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RC1: General comments:

This manuscript investigates the vertical propagation of flash drought in the Indus Basin, South Asia,
over the period 1970-2023. The topic is interesting, and the manuscript is generally well-written. However,
the overall quality needs improvement. The current results do not sufficiently illustrate the driving
mechanisms behind vertical flash drought propagation. Several critical issues related to datasets,
methodology, and results require further clarification. Therefore, | recommend major revisions for this
manuscript.

Specific comments:

1) The GLDAS dataset includes multiple versions with different spatial and temporal resolutions,
such as GLDAS-NOAH, GLDAS-CLSM, and GLDAS-VIC. The authors should explicitly specify which
dataset was used.

Response

Thank you for the comments. In this study, GLDAS-NOAH 3hrly dataset has been employed to
investigate the flash drought. 3hrly dataset was converted into 8-daily data to prevent the high-
frequency variability in flash drought assessment. Following your comment, we will incorporate
this information in revised MS.

2) The authors employ 0-10 cm, 10-40 cm and 100 cm soil depths for flash drought identification.
However, the meaning of 100 cm layer is unclear. Does it refer to 40-100 cm and 0-100 cm?
Additionally, the authors state their intention to explore vertical flash drought propagation from
upper layer to the root-zone soil moisture (RZSM) layer. But RZSM is commonly defined as the 0-
100 cm soil layer, which appears inconsistent with previous definition of middle layer (10-40 cm).
Response
Thank you for the comments. We are sorry for unclear information.

a) The 100cm soil moisture layer refers to ‘0-100cm’. The relevant text in the document
will be revised to better clarify about the depth of the RZSM layer considered in this
study.

b) The vertical flash drought propagation has been investigated on two soil moisture layers
(0-10cm and 10-40cm), as mentioned in the methodology section 2.4 (see L187-190). O-
100cm layer is not included in this part. Because it describes the average soil moisture
conditions in soil column from 0-100cm, and therefore couldn’t explain the occurrence of
flash drought in relation to different depths. According to your comment, L24 in the



3)

4)

Abstract section will be improved to remove the confusion and enhance the clarity about
this point.

The rationale behind selecting the four variables for flash drought analysis needs to be elaborated.
| am confused why wind speed is included, given that it does not directly induce a rapid increase
in soil moisture. On the other hand, some critical hydrometeorological variables such as potential
evapotranspiration, vapor pressure deficit, and solar radiation should be considered, as they are
commonly associated with flash drought occurrence and development.

Response

Thank you for the comments.

a) Rationale behind selecting meteorological parameters: The meteorological variables
examined in this study were selected based on established findings from prior research.
For instance, Deng et al. (2022) demonstrated that flash droughts (FD) are usually
accompanied by insufficient precipitation (P) and evapotranspiration (ET). Similarly, Qing
et al. (2022) highlighted that high temperature (T) and precipitation deficits develop flash
drought occurrences globally. In addition, vapor pressure deficit (VPD) incorporates
relative humidity and temperature (Mahto and Mishra, 2023), and can show a high
correlation with temperature (Feng et al., 2024). Given that temperature is already a focal
variable in our investigation of FD mechanisms, VPD was excluded from the original
analysis.

b) Regarding wind speed, several studies (e.g., Li et al., 2022; Otkin et al.,2019, 2016) stated
the contribution of strong winds along with other hydrometeorological variables in FD
occurrence. Consequently, the present study evaluated whether wind speed significantly
contributes to FD occurrence in the study region, and we found its weak role in the FD
occurrence in the Indus Basin.

c) Following your suggestions, the other three hydrometeorological variables (VPD, SR, PET)
will be considered in the revised MS to assess their role in FD occurrence in this region.

Figure 3 presents inconsistencies in flash drought occurrences across different soil layers. For
example, subplot (h) suggests that the number of flash drought events at 100 cm is highest in the
southern areas, exceeding 32 events. However, in panel (e), the number of events in the 10-40
cm is below 20 for the same areas. This implies cases where deeper soil moisture depletion occurs
while the middle soil layer remains relatively unaffected, which seems counterintuitive. Similar
inconsistencies are also observed in panels (f) and (i).

Response

Thank you for the comments.

The southern area of the basinis characterized by arid and semi-arid climate (Waseem et al., 2020;
Adams, 2019) with sparse and erratic rainfall (Waseem et al., 2020) and limited and seasonally
dependent surface water resources (Ashraf and Ul hasaan, 2019). The previous study (Dimri et al.,
2019) indicates that high temperature and evapotranspiration lead to the drying of available
moisture within the surface and subsurface soil in this part of the region. The detection of flash
drought in deeper soil layer can be attributed to the availability of soil moisture at this depth,
while soil moisture in the upper and middle layers is rather limited due to stronger
evapotranspiration. Therefore, the upper and middle layers are more difficult to meet the criteria



5)

6)

for flash drought caused by rapid decline in soil moisture compared to deeper soil layer, leading
to more frequent flash drought in deeper soil layer. Besides that, the soil texture and structure
also have an evident effect on the variation of moisture at different soil depths (Ajmal et al., 2016),
though this factor is not explicitly examined in the present study but remains a focus of ongoing
research. Moreover, agriculture in the arid Indus Basin is sustained through water extraction from
the groundwater and Karez system (Ashraf and Ul hasaan, 2019), which can also affect the vertical
distribution of soil moisture across different soil layers.

According to your comment, we will make a detailed discussion in the revised MS to further
support our findings.

The study primarily focuses on the severity of flash droughts. However, it is equally important to
examine their duration, as severity is closely linked to drought durations. The authors should
provide an analysis of flash drought duration across different soil layers. Does the upper soil layer
experience shorter flash drought duration than deeper layers? Is this result relevant to the weak
correlations observed in Figure 6 between Rl and severity in the upper soil layer?

Response

Thank you for the comments.

Analysis in Figure 6 considers the severity over the next three consecutive time-steps (i.e., 24 days)
following the onset phase of flash drought. The total duration of flash drought is not accounted
for, as differences in drought duration may lead to higher soil moisture deficits in flash drought
with prolonged duration. To assess the influence of soil depth variability on flash drought
characteristics, a fixed threshold was applied across all three soil moisture layers. This criterion
ensures consistency in evaluating the impact of Rl on the severity of flash drought. This detail will
be incorporated into the revised MS to clarify the temporal framework used in this analysis.
Following your suggestions, we will analyze and compare the flash drought duration across
different soil layers.

The definition of vertical flash drought propagation process remains unclear. The classification of
“t” events appears to indicate the simultaneous occurrences of flash droughts in different soil
layers, but this does not necessarily imply propagation. Additional evidence is needed to
demonstrate that upper-layer flash droughts propagate into deeper layers in the so-called “t” and
“t+1” events.

Response

Thank you for the comments.

In this study, the vertical flash drought propagation process indicates the downward movement
of drying conditions through soil layers. Specifically, moisture deficits in the upper layer during a
FD event induce deficit in middle layer, leading to FD occurrence at that depth. We identified two
types of the events i.e., simultaneous (‘t’) and subsequent (‘t+1’), based on the criteria mentioned
in section 2.4 (see L187-190). ‘t’ events signify the quicker response of middle layer to upper layer,
while in case of ‘t+1’ events, middle layer response was observed at the difference of 1-timestep
(i.e., 8-days). The drought propagation is characterized by the difference in the FD onset time
between upper and middle soil moisture layers.

Following your suggestion, additional evidences explaining the relationship of soil drying in the
upper and middle layer will be incorporated into the revised MS.



7)

8)

9)

The current results (Figure 9) do not convincingly demonstrate the influence of
hydrometeorological variables on the occurrence of “t” and “t+1” events. More results, similar to
Figure 10, should be included to identify the critical variables driving these events and to illustrate
the underlying mechanisms of vertical flash drought propagation.

Response

Thank you for the comments. Following your suggestion, we will compute weight coefficients of
meteorological variables contributing to Rl during “t” and “t+1” events, respectively, and spatial
distribution of the coefficient of determination following Figure 10 to better identify the critical
meteorological variables associated with the occurrence of “t” and “t+1” events.

In Figure 8, the variations in precipitation from lag-2 to lag0 appear smaller than those of
evapotranspiration and temperature, suggesting that ET and T may exhibit stronger correlations
with flash drought occurrence. However, this contrasts with the findings in Figure 10, where
precipitation is identified as the key driver of flash droughts. The authors should clarify this
inconsistency.

Response

Thank you for the comments.

Figure 8 is somewhat different from Figure 10, which displays the contributions of meteorological
variables to Rl during the onset-development phase (from lag0 to lag+2) of flash drought.

In addition, although the range of precipitation variability from lag-2 to lag0 is smaller than those
of evapotranspiration and temperature variability, the average abnormal deviation (~ median
value) of precipitation is larger than that of evapotranspiration and temperature, especially from
lag-1 to lag0. This suggests that precipitation shows an overall larger contribution to the
occurrence of flash drought than evapotranspiration and temperature, which is generally
consistent with Figure 10.

According to your comments, we will provide relevant information in the revised MS.

| suggest using (a)-(h) for subplot labels instead of “i)”and “ii)”in Figure 9.

Response

Thank you for the comments. Following your suggestion, we will use (a)-(h) for subplot labels
instead of “i)”and “ii)”in Figure 9.

10) It is unclear which soil layer is represented in Figure 10. 0~10 cm, 10~40 cm, or 100 cm?

Additionally, why does the study not analyze the driving factors for flash droughts across all three
soil layers? It would be informative to determine whether the dominant factors remain consistent
across different soil depths.

Response

Thank you for the comments. We are sorry for unclear information about Figure 10. In this figure.
soil layer represented is 0-100cm. We will provide relevant explanation in Figure 10 in the revised
MS. In addition, following your suggestion, we will analyze the driving factors for flash droughts
across all three soil layers to explore the discrepancy in the dominant factors of flash drought
across different soil depths.
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