
The original manuscript is improved as follows: 1 

1. Main assumptions 2 

1) The runoff reduction (∆𝑸𝒕
𝒕𝒐𝒕𝒂𝒍̅̅ ̅̅ ̅̅ ̅̅ ̅̅    in the tretted cttcheent i  etiny  ctu ed y  cyiette 3 

vtrityiyit  (∆𝑸𝒕
𝒄𝒍𝒊𝒎̅̅ ̅̅ ̅̅ ̅̅ ̅ , chtnge  in rtinftyy-runoff reyttion hip induced y  vegetttion chtnge 4 

(∆𝑸𝒕
𝒓𝒓𝒄−𝒗𝒆𝒈̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅   tnd proyonged drought (∆𝑸𝒕

𝒓𝒓𝒄−𝑷𝑫̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅     The runoff reduction in the controy 5 

cttcheent i  etiny  ctu ed y  cyiette vtrityiyit  ( ∆𝑸𝒄
𝒄𝒍𝒊𝒎̅̅ ̅̅ ̅̅ ̅̅ ̅   tnd proyonged drought 6 

(∆𝑸𝒄
𝒓𝒓𝒄−𝑷𝑫̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅    7 

2) ∆𝑸𝒕
𝒓𝒓𝒄−𝒗𝒆𝒈̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ , ∆𝑸𝒕

𝒄𝒍𝒊𝒎̅̅ ̅̅ ̅̅ ̅̅ ̅  tnd ∆𝑸𝒕
𝒓𝒓𝒄−𝑷𝑫̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅   tre independent, thtt i , ∆𝑸𝒕

𝒓𝒓𝒄−𝒗𝒆𝒈̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ + ∆𝑸𝒕
𝒄𝒍𝒊𝒎̅̅ ̅̅ ̅̅ ̅̅ ̅ +8 

∆𝑸𝒕
𝒓𝒓𝒄−𝑷𝑫̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ≈ ∆𝑸𝒕

𝒕𝒐𝒕𝒂𝒍̅̅ ̅̅ ̅̅ ̅̅ ̅̅   9 

3) Cyiette vtrityiyit  doe  not chtnge the rtinftyy-runoff reyttion hip  Thtt i  to  t , cyiette 10 

vtrityiyit  doe  not tyter runoff rttio (or  yope yetween tccueuytted tnnuty rtinftyy tnd 11 

tccueuytted tnnuty runoff  tnd runoff  en itivit  to rtinftyy (P  tnd potentity 12 

evtpotrtn pirttion (PET   It eetn  tiee-trend tnd  en itivit -yt ed eethod   tiyy 13 

tppyictyye   14 

4) Both proyonged drought tnd vegetttion chtnge ctn yetd to chtnge in rtinftyy-runoff 15 

reyttion hip  16 

5) The percenttge of runoff reduction ctu ed y  proyonged drought (𝑃𝑃𝐷, rttio yetween 17 

runoff reduction ctu ed y  proyonged drought tnd the tnnuty eetn runoff during the 18 

ctyiyrttion period  i  the  tee in controy tnd tretted cttcheent   Thtt i  to  t , ieptct  19 

of proyonged drought on rtinftyy-runoff reyttion hip i  independent of cttcheent 20 

propertie    21 

2. Calculation process 22 

1) Total runoff changes in the treated catchment: ∆𝑸𝒕
𝒕𝒐𝒕𝒂𝒍̅̅ ̅̅ ̅̅ ̅̅ ̅̅  23 

Total runoff changes are the difference between the observed mean annual runoff during the 24 

prediction period and the calibration period. 25 

∆𝑄𝑡
𝑡𝑜𝑡𝑎𝑙̅̅ ̅̅ ̅̅ ̅̅ ̅̅ = 𝑄𝑡2

𝑜𝑏𝑠̅̅ ̅̅ ̅̅ − 𝑄𝑡1
𝑜𝑏𝑠̅̅ ̅̅ ̅̅  (2 1  



where subscript 1 denotes the calibration period; subscript 2 denotes the prediction period 26 

(suffered from prolonged drought and vegetation change); subscripts t and c represent 27 

treated and control catchments, respectively; superscript obs denotes observed data times 28 

series; 𝑄𝑡2
𝑜𝑏𝑠̅̅ ̅̅ ̅̅  represents the observed mean annual runoff during the prediction period; 29 

𝑄𝑡1
𝑜𝑏𝑠̅̅ ̅̅ ̅̅  represents the observed mean annual runoff during the calibration period. 30 

2) Runoff changes caused by vegetation change in the treated catchment: ∆𝑸𝒕
𝒓𝒓𝒄−𝒗𝒆𝒈̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ 31 

It can be obtained by paired catchment method because the only difference between control 32 

and treated catchments is the vegetation change. Paired catchment method eliminates the 33 

effects of both prolonged drought and climate variability on runoff of the treated catchment 34 

by using control catchment observations. 35 

By applying the paired catchment method in a traditional way as follows, ∆𝑸𝒕
𝒓𝒓𝒄−𝒗𝒆𝒈̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ ctn ye 36 

oyttined  37 

Firstly, it is assumed that runoff of the treated catchment is highly correlated with the runoff 38 

of the control catchment during the calibration period as expressed by eq. (2.2): 39 

𝑄𝑡1
𝑜𝑏𝑠 = 𝑎1𝑄𝑐1

𝑜𝑏𝑠 + 𝑏1 (2 2  

where 𝑄𝑡1
𝑜𝑏𝑠 is the observed monthly runoff of the treated catchment in the calibration period, 40 

while 𝑄𝑐1
𝑜𝑏𝑠 is the observed monthly runoff of the control catchment in the calibration period; 41 

𝑎1 and 𝑏1 are regression coefficients for the calibration period. 42 

Secondly, it is assumed that the rainfall-runoff relationship shown in eq. (2.2) does not change 43 

during the prediction period and it can be used to remove the effect of climate variability and 44 

prolonged drought on runoff in treated catchment. This is achieved by eq. (2.3) and eq. (2.4): 45 

𝑄𝑡2
𝑠𝑖𝑚 = 𝑎1𝑄𝑐2

𝑜𝑏𝑠 + 𝑏1 (2 3  

∆𝑄𝑡
𝑟𝑟𝑐−𝑣𝑒𝑔̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ = 𝑄𝑡2

𝑜𝑏𝑠 − 𝑄𝑡2
𝑠𝑖𝑚 (2 4  

where 𝑄𝑡2
𝑠𝑖𝑚 is the simulated monthly runoff of the treated catchment during the prediction 46 

period using the paired catchment method; 𝑄𝑐2
𝑜𝑏𝑠  is the observed monthly runoff of the 47 

control catchment during the prediction period; and ∆Q𝑡
𝑟𝑟𝑐−𝑣𝑒𝑔

 is the estimated impact of 48 

vegetation change on runoff using the paired catchment method. 49 

3) Runoff changes caused by prolonged drought: ∆𝑸𝒄
𝒓𝒓𝒄−𝑷𝑫̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ 、 ∆𝑸𝒕

𝒓𝒓𝒄−𝑷𝑫̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅  50 

It can be obtained by applying time-trend analysis method to observed runoff of the control 51 

catchment. 52 



Changes in runoff of the control catchment is induced by climate variability and prolonged 53 

drought. The rainfall-runoff relationship which is not affected by prolonged drought can be 54 

obtained by eq. (2.5) in the control catchment during calibration period. 55 

𝑄𝑐1
𝑜𝑏𝑠 = 𝑐1𝑃𝑐1

𝑜𝑏𝑠 + 𝑑1 (2 5  

where 𝑃𝑐1
𝑜𝑏𝑠 is the observed monthly precipitation of the control catchment in the calibration 56 

period; 𝑐1 and 𝑑1 are regression coefficients for the calibration period. 57 

The simulated runoff not affected by prolonged drought during the prediction period can be 58 

obtained by eq. (2.6), while the runoff change caused by prolonged drought can be obtained 59 

by eq. (2.7). 60 

𝑄𝑐2
𝑠𝑖𝑚 = 𝑐1𝑃𝑐2

𝑜𝑏𝑠 + 𝑑1 (2 6  

∆𝑄𝑐
𝑟𝑟𝑐−𝑃𝐷̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ = 𝑄𝑐2

𝑜𝑏𝑠 − 𝑄𝑐2
𝑠𝑖𝑚̅̅ ̅̅ ̅̅  (2 7  

where 𝑄𝑐2
𝑠𝑖𝑚  is the simulated monthly runoff not affected by prolonged drought in the 61 

control catchment during the prediction period; 𝑃𝑐2
𝑜𝑏𝑠 is the observed monthly precipitation 62 

of the control catchment in the prediction period; 𝑄𝑐2
𝑜𝑏𝑠̅̅ ̅̅ ̅̅  represents the observed mean 63 

annual runoff during prediction period; and ∆Q𝑐
𝑟𝑟𝑐−𝑃𝐷 is the estimated impact of prolonged 64 

drought on runoff in the control catchment. 65 

The percentage of runoff reduction (𝑃𝑃𝐷   caused by prolonged drought in the control 66 

catchment: 67 

𝑃𝑃𝐷 = |∆𝑄𝑐
𝑟𝑟𝑐−𝑃𝐷̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ /𝑄𝑐1

𝑜𝑏𝑠̅̅ ̅̅ ̅̅ | (2 8  

where 𝑄𝑐1
𝑜𝑏𝑠̅̅ ̅̅ ̅̅  represents the observed mean annual runoff during the calibration period. 68 

For the treated catchment, prolonged-drought induced changes relative to the calibration 69 

period is assumed the same as that of the control catchment.  70 

Runoff reduction caused by prolonged drought in the treated catchment (∆𝑄𝑡
𝑟𝑟𝑐−𝑃𝐷̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅  : 71 

∆𝑄𝑡
𝑟𝑟𝑐−𝑃𝐷̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ = 𝑃𝑃𝐷 × 𝑄𝑡1

̅̅ ̅̅  (2 9  

 72 

4) Runoff changes caused by climate variability in treated catchment: ∆𝑸𝒕
𝒄𝒍𝒊𝒎̅̅ ̅̅ ̅̅ ̅̅ ̅ 73 

It ctn ye oyttined y  sensitivity-based method, ∆𝑄𝑡
𝑐𝑙𝑖𝑚̅̅ ̅̅ ̅̅ ̅̅ ̅ is mainly caused by changes of P and 74 

PET. 75 

∆𝑄𝑡
𝑐𝑙𝑖𝑚̅̅ ̅̅ ̅̅ ̅̅ ̅ = 𝛽∆𝑃 + 𝛾∆𝑃𝐸𝑇 (2 10  

𝛽 =
1 + 2𝑥 + 3𝑤𝑥2

(1 + 𝑥 + 𝑤𝑥2)2
 (2 11  



𝛾 = −
1 + 2𝑤𝑥

(1 + 𝑥 + 𝑤𝑥2)2
 (2 12  

where ∆𝑃  i  the difference of P during prediction tnd ctyiyrttion period ; ∆𝑃𝐸𝑇  i  the 76 

difference of PET during prediction tnd ctyiyrttion period   77 

5) The contribution percentage of vegetation change, prolonged drought and climate 78 

variability to runoff reduction in the treated catchment: 𝒑𝒕
𝒓𝒓𝒄−𝒗𝒆𝒈

, 𝒑𝒕
𝒓𝒓𝒄−𝑷𝑫 79 

, 𝒑𝒕
𝒄𝒍𝒊𝒎 80 

𝑝𝑡
𝑟𝑟𝑐−𝑣𝑒𝑔

= ∆𝑄𝑡
𝑟𝑟𝑐−𝑣𝑒𝑔̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅/∆𝑄𝑡

𝑡𝑜𝑡𝑎𝑙̅̅ ̅̅ ̅̅ ̅̅ ̅̅  (2 13  

𝑝𝑡
𝑟𝑟𝑐−𝑃𝐷 = ∆𝑄𝑡

𝑟𝑟𝑐−𝑃𝐷̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ /∆𝑄𝑡
𝑡𝑜𝑡𝑎𝑙̅̅ ̅̅ ̅̅ ̅̅ ̅̅  (2 14  

𝑝𝑡
𝑐𝑙𝑖𝑚 = ∆𝑄𝑡

𝑐𝑙𝑖𝑚̅̅ ̅̅ ̅̅ ̅̅ ̅/∆𝑄𝑡
𝑡𝑜𝑡𝑎𝑙̅̅ ̅̅ ̅̅ ̅̅ ̅̅  (2 15  

 81 

3. Results 82 

1) 𝑄𝑡1
𝑜𝑏𝑠̅̅ ̅̅ ̅̅ = 169.4 mm; 𝑄𝑡2

𝑜𝑏𝑠̅̅ ̅̅ ̅̅ = 31.3 mm; ∆𝑸𝒕
𝒕𝒐𝒕𝒂𝒍̅̅ ̅̅ ̅̅ ̅̅ ̅̅ = −138.1 mm; 83 

2) 𝑄𝑡2
𝑠𝑖𝑚̅̅ ̅̅ ̅̅ = 76 6 ee; ∆𝑸𝒕

𝒓𝒓𝒄−𝒗𝒆𝒈̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ = −45.3 mm; 84 

3) 𝑄𝑐1
𝑜𝑏𝑠̅̅ ̅̅ ̅̅ = 247 4 ee; 𝑄𝑐2

𝑜𝑏𝑠̅̅ ̅̅ ̅̅ = 121 1 ee; 𝑄𝑐2
𝑠𝑖𝑚̅̅ ̅̅ ̅̅ = 231 3 ee; ∆𝑄𝑐

𝑟𝑟𝑐−𝑃𝐷̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ = −110 2 ee; 85 

𝑃𝑃𝐷 = 45 %; ∆𝑸𝒕
𝒓𝒓𝒄−𝑷𝑫̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ = −75.5 mm; 86 

4) 𝛽 = 0 39; 𝛾 = −0 16; ∆𝑃 = −56 0 ee; ∆𝑃𝐸𝑇 = 70 3 ee; ∆𝑸𝒕
𝒄𝒍𝒊𝒎̅̅ ̅̅ ̅̅ ̅̅ ̅ = −33.0 mm; 87 

5) 𝑝𝑡
𝑟𝑟𝑐−𝑣𝑒𝑔

= 32 8 %; 𝑝𝑡
𝑟𝑟𝑐−𝑃𝐷 = 54 7 %; 𝑝𝑡

𝑐𝑙𝑖𝑚 = 23 9 %; 88 

A. Traditional application 89 

The bold red numbers represent results that can be calculated directly from the observation 90 

data. The bold black numbers are final results that are further calculated by the red bold 91 

numbers. 92 

When the influence of prolonged drought on the rainfall-runoff relationship in control and 93 

treated catchments is not considered, the results of the time-trend analysis method and 94 

sensitivity-based method are considered to be caused by vegetation change. At this point, the 95 

result of the paired catchment method are underestimated (Table 3.1, Figure 3.1). The three 96 

methods used in this manuscript are the same as those used in Zhao et al. (2010). A 26-year 97 

record of observations (1990-2016, including the whole prolonged drought period) was used 98 

in this manuscript and a 15-year record of observations (1990-2005, the last five years were 99 



in prolonged drought period) was used in Zhao et al. (2010). Final results of traditional 100 

application in Table 3.1 were close to results (27%, 71%, 57%) in Zhao et al. (2010), which 101 

indicates that the prolonged drought rather than the length of the data record is likely the 102 

reason for this difference amongst three results. 103 

Table 3.1 The contribution percentage of vegetation change to runoff reduction, estimated 104 

using three different method, without considering the impact of prolonged drought on 105 

rainfall-runoff relationship (A. Traditional application). 106 

Traditional 

application 

Ptired cttcheent 

eethod 

Tiee-trend 

tnty  i  eethod 

Sen itivit -yt ed eethod 

𝑝𝑡
𝑟𝑟𝑐−𝑣𝑒𝑔

 32.8% 93.5% 100% - 23 9% = 76.1% 

𝑝𝑡
𝑐𝑙𝑖𝑚   23.9% 

 107 

B. Current application 108 

In traditional application, it indicates that the prolonged drought is likely to cause the great 109 

difference amongst the three results. In current application, the influence of prolonged 110 

drought on the rainfall-runoff relationship in the control catchments is considered (it has been 111 

proved in the manuscript), but the influence of prolonged drought on the rainfall-runoff 112 

relationship in the treated catchments is not considered, and it was thought that runoff 113 

changes in the treated catchment are induced by climate variability (it did not cause non-114 

stationary rainfall-runoff relationship) and vegetation change (it caused non-stationary 115 

rainfall-runoff relationship). For the paired catchment method, it actually considered the 116 

influence of prolonged drought on the rainfall-runoff relationship because it used the runoff 117 

data of the control catchment, which is contrary to the previous assumption. On this basis, 118 

the further work is to eliminate the impact of prolonged drought on the rainfall-runoff 119 

relationship in the control catchment during the prediction period (eq. (16) and (17), Page 15, 120 

Lines 294-295), so that the result obtained by the paired catchment method (used the revised 121 

runoff data of the control catchment) is consistent with the previous assumptions. The final 122 

results 73.4% (paired-catchment method, based on the revised runoff data of the control 123 

catchment), 93.5% (time-trend analysis method), 76.1% (sensitivity-based method) are 124 

consistent based on the assumption that prolonged drought do not change the rainfall-runoff 125 

relationship of the treated catchment (Table 3.2, Figure 3.1). Actually, this three results are 126 

the contribution percentage of prolonged drought and vegetation change as a whole to the 127 

runoff reduction in the treated catchment if prolonged drought lead to the change of rainfall-128 

runoff relationship. 129 

Table 3.2 The contribution percentage of vegetation change to runoff reduction, estimated 130 

using three different method, without the impact of prolonged drought on rainfall-runoff 131 

relationship in the treated catchment (B. Current application). 132 



Current 

application 

Ptired cttcheent 

eethod 

Tiee-trend 

tnty  i  eethod 

Sen itivit -yt ed eethod 

𝑝𝑡
𝑟𝑟𝑐−𝑣𝑒𝑔

 32.8% → 73.4% 93.5% 100% - 23 9% = 76.1% 

𝑝𝑡
𝑐𝑙𝑖𝑚   23.9% 

 133 

C. Modified application 134 

When the influence of prolonged drought on the rainfall-runoff relationship in control and 135 

treated catchments is considered. Runoff reduction calculate by paired catchment method is 136 

induced by vegetation change, runoff reduction calculate by time-trend analysis method is 137 

induced by vegetation change and prolonged drought and runoff reduction calculate by 138 

sensitivity-based method is induced by climate variability. 𝑝𝑡
𝑟𝑟𝑐−𝑣𝑒𝑔

 in B  Current tppyicttion 139 

(73.4%, 93.5%, 76.1% ) actually induced by prolonged drought and vegetation change. It needs 140 

to further separate the effects of prolonged drought and vegetation change on runoff. Based 141 

on the hypothesis in session 1 and the calculation process in session 2, the contribution 142 

percentage of vegetation change, prolonged drought and climate variability to runoff 143 

reduction in the treated catchment can be obtained (Table 3.3, Figure 3.1). Independent 144 

estimated of three terms: 𝑝𝑡
𝑟𝑟𝑐−𝑣𝑒𝑔

+ 𝑝𝑡
𝑟𝑟𝑐−𝑃𝐷 + 𝑝𝑡

𝑐𝑙𝑖𝑚 =32.8%+54.7%+23.9%=111.4%, it is 145 

close to 100% (It shows that the impacts of vegetation change, climate variability and 146 

prolonged drought have interaction, but is small). 𝑝𝑡
𝑟𝑟𝑐−𝑣𝑒𝑔

 calculated by the three methods 147 

still become consistent.  148 

Table 3.3 The contribution percentage of vegetation change to runoff reduction, estimated 149 

using three different method, with the impact of prolonged drought on rainfall-runoff 150 

relationship in the control and treated catchments (C. Modified application). 151 

Modified application Ptired cttcheent 

eethod 

Tiee-trend tnty  i  

eethod 

Sen itivit -yt ed 

eethod 

𝑝𝑡
𝑟𝑟𝑐−𝑣𝑒𝑔

+ 𝑝𝑡
𝑟𝑟𝑐−𝑃𝐷 32 8%+54 7% = 

87.5% 

93.5% 100%-23 9% = 

76.1% 

𝑝𝑡
𝑟𝑟𝑐−𝑣𝑒𝑔

 32.8% 93 5%-54 7%=38.8% 100%-23 9%-

54 7% = 21.4% 

𝑝𝑡
𝑐𝑙𝑖𝑚 100%-23 9%-54 7% = 

21.4% 

100%-93 5% = 6.5% 23.9% 

𝑝𝑡
𝑟𝑟𝑐−𝑃𝐷 54.7% (tiee trend for 

controy cttcheent  

54.7% 54.7% 

 152 



 153 

Figure 3.1 The contribution percentage of vegetation change to runoff reduction, estimated 154 

using three different method. (A. Traditional application, B. Current application, C. Modified 155 

application). 156 

 157 


