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Anonymous Referee #2 

We are very grateful to the reviewer #2 for providing valuable comments to our paper. We have greatly 

benefited from these comments. We hereby provide a detailed response to these comments: 

The reviewer comment is marked as [Comment] and our response immediately as [Response] (in blue 

font) and part of the revision in the manuscript in italics. 

 

[Comment]  
The data length is 1980-2007, why the data after 2008 were not used.  

 

[Response]  
We used the APHRODITE datasets in the data-scarce region of the northern part of the Koshi basin in 

combination with other datasets. APHRODITE data (version: V1101) is only available up to 2007. 

Because of this reason, we limited the analysis period up to 2007 (i.e. 1980-2007: 28 years analysis 

period, 1979 as warm up year). 

 

We have revised the paragraph to clarify the data limitation in uncertainty section in Discussion. 

 

Uncertainties and limitations 

The model results are subject to several uncertainties and limitations which are briefly described below. The 

calibration and validation of hydrological model results are subject to uncertainty arising from model input data, 

parameter and structural uncertainty. In the mountainous region, the representation of the observed station 

network is sparse and limited which is the case in the KRB. For the northern part of China and southern Indian 

side, gridded datasets were used compared to station data in the Southern Himalaya in Nepal part. The 

application of APHRODITE data in the northern region has limited the study period up to 2007 because of the 

data available only up to this period. The station data are mostly limited to the lower elevation areas with limited 

station network in high altitude areas. Both the gridded and observation network have their advantage and 

disadvantages for modelling applications. Nonetheless, our approach of using both gridded and station data 

along with discharge data have enabled us to use the modelling period of 28 years which is a relatively a longer 

period in the case of transboundary KRB. 

Regarding the parameter uncertainty, the application of the J2000 hydrological model in the previous studies has 

shown the potential of spatial transferability of model parameters within the sub-catchments of the Koshi basin 

(Nepal et al. 2017). The generalized likelihood uncertainty estimation (GLUE) analysis of two sub-catchments of 

the Koshi basin suggests that most of the time the parameter uncertainty can be explained within the ensemble 

range of multiple simulations, except some flood events. Supplementary Table 3 shows the J2000 model 

parameters including the selected parameters which were used for sensitivity and uncertainty analysis by Nepal 

et al. (2017). Similarly, there were good matches on the category of high, moderate and low sensitive parameters 

between the two catchments suggesting the robustness of the model in the Himalayan catchments. The results 

have also suggested that spatial transferability of model parameters in the neighbouring catchment with similar 

climatic and hydrological conditions are possible in the Himalayan region (Nepal et al, 2017), however, some 

variation is parameters can be expected if the scale of the basin size and climatic conditions differ (Eeckman et 

al. 2019; Shrestha and Nepal, 2019). Besides, the soil moisture from the J2000 model was not validated 

independently due to the lack of the observed data and validation was only limited to discharge and evaporation 
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data. Despite these uncertainties and limitation, the model has replicated overall hydrological behaviour 

including both low and high flows, similar to the previous studies in the Koshi basin (Nepal et al. 2014, Nepal et 

al, 2017; Eeckman et al. 2019). 

 

 

[Comment]   
The model simulated soil moisture was applied to identify soil moisture drought, but does  the simulated 

soil moisture reflect the real soil moisture? Although the hydrological 

model had a good performance, if there is irrigated area in the study area, does the 

model consider this condition? 

 

[Response]  
Our model has not considered irrigation systems. We have validated our results with discharge and 

evaporation data. Due to the lack of soil moisture data in the study area, we could not validate the 

simulated soil moisture directly . Therefore we have assumed that as the multi-response outcomes (Q 

and ET) from the model have been validated, simulated soil moisture should be a good representation of 

the basin response. We have made this limitation clear in the method section in the revised version now.  

 

The revised sentence in the method section (last paragraph) reads as: 

 

Overall, the soil moisture conditions can be influenced by irrigation in plain areas of Terai. We have 

not considered irrigation and artificial water storage while setting up the model. In those areas, the 

supplemental irrigation might have elevated the soil moisture level in irrigated fields. Similarly, the soil 

moisture derived from the model was not validated independently due to the lack of the observed data 

and validation was only limited to discharge and evaporation data. 

 

[Comment]   
The paper analyzed the spatial drought events. I did not see any spatial distribution of the drought 

events. The authors should show the spatial drought condition using a map. 

 

[Response]    

Thank you for pointing out the important aspects of spatial maps. Now we have included spatial drought 

maps in two places. Figure 8 shows the average spatial SMDI maps including the driest and wettest 

year. Similarly, Figure 11 shows the duration of drought events (i.e. SMDI below -3.0), including the 

driest and wettest year. To complement the spatial maps, we also calculated average SMDI values and 

duration of drought events for 3 physiographic region and whole basin for each year (Table 3 and Table 

4), and also discussed these aspects in results and discussion section. 

 

  



 

Figure 8: Spatial maps of average annual SMDI (1980-2007), dryest year (1992) and wettest year (1998). 

 

Figure 11: Spatial maps of average duration of drought i.e. SMDI < -3.0, dryest year (1992) and wettest 

year (1998).  



Table 3: Average annual SMDI values from 1980-2007 for Trans-Himalaya, Mountains and Plains and 

for the whole Koshi basin. The red bar shows the negative and blue shows the positive SMDI values, 

the average SMDI values for each year are given in the respective rows. 

 

Table 4: Duration of drought events for trans-Himalaya, Mountains and Plains and for the whole Koshi 

basin. The red bars corresponding to values on the rows show the number of weeks where SMDI < -3.0. 

 

 

 

  



[Comment]   
Section 4.2.5, historical incidence of drought. This section should be used to assess the applicability of 

SMDI. Therefore, it is better set at the beginning of section 4.2.  

 

[Response] 

Thanks for pointing out this important aspect. In combination with reviewer #2 (last comment) and #3 

comments, we have now developed a new section ‘Discussion’ after ‘Result’. Along with new 

information on discussion, we also highlighted three aspects in discussion: 1) Discussion related to 

results 2) uncertainty and limitation  and 3) historical incidences of drought 

 

 

The new discussion section reads as: 

 

5 Discussion  

The application of the J2000 model in transboundary  Koshi river basin with the three physiographic 

regions has enabled to understand the spatial and temporal variation of soil moisture conditions and 

related droughts. The distinct pattern of soil moisture influenced by both temperature and precipitation 

conditions are reflected in four seasons and distinct physiographic conditions.  

In the trans-Himalaya region, the dry conditions in the winter season from 2001‒2006 may be 

attributed to the low winter precipitation (Figure 5). Three of the lowest precipitation years during the 

study period occurred after 1998 (1998, 2005, and 2007). The average surface temperature has also 

steadily increased in the winter season during this period. Only positive temperature anomalies are 

observed after 1998 in the winter season. In the pre-monsoon season, the dry conditions are probably 

derived from the temperature, which increased after 1998 up to 2004 (Figure 6). The three lowest years 

of monsoon precipitation occurred during 1982, 1983, and 2006, which coincides with the dry 

conditions in that period. A positive temperature anomaly is seen during the monsoon after 1987 

barring a few years such as 1992, 1996, and 1999, which also translates into dry conditions during 

those periods. However, the interannual variation in precipitation is low for the monsoon season in the 

region. The data shows a positive post-monsoon temperature anomaly after 1999, except for 2004, 

which translates into the dry conditions in that period. Post-monsoon precipitation is highly variable in 

the region leading to high interannual variability in dryness in the region. 

In the mountains, the three years with the lowest precipitation in the winter season were 1998, 2004, 

and 2007 (Figure 5), which directly translates into dry conditions in the region. The winter temperature 

also shows positive anomalies after 1997 (Figure 6). The three years with the lowest precipitation in the 

pre-monsoon season were 1992, 1995, and 1996, whereas positive temperature anomalies can be seen 

for most years after 1990. This correlates with the dry conditions in those periods in the region. Post-

monsoon precipitation is highly variable in this region (Figure 5). The three years with the lowest post-

monsoon precipitation are 1981, 1991, and 1994. The temperature anomalies are also positive during 

1998–2003, which is one of the reasons for the dry conditions in this period. 

In the plains, no precipitation was recorded in winter of 1998, 2005, and 2007 (Figure 2), which 

directly translates into severe dry conditions during those years in the region. Winter temperatures also 

show positive anomalies after 1997 (Figure 6), except during 2002. The three years with the lowest 

precipitation in the pre-monsoon season, and a consequent positive temperature anomaly, were 1994–

1996. This correlates with dry conditions in those periods. Only positive temperature anomalies can be 

seen in the pre-monsoon season after 1998. The dry conditions in the post-monsoon season may be 

attributed to the highly variable precipitation in this region (Figure 5) with values ranging between 50‒

300 mm. The three years with the lowest post-monsoon precipitation were 1981, 1984, and 1997. The 

temperature anomalies are also positive in most years after 1992. 



From the period of 1981-2007, the year 1992 is the dryest year over the whole basin and the maximum 

number of weeks of drought occurrence (i.e 8.5 weeks). On contrary, the year 1998 is the wettest year 

and lowest number of weeks of drought occurrence (i.e  1.2 weeks (Figure 8 and 11; and Table 3 and 

4). 

 

Analysis related to SMDI and SPI, the former is able to reflect variations in soil moisture conditions 

better than SPI which shows normal conditions. As shown in trans-Himalaya, the period after 2001 

when SPI shows wetness and SMDI show dryness during the pre-monsoon.  It is because SMDI 

incorporates additional variables (temperature, evaporation, vegetation, root depth, and soil water 

holding capacities) to calculate soil moisture variability compared to only precipitation variables by 

SPI. As expected, the SPI gives a more homogeneous response because of the lack of the representation 

of physiographic differences. An example of this behaviour can be seen in winter 2006 where SPI 

indicates a severe drought in over 80 % of the area of trans-Himalaya and mountains (Figure 9). In 

contrast, SMDI shows a more differentiated pattern (Figure 8) where during winter drought conditions 

are indicated for roughly half of the area with severe values only for 10 to 20% of the area. Most likely, 

one reason for this more differentiated picture is the consideration of soil water storage in the SMDI. 

The remaining soil water after the post-monsoon can be very important for the water supply and 

overshadow the effect of (missing) precipitation in winter. Additionally, this effect can be amplified by 

the low ET volumes during winter (Figure 3) that deplete the stored soil moisture only slowly, resulting 

in higher SMDI values. The shown differences in the SMDI are caused by varying soil water storage 

capacities which control the duration of periods during which higher SMDI can be maintained without 

precipitation.  The years for which both SPI and SMDI show matching drought conditions can be 

mainly attributed to them being the lowest rainfall periods (Figure 5). 

At the basin scale, the higher incidence of soil moisture deficit is in the plains which is mainly due to 

higher temperatures. In the trans-Himalaya, droughts persist for a higher number of weeks in the 

seasons mainly due to low precipitation. A higher frequency of drought is observed in the winter and 

pre-monsoon seasons. The monsoon season is least affected by the drought due to abundant 

precipitation at this time but even so, about one-quarter of the season is affected (Figure 12). There is 

an increasing trend in the frequency of drought in recent years during the winter and the pre-monsoon 

season. Similarly, the extent of maximum area covered under drought is higher during the monsoon 

season and in some years have covered more than half of the basin area. This indicates that although 

precipitation brings wetness during the monsoon season, drought could reach more than 25% of the 

region for at least one week. 

Uncertainties and limitations 

The model results are subject to several uncertainties and limitation which are briefly described below. 

The calibration and validation of hydrological model results are subject to uncertainty arising from 

model input data, parameter and structural uncertainty. In the mountainous region, the representation 

of the observed station network is sparse and limited which is the case in the KRB. For the northern 

part of China and southern Indian side, gridded datasets were used compared to station data in the 

Southern Himalaya in Nepal part. The application of APHRODITE data in the northern region has 

limited the study period up to 2007 because of the data available only up to this period. The station data 

are mostly limited to the lower elevation areas with limited station network in high altitude areas. Both 

the gridded and observation network have their advantage and disadvantages for modelling 

applications. Nonetheless, our approach of using both gridded and station data along with discharge 

data have enabled us to use the modelling period of 28 years which is a relatively a longer period in the 

case of transboundary KRB. 



Regarding the parameter uncertainty, the application of the J2000 hydrological model in the previous 

studies has shown the potential of spatial transferability of model parameters within the sub-catchments 

of Koshi basin (Nepal et al. 2017). The generalised likelihood uncertainty estimation (GLUE) analysis 

of two sub-catchments of the Koshi basin suggests that most of the time the parameter uncertainty can 

be explained within the ensemble range of multiple simulations, except some flood events. Similarly, 

there were good matches on the category of high, moderate and low sensitive parameters between the 

two catchments suggesting the robustness of the model in the Himalayan catchments. The results have 

also suggested that spatial transferability of model parameters in the neighbouring catchment with 

similar climatic and hydrological conditions are possible in the Himalayan region (Nepal et al, 2017), 

however, some variation is parameters can be expected if the scale of the basin size and climatic 

conditions differ (Eeckman et al. 2019; Shrestha and Nepal, 2019). Besides, the soil moisture from the 

J2000 model was not validated independently due to the lack of the observed data and validation was 

only limited to discharge and evaporation data. Despite these uncertainties and limitation, the model 

has replicated overall hydrological behaviour including both low and high flows, similar to the 

previous studies in the Koshi basin (Nepal et al. 2014, Nepal et al, 2017; Eeckman et al. 2019). 

Historical incidences of drought 

We also examined historical drought events and their impacts on agriculture based on the published 

literature. The soil moisture drought derived by our study also matches the historical drought events in 

Nepal mainly of 2005-2006 (winter) and 1992 and 2005 (summer). 

Dahal et al. (2016) and Shrestha et al. (2017)  reported dry spells in central Nepal during the winter of 

2005‒2006 and their implications for agriculture. Our results for the same year also showed that more 

than 75% of the area in the mountains had an SMDI below ‒1. Drought (SMDI < ‒3) occurred in more 

than half the Koshi River basin’s area for more than 40% of the winter. This winter drought of 2005‒

2006 had the highest spatial coverage in the mountains region over the 28-year period under study 

(Figures 8 and 10). Dahal et al. (2016) reported less than 30% winter rainfall in 2005‒2006, with some 

areas receiving no precipitation at all. As a consequence, paddy production decreased by 13% 

compared to the previous year; in some districts in the eastern and central region of Nepal (where the 

Koshi River basin is located), the reduction in yields was 20%‒50%. About 7% of the land under paddy 

was also reportedly left fallow. Wheat production was adversely affected as well.  

As the winter drought of 2005‒2006 affected the whole of Nepal, a decrease in paddy and wheat 

production was also reported from the western region. Subsistence hill and mountain farmers were 

affected in particular as they tend to be more dependent on rainfed agriculture than farmers in the 

plains, where irrigation infrastructure is prevalent. Regmi (2007) reported that agricultural production 

declined by 27%‒39% that year in a few districts in the Eastern Development Region compared to the 

previous year. On average, yields in the Eastern Development Region were about 10% lower than the 

previous year and almost 15% of the land under paddy was left fallow.  

Dahal et al. (2016) and Shrestha et al. (2017) also discussed the summer drought of 2005 in central 

Nepal. Our analysis also showed the 2005 monsoon drought as the largest in terms of area; more than 

50% of the mountains area experienced drought (SMDI < ‒3.0) in 25% of the weeks (Figure 10). 

Bhandari and Panthi (2014) reported the 1992 drought in the monsoon season in western Nepal. The 

insufficient and untimely rainfall contributed to reduced soil moisture, resulting in an agricultural 

drought and consequent crop failures. From our analysis, 1992 is reported to have the highest soil 

moisture deficit for the pre-monsoon and monsoon seasons, during which nearly 90% of the area in the 

mountains have SMDI values lesser than ‒1.0, with a higher degree of dryness in the pre-monsoon 

season (Figure 8). The drought that year (SMDI < ‒3.0) was the highest for the pre-monsoon season 

and second-highest for the monsoon season when about 75% and 45% respectively of the basin’s area 



in the mountains experienced droughts for more than 25% of the weeks. Even during the winter of 1992, 

40% of the basin’s area suffered drought for 25% of the weeks (and over half the winter season in 25% 

of the area) (Figure 10). Shrestha et al. (2017) also reported the severe summer drought of 1992, based 

on SPI indices using both observed and satellite data. Shrestha et al. (2000) showed a good agreement 

between the deficit rainfall in 1992 in Nepal and the El Nino of 1992 and 1993.  

Although Bhandari and Panthi (2014)’s analysis was mostly focused on western Nepal, the monsoon’s 

influence extends throughout Nepal, as it passes from eastern through to western Nepal. In the KRB, 

1992 was among the three lowest rainfall years in the pre-monsoon and monsoon season. Our 

assumption is that a similar drought condition have occurred in the eastern mountain districts of the 

Koshi as well.  

Wu et al. (2019) calculated the crop water shortage index (CWSI) based on MODIS-derived 

evaporation and potential evaporation data for the KRB from 2000 to 2014. The CWSI is found to be 

consistently increasing from 2000‒2006. Our SMDI-based results also indicate a consistent decrease in 

SMDI since 2001. Although the CSWI and SMDI cannot be directly compared, they both reflect a lack 

of soil moisture. The year 2006 was found to be one of the severest drought years in both Wu (2019) 

and our study. Similarly, Hamal et al. 2020 also indicated frequent occurrences of drought in 1992, 

1994,  1996, 2001, 2006 which has caused yield loss in whole Nepal. 

We did not find information about reported droughts in trans-Himalaya and  southern plains for the 

study period. While the trans-Himalaya part of the KRB has little agriculture land, the presence of 

irrigation infrastructure in the southern  plains  makes the context quite different from the mountains, 

where agriculture is mainly rainfed. 

 

[Comment]   
Moreover, when assessing this index, the onset, duration and termination of the drought should be 

provided by spatial distribution map. 

 

[Response] 

 

We have discussed the magnitude of ‘drought’ events (i.e. SMDI values lower than -3.0). Now we have 

included spatial drought maps in two places. Figure 8 shows the average spatial SMDI maps including 

the driest and wettest year. Similarly, Figure 11 shows the duration of drought events (i.e. SMDI below 

-3.0), including the driest and wettest year. To complement this figure, we also calculated average 

SMDI values and duration of drought events for 3 physiographic region and whole basin for each year 

(Table 3 and Table 4), and also discussed these aspects in results and discussion section. (The figures 

and tables are already provided in connection to the earlier comment). 

 

However, the study of onset and termination of spatial drought will need the development of its own 

robust methodology. We think this warrants a study of its own and is out of the scope of our study. 

More specifically, to show the onset and termination of SMDI, we would need to look at the soil 

moisture values at weekly scale while our aggregation period for this paper is the seasonal scale. 

Therefore, the onset and termination would be unsuitable to incorporate within the existing 

methodological approach of this paper, and not included in the revised version.   

 

 

 

 

 

 

 

  



 

[Comment 
 

(5) SMDI and SPI were compared and showed some obvious differences. The reasons should be 

discussed. 

 

[Response]  

To address this comment, we have added a paragraph in the discussion section and discussed the 

differences in SMDI and SPI. The paragraph in the discussion section reads as: 

Analysis related to SMDI and SPI, the former is able to reflect variations in soil moisture conditions 

better than SPI which shows normal conditions. As shown in trans-Himalaya, the period after 2001 

when SPI shows wetness and SMDI show dryness during the pre-monsoon.  It is because SMDI 

incorporates additional variables (temperature, evaporation, vegetation, root depth, and soil water 

holding capacities) to calculate soil moisture variability compared to only precipitation variables by 

SPI. As expected, the SPI gives a more homogeneous response because of the lack of the representation 

of physiographic differences. An example of this behaviour can be seen in winter 2006 where SPI 

indicates a severe drought in over 80 % of the area of trans-Himalaya and mountains (Figure 9). In 

contrast, SMDI shows a more differentiated pattern (Figure 8) where during winter drought conditions 

are indicated for roughly half of the area with severe values only for 10 to 20% of the area. Most likely, 

one reason for this more differentiated picture is the consideration of soil water storage in the SMDI. 

The remaining soil water after the post-monsoon can be very important for the water supply and 

overshadow the effect of (missing) precipitation in winter. Additionally, this effect can be amplified by 

the low ET volumes during winter (Figure 3) that deplete the stored soil moisture only slowly, resulting 

in higher SMDI values. The shown differences in the SMDI are caused by varying soil water storage 

capacities which control the duration of periods during which higher SMDI can be maintained without 

precipitation.  The years for which both SPI and SMDI show matching drought conditions can be 

mainly attributed to them being the lowest rainfall periods (Figure 5). 

 

[Comment] 
 

(6) Discussion is a very important part for a paper, and should be in a separate section. 

 

[Response]  

In relation to an earlier comment, now we have developed a separate section for ‘Discussion’ and 

highlighted three aspects: 1) Discussion related to results 2) uncertainty and limitation  and 3) historical 

incidences of drought 

 

The new discussion section is already pasted above in relation to the earlier comment: 


