Reviewer2:

This manuscript presents a statistical analysis of drought propagation from meteorological to
hydrologic drought. This is certainly an important topic and fits within the scope of the journal. I have
some major comments that need to be addressed before publication that relate to the lack of validation
against drought observations, the suitability of what is considered a measure of hydrologic drought

as well as the clarity in description of the methods.

Major comments:

Drought Definitions including Hydrologic Drought and Model Validation:

I have some major questions about the applicability of the method. For example, I tend to use SM
percentiles or Evaporative Stress Index as drought indicators. In my world it is typical to estimate a
distribution of values for a given time period (e.g. week of year and then to look at the percentile
anomaly). Here is seems as if there is a single underlying distribution for the entire year (or season),
which is then evaluated. I am just wondering how well the model actually represents something that
is observable as drought. This could easily be validated by looking at observed conditions. The
authors determine that there are differences between drought propagation between both models, but
are the underlying models actually good models for real world drought conditions rather than good
models for fitting a precipitation distribution. I am also a bit confused by the definition of hydrologic
drought, which seems to be based on surface runoff from the Noah model. Typically hydrologic
drought is assessed from gauged river runoff, while surface runoff is a temporary phenomenon
occurring after strong precipitation events. I am not sure whether it makes sense to use the Noah
gridded runoff as an indicator of hydrologic drought in the first place. How does this compare to for

example river gauges? Again this could be validated against observations.

Response: Thank you very much for your review and valuable comments on our manuscript. SPI and
SRI are commonly used to characterize meteorological and hydrological drought, and can
characterize drought at multiple event scales, including 1-month, 3-month, and 12-month time scales,

with the different time scales based on different cumulative rainfall and runoff series. The 1-month



time scale is often used to represent monthly droughts, the 3-month time scale is often used to
characterize seasonal droughts, and the 12-month time scale is often used to characterize annual
droughts. The main objective of this study is to investigate the influence of large-scale climate indices
and regional meteorological factors on the propagation characteristics of meteorological drought to
hydrological drought in different seasons. Therefore, this paper is based on the drought indices of 3-

month time scale.

As stated by the experts, the runoff data used in this paper are runoff based on the Noah model. The
aim of this paper is to investigate the spatial differences in the characteristics of drought propagation
in the Luanhe River Basin by using large-scale climate indices and regional meteorological factors.
Due to the lack of measured data and the small number of stations, the Noah model’s data have high
resolution and continuous time series. Therefore, the Noah model data were used in this study and
the SRI based on Noah model data also performed well in capturing drought events in typical years
in the basin. In addition, the study focuses on comparing the differences in drought propagation

between stationary and non-stationary scenarios.

Methods Description:

In general I find that methods need to be described better for the reader to understand how exactly
the models are formulated. It is for example not clear to me what specifically is meant by non-
stationary model. Non stationary with respect to what (climate change trends, seasonal cycles,

teleconnections) etc.

Response: Thank you very much for your review and valuable comments on our manuscript. The
content of the Methods section of the article was optimized and modified according to the experts'

comments.

Generalized Additive Models for Location, Scale, and Shape (GAMLSS) proposed by Rigby
and Stasinopoulos (2005)can flexibly analyze non-stationary time series, more details of GAMLSS

are available in Rigby et al. (2005). In recent years it has often been applied to capture non-stationary



in series such as precipitation and runoff. The non-stationary model presented in this paper is based
on the study by Das et al. (2022). To better study the seasonal characteristics of drought and capture
the changes in meteorological elements caused by seasonal climate change, this paper chooses the
drought index on a 3-month time scale to analyze the propagation characteristics of drought, and the
GAMLSS model is used to construct a non-stationary model for the analysis of precipitation and
runoff changes. By incorporating large-scale climate factors as covariates, a non-stationary
meteorological drought index is constructed and used to capture the non-stationary characteristics of
precipitation series in the basin. In this paper, based on the calculation principle of the standardized
drought index, the non-stationary Gamma distribution of precipitation and runoff is constructed based
on the GAMLSS model. The correlated climate variables are selected from these large-scale climate
factors (e.g., AMO, SOI, PDO, AO, NAO, and NP). To capture the non-stationary characteristics of
the basin runoff sequence, the non-stationary hydrological drought index (NSRI) was constructed.
The meteorological variables (wind speed, temperature, and specific humidity) were considered as
covariates for the non-stationary model. The semiparametric additive model formula used in this

study is as follows:
i
gl(at)zzhjk(cjk) (3)
j=1

6:(0) = 20, (51) @)
Where 0:(e,) is the link function, which is determined by the domain of the statistical parameter,
namely, if the domain of the distributed parameter @, is @ € R, the link function is ¢ ()=« , if
@, >0 then 9;(¢)=Ine . The hy represents the dependence function of the distribution parameters
on the covariates Cj. The parameter coefficients and model residuals are estimated by RS algorithm,

and whether the model residuals approximately satisty the normal distribution is analyzed, and the
optimal fitting distribution is selected by AIC (Akaike information criterion), SBC (Schwarz
Bayesian Criterion), and GD (Global Deviance).

Presentation and Interpretation

In general figures and tables should have captions that clearly help with interpretation of the



information presented there. This should be accompanied by a description and interpretation of the

figure content.

Response: Thank you very much for your review and valuable comments on our manuscript. The
titles of the figures and tables in the text have been checked. Figs.4 and 5 have been annotated to

clearly explain the meaning of the various symbols in the figures.

Specific Comments

L22: "propagation thresholds in winter significantly increasing by 0.1-0.2" > it is unclear hear what
these thresholds represent. I assume that is explained in the text, but with the abstract information

alone it is to me not comprehensible.

Response: Thank you very much for your review and valuable comments on our manuscript. The
threshold in “Propagation threshold in winter significantly increases by 0.1-0.2” is defined as the
severity of meteorological drought (value of SPI) that is most likely to trigger hydrological drought
(SRI<-0.5). The definition of the drought propagation threshold is described in Section 3.2, “The

Copula model”, of the main text.

L31: "evolution from one drought to another is called drought propagation " > I would reformulate
this because one can also think of spatial drought propagation where drought propagates from one

region to another. I recommend to find a terminology that is less ambiguous.

Response: Thank you very much for your review and valuable comments on our manuscript.
“Propagation” often implies spatial dispersion in drought studies. This paper, however, focuses on
the process of meteorological conditions being accumulated over time and transformed accordingly
into hydrological drought, which is drought propagation between drought types. Therefore,
“evolution from one drought to another is called drought propagation” in Line31 is modified as

follows:



This process of meteorological drought triggering hydrological or agricultural drought is called inter-
type drought propagation (Zhang et al. 2021; Wossenyeleh et al. 2021; Apurv and Cai 2020;
Jehanzaib et al. 2020).

L98: "he annual mean temperature ranges from 1 to 11°C, and the monthly mean temperature ranges
from 17 to 25°C. " > this requires explanation as the two ranges don't seem to go together unless one
represents elevation changes and the other monthly mean average over the basin. In any case

information about what is averaged over should be given.

Response: Thank you very much for your review and valuable comments on our manuscript. Line
98 of the text should read: The annual mean temperature in the watershed ranges from 1 to 11°C,

while the July mean temperature ranges from 17 to 25°C. The relevant text has been amended.

L105:" With global climate change, drought disasters in the Luanhe River Basin are becoming
increasingly frequent," > the increasing frequency is not really apparent in the list of major drought
events given in L108. Please explain. Also, one has to be careful here given that there have also been
major changes in land-use and other conditions which would probably dominate economic losses
rather than climate change. This is not to say that climate change is not contributing, but I don't think

that the information presented supports climate change as a reason or even increasing frequency.

Response: Thank you very much for your review and valuable comments on our manuscript. I thank
the reviewers for their careful observations. The long-calendar drought events (L108) listed in the
paper are mainly used to characterize historical extreme drought cases, while the expression
'increased drought frequency' focuses more on the increase in short-calendar, seasonal droughts. The
decrease in long-calendar-time droughts coexists with the frequency of short-calendar-time droughts
due to water conservancy projects that enhanced the drought-resistant capacity of the watersheds,
which is in line with the characterization of drought differentiation under the combined effects of

human activities and climate change. For example, the frequency of drought events extracted based



on the SRI index was 0.66 and 0.82 for the CDS region during 1961-1979 and 1980-2014,

respectively.

We fully agree with the reviewers that land use changes (e.g., soil and water conservation) and
hydraulic projects (e.g., Panjiakou Reservoir) in the Luanhe River Basin significantly influence the
basin's drought evolution characteristics by regulating runoff. Climate change is also an important
factor affecting drought in the Luanhe River Basin. Therefore, a study on the impact of climate change
on drought in the Luanhe River Basin has been added as a testimony to the summary part of the text.

The details are as follows:

As the main source of water supply for the Beijing-Tianjin-Tangshan area, the Luanhe River Basin
is responsible for multiple tasks such as urban water supply, and industrial and agricultural water
supply. Frequent droughts in recent years have not only affected the supply of regional water
resources but also had a serious impact on the ecological environment. Therefore, an in-depth
understanding of the evolution pattern and impact mechanism of drought is of great significance to
the rational allocation of water resources and sustainable development of the basin. According to
some recent studies, there are nonstationary characteristics in the precipitation series and the runoff
series of the Luanhe River Basin (Li et al. 2019a; Li et al. 2020). And the occurrence of drought in
Luanhe River Basin may be related to some large-scale climatic indices (Wang et al. 2018; Li et al.
2015; Wang et al. 2016). Wang et al. (2016) pointed out that the Atlantic Multi-Year Oscillation
(AMO) has a significant effect on drought in the Luan River Basin. In addition, meteorological factors
are also important in influencing droughts in the basin. Chen et al. (2022) pointed out that the increase
in temperature will lead to more frequent hydrological droughts in the Luan River basin in the future.
Previous studies on the Luanhe River Basin have focused on examining the effects of large-scale
climatic factors on a single type of drought, with few assessments of the effects of large-scale climatic
indices and regional meteorological elements on drought propagation (Li et al. 2015; Wang et al.

2015; Li et al. 2024).



L118 "https://disc.gsfc.nasa.gov/datasets’ GLDAS NOAH10 M 2.0/" > This link is no longer
working. Given the absolute mess that the USA are currently experiencing. Rather than providing

links dataset IDs should be used that identify datasets conclusively.

Response: Thank you very much for your review and valuable comments on our manuscript. The
majority of publications using GES DISC data do NOT include the data version ID. Therefore, the
link to the dataset is still provided in this paper. We have updated the data links so that you can jump

directly to the data URLs through the links. The details are as follows:

The average monthly precipitation, temperature, wind speed, specific humidity, evapotranspiration,
and runoff datasets are available at a grid resolution of 0.25° Lat x 0.25° Lon and are obtained from

Global Land Data Assimilation System (GES DISC Dataset: GLDAS Noah Land Surface Model L4

monthly 0.25 x 0.25 degree V2.0 (GLDAS NOAHO025_M 2.0) ).

L121: "https://daac.ornl.gov/" > not a dataset link but a link to a data center (see comment above).

Response: Thank you very much for your review and valuable comments on our manuscript. We

have modified the dataset links in the text based on expert opinions as follows:

The grid-wise analysis is carried out at a resolution of 0.25° Lat x 0.25° Lon over the Luanhe River
which includes 58 grid points (Fig. 1(b)). Leaf area index of 0.25° spatial resolution was derived from

the Advanced Very High Resolution Radiometer (AVHRR) Global Inventory Modeling and Mapping

Studies (GIMMS) LAI3g version 2 (https://daac.ornl.gov/cgi-bin/dsviewer.pl?ds_1d=1653 ) (1981—

2015).

Figure 1: How are these sub-regions defined. Are these sub watersheds or corresponding to
administrative/ municipal districts? For a propagation analysis, it would make sense to divide by

subwatersheds rather than administrative divisions.


https://disc.gsfc.nasa.gov/datasets/GLDAS_NOAH025_M_2.0/summary?keywords=GLDAS_NOAH025_M&start=1920-01-01&end=2025-04-02
https://disc.gsfc.nasa.gov/datasets/GLDAS_NOAH025_M_2.0/summary?keywords=GLDAS_NOAH025_M&start=1920-01-01&end=2025-04-02
https://daac.ornl.gov/cgi-bin/dsviewer.pl?ds_id=1653

Response: Thank you very much for your review and valuable comments on our manuscript. The 11
sub-regions in Fig.1 are organized according to the administrative divisions contained in the
watershed. We fully agree with the reviewers that the analysis of drought propagation based on sub-
watershed delineation is more meaningful than administrative divisions. Although administrative
boundaries were used in this study, the study also considered the effects of watershed characteristics
such as slope and land use type of subregions on drought propagation. Future research will further
integrate multi-scale analysis of natural sub-basins and administrative units to fully reveal the driving

mechanisms of drought propagation.

Section3/ Figure 2: If the figure is shown at the beginning of the section it should be explained in the
text right then and there. It is also not clear to me whether there is really a flow between Step 1 and
Step 2 since both start from data rather than Step 2 using Step 1 outputs. This figure should be revised

accordingly.

Response: Thank you very much for your review and valuable comments on our manuscript. The
explanation in Fig. 2 has been added at the beginning of section III on the basis of the comments of

the experts. The details are as follows:

The current study aims to assess the impact of external drivers on drought propagation based on the
GAMLSS model, in particular, the probability and threshold of drought propagation in different
seasons. Fig.2 summarizes the steps of the current study. First, the standardized drought indices SPI
and SRI were calculated based on monthly-scale rainfall and runoff. Then, the non-stationary drought
indices NSPI and NSRI were calculated using the large-scale climate indices and regional
meteorological factors as covariates of the non-stationary Gamma distribution parameters of the
rainfall and runoff series, respectively. Finally, based on the Copula function, the drought was
computed under stationary and non-stationary conditions, respectively. Transmission characteristics
based on Copula function to analyze and quantify the influence of external drivers on the propagation

of meteorological drought to hydrological drought.



With regard to “It is also not clear to me whether there is really a flow between Step 1 and Step 2
since both start from data rather than Step 2 using Step 1 outputs. This figure should be revised
accordingly.” Steps 1 and 2 in the text indicate the sequence in which the study was carried out, and
the non-stationary aridity index constructed in Step 2 is based on the calculation of the standardized
aridity index in Step 1. Step 3, on the other hand, is based on the aridity index calculated in Steps 1

and 2. In addition, the steps are laid out in such a way as to consider the aesthetics of the figure.

Section 3.1: Given that Pearson correlation is a standard method, I don't think it needs to be explained
in detail. It would increase conciseness and legibility of the manuscript to remove this section and to

briefly mention it when the correlation is applied

Response: Thank you very much for your review and valuable comments on our manuscript. The
Pearson correlation analysis in section 3.1 has been deleted on the basis of expert advice. It was also
used in section 4.1 with a brief reference to the method to increase the brevity and readability of the

manuscript. The modifications are described in section 4.1 and the modifications have been

highlighted in red.

Section 3.2. [f GAMLSS only applies to the non-stationary part it should be introduced as a subsection

there. If not it is missing in Step 1 of figure 2. In all cases a better explanation is needed

Response: Thank you very much for your review and valuable comments on our manuscript. The
GAMLSS is applicable in both stationary and non- stationary models, and Mod1 of the rainfall and
runoff models in the text refers to the stationary model (both a and f are constants), and the
performance of the non-stationary models is judged by comparing with the stationary model. The

standardized drought index is calculated directly in Step 1 and does not use the GAMLSS model.



3.2.1: This is the standard approach and one could think of whether this is needed, whereas the non-

stationary part is new/ less commonly applied. So the focus on the methods should lie on that.

3.2.2 Non-stationary model.

My expertise is in drought and not necessarily statistics. I feel that this section is too short and I have
trouble understanding what specifically is different between the two models. How are "large-scale
climate factors as covariates" included into the model. I feel that this requires quite a bit more

explanation, since that is the novel/ core aspect of the manuscript.

Response: Thank you very much for your review and valuable comments on our manuscript. The
structure of the article has been modified accordingly, based on the comments of the experts, as

described in section 3.1.2, “Non-stationary model”, of the article.

Generalized Additive Models for Location, Scale, and Shape (GAMLSS) proposed by Rigby
and Stasinopoulos (2005)can flexibly analyze non-stationary time series, more details of GAMLSS
are available in Rigby et al. (2005). In recent years it has often been applied to capture non-stationary
in series such as precipitation and runoff. The non-stationary model presented in this paper is based
on the study by Das et al. (2022). To better study the seasonal characteristics of drought and capture
the changes in meteorological elements caused by seasonal climate change, this paper chooses the
drought index on a 3-month time scale to analyze the propagation characteristics of drought, and the
GAMLSS model is used to construct a non-stationary model for the analysis of precipitation and
runoff changes. By incorporating large-scale climate factors as covariates, a non-stationary
meteorological drought index is constructed and used to capture the non-stationary characteristics of
precipitation series in the basin. In this paper, based on the calculation principle of the standardized
drought index, the non-stationary Gamma distribution of precipitation and runoff is constructed based
on the GAMLSS model. The correlated climate variables are selected from these large-scale climate
factors (e.g., AMO, SOI, PDO, AO, NAO, and NP). To capture the non-stationary characteristics of
the basin runoff sequence, the non-stationary hydrological drought index (NSRI) was constructed.
The meteorological variables (wind speed, temperature, and specific humidity) were considered as

covariates for the non-stationary model. The semi-parametric additive model formula used in this



study is as follows:
Ik
gl(at)zzhjk(cjk) (7)
j=1

6:(0) = 20, (5,) ®)
Where 9:(e) is the link function, which is determined by the domain of the statistical parameter,
namely, if the domain of the distributed parameter @, is @ €R, the link function is ¢ ()=« , if
@, >0, then 9;(¢)=Ine . The hy represents the dependence function of the distribution parameters
on the covariates Cj. The parameter coefficients and model residuals are estimated by RS algorithm,

and whether the model residuals approximately satisfy the normal distribution is analyzed, and the
optimal fitting distribution is selected by AIC (Akaike information criterion), SBC (Schwarz
Bayesian Criterion), and GD (Global Deviance).

Right now in my limited and very likely incorrect understanding it seems to me that the non-stationary

model represents different gamma distributions for 3 month seasons?

Response: Thank you very much for your review and valuable comments on our manuscript. A three-
month time-scale drought index is commonly used to assess seasonal drought, which is calculated
using three-month cumulative precipitation and runoff series as the base data. While traditional
stationary models tend to assume that the distribution parameters of the data are fixed, non-stationary
models allow the parameters of the distribution (shape parameter and scale parameter in this study)
to change dynamically with external covariates (e.g., climate indices, meteorological factors), thus
capturing the dynamic evolution pattern of the data distribution in a more flexible way. The optimal
parameters of the non-stationary Gamma distribution are identified based on the AIC criterion, etc.,

and then the drought index is calculated based on the optimal parameters of the distribution.

L232:'CI', AMO, ... > define these here clearly (and avoid exessive abbreviations)

Response: Thank you very much for your review and valuable comments on our manuscript. CI
denotes the large-scale climate index and AMO denotes the Atlantic Interdecadal Oscillation,

abbreviations that were defined when they first appeared in the manuscript.



Figure 3: Correlation over which time period? Also please provide a clear in text explanation on how
to read this figure. What are the main take-aways, I am currently struggling to understand the
significance of this figure. So there seems to be a positive correlation between precipitation and a
teleconnection) in May, which then flips to negative later in the year. Is there a specific reason to
show AMO or is this just to give an example. If just an example than other plots should be shown in

supplement.

Response: Thank you very much for your review and valuable comments on our manuscript. Figure
3: Correlation of AMO with rainfall series during 1961-2014. In this study, the correlation between
the cumulative precipitation series with different time scales and the large-scale climate index was
calculated for all regions of the basin, and the results showed that the most relevant large-scale climate
index for the cumulative precipitation series with a three-month time scale was the AMO in all 11
regions, and then the correlation between the AMO with different sliding averages for the lead times
of 0, 1, 2, and 3 months and the three-month time scale was calculated. Cumulative precipitation
series, and the results show that AMO-1 and AMO-24 for the same period have a high correlation

with the precipitation series.

Table 2: Trends over which periods?

Table 2 and 4: It would be good to provide a clear comparison of these model parameters to the non-

stationary model parameters.

L268: This explanation should be in the figure caption of figure 4.

Response: Thank you very much for your review and valuable comments on our manuscript.

Table 2 shows trends in meteorological factors over the period 1961-2014, and the title of Table 2

has been modified.



About “Table 2 and 4: It would be good to provide a clear comparison of these model parameters to
the non-stationary model parameters.” The stationary models have been considered in the paper when
combining the covariates. Mod1 in Tables 3 and 6 is the stationary model, and the results of model

preference based on AIC, SBC and GD show that the non-stationary model has a better performance.

About “L268: This explanation should be in the figure caption of figure 4.” Relevant explanations

have been added to the captions of Figures 4 and 5. The specific modifications are as follows:

Figure 4 Fitting results of four seasons of precipitation series in the CDS region (These red dots
represent precipitation observations, light grey areas represent areas between the 5% and 95%
centile curves, dark grey areas represent areas between the 25% and 75% centile curves, and black
lines represent the median (50%); the black dashed line in the worm plot of the fitted residuals

indicates the 95% confidence interval).

Figure 5 Fitting results of four seasons of runoff series in the CDS region (These red dots represent
runoff observations, light grey areas represent areas between the 5% and 95% centile curves, dark
grey areas represent areas between the 25% and 75% centile curves, and black lines represent the
median (50%); the black dashed line in the worm plot of the fitted residuals indicates the 95%

confidence interval).

L273: "quantile" > percentile?

Response: Thank you very much for your review and valuable comments on our manuscript. The
text is specifically “95% quantile interval ”, because the previous data was “95%”,so “quantile”

1s used.

Figure 4: 1 don't quite understand what the right column of the plot indicates. Please provide a clear
explanation of what is shown and the significance. Does the right side indicate that the fitted gamma

function for precipitation is able to reproduce the statistical distribution of precipitation? Also do you



have a comment on the behavior of the fitted gamma functions at the extremes, which are obviously

much harder to model with confidence (hence also the larger space of the CI lines).

Response: Thank you very much for your review and valuable comments on our manuscript. The
black dashed line in the worm plot of the fitted residuals in the right column of Fig. 4 indicates the
95% confidence interval. The text has a relevant explanation: “The deviation values in the worm chart
were evenly distributed in the 95% confidence interval, and there was no obvious excess, which

indicates that the residual fitting of the Gamma distribution meets the conditions.”

Figure 5: Runoff should have units of volume / time not mm. This figure also leads me to a major

question about the definition of hydrological drought used here.

Response: Thank you very much for your review and valuable comments on our manuscript. Because
the runoff data used in this study are from the Global Land Data Assimilation System, the
corresponding dataset definition of runoff is runoff depth per unit area. While SRI analyzes the
statistical distribution characteristics of runoff, the units (e.g., mm, m?s) do not affect the
standardization results, and the standardization process removes the magnitude of the original data,
so that the final results reflect only the degree of deviation of runoff volume relative to the historical

mean.

I am stopping here with specific comments, because I have some major general comments that I think

need to be addressed.

Technical

L11: "the law of drought propagation" > this seems like a language issue: "processes governing

drought propagation"?

L12: meteorological factorS (?)



There is some editing needed on language and also punctuation and spacing. this should either be
done during copy-editing or by the authors before the next submission. Examples include L52 [")h"

~>") h"] L6l (, -> ),

L272: Fig44 > Fig 4

L269: PERcentile?

Response: Thank you very much for your review and valuable comments on our manuscript. The
relevant content has been revised in the light of the expert comments, and the revisions are highlighted
in red in the manuscript.

L11: Investigating the processes governing drought propagation under a changing environment is
essential for advancing drought early warning and reducing socio-economic risks.

L12: “meteorological factor” was replaced by “meteorological factors”

L52: For instance, Jehanzaib et al. (2020) and Pefia-Gallardo et al. (2019) have found that climate
type, climate change, catchment characteristics, and other factors can affect the propagation of
drought.

L61: Therefore, researchers incorporate non-stationarity into drought studies through more
appropriate analytical tools. The GAMLSS model is one of the commonly used methods.

L272: “Fig 44” was replaced by “Fig. 4”

L269: The language used in this paper to describe this figure has been adapted from other literature,
and “centile” is the correct word (Wang et al. 2023).

Wang Y, Peng T, He Y, Singh V P, Lin Q, Dong X, Fan T, Liu J, Guo J and Wang G. Attribution
analysis of non-stationary hydrological drought using the GAMLSS framework and an improved

SWAT model, Journal of Hydrology, 627, 130420. https://doi.org/10.1016/j.jhydrol.2023.130420,

2023.
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