

Q[31]: Line 484-485: revise “during the different seasons” to “between the two 

seasons”.  

Reply: We have revised as suggested (Please see line 498-499 in the revised clean 

version manuscript). 

 

Q[32]: Line 499, 506, 512: “change in frozen soil”. You may specify it as “thaw of 



frozen soil”  
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ABSTRACT: 19 

Frozen ground has an important role in regional hydrological cycles and ecosystems, 20 

especially on the Qinghai-Tibetan Plateau, which is characterized by high elevation and 21 

a dry climate. This study modified a distributed physically based hydrological model 22 

and applied it to simulate the long-term (from 1971 to 2013) change of frozen ground 23 

and its effect on hydrology in the upper Heihe basin located in the northeastern Qinghai-24 

Tibetan Plateau. The model was validated carefully against data obtained from multiple 25 

ground-based observations. Based on the model simulations, we analyzed the changes 26 

of frozen soils and their effects on the hydrology. The results showed that the permafrost 27 

area shrank by 9.5% (approximately 600 km2), especially in areas with elevation 28 

between 3500 m and 3900 m. The maximum frozen depth of seasonally frozen ground 29 

decreased at a rate of approximately 5.2 cm/10yr, and the active layer thicknessdepth 30 

over the permafrost increased by about 3.5 cm/10yr. Runoff increased significantly 31 

during cold seasons (November-March) due to the increase in liquid soil moisture 32 

caused by rising soil temperature. Areas where permafrost changed into seasonally 33 

frozen ground at high elevation showed especially large changes increase in runoff. 34 

Annual runoff increased due to increased precipitation, the base flow increased due to 35 

permafrost degradation, and the actual evapotranspiration increased significantly due 36 

to increased precipitation and soil warming. The groundwater storage showed an 37 

increasing trend, which indicated that the groundwater recharge was enhanced mainly 38 

due to the degradation of permafrost in the study area. 39 

KEYWORDS: permafrost; seasonally frozen ground; soil moisture; soil temperature; 40 
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1. Introduction 42 

Global warming has led to significant changes in frozen soils, including both permafrost 43 

and seasonally frozen ground at high latitudes and high altitudes (Hinzman et al., 2013; 44 

Cheng and Wu, 2007). Changes in frozen soils can greatly affect the land-atmosphere 45 

interaction and the energy and water balances of the land surface (Subin et al., 2013; 46 

Schuur et al., 2015), altering soil moisture, water flow pathways and stream flow 47 

regimes (Walvoord and Kurylyk, 2016). Understanding the changes in frozen soils and 48 

their impact on regional hydrology is important for water resources management and 49 

ecosystem protection in cold regions.  50 

Previous studies based on either the experimental observations or long-term 51 

meteorological or hydrological observations have examined changes in frozen soils and 52 

their impacts on hydrology. Several studies reported that permafrost thawing might 53 

enhance base flow in the Arctic and the Subarctic (Walvoord and Striegl, 2007; Jacques 54 

and Sauchyn, 2009; Ye et al., 2009) and in northeast China (Liu et al., 2003; Duan et 55 

al., 2017). A few studies reported that permafrost thawing might reduce the river runoff 56 

(This paper defines the rIn this paper, runoff  as allmeans total amount of liquid water 57 

flowing out ofleaving the study area. region), especially in the Qinghai-Tibetan Plateau 58 

(e.g. Qiu, 2012; Jin et al., 2009). Intensive fField experiments observations were usually 59 

carried out at small spatial scales over short periods, which lacked the regional pattern 60 

and long-term trends of the frozen soils, . and And the long-term meteorological and 61 

hydrological observations did not provide detailed data on soil freezing and thawing 62 

processes (McClelland et al., 2004; Liu et al., 2003; Niu et al., 2011). Therefore, the 63 
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previous observation-based studies have not provided a sufficient understanding of the 64 

long-term changes in frozen soils and their impact on regional hydrology (Woo et al., 65 

2008). 66 

Hydrological models have been coupled with soil freezing-thawing schemes to 67 

simulate impacts of the changes in frozen soils on catchment hydrology. Several 68 

hydrological models (Rawlins et al., 2003; Chen et al., 2008) used simple freezing-69 

thawing schemes, which could not simulate the vertical soil temperature profiles. The 70 

SiB2 model (Sellers et al., 1996), the modified VIC model (Cherkauer and Lettenmaier, 71 

1999) and the CLM model (Oleson et al., 2010) simulate the vertical soil freezing-72 

thawing processes, but they represent the hydrological processes especially the flow 73 

routing at the catchment scale by, in simplifiedoverly simple ways. Subin et al. (2013) 74 

and Lawrence et al. (2015) used the CLM model to simulate the global change of 75 

permafrost. Cuo et al. (2015) used the VIC to simulate frozen soil degradation and its 76 

hydrological impacts at the plot scale in the headwater of the Yellow River. The GEOtop 77 

model (Endrizzi et al., 2014) simulates three-dimensional water flux and vertical heat 78 

transfer in soil, but it is difficult to apply to regional scales. Wang et al. (2010) and 79 

Zhang et al. (2013) incorporated frozen soil schemes in a distributed hydrological 80 

model and showed improved performance in a small mountainous catchment. More 81 

regional studies are necessary for better understanding of the frozen soil changes and 82 

their impacts on the regional hydrology and water resources.  83 

The Qinghai-Tibetan Plateau is known as Asia’s water tower, and runoff changes 84 

on the plateau have significant impacts on water security in the downstream regions 85 
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(Walter et al., 2010), which have received an increasing amount of attention in recent 86 

years (Cuo et al., 2014). Hydrological processes on tThe Qinghai-Tibetan Plateau, 87 

which  is characterized by high elevation and cold climate. Cryospheric processes 88 

have great impacts on its hydrological processes are greatly influenced by cryospheric 89 

processes (Cheng and Jin, 2013; Cuo et al., 2014). In contrast with the Arctic and 90 

Subarctic, the permafrost thickness on the Qinghai-Tibetan Plateau is relatively thin 91 

and warm, and the frozen depth of the seasonally frozen soils is also relatively shallow. 92 

As a result, the frozen soils on the Qinghai-Tibetan Plateau are more sensitive to air the 93 

temperature rising (Yang et al., 2010), and the changes of frozen soils may have more 94 

significant impacts on regional hydrology. 95 

An evident increase in the annual and seasonal air temperature has been observed 96 

in the Qinghai-Tibetan Plateau (Li et al., 2005; Liu and Chen, 2000; Zhao et al., 2004). 97 

Several studies have shown the changes of frozen soils based on long-term observations. 98 

For example, Cheng and Wu (2007) analyzed the borehole observations of soil 99 

temperature profiles on the Qinghai-Tibetan Plateau and found that the active layer 100 

thickness of frozen soils increased by 0.15-0.50 m during the period of 1996-2001. 101 

Zhao et al. (2004) found a decreasing trend of freezing depth in the seasonally frozen 102 

soils using observations at 50 stations. Several studies have analyzed the relationship 103 

between the change of frozen soils and river discharge using the observed data (Zhang 104 

et al., 2003; Jin et al., 2009; Niu et al., 2011). However, the spatio-temporal 105 

characteristics of the long-term change in frozen soils are not sufficiently clear. Based 106 

on comprehensive field experiments (Cheng et al., 2014), Having comprehensive 107 
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experiments carried out by a major research plan, titled “Integrated research on the 108 

ecohydrological processes of the Heihe basin” funded by the National Natural Science 109 

Foundation of China (NSFC) (Cheng et al., 2014), a hydrological model coupling 110 

cryospheric processes and hydrological processes has been developed (Gao et al., 2016). 111 

This provides a solid basis upon which to analyze the spatio-temporal changes in frozen 112 

soils and their impacts on the regional hydrology in the upper Heihe basin located on 113 

the northeastern Qinghai-Tibetan Plateau. 114 

On the basis of the previous studies, this study aims to: (1) explore the spatial and 115 

temporal changes of frozen soils using a distributed hydrological model with 116 

comprehensive validation and (2) analyze the hydrological responses to the change of 117 

frozen soils during the past 40 years in the upper Heihe basin.  118 

2. Study Area and Data 119 

2.1 The Heihe River and the upper Heihe basin 120 

The Heihe River is one of the major inland basins in northwestern China. As shown in 121 

Figure 1, the upper reaches of the Heihe River are located on the northeastern Qinghai-122 

Tibetan Plateau at an elevation of 2200 to 5000 m with a drainage area of 10,009 km2.  123 

The upper reaches provide the majority of the water supplied to the middle and lower 124 

reaches (Cheng et al., 2014). The annual precipitation in the upper Heihe basin ranges 125 

from 200 to 700 mm, and the mean annual mean air temperature ranges from -9 to 5℃. 126 

Permafrost dominates the high elevation region above 3700 m (Wang et al., 2013), and 127 

seasonal frozen ground covers other parts of the study area. Glaciers are found at an 128 

elevation above 4000 m, covering approximately 0.8% of the upper Heihe basin. There 129 
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are two tributaries (East and West Tributaries) in the upper Heihe basin, on which two 130 

hydrological stations are located, namely, Qilian (on the east tributary) and Zhamashike 131 

(on the west tributary). The outlet of the upper Heihe basin has a hydrological station, 132 

namely, Yingluoxia (see Figure 1). 133 

2.2  Data used in the study 134 

(1) Forcing data of the hydrological model 135 

The spatial data used in this study includes the atmospheric forcing data, the land 136 

surface data and the actual evapotranspiration data based on remote sensing. The 137 

atmospheric forcing data used to drive the hydrological model include a 1-km gridded 138 

dataset of daily precipitation, air temperature, sunshine hours, wind speed and relative 139 

humidity. The gridded daily precipitation was interpolated from observations at 140 

meteorological stations (see Figure 1) provided by the China Meteorological 141 

Administration (CMA) using the method developed by Wang et al. (2017) provided by 142 

the China Meteorological Administration (CMA). The other atmospheric forcing data 143 

were interpolated by observations at meteorological stations using the inverse distance 144 

weighted method. The interpolation of air temperature considers the temperature 145 

gradient with elevation which was provided by the HiWATER experiment (Li et al., 146 

2013). 147 

The land surface data used to build run the model include land use, topography, 148 

leaf area index, and soil parameters. The topography data were obtained from the SRTM 149 

dataset (Jarvis et al., 2008) with a spatial resolution of 90 m. The land use/cover data 150 

were provided by the Institute of Botany, Chinese Academy of Sciences (Zhou and 151 
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Zheng, 2014). The leaf area index (LAI) data with 1-km resolution were developed by 152 

Fan (2014). The soil parameters were developed by Song et al. (2016); they include the 153 

saturated hydraulic conductivity, residual soil moisture content, saturated soil moisture 154 

content, soil sand matter content, soil clay matter content and soil organic matter 155 

content. MMonthly actual evapotranspiration data with 1-km resolution during the 156 

period of 2002-2012 estimated based on remote sensing data (Wu et al., 2012; Wu, 157 

2013) were used to evaluate the model-simulated evapotranspiration. 158 

(2) Data used for model calibration and validation 159 

This study uses the observed daily river discharge data from the Yingluoxia, Qilian 160 

and Zhamashike stations, the daily soil temperature of different depths from the Qilian 161 

station and the daily frozen depths from the Qilian and Yeniugou stations for model 162 

calibration and validation. Field observation data used in this study includes river 163 

discharge, soil temperature, frozen depth, soil moisture and borehole observation. Daily 164 

river discharge data were obtained from the Hydrology and Water Resources Bureau of 165 

Gansu Province. Daily soil temperature data collected at the Qilian station from January 166 

1, 2004 to December 31, 2013, and daily frozen depth data collected at the Qilian and 167 

Yeniugou stations from January 1, 2002 to December 31, 2013 were provided by CMA.  168 

To investigate the spatial distribution of permafrost, boreholes were drilled during 169 

the NSFC major research plan. Temperature observations from six boreholes, whose 170 

location are shown in Figure 1, were provided by Wang et al. (2013). The borehole 171 

depths are 100 m for T1, 69 m for T2, 50 m for T3, 90 m for T4, and 20 m for T5 and 172 

T7. Monthly actual evapotranspiration data with 1-km resolution during the period of 173 
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2002-2012 estimated based on remote sensing data (Wu et al., 2012; Wu, 2013) were 174 

used to evaluate the model-simulated evapotranspiration. We also used field 175 

observations of the hourly liquid soil moisture to validate the model simulation of soil 176 

moisture profiles. The HiWATER experiment (Li et al., 2013; Liu et al., 2011) provided 177 

the soil moisture data from January 1 to December 31, 2014 at the A’rou Sunny Slope 178 

station (100.52 E, 38.09 N). 179 

3. Methodology 180 

3.1 Brief introduction of the hydrological model  181 

This study used a distributed eco-hydrological model GBEHM (geomorphology-based 182 

ecohydrological model), which was developed in an integrated research project under 183 

the major research plan “Integrated research on the ecohydrological process of the 184 

Heihe River Basin” (by Yang et al. ,( 2015) and ; Gao et al., . (2016)) based on the 185 

geomorphology-based hydrological model (Yang et al., 1998 and 2002; Cong et al., 186 

2009). GBEHM is a spatial distributed model for catchmentlarge- scale river basin. It 187 

employs the geomorphologic area function and width functionproperties to reduce the 188 

lateral two-dimensions into one-dimension for flow routing within a sub-catchment, 189 

which greatly improves the computation efficiency while retaining the spatial 190 

heterogeneity in water flow paths at basin scaledescription. As shown in Figure 2, the 191 

GBEHM used a 1-km grid system to discretize the study catchment, and the study 192 

catchment was divided into 251 sub-catchments. A sub-catchment was further divided 193 

into flow-intervals along its main stream. To capture the sub-grid topography, each 1-194 

km grid was represented by a number of hillslopes with an average length and gradient, 195 
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but different aspect, which were estimated from the 90-m DEM. The terrain properties 196 

of a hillslope include the slope length and gradient, slope aspect, soil type and 197 

vegetation type (Yang et al., 2015).  198 

The hillslope is the basic unit for the hydrological simulation, upon which the water 199 

and heat transfers (both conduction and convection) in the vegetation canopy, 200 

snow/glacier, and soil layers are simulated. The canopy interception, radiation transfer 201 

in the canopy and the energy balance of the land surface are described using the 202 

methods used inof SIB2 (Sellers et al., 1985, 1996). The surface runoff on the hillslope 203 

is solved using the kinematic wave equation. The groundwater aquifer is considered as 204 

individual storage units corresponding to each grid. Exchange between the groundwater 205 

and the river water is calculated using Darcy's law (Yang et al., 1998, 2002).  206 

The model runs with a time step of 1 hour. Runoff generated from the grid is the 207 

lateral inflow into the river at the same flow interval in the corresponding sub-208 

catchment. Flow routing in the river network is calculated using the kinematic wave 209 

equation following the sequence determined by the Horton-Strahler scheme (Strahler, 210 

1957). The model is driven by the atmosphere forcing data and land surface data which 211 

are introduced in section 2. 212 

3.2 Simulation of cryospheric processes 213 

The simulation of cryospheric processes in GBEHM includes glacier ablation, snow 214 

melt, and soil freezing and thawing.  215 

(1) Glacier ablation 216 

Glacier ablation is simulated using an energy balance model (Oerlemans, 2001) as:  217 
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            (1 )M in out H L G RQ SW LW LW Q Q Q Q                       (1) 218 

where QM is the net energy absorbed by the surface of the glacier (W/m2); SW is the 219 

incoming shortwave radiation (W/m2); α is the surface albedo; LWin is the incoming 220 

longwave radiation (W/m2); LWout is the outgoing longwave radiation (W/m2); QH is 221 

the sensible heat flux (W/m2); QL is the latent heat flux (W/m2); QR is the energy from 222 

rainfall (W/m2); and QG is the penetrating shortwave radiation (W/m2). The surface 223 

albedo is calculated as (Oerlemans and Knap, 1998): 224 

                    

*/)( dh

snowicesnow e 
                       (2) 225 

where αsnow is the albedo of snow on the glacier surface; αice is the albedo of the ice 226 

surface; h is the snow depth on the glacier surface (m); d* is a parameter of the snow 227 

depth effect on the albedo (m).  228 

The amount of melt water is calculated as (Oerlemans, 2001): 229 
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where dt is the time step used in the model (s) and Lf is the latent heat of fusion (J/kg). 231 

(2) Snow melt 232 

A multi-layer snow cover model is used to describe the mass and energy balance of 233 

snow cover. The parametrization of snow is based on Jordan (1991), and each snow 234 

layer is described by two constituents, namely, ice and liquid water. For each snow layer, 235 

temperature is solved using an energy balance approach (Bartelt and Lehnin, 2002): 236 
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where Cs is the heat capacity of snow (J·m−3·K−1); Ts is the temperature of the snow 238 

layer (K); i  is the density of the ice (kg/m3); i is the volumetric ice content; 239 
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sK is the thermal conductivity of snow (W·m−1·K−1); Lf is the latent heat of ice fusion 240 

(J/kg) ; IR is the radiation transferred into the snow layer (W/m2) and QR is the energy 241 

brought by rainfall (W/m2) which is only considered for the top snow layer. The solar 242 

radiation transfer in the snow layers and the snow albedo are simulated using the 243 

SNICAR model which is solved using the method developed by Toon et al. (1989). Eq. 244 

(4) is solved using an implicit centered finite difference method, and a Crank-Nicholson 245 

scheme is employed.  246 

The mass balance of the snow layer is described as (Bartelt and Lehnin, 2002): 247 
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where l  is the density of the liquid water (kg/m3); l is the volumetric liquid water 250 

content; Ul is the liquid water flux (kg·m-2·s−1); Miv is the mass of ice that is changed 251 

into vapour within a time step (kg·m-3·s−1); Mil is the mass of ice that is changed into 252 

liquid water within a time step (kg·m-3·s−1); and Mlv is the mass of liquid water that is 253 

changed into vapour within a time step (kg·m-3·s−1). The liquid water flux of the snow 254 

layer is calculated as (Jordan, 1991): 255 
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where k is the hydraulic permeability (m2), μl is dynamic viscosity of water at 0 ℃257 

(1.787×10-3 N s/m2), l  is the density of liquid water (kg/m3) and g is gravitational 258 

acceleration (m/s2). The water flux of the bottom snow layer is considered snowmelt 259 

runoff.  260 

(3) Soil freezing and thawing 261 
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The energy balance of the soil layer is solved as (Flerchinger and Saxton, 1989): 262 
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where Cs is the volumetric soil heat capacity (J·m−3·K−1); T is the temperature (K) of 264 

the soil layers; z is the vertical depth of the soil (m); i  is the volumetric ice content; 265 

i  is the density the ice (kg/m3); λs is the thermal conductivity (W·m−1·K−1); l  is 266 

the density of liquid water (kg/m3); and lc  is the specific heat of liquid water 267 

(J·kg−1·K−1). In addition, ql is the water flux between different soil layers (m/s) and is 268 

solved using the 1-D vertical Richards equation. The unsaturated soil hydraulic 269 

conductivity is calculated using the modified van Genuchten’s equation (Wang et al., 270 

2010) as: 271 
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where K is the unsaturated soil hydraulic conductivity (m/s); satK  is the saturated soil 273 

hydraulic conductivity (m/s); l  is the volumetric liquid water content; s  is the 274 

saturated water content; r  is the residual water content; m is an empirical parameter 275 

in van Genuchten’s equation and fice is an empirical hydraulic conductivity reduction 276 

factor which is calculated using soil temperature as (Wang et al., 2010): 277 

                  105.0)],(10exp[  ficeTTf soilfice             (10) 278 

where Tf is 273.15 K and Tsoil is the soil temperature.  279 

Eq. (8) solves the soil temperature with the upper boundary condition as the heat flux 280 

into the top surface soil layer. When the ground is not covered by snow, the heat flux 281 

from the atmosphere into the top soil layer is expressed as (Oleson et al., 2010): 282 

                        Rgggg QEHLSh                      (11) 283 
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where h is the upper boundary heat flux into the soil layer (W m-2); Sg is the solar 284 

radiation absorbed by the top soil layer (W m-2); Lg is the net long wave radiation 285 

absorbed by the ground (W m-2), Hg is the sensible heat flux from the ground (W m-2); 286 

λEg is the latent heat flux from the ground (W m-2); and QR is the energy brought by 287 

rainfall (W/m2). When the ground is covered by snow, the heat flux into the top soil 288 

layer is calculated as: 289 

                           GIh p                             (12) 290 

where Ip is the radiation that penetrates the snow cover, and G is the heat conduction 291 

from the bottom snow layer to the top soil layer. Eq (8) is solved using a finite difference 292 

scheme with an hourly time step which is similar with the solutions of Eq (4).  293 

To simulate the permafrost we consider an underground depth of 50 m. We  and 294 

assume the bottom boundary condition as zero heat flux exchange due to the data 295 

limitation. This assumption may not be true because the observed soil temperature 296 

increased with depth in the deep layer. The vertical soil column is divided into 39 layers 297 

in the model (see Figure 2). As shown in Figure 2, thinner layers are used at the depth 298 

from 1.7 to 3 m forto better capturinge the maximum frozen depth according to the field 299 

observations. The topsoil of 1.7 m is subdivided into 9 layers. The first layer is 5 cm, 300 

and the soil layer thickness increases with depth linearly from 5 cm to 30 cm up to the 301 

depths of 0.8 m and later decreases linearly with depth to 10 cm up to the depths of 1.7 302 

m.  There are 12 soil layers from 1.7 m to 3.0 m with a constant thickness of 10 cm. 303 

From the depth of 3 m to 50 m, there are 18 layers with thickness increasing 304 

exponentially from 10 cm to 12 m. The liquid soil moisture, ice content, and soil 305 
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temperature of each layer is calculated at each time step. The soil heat capacity and soil 306 

thermal conductivity are estimated using the method developed by Farouki (1981).  307 

3.3 Model calibration 308 

We To initialize the model, we first estimated the soil temperature profiles based on 309 

the assumption assume that there is a linear relationship between soil temperature and 310 

elevation at the same depth below surface. The relationship between soil temperature 311 

at a specific depth and elevation is estimated from the observed soil temperature at 6 312 

boreholes (see Figure 1). For spin up run, the initial soil temperatures at different depths 313 

for all grids of the whole study area were interpolated from the borehole observations 314 

using this relationship. Next, the model had a 500 year spin up run to specify the initial 315 

values of the hydrological variables (e.g., soil moisture, soil temperature, soil ice 316 

content, and groundwater table) by repeating the atmospheric forcing data from 1961 317 

to 1970. 318 

The period of 2002 to 2006 was used for model calibration and the period of 2008 to 319 

2012 was for model validation. The daily soil temperature at the Qilian station and the 320 

frozen depths at the Qilian and Yeniugou stations were used to calibrate the soil 321 

reflectance according to vegetation type. The other parameters such as groundwater 322 

hydraulic conductivity were calibrated according to the observed baseflow discharge in 323 

the winter season at the Qilian, Zhamashike and Yingluoxia stations. We calibrated the 324 

surface retention capacity and surface roughness to match the observed flood peaks, 325 

and calibrated the leaf reflectance, leaf transmittance and maximum Rubsico capacity 326 

of the top leaf based on the remote sensing evapotranspiration data. Table 1 shows the 327 
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major parameters used in the model.  328 

3.4 SimulationModel case without the frozen soil schemeand scenario 329 

AOne simulation casescenario without the frozen soil scheme is designed to 330 

investigate the impact of frozen soil on the hydrological processes. In this scenariocase, 331 

the phase transition of soil water between the solid and the liquid is not considereda 332 

model without the frozen soil scheme is set up. The modified model is identical to the 333 

current version of GBEHM except that except that phase changes of water between 334 

liquid and solid states are not considered in soil, although soil temperatures isare still 335 

simulated. Other processes are simulated as the same as the normal run. 336 

4. Results  337 

4.1 Validation of the hydrological model 338 

We carried out a comprehensive validation of the GBEHM model using the soil 339 

temperature profiles observed at six boreholes, long-term observations of the soil 340 

temperature and frozen depths at two CMAthe Qilian and Zhamashike stations, soil 341 

moisture observations at the A’rou Sunny Slope one HiWATER station, long-term 342 

observations of streamflow at three hydrological stations shown in Figure 1 and 343 

monthly actual evapotranspiration estimated from remote sensing data.  344 

Figure 3 shows the comparison of the model-simulated and observed soil 345 

temperature profiles at six boreholes. The model was generally accurate in capturinged 346 

the vertical distribution of the soil temperature at T1, T2, T3 and T4 in the permafrost 347 

area, but overestimations were produced above 20 m depth for T1 and T3. Good 348 

agreement between the simulated and observed soil temperature profiles below the 349 
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depth of 20 m is probably due to fitting of initial values. This implies that the 350 

temperature in the deep soil is stable, which is confirmed by the comparison of 351 

temperature profiles in different years as shown in Figure S1 in the supplemental file. 352 

Figure S1 also illustrates that temperature above 20 m shows significant increasing 353 

trends in the past 40 years. The errors in simulating the vertical temperature profile near 354 

the surface might be caused by simplification of the 3-D topography. At T5 located in 355 

seasonally frozen ground, the simulated soil temperature profile did not agree well with 356 

that observed at depth of 4-20 m. This error might also be related to the heterogeneity 357 

of soil properties, especially the thermal conductivity and heat capacity since no such 358 

information is available. The model simulation agrees well with the borehole 359 

observation at T7, which is located at the transition zone from permafrost to seasonally 360 

frozen ground. This indicates that the model can identify the boundary of the permafrost 361 

and the seasonally frozen ground.  362 

We also validated model simulation of the freezing/thawing cycles based on long-363 

term observations of soil temperature and frozen depth. Figure 4 compares the 364 

simulated soil temperature with the observed temperature at the Qilian station, which 365 

is located in the seasonally frozen ground (observed daily soil temperature data are 366 

available from 2004 on). Generally, the model simulations accurately captured the 367 

seasonal changes in soil temperature profile. Validation of the soil temperature at 368 

different depths (5 cm, 10 cm, 20 cm, 40 cm, 80 cm, 160 cm, and 320 cm) showed that 369 

the root mean square error (RMSE) decreases with increasing depth. The RMSE were 370 

approximately 2.5℃ for the top three depths (5 cm, 10 cm and 20 cm). The RMSE  371 
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for depths of 40 cm and 80 cm were 1.7℃ and 1.5℃, respectively, and the RMSE was 372 

0.9℃ at a depth of 3.2 m. This result is similar with the findings by Ou et al. (2016) 373 

using the Northern Ecosystem Soil Temperature (NEST) model. We compared the 374 

model-simulated daily frozen depth with in situ observations at the Qilian and Yeniugou 375 

Stations from 2002 to 2014, as shown in Figure 5. The model reproduced well the daily 376 

variations in frozen depth although the depth was underestimated by approximately 50 377 

cm at the Yeniugou station. In general, the validation of soil temperature and frozen 378 

depth indicates that the model captured well the freezing and thawing processes in the 379 

upper Heihe basin.  380 

The observed hourly liquid soil moisture at the A’rou Sunny Slope station was used 381 

for an additional independent validation. Figure 6 shows the comparison between the 382 

simulated and observed liquid soil moisture at different depths from January 1 to 383 

December 31 in 2014. By comparing with the observed liquid soil moisture, we can see 384 

that the model simulation is reasonable. 385 

Figure 7 compares the model simulated and the observed daily streamflow discharge 386 

at the Yingluoxia, Qilian and Zhamashike stations. The model simulation agreed well 387 

with the observations. The model simulation captured the flood peaks and the 388 

magnitude of base flow in both of the calibration and validation periods. In the 389 

calibration period, the Nash-Sutcliffe efficiency (NSE) coefficients were 0.64, 0.65 and 390 

0.70 for the Yingluoxia, Qilian and Zhamashike stations, respectively; in the validation 391 

period, the NSE values were 0.65, 0.60, and 0.75, respectively. The relative error (RE) 392 

was within 10% for both the calibration and validation periods (see Figure 7). Figure 8 393 



 

20 

shows the comparison of the model-simulated monthly actual evaporation and remote 394 

sensing-based evaporation data for the entire calibration and validation periods. The 395 

GBEHM simulation showed similar temporal variations in actual evapotranspiration 396 

compared with the remote sensing based estimation, and the RMSE of the simulated 397 

monthly evapotranspiration was 8.0 mm in the calibration period and 6.3 mm in the 398 

validation period.  399 

The model simulated river discharges with and without the frozen soil scheme were 400 

compared. Table S1 in the supplement material shows that model with the frozen soil 401 

scheme achieves better simulation of the daily hydrograph than the model without the 402 

frozen soil scheme. Figure S2 in the supplement material shows that the model without 403 

the frozen soil scheme overestimated the river discharge in the freezing season and 404 

underestimated flood peaks in the warming season.  405 

4.2 Long-term changes in frozen soils 406 

In the upper Heihe basin, the ground surface starts freezing in November and thawing 407 

initiates in April (Wang et al., 2015a). From November to March, the ground surface 408 

temperature is below 0℃ in both the permafrost and seasonally frozen ground regions, 409 

and precipitation mainly falls in the period from April to October. Therefore, a year is 410 

subdivided into two seasons, i.e., the freezing season (November to March) and the 411 

thawing season (April to October) to investigate the changes in frozen soils and their 412 

hydrological impact. Increasing precipitation and air temperature in the study area in 413 

both seasons in the past 50 years was reported in a previous study (Wang et al., 2015b). 414 

Table S2 in the supplement material shows that annual mean air temperature increased 415 
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by approximately 1.2℃ in the period of 2001 to 2010 comparing with the period of 416 

1971 to 1980. And air temperature in the freezing season shows larger increase 417 

(approximately 1.4℃) than in the thawing season(1.1℃) between these two periods.  418 

Figure 9 shows the changes in the basin-averaged soil temperature in the freezing 419 

and thawing seasons. The soil temperature increased in all seasons, especially in the 420 

past 30 years. The increasing trend of soil temperature was larger in the freezing season 421 

than in the thawing season. In the freezing season (Figure 9(a)), the top layer soil 422 

temperature was lower than the deep layer soil temperature. The linear trend of the top 423 

layer (0-0.5 m) soil temperature was 0.48℃/10yr and the trend of the deep layer (2.5-3 424 

m) soil temperature was 0.34℃/10yr. The soil temperature in the deep layer (2.5-3 m) 425 

changed from -1.1℃ in the 1970s to approximately 0℃ in the most recent decade. In 426 

the thawing season (see Figure 9(b)), the increasing trend of the top layer (0-0.5 m) soil 427 

temperature (0.29℃/10yr) was greater than the trend of the deep layer (2.5-3 m) soil 428 

temperature (0.21℃/10yr). The warming trend is larger in shallow soils and this is 429 

because the surface heat flux is impeded by the thermal inertia as it penetrates to greater 430 

depths. 431 

Permafrost is defined as ground with a temperature at or below 0℃ for at least two 432 

consecutive years (Woo, 2012). This study differentiated permafrost from seasonally 433 

frozen ground based on the simulated vertical soil temperature profile in each grid. For 434 

each year in each grid, the frozen ground condition was determined by searching the 435 

soil temperature profile within a four-year window from the previous three years to the 436 

current year. Figure 10 shows the change in permafrost area during 1971-2013. As 437 
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shown in Figure 10(a), the permafrost areas decreased by approximately 9.5% (from 438 

6445 km2 in the 1970s to 5831 km2 in the 2000s), indicating evident degradation of the 439 

permafrost in the upper Heihe basin in the past 40 years.  440 

Figure 10 (b) shows the changes in the basin-averaged maximum frozen depth for 441 

the seasonally frozen ground areas and active layer thickness over the permafrost areas. 442 

The basin-averaged annual maximum frozen depth showed a significant decreasing 443 

trend (5.2 cm/10yr). In addition, the maximum frozen depth had a significantly negative 444 

correlation with the annual mean air temperature (r = -0.73). In contrast, aAn increasing 445 

trend of active layer thickness in the permafrost regions was observed (3.5 cm/10yr), 446 

which had a significantly positive correlation with the annual mean air temperature.  447 

Figure 11 shows the frozen soil distributions in the period of 1971 to 1980 and in the 448 

period of 2001 to 2010. Comparing the frozen soil distributions of the two periods, 449 

major changes in frozen soils were observed on the sunny slopes at elevations between 450 

3500 and 3700 m, especially in the west tributary, where large areas of permafrost 451 

changed into seasonally frozen ground.  452 

Figure 12 shows the monthly mean soil temperature over the areas with elevation 453 

between 3300 and 3500 m and over areas with elevation between 3500 and 3700 m in 454 

the upper Heihe basin. In the areas with elevation between 3300 and 3500 m located in 455 

the seasonally frozen ground region, as shown in Figure 12(a), the frozen depth 456 

decreased and the soil temperature in the deep layer (with depth greater than 2 m) 457 

increased. Figure 12(b) shows that the increase in soil temperature was larger in the 458 

area with higher elevation (3500-3700 m). This figure shows that the thickness of the 459 
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permafrost layer decreased as soil temperature increased, and the permafrost changed 460 

into seasonally frozen ground after 2000. 461 

4.3 Changes in the water balance and runoff 462 

Table 2 shows the decadal changes in the annual water balance from 1971 to 2010 463 

based on the model simulation. The annual precipitation, annual runoff and annual 464 

runoff ratio had the same decadal variation; however the annual evapotranspiration 465 

maintained an increasing trend since the 1970s which was consistent with the rising air 466 

temperature and soil warming. Although the actual evapotranspiration increased, the 467 

runoff ratio remained stable during the 4 decades because of the increased precipitation. 468 

The changes in runoff (both simulated and observed) in different seasons are shown 469 

in Figure 13 and Table 2. The model-simulated and observed runoff both showed a 470 

significant increasing trend in the freezing season and in the thawing season. This 471 

indicates that the model simulation well accurately reproduced the observed long-term 472 

changes. In the freezing season, since there was no glacier melt and snow melt (see 473 

Table 2), runoff was mainly the subsurface flow (groundwater flow and lateral flow 474 

from the unsaturated zone). In the thawing season, as shown in Table 2, snowmelt 475 

runoff contributed approximately 16% of the total runoff and glacier runoff contributed 476 

only a small fraction of total runoff (approximately 2.4%). Therefore, rainfall runoff 477 

was the major component of total runoff in the thawing season, and the runoff increase 478 

in the thawing season was mainly due to increased rainfall. As shown in Figure 13, the 479 

actual evapotranspiration increased significantly in both seasons due to increased 480 

precipitation and soil warming. The increasing trend of the actual evapotranspiration 481 
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was higher in the thawing season than in the freezing season.  482 

Figure 14 shows the changes in the basin-averaged annual water storage in the top 483 

0-3 m layer and the groundwater storage. The annual liquid water storage of the top 0-484 

3 m showed a significant increasing trend especially in the most recent 3 decades. This 485 

long-term change in liquid water storage was similar to the runoff change in the freezing 486 

season, as shown in Figure 13 (a), with a correlation coefficient of 0.80. The annual ice 487 

water storage in the top 0-3 m soil showed significant decreasing trend due to frozen 488 

soils changes. Annual groundwater storage showed a significantly increasing trend 489 

especially in the most recent 3 decades, which indicates that the groundwater recharge 490 

increases with the frozen soil degradation.  491 

5. Discussion 492 

5.1 Impact of frozen soil changes on the soil moisture and runoff 493 

Based on the model simulated daily soil moisture, Llong-term changes of the 494 

spatially averaged liquid soil moistures in the region with elevation between 3300 and 495 

3500 m (covered by the seasonally frozen ground) and in the region with elevation 496 

between 3500 and 3700 m (where the permafrost changed into seasonally frozen ground) 497 

are shown in Figure S3 in the supplement material. In the seasonally frozen ground with 498 

elevation of 3300-3500 m, by comparing with the soil temperature shown in Figure 12 499 

(a), we can see that the liquid soil moisture increase was mainly caused by the decrease 500 

in the frozen depth. The liquid soil moisture in the deep soil layer increased significantly 501 

since the 1990s in the area with elevation of 3500-3700 m where the permafrost 502 

changed to seasonally frozen ground which is shown . Compared with the soil 503 
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temperature change shown in Figure 12 (b), . the liquid soil moisture increases in this 504 

region were primarily caused by the change of permafrost to seasonally frozen ground, 505 

This indicating indicates that the frozen soil degradation caused a significant increase 506 

in liquid soil moisture in both the freezing and thawing seasons. 507 

In the freezing season, since the surface ground is frozen, runoff is mainly subsurface 508 

flow coming from the seasonally frozen ground. Runoff has the highest correlation 509 

(r=0.82) with the liquid soil moisture in the freezing season, which indicates that the 510 

frozen soils change was the major cause of the increased liquid soil moisture, resulting 511 

in increased runoff in the freezing season. During the past 40 years, parts of the 512 

permafrost changed into seasonally frozen ground, and the thickness of the seasonally 513 

frozen ground decreased, which led to increased liquid soil moisture in the deep layers 514 

during the freezing season. The increase in liquid soil moisture also increased the 515 

hydraulic conductivity which enhanced the subsurface flow. Figure 15(c) shows the 516 

seasonal pattern of runoff in the permafrost area and seasonally frozen soils. From April 517 

to October (the thawing season), runoff in the permafrost area is much larger than in 518 

the seasonally frozen soils, but in the freezing season runoff in the permafrost area is 519 

lower than in the seasonally frozen soils. Figure S4 in the supplement material shows 520 

runoff changes from typical area (with elevation between 3500-3700 m) where covered 521 

by the permafrost in the period of 1971 to 1980 and changed into the seasonally frozen 522 

ground in the period of 2001 to 2010. This illustrates that thaw of permafrost increased 523 

the runoff in the freezing season and slowed recession processes in autumn. The 524 

increase in freezing season runoff and shift in the seasonal flow pattern are also 525 
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illustrated by the model simulation without frozen soil scheme as shown in Figure S2.   526 

In the thawing season from April to October, the thickness of the seasonally frozen 527 

ground rapidly decreased to zero and the thaw depth of permafrost reached the 528 

maximum. Runoff in the thawing season was mainly rainfall runoff, as shown in Table 529 

2. The increased runoff mainly came from increased precipitation and snowmelt in the 530 

thawing season.  531 

Figure 15 shows the changes in areal mean runoff along the elevation for different 532 

seasons. There was a large difference in runoff variation with the elevation between the 533 

two during the different seasons. In the freezing season, the runoff change from the 534 

1970s to the 2000s in the areas of seasonally frozen ground (mainly located below 3500 535 

m, see Figure 11) was relatively small. The areas with elevations of 3500 to 3900 m 536 

showed larger changes in runoff. This is due to the shift from permafrost to seasonally 537 

frozen ground in some areas in the elevation range of 3500 to 3900 m, as simulated by 538 

the model, particularly for the sunny hillslopes (see Figure 11). This finding illustrates 539 

that a change from the permafrost to the seasonally frozen ground has a larger impact 540 

on the runoff than a change in frozen depth in the seasonally frozen ground. In the 541 

thawing season, runoff increased with elevation due to the increase in precipitation with 542 

increasing elevation, and the runoff increase was mainly determined by increased 543 

precipitation (Gao et al., 2016). Precipitation in the region with elevation below 3100 544 

m was low, but air temperature was high. Runoff in this region decreased during 2001-545 

2010 compared to 1971-1980 because of higher evapotranspiration. 546 

5.2 Comparison with the previous similar studies 547 
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In this study, the model simulation showed that thaw of changes in frozen soils led 548 

to increased  freezing season runoff and base flow in the upper Heihe basin. This result 549 

is consistent with previous findings based on the trend analysis of streamflow 550 

observations in high latitude regions (Walvoord and Striegl, 2007; Jacques and Sauchyn, 551 

2009; Ye et al., 2009) and in northeast China (Liu et al., 2003). However, those studies 552 

did not consider spatial variability. This study found that the impact of the thaw of 553 

change in frozen soils on runoff had regional characteristics. In the upper Heihe basin 554 

(see Figure 15), a thaw of change in frozen soils led to increased runoff at higher 555 

elevations but led to decreased runoff at lower elevations during the freezing season. 556 

This implies that change of the freezing season runoff was strongly affected controlled 557 

by the permafrost degradation in the higher elevation region but by the evaporation 558 

increase in the lower elevation region due to the air temperature rising. However, runoff 559 

at the basin scale mainly came from the higher elevation regions. 560 

This study also showed that the thaw of change in frozen soils increased the soil 561 

liquid moisture in the upper Heihe basin, which is consistent with the finding of Subin 562 

et al. (2013) using the CLM model simulation in northern latitude permafrost regions, 563 

and the findings of Cuo et al. (2015) using VIC model simulation at 13 sites on the 564 

Tibetan Plateau. However, Lawrence et al. (2015) found that permafrost thawing caused 565 

soil moisture drying based on CLM model simulations for the global permafrost region. 566 

This might be related to the uncertainties in the soil water parameters and the high 567 

spatial heterogeneity of soil properties, which are difficult to consider in a global-scale 568 

model. Subin et al. (2013) and Lawrence et al. (2015) modelled the soil moisture 569 
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changes in the active layer of permafrost in large areas with coarse spatial resolution. 570 

This study revealed the spatio-temporal variability of soil moisture with high spatial 571 

resolution and analyzed the correlations with the change in frozen soils. 572 

Wu and Zhang (2010) focused on the changes in the active layer thickness at 10 sites 573 

in the permafrost region on the Tibetan Plateau and found a significant increasing trend 574 

during the period of 1995-2007, which is consistent with the result of this study. Jin et 575 

al. (2009) found decreased soil moisture and runoff due to the permafrost degradation 576 

based on observations at the plot scale in the source areas in the Yellow River basin. 577 

This result is different from the present study, possibly due to the difference of 578 

hydrogeological structure and the soil hydraulic parameters in the source area of the 579 

Yellow River from those in the upper Heihe basin. Wang et al. (2015a) focused on the 580 

change in the seasonally frozen ground in the Heihe River basin based on plot 581 

observations, and the increasing trend of the maximum frozen depth was estimated as 582 

4.0 cm/10yr during 1972-2006, which is consistent with the GBEHM model simulation 583 

in this study. The increase in groundwater storage illustrated in this study is also 584 

consistent with the finding of Cao et al. (2012) based on the GRACE data which showed 585 

that groundwater storage increased during the period of 2003~2008 in the upper Heihe 586 

basin. 587 

5.3 Uncertainty in simulation of the frozen soils 588 

Estimation of the change in permafrost area is a great challenge due to such complex 589 

factors as climatology, vegetation, and geology. Different methods produce large 590 

differences in their estimation results. Jorgenson et al. (2006) found a 4.4% decrease in 591 
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the area of permafrost in Arctic Alaska from 1982 to 2001 based on analyses of aerial 592 

photo. Guo et al. (2013) reported permafrost area for the whole Qinghai-Tibetan Plateau 593 

decreased from about 175.0×104 km2 in 1981 to 151.5×104 km2 with a relative change 594 

of 13.4%. Wu et al. (2005) reported that the permafrost area decreased by 12% from 595 

1975 to 2002 in the Xidatan basin, Qinghai-Tibetan Plateau based on a ground 596 

penetration radar survey. Jin et al. (2006) found an area reduction of 35.6% in island 597 

permafrost in Liangdaohe, which is located at the southern Qinghai–Tibet Highway, 598 

from 1975 to 1996. Chasmer et al. (2010) found a 30% reduction of the discontinuous 599 

permafrost area in the Northwest Territories, Canada from 1947 to 2008 based on 600 

remote sensing. Compared with the borehole observations by Wang et al. (2013) shown 601 

in Figure 2, this model slightly overestimated the soil temperature in permafrost areas, 602 

which might lead to overestimation of the rate of permafrost area reduction. 603 

There were two major uncertainties in the frozen soils simulation which may lead to 604 

overestimation: uncertainty in the land surface energy balance simulation and 605 

uncertainty in the simulation of the soil heat-water transfer processes (Wu et al., 2016). 606 

Uncertainty in the land surface energy balance simulation might result from the 607 

estimations of radiation and surface albedo due to the complex topography, vegetation 608 

cover and soil moisture distribution, which may introduce uncertainties in the estimated 609 

ground temperature and thermal heat flux into the deep layers. The uncertainty in 610 

simulation of soil heat-water transfer processes might result from the soil water and 611 

heat parameters and the bottom boundary condition of heat flux. For example, soil depth 612 

and fraction of rock in soil may greatly affect soil temperature simulation. Permafrost 613 
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degradation is closely related to the thermal properties of rocks and soils, geothermal 614 

flow and initial soil temperature and soil ice conditions. Figure S5 in the supplement 615 

material compares the results of simulation with zero thermal flux at the lower boundary 616 

and the results of simulation with thermal flux of 0.2 W/m2 (Estimated by geothermal 617 

gradient at T4 in Figure 3). It can be seen that the geothermal heat flux at the lower 618 

boundary causes slight increase in soil temperature below the depth of 30 m and it does 619 

not influence the soil temperature simulation in depth above 30 m. The lack of observed 620 

initial condition data could also cause uncertainty in the permafrost change estimation. 621 

Sub-grid topography effect may also affect the frozen soil simulation. For example, 622 

active layer thickness is different in the low valleys and high slopes due to different 623 

vegetation conditions, soil organic layers and shading by surroundings (Zhang et al., 624 

2013; O'Neill et al., 2015). This is not well considered in this study. For discontinuous 625 

permafrost, lateral heat flux may increase the thawing rate (Kurylyk et al., 2016; 626 

Sjöberg et al., 2016) and this effect is not considered in the present study. This may 627 

lead to underestimation of thawing rates of discontinuous permafrost, especially when 628 

high groundwater flow rate events occurin spring. In addition, uncertainties from input 629 

data, particularly the solar radiation which is estimated using interpolated sunshine hour 630 

data from limited observational stations and precipitation which is also interpolated by 631 

observations at these stations, may also influence the results of the model simulation. 632 

Due to the complexity of the distributed model and large number of model parameters, 633 

it is challenge to quantify overall simulation uncertainty. This work will be done in the 634 

future study. 635 
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6. Conclusions 636 

A distributed hydrological model coupled with cryospheric processes was carefully 637 

validated in the upper Heihe River basin using available observations of soil moisture, 638 

soil temperature, frozen depth, actual evaporation and streamflow discharge. Based on 639 

the model simulations from 1971 to 2013 in the upper Heihe River, the long-term 640 

changes in frozen soils were investigated, and the effect of the frozen soils change on 641 

hydrological processes were explored. Based on these analyses, the following 642 

conclusions can be drawn: 643 

(1) The model simulation suggests that 9.5% of permafrost areas degraded into 644 

seasonally frozen grounds in the upper Heihe River basin during the period of 1971 to 645 

2013, which predominantly occurred at the elevations between 3500 m and 3900 m. 646 

The decreasing trend of annual maximum frozen depth is estimated to be 5.2 cm/10yr 647 

for the seasonally frozen grounds, which is consistent with previous observation-based 648 

studies at plot scale. The increasing trend of active layer thickness is estimated to be 649 

3.5 cm/10yr in the permafrost regions.  650 

(2) Model simulated trends in runoff agree with the observed trends. In the freezing 651 

season (November-March), based on the model simulation, runoff was mainly sourced 652 

by subsurface flow which increased significantly in the higher elevation regions where 653 

significant frozen soil changes occurred. This finding implies that runoff increase in the 654 

freezing season is primarily caused by frozen soil changes (permafrost degradation and 655 

decrease of the seasonally frozen depth). In the thawing season (April-October), model 656 

simulation indicates that runoff mainly came from rainfall and showed an increasing 657 
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trend at the higher elevations, which can be explained by the increased precipitation. In 658 

both the freezing and thawing seasons, model simulated runoff decreased in the lower 659 

elevation region, which can be explained by increased evaporation due to the rising air 660 

temperature. 661 

(3) Model simulated changes in soil moisture and soil temperature indicates that 662 

annual storage of the liquid water increased especially in the most recent three decades, 663 

due to the change in frozen soils. Annual ice water storage in the top 0-3 m of soil 664 

showed a significant decreasing trend due to soil warming. Model simulated annual 665 

groundwater storage had an increasing trend, which is consistent with the changes 666 

observed by the GRACE satellite. This indicated that groundwater recharge in the upper 667 

Heihe basin was enhanced in recent decades. 668 

(4) Model simulation indicated that regions where the permafrost changed into the 669 

seasonally frozen ground had larger changes in runoff and soil moisture than the areas 670 

covered by seasonally frozen ground. 671 

For a better understanding of changes in frozen soils and their impact on 672 

ecohydrology, the interactions among the soil freezing-thawing processes, vegetation 673 

dynamics and hydrological processes need to be investigated in future studies. There 674 

are uncertainties in simulations of the frozen soils and the hydrological processes that 675 

might be related to the soil properties, the high spatial heterogeneity, and the assumption 676 

of zero geothermal heat flux at the lower boundaryparameterization of the lower soil 677 

boundary conditions, all of which warrant further investigation in the future.  678 

 679 
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Figure caption: 888 

Figure 1. The Study area, hydrological stations, borehole observation and flux tower stations  889 

Figure 2. Model structure and vertical discretization of soil column 890 

Figure 3. Comparison of the simulated and the observed soil temperature at borehole observation 891 

sites, and the observed data is provided by Wang et al. (2013) 892 

Figure 4. Daily soil temperature at the Qilian station: (a) observation; (b) simulation; (c) Simulation-893 

Observation  894 

Figure 5. Comparison of the simulated and observed daily frozen depths during the period of 2002-895 

2014 at: (a) the Qilian station, (b) the Yeniugou station 896 

Figure 6. Comparison of the simulated and the observed hourly liquid soil moisture at the A’rou 897 

Sunny Slope station 898 

Figure 7. Figure 7. Comparison of the simulated and the observed daily river discharge at: (a) the 899 

Yingluoxia Gauge, (b) the Qilian Gauge, and (c) the Zhamashike Gauge (The upper panel is 900 

calibration period, and the bottom panel is the validation period for each gauge))Comparison of the 901 

simulated and the observed daily river discharge at: (a) the Yingluoxia Gauge, (b) the Qilian Gauge, 902 

and (c) the Zhamashike Gauge. 903 

Figure 8. Comparison of the simulated and the remote sensing estimated actual evapotranspiration 904 

provided by Wu (2013) in the period of 2002~2012 905 

Figure 9. Changes of the mean soil temperature in different seasons: (a) the freezing season (from 906 

November to March) (b) the thawing season (from April to October) 907 

Figure 10. Change of the frozen soils in the upper Heihe basin: (a) areas of permafrost and basin 908 

averaged annual air temperature; (b) the basin averaged annual maximum frozen depth of the 909 
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seasonally frozen ground and the annual maximum thaw depth of the permafrost 910 

Figure 11. Distribution of permafrost and seasonally frozen ground: (a) distribution in the period of 911 

1971-1980; (b) distribution in the period of 2001-2010; (c) Areas where where permafrost changed 912 

into seasonally frozen ground (d) percentage of areas of permafrost on sunny slope; (e) percentage 913 

of areas of permafrost on shaded slope (the same legend as (d))Distribution of permafrost and 914 

seasonally frozen ground: (a) distribution in the period of 1971-1980; (b) distribution in the period 915 

of 2001-2010; (c) Areas where where permafrost changed into seasonally frozen ground (d) 916 

percentage of areas of permafrost and seasonally frozen ground on sunny slope; (e) percentage of 917 

areas of permafrost and seasonally frozen ground on shaded slope (the same legend as (d)) 918 

Figure 12. Spatial averaged monthly soil temperature during the period of 1971-2013 in different 919 

elevation intervals: (a) the seasonally frozen ground with elevation between 3300-3500 m; (b) the 920 

areas where permafrost changed to seasonally frozen ground with elevation between 3500-3700 m 921 

Figure 13. Changes of the runoff and actual evapotranspiration: (a) in the freezing season; (b) in the 922 

thawing season  923 

Figure 14. Changes of the annual water storage (equivalent water depth) during the period of 1971-924 

2013: (a) the liquid soil water storage of the top 0-3 m layer; (b) the ice water storage of the top 0-925 

3 m layer; (c) the groundwater storage 926 

Figure 15. Model simulated runoff change with elevation: (a) in the freezing season, (b) in the 927 

thawing season, and (c) seasonal pattern of the runoff in the permafrost areas and in the seasonally 928 

frozen ground areas in the period of 2001-2010.Model simulated changes of runoff: (a) in the 929 

freezing season, (b) in the thawing season  930 
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Figure 1. The Study area, hydrological stations, borehole observation and flux tower 934 

stations 935 
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Figure 2. Model structure and vertical discretization of soil column 938 
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 942 

Figure 3. Comparison of the simulated and the observed soil temperature at borehole 943 

observation sites, and the observed data is provided by Wang et al. (2013) 944 
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 945 

Figure 4 Daily soil temperature at the Qilian station: (a) observation; (b) simulation; 946 

(c) Simulation-Observation 947 
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 950 

Figure 5. Comparison of the simulated and observed daily frozen depths during the 951 
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period of 2002-2014 at: (a) the Qilian station, (b) the Yeniugou station 952 

 953 

 954 

 955 

Figure 6. Comparison of the simulated and the observed hourly liquid soil moisture at 956 

the A’rou Sunny Slope station 957 
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 959 



 

54 

Figure 7. Comparison of the simulated and the observed daily river discharge at: (a) 960 

the Yingluoxia Gauge, (b) the Qilian Gauge, and (c) the Zhamashike Gauge (The 961 

upper panel is calibration period, and the bottom panel is the validation period for 962 

each gauge)). 963 

 964 

 965 

 966 

Figure 8. Comparison of the simulated and the remote sensing estimated actual 967 

evapotranspiration provided by Wu (2013) in the period of 2002~2012  968 

 969 

 970 

 971 
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 972 

Figure 9. Changes of the mean soil temperature in different seasons: (a) the freezing 973 

season (from November to March) (b) the thawing season (from April to October) 974 

   975 

 976 

  977 

 978 
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979 



 

57 

 980 

Figure 10. Change of the frozen soils in the upper Heihe basin: (a) areas of permafrost 981 

and basin averaged annual air temperature; (b) the basin averaged annual maximum 982 

frozen depth of the seasonally frozen ground and the annual maximum thaw depth of 983 

the permafrost 984 

  985 
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986 

 987 

Figure 11. Distribution of permafrost and seasonally frozen ground: (a) distribution in 988 

the period of 1971-1980; (b) distribution in the period of 2001-2010; (c) Areas where 989 

where permafrost changed into seasonally frozen ground (d) percentage of areas of 990 

permafrost and seasonally frozen ground on sunny slope; (e) percentage of areas of 991 

permafrost and seasonally frozen ground on shaded slope (the same legend as (d)) 992 

 993 
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 995 

 996 

 997 

998 

 999 

Figure 12. Spatial averaged monthly soil temperature during the period of 1971-2013 1000 

in different elevation intervals: (a) the seasonally frozen ground with elevation 1001 

between 3300-3500 m; (b) the areas where permafrost changed to seasonally frozen 1002 

ground with elevation between 3500-3700 m  1003 

 1004 

 1005 
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1006 

 1007 

Figure 13. Changes of the runoff and actual evapotranspiration: (a) in the freezing 1008 

season; (b) in the thawing season 1009 

 1010 
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 1011 

Figure 14. Changes of the annual water storage (equivalent water depth) during the 1012 

period of 1971-2013: (a) the liquid soil water storage of the top 0-3 m layer; (b) the ice 1013 

water storage of the top 0-3 m layer; (c) the groundwater storage 1014 

 1015 
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 1017 
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Figure 15. Model simulated changes of runoff change with elevation: (a) in the 1018 

freezing season, (b) in the thawing season, and (c) seasonal pattern of the runoff: (c) 1019 

in the permafrost areas , (d)and in the seasonally frozen ground areas in the period of 1020 

2001-2010. 1021 
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Table list: 1029 

Table 1 Major parameters of the GBEHM model 1030 

Table 2 Changes in annual basin water balance and runoff components in different seasons 1031 

  1032 



 

65 

Table 1 Major parameters of the GBEHM model 1033 

Parameters 
Coniferous 

Forest 
Shrub Steppe 

Alpine 

Meadow 

Alpine 

Sparse 

Vegetation 

Desert 

Surface retention 

capacity (mm) 
30.0 25.0 10.0 15.0 15.0 5.0 

Surface roughness 

(Manning 

coefficient) 

0.5 0.3 0.1 0.1 0.1 1.0 

Soil reflectance to 

visible light 
0.20 0.20 0.20 0.28 0.14 0.11 

Soil reflectance to 

near-infrared 

radiation 

0.225 0.225 0.225 0.28 0.225 0.225 

Leaf reflectance to 

visible light 
0.105 0.105 0.105 0.105 0.105 — 

Leaf reflectance to 

near-infrared 

radiation 

0.35 0.58 0.58 0.58 0.58 — 

Leaf transmittance to 

visible light 
0.05 0.07 0.07 0.07 0.07 — 

Leaf transmittance to 

near-infrared 

radiation 

0.10 0.25 0.25 0.25 0.25 — 

Maximum Rubsico 

capacity of top leaf  

(10−5 mol·m−2·s−1) 

6.0 6.0 3.3 3.3 3.0 — 

Plant root depth (m) 2.0 1.0 0.40 0.40 0.1 0.0 

Intrinsic quantum 

efficiency 

(mol·mol−1) 

0.08 0.08 0.05 0.05 0.05 — 

Canopy top height 

(m) 
9.0 1.9 0.3 0.3 0.2 — 

Leaf length (m) 0.055 0.055 0.3 0.3 0.04 — 

Leaf width (m) 0.001 0.001 0.005 0.005 0.001 — 

Stem area index 0.08 0.08 0.05 0.05 0.08 — 

 1034 

Table 2 Changes in annual basin water balance and runoff components in different seasons 1035 

Decade 

Precipit

ation 

(mm/yr) 

Actual 

evaporat

ion 

(mm/yr) 

Simulated 

runoff 

(mm/yr) 

Observe

d runoff 

(mm/yr) 

Runoff 

ratio(ob

served) 

Runof

f ratio 

(simul

ated) 

Runoff components (mm/yr) 

Freezing season (from 

November to March) 

Thawing season(from 

April to October) 

T G S T G S 

1971-1980 439.1 280.8 154.5 143.8 0.33 0.35 18.5 0.0 0.0 136.0 3.5 13.5 

1981-1990 492.8 300.0 186.2 174.1 0.35 0.38 20.2 0.0 0.0 166.1 3.1 28.2 

1991-2000 471.0 306.1 160.1 157.4 0.33 0.34 20.4 0.0 0.0 139.7 3.8 19.2 

2001-2010 504.3 317.4 177.9 174.3 0.35 0.35 27.2 0.0 0.0 150.7 3.7 25.8 

 Note: T means total runoff, G means glacier runoff and S means snowmelt runoff.   1036 
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