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Dear Professor Peleg,

We thank you and the reviewers for the thorough evaluation of our paper and the constructive
comments. Following these suggestions, we have thoroughly revised the previous manuscript (hess-
2022-313) as detailed in the next pages. In particular, we made the following main changes,
motivated by the reviewers’ comments:

e We calculated the variance and cumulative density function of first passage time to account
for the uncertainties and risks of flash drought occurrence.
e We provided a new discussion section to address the impacts of deforestation and heatwaves

on flash drought.
We hope that our manuscript is now more suitable for publication in Hydrology and Earth System
Sciences. We thank you again and remain at your disposal for further questions and comments.

Sincerely,
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Reviewer comment (italicized) is followed by a response.
Reviewers' comments:

Reviewer #1 (Remarks to the Author):

General comments:
The manuscript is written in good English and overall is well structured. The authors provide
extensive literature review and good methodological description

We thank the reviewer for the positive comments and encouragement.

* Please improve your code documentation and comment.

The code documentation has been revised. A screenshot of the documentation is reported below
and further information can be accessed from “github.com/yxshot/MFPT”.

= READMEmd V4

MFPT

This project is able to calculate the mean first passage time (MFPT), which in this project represents the average time
for the drop of relative soil moisture from a high level to a low level.

f MFPT.m

Input

x1is high level of relative soil moisture, x2 is the lower level. w0 is water storage capacity in the rooting zone, A is
rainfall rate, ot is average rainfall depth, and Emax is potential evapotranspiration.

Output

MEPT for relative soil moisture to drop from x1 to x2.
f_pdfx.m

Input

x is the relative soil moisture, gma=w0/a, pi2=A/eta.

Output

The probability density function (PDF) of relative soil moisture .
f cdfx.m

Input

x is the relative soil moisture, gma=w0/a, pi2=A/eta.

Output

The cumulative distribution function (CDF) of relative soil moisture.

Figure 1 The screenshot of the documentation.



It is my opinion that the manuscript has no major technical flaws. Nevertheless, our
recommendation is for Minor Reviews.

Specific comments:
Fig 4. Please improve the colour scheme, as the points in New York and Heyuan are barely visible.

Thank you for pointing this out. We used a new color scheme and also provided two insets for
New York and Heyuan. The new map was updated in the revised manuscript and is reported below.
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Figure 2 Global distribution of mean first passage time (MFPT) in summer. The two points marked
in red are New York State, USA and Heyuan City, China. The gray areas are hyper-arid regions,
other colored areas are those where MFPT of soil moisture dropping from 40 to 20 percentiles in less
than 100 days. Desert regions (grey areas) are excluded in this analysis.

Fig 4. Why did you use a limit of 100 days in the scale? Normally flash droughts intensification
period is limited to up to 30 days (Osman et al, 2021; Ford and Laosier, 2015, Lisonbee et al, 2021).

Good point. We cited these references to clarify that flash drought intensification is often within a
month. However, it is still possible to have flash drought for large MFPT, which only tells the long-
term averages of the intensification period. To address this point, we also derived the variance of the
first passage time (VFPT) as
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As shown in Figure 3 below, VFPT has similar spatial patterns as MFPT. The limit is set to 100 days
in order to show as much as possible the areas where flash droughts are likely to occur. We have
added this VFPT map in the supplementary material.

Figure 3 Global distribution of variance of the mean first passage time (VFPT) (units: day2).

Fig 4. By using the metric of Mean First Passage Time (MFPT), some areas end up showing no
actual flash droughts. Please consider showing the 10th percentile of first passage time, that would
show the expected occurrence in more areas.

Thank you for the suggestion.

As also suggested by reviewer 2, we could evaluate the risk of flash drought in any given area.
Therefore, regions with MFPT larger than 20 or 30 days still possible to have flash drought, albeit at
a lower probability. The risk of flash drought can be quantified as the probability of first passage time
lower than 20 or 30 days (or other thresholds), which is exactly the cumulative probability function
(CDF). In our stochastic framework, CDF can be obtained by integrating Eq. (5), i.e.,
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Using this equation, we can calculate the global risk of flash drought as shown in Figure 4, which has
similar patterns as the global MFPT. Note that risk with different thresholds (e.g., 25 or 30 days) can
still be obtained from Eq. (1). By inversing Eq. (1), we can also obtain the thresholds for any given
risk (i.e., CDF = 0.1 for 10th percentile of first passage time as recommended by the reviewer). In the
revised manuscript, we added this global risk figure to discuss the global patterns of flash drought.
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Figure 4 Global risk of flash drought occurrence. Risk is calculated as the probability of soil
moisture dropping from 40 to 20 percentiles within 20 days or less.

Fig 4. Please justify the very low MFPT in semi-arid regions, such as southern India, northern
Namibia/Botswana and northeast Brazil.

We are not quite sure if we understand this comment correctly.

As shown in Figure 2 above, the MFPT in southern India, northern Namibia/Botswana and
northeast Brazil are quite high (i.e., close to or higher than 100 days). Aside from climate conditions,
the long crossing time in these regions may be associated with deep rooting depths (see root-zone
storage, wo, in Figure 5 below), which act as a buffering zone to reduce the variation of soil moisture
and thus increase the time for drought intensification (e.g., Laio et al. 2001). We clarified the role of
rooting depths in the revised manuscript.

Please feel free to correct us if we misunderstood your comment. Thank you again!
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Figure 5 Global distribution of soil water storage capacity (units: mm), which used to calculate
global MFPT.



Reviewer #2 (Remarks to the Author):
General comment

This study used a stochastic water balance framework to examine the nonlinear relationship between
the timing of drought and various hydrometeorological factors and identify possible flash drought
events caused by lack of rainfall, high evapotranspiration, low soil water storage capacity, or a
combination thereof. Indeed, there are a variety of definitions for flash drought, which has been
merged as a critical sub-seasonal phenomenon with great impacts on agriculture, the economy, and
society. Providing new metrics for flash drought from a stochastic perspective is certainly of great
importance to our understanding of the rapid intensification of drought events. The stochastic theory
is sound and straightforward, and the authors also found that flash drought also exists in humid
regions such as southern China and the northeastern United States, calling for particular attention to
flash drought monitoring and mitigation. And the manuscript is wellwritten and well structured, with
potential publication in HESS. Below I list some points and the authors are wished to address before
published.

We are grateful to the reviewers for their positive comments and encouragement. We have used
these suggestions to improve the manuscript, as described below.

Major concerns

As illustrated in the text, the proposed framework measures the effect of deforestation on flash
drought, but the description on this content is unclear. Soil water storage capacity does have a strong
link with vegetation distribution, for example, drylands, with low NDVI, correspondingly show weak
soil water storage capacity. In addition, deforestation can change hydrological and energy cycle
processes, such as altering surface albedo and soil infiltration rate, which have an impact on flash
drought. What is the relationship between deforestation and soil water storage capacity? Please add
some specific statements. Further explaining is also needed, from my viewpoint, on how the
framework measures the effect of deforestation on flash drought.

Thank you for pointing this out. We did not explain this point very well in the original manuscript,
but now we have clarified the linkage between deforestation and flash drought.

As commented by the reviewer, deforestation converts forest into cropland or savanna, possibly
reducing the rooting depth and soil water storage capacity (Kleidon and Heimann 1999; O’Connor et
al. 2019; Nijzink et al. 2016). As shown Figure 6 a and b (Fig. 3 in the manuscript), lower soil water
storage capacity (wo) tends to reduce the mean first passage time of soil moisture dropping from 40 to
20 percentiles, demonstrating the possible impacts of deforestation on flash drought.

Moreover, deforestation also tends to increases surface albedo and thus influence the surface
energy balance and potential evaporation rate (Dirmeyer and Shukla 1994; Cerasoli et al. 2021),
which have been considered in the stochastic framework. Smaller Emax increases the mean first
passage time and therefore reduce the likelihood of flash drought (see Figure 6 b and c).

The changes of soil properties after deforestation have been reviewed by Runyan et al. (2012) and
Veldkamp et al. (2020) and many others. Such changes in soil organic content, retention curve, and
infiltration rate inevitably influence the hydrological cycle and soil moisture dynamics (Laio et al.
2001). It is possible to include all these factors in the full stochastic framework (e.g., Rodr guez-
Iturbe and Porporato 2004) to diagnose the impacts of deforestation on the soil properties and the
rapid decline rates of soil moisture.



At even large scale, deforestation may also change surface temperature and precipitation though
land-atmosphere interaction (Shukla et al. 1990; Salazar et al. 2016). Deforestation may change the
partitioning of surface heat flux and influence the atmospheric boundary layer dynamics, controlling
the transition from shallow to deep convection (Betts et al. 1996; Findell and Eltahir 2003; Yin et al.
2015; Tuttle and Salvucci 2016; Cerasoli et al. 2021). Lower precipitation rate corresponds to faster
drop of soil moisture and higher probability of flash drought as shown in Figure 6 a and c.

We have included a new discussion section to address all these linkages between deforestation and
flash drought in the revised manuscript.
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Figure 6 The influence of hydrometeorological factors on mean first passage time (days) of soil
moisture dropping from 40 to 20 percentiles.

Existing model simulations or satellite observations can provide daily-scale soil moisture as well,
although these data are not free from biases. In comparison to traditional droughts, flash droughts
are characterized by rapid development, while the rapid development of flash droughts usually
occurs within days or weeks, so pentadscale hydrometeorological variables are commonly used and
few studies analyzed flash droughts based on daily-scale data. The necessity to study the timing of
flash drought based on the minimalist hydrological model should be further explained and discussed.

Good point. Actually, we already did this, but we did not explain this approach very well in the
previous version of the manuscript.



As commented by the reviewer, flash drought is often characterized by the pentad (5-day) average
soil moisture, which may have smoother temporal evolution than the daily soil moisture. While soil
moisture is modeled at daily timescale in our stochastic framework (see gray and black lines in
Figure 7 top panel), the corresponding time for soil moisture dropping from 40 to 20 percentiles (first
passage time, see the distribution in Figure 7 bottom panel) is NOT directly used to characterize the
flash drought. Instead, the ensemble averages of the first passage time (i.e., averaged over many
realizations of the stochastic processes) is much smoother than the first passage time for the given
hydrometeorological condition and is used to characterize the rapid intensification of drought.

In fact, the soil moisture averaged over a long period is equivalent to ensemble average under the
ergodic hypothesis, which is usually valid in a chaotic system such as the soil water dynamics driven
by stochastic forcing (Eckmann and Ruelle 1985; Duan et al. 2002) at the scales considered here. In
its strictest form, the ergodic hypothesis states that ensemble statistics at any given time or
position are identical to the temporal or spatial statistics (mean and higher-order moments).
Therefore, the crossing time of the pentad average soil moisture should asymptotically approach
to the MFPT used in this study, which could provide accurate description of soil moisture dry-
down process.

In the revised manuscript, we have clarified the differences between the first passage time and
the mean first passage time and explicitly state that the latter is used to characterize the flash
drought.
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Figure 7 (top) numerical simulation of water balance for relative soil moisture x dropping from 40 to
20 percentiles, and (bottom) the corresponding distribution of first passage time (sample size of
1000).

One more point | concern is that the framework can measure the effect of evapotranspiration (E) on
flash drought, yet there is difference between potential evapotranspiration (PET) and E, for example
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for moisture-limited dry lands. I don’t know did the authors measure the difference between E and
PET on the results in Figure 3? In addition, the change in E is related to heatwave, while other
factors (such as change in leaf area index and solar radiation) can also impact E. | suggest adding
some discussion, in particular, on the difference between E and PET.

Thank you for the valuable suggestions.

Yes, the differences between E and PET were considered in Figure 3. While these differences have
been briefly discussed in the original manuscript (Line 58), it is not very clear and has been explicitly
addressed in the revised manuscript.

In the water balance model, E is assumed to be a function of soil moisture and potential
evapotranspiration, i.e.,

E = f (Epyr X) = Xy 2)

where the last equality assumes E linearly increase from 0 for x = 0 to Emax for x = 1 in the minimalist
framework. It should be noted that more general form of f(Emax, X) can still be solved analytically for
the mean first passage time. Therefore, we can model evapotranspiration with different soil water
thresholds such as the wilting point, onset of the soil water stress, and field capacity in the more
general stochastic framework to explore the mean first passage time and the flash drought.

Moreover, as commented by the reviewer, heatwave, leaf area index, and solar radiation also
influence flash drought, which have been thoroughly discussed in the revised manuscript.
Specifically, we used Penman equation to introduce the potential evapotranspiration as
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where Ee is equilibrium evapotranspiration, Ey is the evapotranspiration due to drying power of the
air, Ais the slope of the saturation vapor pressure curve (a nonlinear function of air temperature), » is

psychrometric constant, A, is latent heat of water vaporization, Q is available surface energy, ¢ is
the ratio of the gas constant for dry air to that of water vapor, po is near-surface air pressure, p is air
density, p,, water density, ga is aerodynamic conductance, and VPD is vapor pressure deficit.

Heatwave is often accompanied with high temperature and strong solar radiation (Stott et al. 2004),
which tend to increase Ee; dry or moist heatwaves may also have abnormal VVPD (Stefanon et al.
2012), which may influence Ev. Vegetation with larger leaf area index tends to have higher surface
roughness, resulting in larger ga and Ev. Therefore, heatwave, leaf area index, and solar radiation
influence the potential evapotranspiration, which further controls the soil moisture dynamics and the
drought occurrence.

We have added the Penman equation in the supplementary material and incorporated these
discussions in the revised manuscript.

Minor concerns

Aside from soil moisture, evaporation deficit (PET-ET) or evaporative stress ratio (ET/PET) is often
closely monitored to quantify the intensification of flash drought. It would be useful also to provide a
more general framework to consider these variables (or at least these variables should be
acknowledged).



These are valid points; thank you!

As commented by the reviewer, evaporative stress ratios (E/Emax) or evaporation deficit (E-Emax)
were also used to characterize flash droughts (e.g., Li et al. 2020; Christian et al. 2021). In the
minimalist framework with E = XEmax, evaporative stress ratio is already equivalent to x, which has
been discussed in the original manuscript. In the more general form, when modeling evaporation as a
function soil potential evaporation and soil moisture, we can further rewrite these two metrics as

E  f(Epm.X
= = : 4)
E-E, =f(E..X)—E.,

which are functions of Emax and x. If we assume the daily variations of Emax have limited impacts on
soil water balance (Daly and Porporato 2006), we can treat evaporative stress ratios or deficit as the
derived distributions of soil moisture, allowing us to link the corresponding percentiles and crossing
properties to these for soil moisture.

In the revised the manuscript, we have discussed these metrics in the stochastic framework for
diagnosing of flash drought.

Line 75: the example given in Fig. 2c clearly shows an exponential tail. Can we still have exponential
distribution for parameters with different values? This should be explored.

We still have exponential tails, which were explored by linearly fitting the logarithmic of the tails
for different parameters. From our numerical simulations (n =1000) in the parameter space of Figure

2, the correlation coefficients between lOQ(P(txllxz)) and ty, x, fort > ty,;, are close to -1 with

mean value of -0.94 and standard deviation of 0.03, suggesting these tails could be properly described
as exponential. These results have been reported in the revised manuscript.

Abstract should also emphasize the probabilistic structure of the first passage time, which is the
benefit of the stochastic framework.

Thank you for your suggestion. Particularly, we stressed that the stochastic water balance
framework can be used to describe the probability of the timing for soil moisture dropping from a
higher level to a lower one.

Line 13: period is missed after the citation.

Corrected.

| think there should be minus sign in front of Eq. (4).

Thank you for your reminder.

Line 74: The atom probability of no rainfall is not trivial. Please provide references or details of its
derivation.

The reference of Last and Penrose (2017) has been provided in the revised manuscript.
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How to calculate the rainfall frequency and average depth. Please clarify.

The time series of the daily precipitation in the boreal summer of 2009-2018 was obtained from the
Global Precipitation Climatology Project (GPCP). From these records, we calculated the rainfall
frequency as the proportion of raining days and rainfall depth as the average of daily rainfall depth
(excluding days without rainfall). This has been clarified in the beginning of the Sec. 3.2.

The information provided by each picture is seemingly not enough. Can you add more information,
please?

Thank you for the reminder.
In the revised manuscript, we have provided more information in the captions to specify all
parameters and data sources used in the figure.

Discussion chapters should be added to enrich the content

Thank you for pushing us to improve the presentation of the manuscript. In the revised reversion,
we have added a new discussion section to address the potential impacts from heatwave,
deforestation, solar radiation, and land-atmosphere interaction on the flash drought. We also included
the Penman equation in the supplementary material to explain that larger potential evapotranspiration
reduces the time for soil moisture dropping from higher level to a lower one.

| think the explanation of "timing of drought" in the text is slightly vague, which may further affect
the readers’ understanding of the drought risk mentioned in the study. Please add some explanations
for this concept.

To be consist with previous studies (e.g., Li et al. 2020; Christian et al. 2021), we used ‘rapid
decline rate of soil moisture’ to characterize the flash drought throughout the text.

Could you point out the numerical interval of timing of drought with high risk of flash drought?

This is an interesting question. Thank you!

As suggested in previous studies (e.g., Otkin et al., 2016; Ford and Labosier, 2017; Basara et al.,
2019; Nguyen et al., 2019; Zhang et al., 2022), the flash drought is often characterized as the soil
moisture dropping from 40 to 20 percentiles within 20 days. Therefore, the risk of flash drought can
be quantified as the probability of first passage time lower than 20 days (or other thresholds), which
is exactly the cumulative probability function (CDF). In our stochastic framework, CDF can be
obtained by integrating Eq. (5), i.e.,

tey La

[ ’ Loy ey <lfmin
F(t:rll:r:g) = / f(’,")d‘r = (5)

1 — e~ Altey e —tmin) 4 o= Bte; oy —tmin) = Almin tey oo = tmin
2 > ailmy =1

Using this equation, we can calculate the global risk of flash drought as shown in Figure 8, which has
similar patterns as the global MFPT (i.e., Figure 4 in the original manuscript). Note that risk with
different thresholds (e.g., 25 or 30 days) can still be obtained from Eq. (4).
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By inversing Eq. (4), we can also obtain the thresholds for any given risk (i.e., probability). In the
revised manuscript, we added this global risk figure to explain the unique feature of our methods.
We thank you again for your valuable comments and suggestions!
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Figure 8 Global risk of flash drought occurrence. Risk is calculated from Eq. (4) as the probability of
soil moisture dropping from 40 to 20 percentiles within 20 days or less. Similar patterns can be found
by using different thresholds.
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