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Abstract

Understanding the physical mechanisms which contribute towards the rapid intensification of flash
droughts is crucial for improving their forecasts. These mechanisms are difficult to elucidate using
statistical techniques due to the complex interactions between land surface and atmospheric
processes. In order to overcome this limitation, we use a slab model to model the coupled energy
and water balance of the land and atmosphere. We develop an analytical framework to disentangle
the influence of external forcings and system response driven by the state variables using the
energy and water balance equations of the model. We apply the model to six locations selected
from different climate regions of India to identify the physical mechanisms of flash droughts. We
find that most flash droughts in India happen during the monsoon season, with higher frequency
in humid regions of Northeast India and Southern Peninsular India. We find that all flash droughts
occur during periods of deficient rainfall and the drying is predominantly driven by net shortwave
radiation. However, the flash droughts differ in terms of contribution of winds towards drying,
based on which we classify the flash drought mechanisms into three types: (a) flash droughts with
wind-driven intensification due to land-atmospheric feedback (b) flash droughts with minimal
contribution of winds towards drying and (c) flash droughts with wind-driven intensification due
to advected heat. We also show that although the enhanced vapor pressure deficit is a frequently
recurring feature of flash droughts, it is not necessarily the most relevant contributor in their
development.

Key words: Flash droughts; Land-atmosphere interaction; Physical mechanisms; Vapor pressure
deficit

Key points:

e Ananalytical framework is proposed to quantify the contributions of external forcings, and
system response driven by state variables.

e Shortwave radiation is the major driver of rapid drying of soil during flash droughts in
India.

e Vapor pressure deficit increases during flash droughts but is not necessarily a significant
contributor in evolution of flash droughts.
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1. Introduction

Conventionally, droughts have been referred to as “creeping disasters” due to their gradual
development and translation of impacts on the environment and society. However, more rapidly
evolving, and intensifying droughts of shorter duration are being observed across the world in
recent years (Christian et al., 2021; Yuan et al., 2019), which have been referred to as flash
droughts. Apart from having below normal precipitation, these droughts may also be accompanied
with above average potential evapotranspiration (E,) which often quickens depletion of soil
moisture (Mahto & Mishra, 2020; Otkin, Svoboda, et al., 2018). The rapid depletion of soil
moisture can have disastrous impacts on agriculture, ecology, and economy. For example, the
Central United States drought in year 2012 was estimated to cause economic losses of more than
30 billion dollars (Basara et al., 2019). Some other recent flash droughts include the Yangtze River
basin drought in the summer of 2022 (Liu et al., 2023), Southeastern Africa drought in 2016 (Quan
et al., 2018) and U.S. Northern Plains flash drought in 2016 (Otkin, Haigh, et al., 2018). The
complex mechanisms and rapid development of flash droughts pose a significant challenge for
their accurate and timely forecasts (Pendergrass et al., 2020).

The term flash drought was first proposed by Svoboda et al. (2002) for describing events with
rapid deterioration of crop health due to short spells of intense heat and dryness. Due to the
advancements in the understanding of flash droughts, their definitions have been refined and
several new indicators have been proposed in the recent years (Lisonbee et al., 2021). Most of
these indicators try to identify rapid drying events using precipitation, air temperature,
evapotranspiration (ET), and potential evapotranspiration (Ep). Standardized drought indicators
like Standardized Precipitation Index (SPI) and Standardised Precipitation-evapotranspiration
Index (SPEI), which have been traditionally used for quantification of long-term droughts, have
also been used for flash drought identification by calculating them at 5-10 day intervals (Hunt et
al., 2014; Noguera et al., 2021). Indices based on ET and E), include the Evaporative Demand
Drought Index (EDDI; Hobbins et al., 2016), Evaporative Stress Index (ESI; Anderson et al., 2007;
Otkin et al., 2013) and Standardized Evaporative Stress Ratio (SESR; Christian et al., 2021; Gong
et al., 2022). Several studies have used the rapid changes in United Sates Drought Monitor
(USDM) drought categories as a criterion for the identification of flash droughts (Chen et al., 2019;
Lorenz et al., 2017; Otkin et al., 2013; Pendergrass et al., 2020). Rapid declines in soil moisture
(SM) percentiles have also been used for identifying flash droughts in some studies (Han et al.,
2023; Mahto & Mishra, 2020a; Y. Wang & Yuan, 2022; Yuan et al., 2019). Otkin et al., (2021) has
recently developed soil moisture percentile-based Flash Drought Intensity Index (FDII) which
takes both rapid intensification and drought severity into account.

Significant advances have also been made in understanding the mechanisms of flash droughts.
Wang & Yuan (2018) found that in humid regions like Southern China, elevated temperatures
combined with high antecedent soil moisture can lead to rapid drying through enhanced ET
whereas in semi-arid Northern China, flash droughts are driven by precipitation deficits. Similarly,
Mo & Lettenmaier (2015), showed that flash droughts in the Conterminous United States
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(CONUS) can be classified into two categories: first, which are driven by enhanced elevated
temperature and increased ET (heat wave flash droughts) and those which are driven by
precipitation deficits (precipitation deficit flash droughts). They further showed that precipitation-
driven flash droughts are twice as frequent as ET-driven flash droughts over the CONUS (Mo &
Lettenmaier, 2016). Otkin et al., (2013) and Parker et al., (2021) showed that E,, based indices like
ESI can predict flash drought onset better than precipitation indices in Southeast Australia and
United States respectively. Strengthening this hypothesis, Chen et al. (2019) showed that ET-
related processes constitute the major driving mechanisms of flash drought intensification in the
CONUS. Osman et al. (2022) classified flash drought events based on antecedent
hydrometeorological conditions into three categories: (1) flash droughts with high antecedent E,,
and low SM, (2) flash droughts with high antecedent E;, and moderate SM and (3) flash droughts
with modest anomalies of antecedent E, and SM. At the global scale, precipitation deficit has been
shown to be the dominant contributor to flash droughts (Hoffmann et al., 2021; Koster et al., 2019).
These results indicate that the driving mechanisms of flash droughts can vary considerably
seasonally across regions.

In several recent studies, the role of land-atmospheric interactions in flash drought intensification
has also received significant attention (Miralles et al., 2019). Ahmad et al., (2022) found that
decrease in soil moisture contributed to positive feedback between increased atmospheric
temperature and sensible heating, that accelerated the rate of drying of soil. Qing et al., (2022)
analysed the rate of intensification of flash droughts globally and showed that the coupling
between SM and vapor pressure deficit (VPD) contributes significantly to rapid intensification of
flash droughts. Wang & Yuan (2022) showed that increased LA-coupling during flash droughts,
1.e., the positive feedback between increased sensible heat and atmospheric temperature,
accelerates the rate of drying of soil over Southern China.

India has been found to be one of the global hotspots of flash drought occurrence (Christian et al.,
2021, 2023), with majority of them occurring during the monsoon season (Mahto & Mishra, 2020,
2023; Mishra et al., 2021). The frequency of flash droughts in India is expected to increase multi-
fold in near future due to climate change (Mishra et al., 2021). Being an agriculture-based
economy, where 68 percent of population is involved in farming or allied sectors (Chandra &
Malaya, 2011; Dhawan, 2017; Joshi, 2015), flash droughts pose a significant threat both to food
security and economy. The flash droughts in India have been attributed to increased air temperature
and below normal precipitation (Christian et al., 2021; Mahto & Mishra, 2020), which are
exacerbated by land-atmospheric interactions (Mishra et al., 2021). Flash droughts in Northeast
and Peninsular India have been found to be associated with high SM-VPD coupling (Mahto &
Mishra, 2023). In a recent work, Das et al. (2023) show that anomalies in surface latent and
sensible heat flux act as the triggers for flash drought onset in India.

Most of the above-mentioned studies have used statistical methods for deciphering the physical
mechanisms of flash droughts by either analysing anomalies of hydrometeorological variables
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during and before flash droughts (Mo & Lettenmaier, 2015; Wang & Yuan 2018; Koster et al. 2019;
Osman et al., 2022), using correlation analysis (Qing et al., 2022; Mahto & Mishra, 2023) or using
flash drought indicators based on different hydrometeorological variables (Otkin et al. 2013;
Parker et al. 2021; Hoffmann et al., 2021; Das et al., 2023). A major limitation of using statistical
methods for studying land-atmospheric interactions is that the co-variability of variables might not
actually imply a causal relation between them due to the strong coupling of land and atmospheric
processes (Orlowsky & Seneviratne, 2010). For instance, the air temperature can increase during
droughts due to solar radiation, sensible heat flux as well as advected heat flux. Thus, a positive
anomaly of solar radiation during a drought may not mean that the rise in air temperature is caused
by solar radiation. Furthermore, the rapid drying during flash droughts represents the combined
effect of anomaly in external forcings such as wind, precipitation and radiation, and the system
response through land-atmospheric interactions, which cannot be distinguished using statistical
methods. Quantifying the contributions of external forcings and system response to flash droughts
is critical for understanding their physical mechanisms and improving their predictability. While
researchers have developed frameworks for attributing the changes in E,, to its meteorological and
radiative drivers (Hobbins, 2016), such a framework has not been developed for attributing the
rapid decline in soil moisture during flash droughts.

In this study, we use an analytical model developed by Brubaker & Entekhabi (1995; referred to
as BEO9S in this paper) for understanding the physical mechanisms of flash droughts. The BE95
model simulates the land-atmospheric interactions by representing the atmosphere as a single slab
of fixed height and the land surface as a single layer of soil. The model includes four state variables
(soil moisture (s), specific humidity (g,,), ground temperature (tg) and atmospheric temperature
(8,n)), which are computed by solving the energy and water balance equations. While Brubaker &
Entekhabi, (1995) used the model to analyse the effect of land-atmospheric interaction on the long-
term regional climate, we apply this model for understanding flash drought mechanisms. We use
forcings derived from reanalysis datasets to run the BE95 model in six locations in India which
are representative of the different climate regimes across the country. We use the water and energy
balance equations of the model to develop an analytical framework for segregating the effects of
external forcings and response induced by the state variables on soil moisture declines during flash
droughts.

The remainder of this paper is organized as follows: section 2 provides a description of the BE95
model, the proposed framework to decompose changes in state variables due to external forcings
and system-driven changes, datasets used and the study regions. The validation of the model and
the three identified flash drought mechanisms are described in section 3. Section 4 provides
discussion on the seasonal and regional variation of flash drought characteristics, comparison of
findings with previous studies and limitations of the study. Section 5 concludes the paper with the
major findings of the study.
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2. Methodology

In section 2.1, we first describe the equations which are solved in the BE95 model. The parameters
and forcing variables used for running the model are discussed in section 2.2. In section 2.3, we
describe how we use the water and energy balance equations of the model to quantify the
contributions of external forcings and system response to flash drought evolution. Section 2.4
provides the details of the locations selected for the analysis of flash droughts.

2.1 The BE95 model

The BE95 model is a lumped model with two reservoirs: one representing the mixed layer of the
atmosphere and the other representing the top ground layer. The lumped representation of land and
atmosphere in the model implies that the state variables are assumed to be invariant with respect
to height of the atmospheric mixed layer and depth of ground. The model also assumes that the
height of the mixed layer does not vary with time. The model has four state variables: specific
humidity (g,,[—]), atmospheric temperature (6,,[K]), relative soil moisture (s[—]) and ground
temperature (tg [K]), which are calculated by solving the energy and water balance equations for
land and atmosphere reservoirs:

P—R—ET 1 (la)
PwZn
ET
i qin B p_h + Sa g, X (Qin — Qout) — Qtop — Pp X qm, (1b)
dt|te | Rps —RLgy + RLgq + Ctg(l —€n)RLyg —H — AET (10)
Om z:Csy ’
€m(RLgy + RLgg) — RLgg — RLgy, + H + Hypp
pcph T So4, X (Hipn — Hout)_ (1d)

Equation (1a) in the above matrix describes water balance at the ground surface. The change in
soil moisture is the residual of precipitation P and the sum of runoff R and evapotranspiration ET,
where p,, denotes the density of water and z;, denotes the hydrologically active soil depth, which
contributes to runoff and evapotranspiration. Runoff is modelled as a product of precipitation and
a non-linear function of soil moisture with parameters 7 and r.

R =nPs" (2)

Evapotranspiration from soil (ET) is calculated as a product of potential evapotranspiration (Ep)
and evaporation efficiency (ﬁ (= sc)), which decreases as the soil dries. We calculate E}, using the

simplified FAO Penman-Monteith (PM) equation, which includes two components driven by: 1)
radiation and 2) turbulent moisture transfer through wind.
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ET = 'BEP = 'B(Eprad + Epwind) (3)

in which E, = 0.408R,b;, where R, (= Rps — RLgy + RLgq + (1 — €)RLgq) is the net
radiation at the ground surface, R, is the net shortwave radiation on the ground surface after
subtracting the shortwave radiation reflected due to albedo, RL,, is the longwave radiation emitted
by the ground upwards, €, is the emissivity of the atmospheric mixed layer, and RLg; and RL 4

are the longwave radiation incident at the ground surface from within the mixed layer and top of

the mixed layer respectively. The term b, (= Aiw) is the ratio of slope of the temperature-

saturation vapor pressure relation (A) to the sum of A and psychrometric constant (y). RLyg4 is
calculated using the air temperature at the top of the mixed layer 6,, , which is related to the mixed

layer temperature 8, through the following relation:

N
C

On, = Om () (4)

¢ Ps

where P;, and P; are the atmospheric pressure at the top and bottom of the mixed layer respectively,

R, is the gas constant for dry air and cp is the dry air specific heat at constant pressure.

E

pwing 1N €quation 3 is the product of three terms b, (= L), b, (= :()_ouz) and by (= e; — e,),

A+y m

in which u, is the wind velocity at 2m height form the surface and e, and e, are the saturated and
actual vapor pressure respectively. The term b, is the vapor pressure deficit (VPD). The slope of
temperature-saturation vapour pressure relationship is given by:

4098 x eg
(6, + 237.3)2 (5)

And the saturation vapor pressure (ey) is calculated as:

17.27X6, 6
e; = 0.6108 X e Om+237 ©

Equation (1b) in the matrix represents the moisture balance in the atmospheric reservoir. There are
two sources of moisture for the atmospheric reservoir: evapotranspiration from the ground surface
and the advected moisture (Q;,). Out of total moisture available in atmospheric mixed layer, a
fraction (Pp) is assumed to precipitate. The reservoir can lose moisture through air advected out
of the reservoir (Q,,;) and dry air entrainment from the top of the mixed layer (Qmp), which is
assumed to be zero for simplicity. (Q;n[—]) and (Q,,:[—]) represent the change in specific
humidity of the atmosphere due to advection of incoming and outgoing moisture, which is
calculated as the advected mass flux of water vapour divided by the mass of air column. In this
study, we adjust the humidity advection term by a factor Sy, to match the ERAS specific humidity
time series.
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Equation (Ic) in the matrix represents energy balance of the ground surface. The ground surface
receives energy from net shortwave radiation (R,;), longwave radiation from the mixed layer
(RLg4) and top of the mixed layer (RL,4) and loses energy through longwave radiation emitted
by the ground (RLgu), sensible heat flux (H) and latent heat flux (AE). We found that RL,,4
calculated using the Stefan-Boltzmann Law led to overestimation of ground temperature when
compared to the ERAS ground temperature time series. Hence, we used a coefficient Ctg to adjust

RL,, and reduce the bias. The sensible heat flux is calculated as:
H = CHE(tg - Qm)pcp (7)

where Cyp(= 86400c,u,) is the coefficient of transfer of heat, in which c; is the coefficient of
sensible heat and p is the density of air. In equation lc, Cy is the volumetric heat capacity of the
soil and z; is thermally active soil depth which actively exchanges energy with the atmosphere.
We estimate Cg using the following formula (Huang et al., 2011).

_ 2.0x10°

(®)
Csv = 2.65

BDyoy + 4.2 X 10854, + 2.5 X 10°SOM,,

where bulk density of soil (BDy,;;) and organic matter content of soil (SOM,,) are based on data
from Harmonised World Soil Database (HWSD). 54,4 is the average moisture for the soil.

Equation (1d) in the matrix represents energy balance of the atmospheric reservoir. The reservoir
receives energy from longwave radiation emitted by the ground surface (RLgu) and the top of the
atmosphere (RL,,;), sensible heat emitted by ground surface (H) and heat entrained from top of
the atmosphere (Hy,,), which is assumed to be 20% of H. The atmospheric reservoir loses energy
through the longwave radiation emitted in the upward (RLg,) and downward (RLg,) directions.
The terms (H;,[K]) and (H,,:[K]) represent the change in temperature of the mixed layer due to
the heat flux advected in and out of the atmosphere respectively and are calculated as the advected
heat flux divided by the mass of air and specific heat capacity of air in the reservoir. The heat
advection terms are adjusted by a factor (Sea dv_) to match the ERAS atmospheric temperature time

series.

The longwave radiation terms are calculated using the Stefan-Boltzmann law as RLg, = esatg;
RLsq = €m004; RLgy, = €306 and RLyq = €,065,  respectively, where €; is the emissivity of
the soil and €, is the emissivity of the top of the atmosphere.

Brubaker & Entekhabi, (1995) reported that BE95 model works well in partitioning the incoming
shortwave radiation into latent and sensible heat. Entekhabi & Brubaker (1995) later used this
model to study the influence of energy-water coupling in determining different states of the land
atmosphere system. In this study, we have made two major modifications to the BE95 model.
Firstly, we consider precipitation as an external forcing to the model, while precipitation was
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modelled as a function of the atmospheric humidity in the original BE95 model. This change was
required since flash drought occurrence is highly sensitive to daily rainfall deficits which cannot
be captured by the simplified relations used in the original model. Secondly, we use the Penman-
Montieth equation for modelling potential evapotranspiration, which is better suited for
quantifying the contribution of shortwave radiation and winds towards rapid depletion of soil
moisture as compared to the simplified relation used in the original BE95 model. Hereafter, we
refer to the modified model as MBE95 model.

2.2 Forcing datasets and parameters

The MBE95 model was run for 30 years (1992-2021) at the daily scale. The forcing data required
to run the model were taken from the ERAS climate reanalysis dataset (Hersbach et al., 2020)
produced by European centre for medium range weather forecast (ECMWEF) which is available
at open access from Copernicus climate data store (CDS). This dataset consists of gridded global
climate reanalysis outputs on 0.25° x 0.25° regular latitude-longitude grids available at hourly
scale. The data was downloaded at 4-hour intervals and aggregated to daily scale. The following
forcing variables are used to run the model: 1) net shortwave radiation at ground surface, 2)
precipitation, 3) incoming advected moisture, 4) outgoing advected moisture, 5) incoming
advected heat, 6) outgoing advected heat, and 7) 10m wind velocity. Wind velocity at pressure
levels of 875 and 950 hPa in the reanalysis dataset were used in the calculation of heat and moisture
advection into the mixed layer. We converted the 10m wind velocity from the reanalysis dataset to
2m wind velocity, required for calculating potential evapotranspiration, using the following
relation (Allen et al., 1998).

u, = 0.748(uq) 9)

Other than the forcing variables, the model requires some parameters and constants which need to
be specified. We used soil moisture, ground temperature, atmospheric temperature, and specific
humidity from the ERAS dataset to manually calibrate the model parameters. The following
parameters were calibrated manually: emissivity of the soil (&), emissivity of the top of the
atmosphere (€,) , coefficient for energy balance at ground surface (Ctg), factor for moisture

adjustment in the atmosphere (P,), factors for adjustment of advected moisture (Sqa dv_) and

advected heat (Sea dv_). These parameters were adjusted by trial-and-error to match the simulated
state variable time series with the ERAS time series for that variable. Volumetric heat capacity of
soil (Csy) was calculated using equation 8. Height of the atmospheric mixed layer (h) is fixed to
988.5m which corresponds to the height of the lowest atmospheric layer in the ERAS dataset.
Emissivity of the atmospheric mixed layer (€, = 0.56) is fixed. Thermally active soil depth (z;)
and hydrologically active soil depth (zj) are fixed to be 1 m each. The calibrated parameters are
presented in Table 1 in the results section.
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267 2.3 Quantification of role of external forcings and system response

268  We segregated the changes in the state variables X; on the day t into those caused by the initial
269  state of the system G(X;) and those driven by external forcings H. The change produced by
270  external forcings is the product of external forcings F, and the sensitivity of the system to external
271  forcings which is a function of the state variables g(Xy).

dX
— =GX) + HX,F) 1o
272
H(X, F) = g(X0)-F, (11)

273  In the remaining text, we drop the notation t to simplify the expressions. In the above equation,
274 G(X,) is the vector function whose elements are G°, G9™, G and G% representing the changes
275  in soil moisture, humidity, ground temperature and air temperature respectively, which are driven
276 by the systems response.

GS
_ G9m
GX) = | e,
GOm
A
B 0408 37—~ B(RLsg — RLgy + (1 — €)RLyq) (12a)
PwZn
A
0.408A—+YB(RLsd —RLg, + (1 — €,)RLyy) (12b)
= ph ~Pp Xy
A
RLsq — RLgy, + Ce,(1 = €)RLog N 0408 77~ BA(RLgy — RLsa — (1 = €m)RLaa) (12¢)
ZtCsV ZtCsV '
(RLgy + RLag)€m — RLsg — RLg, (124d)
phcy,
277  The forcing vector consists of seven variables:
T
F = [Pt: Uz, Qint: Qoutt: Hl’nt: Houtt' Rnst (13)

278  The elements of the sensitivity matrix g*/ represent the sensitivity of the i*" state variable to the
279 " forcing variable.

gS gS_P gs_uz gS_Qin gS_Qout gS_Hin gS_Hout gs_Rns
gqm gqm—P gqm—uZ gqm—Qi‘n gqm_Qout gqm—Hin gqm_Hout gqm—RTLS
g(X) = gtg - gtg_P gtg_uz gtg_Qin gtg_Qout gfg_Hin gtg—Hout gtg—RnS

(14)

Bm Om_P Om_Uz em_Qin 0m_Qout Om_Hin Om-Hout Om_Rns
9 9 9 9 9 9 9 9
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The terms of the sensitivity matrix for soil moisture are obtained from the soil water balance
equation la. Sensitivity of soil moisture with respect to precipitation is obtained from equation la
and equation 2 as:

goP = (1—ns")
PwZn (15)

which means that as the soil moisture decreases, its sensitivity to precipitation increases because
when the soil moisture level is low, the evaporation and runoff rates are lower. Similarly, sensitivity
of soil moisture with respect to wind and shortwave radiation are obtained using PM equation as

y 900
B Aty (es —eq) (m)
PwZn (16)

gs_uZ = —

which implies that as VPD increases, the sensitivity of soil moisture to wind velocity increases due
to increase in potential evapotranspiration at higher VPD.

0.408pb,

gs_Rns =
PwZn

(17)
Equation 17 implies that if f(= s€) or b1 have high anomaly, the rate of decline of soil moisture
due to shortwave radiation will be high. The sensitivity of soil moisture to other external forcings

are zero (gS_Qin — O;QS_Qout — O;QS‘Hm — O;gS_Hout — O)

The sensitivity of specific humidity with respect to forcings are calculated from the moisture
balance equation of the atmosphere (equation 1b). The sensitivity of specific humidity to wind and
shortwave radiation is calculated from the evapotranspiration equation (equation 3):

_ )Y (200
Gints = Bles — e 57 () (18)
ph
A
0.408(3 +—F—
gqm_Rns = —'B A+ 14 (19)
ph
The other sensitivity terms are gin-f =0;gmCin =5, ;gin-Qout =—g ;ginflin =

O; gqm_Hout — O

Ground temperature is influenced by wind velocity through sensible heat flux and latent flux.
Therefore, the sensitivity of ground temperature with respect to wind velocity can be calculated
by combining equations Ic, 3 and 7.
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_e)-Y (200
glotz = — CHE(tg - Bm)pcp _ BA(es —€a) A+y ( 0., ) (20)
ZtCPU Zthv
A
10® — 0.40881+———
glo-Rns = Mi+y (21)
Z:Cpy

Shortwave radiation affects ground temperature directly as well as through evapotranspiration
(Equation 1c). Therefore, its sensitivity is given by equation 21. The value 10° in the numerator
comes due to conversion of shortwave radiation from Megajoule to Joule.

Other sensitivity terms for ground temperature are gls-F = 0; gls-Cin = 0; glo-Qout = (; glo-Hin =
0; gle-tour = (,

Wind affects atmospheric temperature through sensible heat flux. Therefore, the sensitivity with
respect to wind is calculated by combining the energy balance of atmosphere (equation 1d) and
the sensible heat equation (equation 7):

_ 1.2Cug(ty — 6m)pcy (22)

gem_uZ

phc,
The other sensitivities of atmospheric temperature are g°»-f = 0; g%-Qn = 0; g®n-Qout =

O;gem_Hin =S, ;gem_Hout = —S, ;gem_Rns =0.

adv. adv.

2.4 Study locations

In order to analyse the flash drought mechanisms in different regions of India, we consider
representative locations from each of the six homogenous precipitation regions defined by the
Indian Meteorological Department (IMD; shown in Figure 1): Western Central (WC), South
Peninsular (SP), Northeast (NE), Hilly Regions (HR), Central Northeast (CNE) and Northwest
(NW). We run the MBE95 model with the forcing variables for these locations derived from the
ERAS dataset.
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Figure 1 Indian Meteorological Department (IMD) homogenous precipitation regions. IMD has mapped India into
six different precipitation regimes based on spatial distribution of rainfall patterns.

3. Results

3.1 Model parameters

The MBE95 model has 13 parameters. Five of the parameter values are taken from the study by
Brubaker & Entekhabi (1995) and are provided in the appendix section. Average elevation of
different places (h) are taken from google maps. Rest of the parameters have been calibrated
manually. Table 1 enlists the values of the calibrated parameters for each region.
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Table 1 Calibrated parameters for each region

Parameter NE HR CNE PR wC NW
(h=59m) (h=763 m) (h=126 m) (h=84m) (h=491m) (h=221m)
€s 0.96 1 1 1 1 1
Ctq 0.66 0.50 0.80 0.57 0.65 0.69
€q 0.90 0.85 0.81 0.85 0.80 0.79
B, 0.21 0.15 0.16 0.18 0.18 0.13
Cpy 2.49 x 10° 2.35 x 10° 2.27 x 10° 2.89 x 10° 2.76 x 10° 1.98 x 10°
S04y, 0.14 0.52 0.10 0.09 0.13 0.15
Sdaav. 0.12 0.41 0.07 0.18 0.14 0.15
€s; = Emissivity of soil, Ctg = Coefficient for energy balance at ground surface, €, = Emissivity of atmosphere,
B, = Coefficient for moisture balance in atmosphere, C,,, = Volumetric heat capacity of soil, Sq_, = Scaling
for advected heat, Sqadv. = Scaling for advected moisture

3.2 Model validation

Figure 2 illustrates the comparison of the model-simulated standardized soil moisture anomalies
with those from the ERAS dataset up to a depth of 1 m at the pentad-scale. The anomalies are
calculated as the difference between the value of the state variable and the climatological mean
divided by the standard deviation for that pentad. A soil depth of 1 m corresponds to the total of
first, second and third layer of soil in the ERAS reanalysis dataset. The model seems to be in good
agreement with the ERAS soil moisture time-series. In conjunction with our objective of
deciphering flash drought mechanisms using an analytically tractable model, the results suggest
that the model is capable of capturing the soil moisture variability in the ERAS dataset. We also
found that the model was able to reasonably reproduce the variability of ground temperature,
mixed layer temperature, and specific humidity (Figures S1-S3 in the supporting information).

In accordance with the existing literature (Ford & Labosier, 2017; Mahto & Mishra, 2020b), we
define flash droughts as periods in which soil moisture decreases from above 40th percentile to
below 20th percentile within a predefined threshold number of pentads, which is region-specific.
Since the climate characteristics vary significantly across the 6 precipitation regions, the use of
same threshold for maximum number of pentads resulted in identification of a very small number
of flash droughts in some regions. Therefore, we set the threshold of 5 pentads for NE, CNE, SP
and NW and 7 pentads for HR and WC as the maximum number of pentads in which soil moisture
should fall from above 40 percentile to below 20" percentile to be classified as a flash drought.
We observed that the frequency of flash droughts varies across India with higher frequency in the
humid regions of NE and PR. Within the observation period of 30 years, we identified 19 flash
droughts in NE, 18 in HR, 11 in CNE, 36 in SP, 15 in WC and 9 in NW regions.
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Figure 2 Comparison of pentad-scale model-simulated (vellow) and ERAS5(black) standardized soil moisture
anomalies for the representative grids from (a) NE, (b) HR, (c) CNE, (d) PR, (e) WC and (f) NW for the year 1993.
The anomalies are calculated as the difference between the value of the state variable and the climatological mean
divided by the standard deviation for that pentad. Daily soil moisture was converted to pentad-scale using 5-day
moving average, resulting in 73 pentads in a year.

3.3 Flash drought mechanisms

At the six selected locations, we identified flash drought periods based on the model-simulated
soil moisture percentiles. We analyse the changes in state variables caused by external forcings
and the system response driven by the state variables. We find that all flash droughts occur during
periods of deficient rainfall and the drying is predominantly driven by net shortwave radiation.
However, the flash droughts differ in terms of contribution of winds towards drying, based on
which we classify the flash drought mechanisms into three types: (a) Category 1: flash droughts
with wind-driven intensification due to land-atmospheric feedback (b) Category 2: flash droughts
with minimal contribution of winds towards drying and (c) Category 3: flash droughts with wind-
driven intensification due to advected heat. We describe the three mechanisms using three
representative flash drought events.

3.3.1 Flash droughts with wind-driven intensification due to land-atmospheric feedback
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Figure 3: Example of a Category 1 flash drought which occurred in June 2012 in the NW region. Figures (a-d) show
the time series of the state variables (black) and daily changes in the state variables (olive). The daily changes in state
variables are decomposed into those caused by system response G (purple) and forcings H. The blue and orange lines
represent the individual contributions of winds and shortwave radiation towards changes in the state variable. Green
line represents precipitation contribution to change in soil moisture in (a) and contribution of external advection to
changes in respective state variables in (b) and (d). Anomalies of (e) wind velocity, (f) net shortwave radiation, (g)
precipitation and (h) VPD are shown by black solid lines. The anomalies are calculated as the difference between
values of the state variable and the climatological mean for that pentad. The yellow lines in (e-f) represent anomalies
in sensitivities of soil moisture with respect to wind and shortwave radiation and are plotted on secondary Y-axis. The
notation H(X, F) represents changes in state variable (X) induced by forcing (F) individually. G (X) represents systems
response to changes induced in X.
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Figure 3 illustrates the evolution of forcings, state variables and sensitivity of changes in state
variables to forcings during a flash drought in the NW region, which occurred in June 2012. Figure
3a shows the soil moisture during the flash drought period in black and the daily changes in olive.
The daily changes in soil moisture are decomposed into changes caused by state variables (shown
in purple) and those caused by each forcings, with the changes caused by precipitation, wind and
shortwave radiation shown in green, blue, and orange respectively. Similarly, Figures 3b-d show
the daily changes and their decomposition into forcing- and state-driven changes for humidity,
ground temperature and air temperature respectively. Figures 3e-h show the anomalies of wind
velocity, shortwave radiation, precipitation and VPD respectively during the flash drought.

During the flash drought event shown in Figure 3, the soil moisture percentiles fell from above
40" to below 20™ percentile between pentads 33 and 36 (Figure S4). Figure 3 shows that external
forcings contribute to a negative change of soil moisture, whereas the system-driven response

negates this effect through higher upward longwave radiation RL,,, which reduces the net energy

gu>
available for evaporation (Equation 12a). However, since the changes in soil moisture caused by
external forcings are larger, soil moisture rapidly declines during this period. The changes in soil
moisture are controlled by three external forcings: 1) precipitation (P), 2) net shortwave radiation
(Rys) and 3) wind speed (u,). The flash drought occurs in a period of deficient rainfall (Figure
3g). Figure 3a shows that net shortwave radiation contributes most significantly to soil moisture
depletion (orange line) followed by wind speed (blue line), which is due to large positive anomalies

of net shortwave radiation and persistent evaporation (Figure 3f).

While the contribution of R, to soil moisture depletion remains almost constant throughout the
flash drought, wind contributes to rapid intensification of drying of soil between pentads 32 and
34 (Figure 3a). This period of rapid drying is driven by an increase in sensitivity of wind velocity
to changes in soil moisture (g5-*2) and high anomaly in wind speed at same time (Figure 3e). It is
important to note that g*-*2 is negative as higher wind velocity leads to depletion of soil moisture
through evapotranspiration (equation 16). Hence, negative anomalies of g°-*2 denote increased
sensitivity of soil moisture with respect to wind. The sensitivity of winds to reduction in soil

moisture is controlled by three factors: 1) f3, 2) ;’—2 and 3) VPD. Out of these three factors, VPD

had the largest positive anomalies during this period and hence contributed to negative anomalies
in in g*-*2 (Figure 3h), while the contributions of the other two components were not significant
(Figure S7 in supporting information).

VPD is the difference between the saturation vapour pressure, which depends on the air
temperature, and the actual vapour pressure which depends on the specific humidity of air. Thus,
the increase in VPD during the flash droughts could be caused by increased air temperature,
decreased specific humidity or a combination of both. The changes and drivers of specific humidity
and air temperature are shown in Figure 3b and Figure 3d respectively. It is evident from Figure
3b that the specific humidity was lowered predominantly due to advection of dry winds (green line
in Figure 3b), whereas air temperature increased through winds due to sensible heating (Equation
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22) as shown by the blue line in Figure 3d. The high sensible heating can be attributed to increased
land surface temperature driven by net shortwave radiation and lack of evaporative cooling due to
low soil moisture (Figure 3c¢).

In summary, the soil moisture depletion of category 1 flash droughts is predominantly driven by
shortwave radiation during a period of low precipitation. Due to low evaporative cooling, the
shortwave radiation heats up the land, leading to increased sensible heating which in turn
contributes to higher air temperature. The high air temperature combined with low humidity due
to advection of dry wind from upwind areas lead to increased VPD. The increased VPD increases
the propensity of winds to evaporate water from soil, which further depletes soil moisture, and the
ground temperature increases. This mechanism is a classic example of land atmosphere feedback
accelerating the rate of drying of soil.

3.3.2 Flash droughts with minimal contribution of wind towards drying

Figure 4 shows the evolution of state variables, forcings, their corresponding sensitivities and
individual forcing contributions during a flash drought event which occurred in March-April 1993
in the SP region. The representation of all variables is similar to that of Figure 3. Soil moisture
percentiles fell from above 40™ to below 20" percentile between pentads 17 and 20 (Figure S5).
Figure 4a shows that the drying of soil is driven by shortwave radiation (orange line), whereas the
contribution of wind is negligible (blue line). Below normal precipitation accompanied with
persistent evapotranspiration from the soil due to positive shortwave radiation anomalies (Figure
4f) leads to the drying of soil. We find that flash droughts of category 2 frequently occur in humid
regions where the initial soil moisture levels are high. The negligible effect of winds on drying is
due to smaller values of g5-*2 (Figure 4e). Shortwave radiation leads to increase in ground
temperature (orange line in Figure 4c) and a subsequent increase in air temperature through
sensible heating (blue line in Figure 4d), but it does not translate to increase in VPD (Figure 4h)
as the magnitude of air temperature is much lower as compared to category 1 flash droughts.
Furthermore, the specific humidity of air also does not decrease during the flash drought due to
moisture supply from shortwave radiation driven evaporation (Figure 4b and Figure S5). Out of

. b
S-42 B was always negatively anomaly and 9_2 also do not

m

the other two components of term g

have significantly high anomalies to have strong influence (Figure S8). As a result, there is no
significant rise in g°-“2, due to which winds do not intensify the rates of drying.

To summarize, in category 2 flash droughts, which are often seen in humid regions, the drying of
soils is driven by shortwave radiation and winds do not have any significant influence. The increase
in VPD during the flash droughts is restricted by the low magnitude of atmospheric temperature
due to high latent heat flux and high specific humidity due to high evaporation rates, thereby
preventing the intensification of flash droughts by winds.
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Figure 4 Example of a Category 2 flash drought which occurred in March-April 1993 in the SP region. Figures (a-d)
show the time series of the state variables (black) and daily changes in the state variables (olive). The daily changes
in state variables are decomposed into those caused by system response G (purple) and forcings H. The blue and
orange lines represent the individual contributions of winds and shortwave radiation towards changes in the state
variable. Green line represents precipitation contribution to change in soil moisture in (a) and contribution of external
advection to changes in respective state variables in (b) and (d). Anomalies of (e) wind velocity, (f) net shortwave
radiation, (g) precipitation and (h) VPD are shown by black solid lines. The anomalies are calculated as the difference
between values of the state variable and the climatological mean for that pentad. The yellow lines in (e-f) represent
anomalies in sensitivities of soil moisture with respect to wind and shortwave radiation and are plotted on secondary
Y-axis. The notation H(X,F) represents changes in state variable (X) induced by forcing (F) individually. G(X)
represents systems response to changes induced in X.
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3.3.3 Flash droughts with wind-driven intensification due to advected heat

We also identified some flash droughts which though lesser in frequency, have a different
developing mechanism than Category 1 and Category 2 flash droughts. While the rate of drying of
soil is intensified by winds, what distinguishes them from Category 1 flash droughts is that the
advection of hot air from upwind areas is a more important contributor to increase in VPD than
sensible heating. Thus, the flash droughts of this category are influenced by climatic conditions in
the upwind areas. Figure 5 illustrates a flash drought of this kind which occurred in the NW region
during January-February 1993. The representation of all variables is similar to that of Figure 3 and
Figure 4. Soil moisture percentiles fell from above 40™ to below 20" percentile between pentads
3 and 8 (Figure S6). From Figure 5a it can be seen that there was an intensification of the drying
of soil in the 7™ and 8™ pentad. As shown in Figure 5a, the contribution of winds (blue line)
towards soil moisture depletion is comparable to that of shortwave radiation (orange line) and the
winds played an important role in the intensification of the flash drought in the 7" and 8™ pentads.
This is due to high anomaly in sensitivity of soil moisture to winds in the 8" pentad (negative g5-¥2
in Figure 5e). The increased sensitivity of winds is caused by a sharp spike in VPD (Figure 5j and
Figure S9), which can be attributed to decreased specific humidity (Figures 5b and S6) and
increased air temperature (Figures 5d and Figure S6). The other two components of g5-*2: 3 and

b . . . . . . .
9—2 had negative anomalies (Figure S9) and hence did not contribute to increase in g*-*2. The green
m

lines in Figures 5b and 5d show that advection was the major contributor to increase in air
temperature and decrease in specific humidity during the intensification period, which led to the
sharp increase in VPD.

Thus, Category 3 flash droughts apart from shortwave radiation, are also influenced by winds. This
influence comes from increased sensitivity to winds which is a result of increased VPD. The
increase in VPD is a result of advection of dry and heated air from the upwind areas which directly
increases atmospheric temperature and not the ground temperature. Land atmosphere interaction
is only one way in these flash droughts and coupling is absent. We observe that in many cases of
Category 3 flash droughts, both sensitivity of winds and magnitude of winds are high at the same
time.
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Figure 5 Example of a Category 3 flash drought which occurred in January-February 1993 in the NW region. Figures
(a-d) show the time series of the state variables (black) and daily changes in the state variables (olive). The daily
changes in state variables are decomposed into those caused by system response G (purple) and forcings H. The blue
and orange lines represent the individual contributions of winds and shortwave radiation towards changes in the state
variable. Green line represents precipitation contribution to change in soil moisture in (a) and contribution of external
advection to changes in respective state variables in (b) and (d). Anomalies of (e) wind velocity, (f) net shortwave
radiation, (g) precipitation and (h) VPD are shown by black solid lines. The anomalies are calculated as the difference
between values of the state variable and the climatological mean for that pentad. The yellow lines in (e-f) represent
anomalies in sensitivities of soil moisture with respect to wind and shortwave radiation and are plotted on secondary
Y-axis. The notation H(X,F) represents changes in state variable (X) induced by forcing (F) individually. G(X)
represents systems response to changes induced in X.
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4 Discussion

4.1 Seasonal variation of flash drought mechanisms

The Indian Meteorological Department (IMD) classifies Indian weather system into four seasons
as, S1 Winter (JF), S2 Pre-monsoon (MAM), S3 Monsoon (JJAS) and S4 Post-monsoon (OND)
(IMD annual report, 2022). Since the forcings and state variables have seasonal variations, the
mechanisms of flash droughts can also vary across seasons. Having discussed the major flash
drought mechanisms, we calculate the frequency of occurrence of each kind of flash drought in
different seasons, across selected regions, which is shown in Figure 6. As evident in the figure,
flash droughts occur most frequently in the monsoon season. Active and break spells are a common
feature of the Indian monsoon (Rajeevan et al., 2010). We find that most of the flash droughts in
the monsoon season occur during the monsoon breaks. Furthermore, we find that the majority of
flash droughts in the monsoon season are Category 2 flash droughts, which are driven by persistent
evapotranspiration due to shortwave radiation. The high frequency of Category 2 flash droughts in
the monsoon season can be attributed to high shortwave radiation during June-August and high
soil moisture from the active spells of monsoon. Category 2 flash droughts also occur in the pre-
monsoon and post-monsoon season, but these are mostly observed in humid regions of NE and SP,
which receive significant rainfall in these seasons.

We find that category 1 and category 3 flash droughts occur in the pre-monsoon and monsoon
period due to high wind speeds during this period. Since shortwave radiation is the major driver
of all identified flash droughts, the frequency of flash droughts is the lowest in the post-monsoon
and winter seasons.
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Figure6: Frequency of Category 1 (black), Category 2 (vellow) and Category 3 (brown) flash droughts in different
seasons and regions of India. The Indian meteorological department (IMD) categorizes Indian weather system into
four categories namely winter (Jan-Feb), pre-monsoon (Mar-May), monsoon (June-Sep), post-monsoon (Oct-Dec)
which are represented in this figure with bars S1, S2, S3 and S4 respectively.

4.2 Development time of flash droughts

Figure 7 shows the comparison of drought development times of the three types of flash droughts.
We calculate the development times as the duration in which soil moisture falls from above 40
percentile to below 20" percentile. The figure shows that Category 3 flash droughts which are
observed in only three regions (Figure 6), evolve the slowest. Most of these flash droughts are
observed in the CNE region (Figure 6). These kinds of flash droughts, which occur in the pre-
monsoon or monsoon season of the year are driven by hot and dry westerly winds known as ‘loo’
(Walker et al., 2024). Category 1 flash drought develop faster as compared to Category 3 flash
droughts and Category 2 flash droughts on average due to the role of land-atmospheric interaction
in the intensification of Category 1 flash droughts. Category 2 flash droughts occur most frequently
among the three categories and in all the six regions. Their frequency is particularly higher in the
Northeast and South Peninsular region which have humid climates and hence high soil moisture
levels (Figure 6). We also found that the flash drought development period is shorter in these two
regions compared to other regions due to higher evaporation efficiency at higher soil moisture
levels (Figure S10 in the supporting information). On the other hand, the Himalayan region has
the highest drought development period due to smaller evaporation efficiency (Figure S10).
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Figure 7: Box plots of drought development time of Category 1, Category 2 and Category 3 flash droughts averaged
over all seasons and regions of India. The drought development time is the period in pentads in which soil moisture
falls from above 40™ percentile to below 20" percentile.

4.3 Influence of vapor pressure deficit (VPD) on development of flash droughts

Many previous studies have identified VPD as a strong driver of flash droughts (Gamelin et al.,
2022; Mahto & Mishra, 2023). According to these studies, increased VPD increases ET from the
soil which results in development of flash droughts. These studies suggest that due to land
atmosphere interaction, the atmosphere gets heated which further extracts moisture from the soil
(Category 1 flash droughts). However, most of these have used statistical techniques such as
anomaly calculations or using coupling diagnostics for arriving at these conclusions (Qing et al.,
2022;Y. Wang & Yuan, 2022). However, in this study we use an analytical approach to quantify
the influence of each flash drought driver on development of flash drought. We find that in India,
persistent evapotranspiration driven by shortwave radiation along with below normal precipitation
leads to rapid extraction of moisture from the soil in majority of flash droughts. We find that the
instances of flash droughts with wind-driven intensification due to land atmosphere interaction
(Category 1) are fewer than the flash droughts driven by shortwave radiation (Category 2). We
find that Category 2 flash droughts are also associated with an increase in VPD, but it does not
have a significant impact on the rate of drying of soils. We find that out of the total identified flash
droughts, VPD increases in 81.6 % of the flash droughts but it contributes to rapid drying of soils
in only 14.2 % of the flash droughts. Furthermore, we find that land-atmospheric feedback
contributes to intensification of only 10.2% of the flash droughts. We find that VPD intensifies the
rate of drying of soil when the wind velocity and the magnitude of VPD are high at the same time,
which does not happen frequently.
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Our study shows that due to the complex and non-linear interactions between land and atmospheric
processes, the use of linear statistical approaches can lead to misleading conclusions. While flash
droughts are associated with positive VPD anomalies, which can result in significant correlation
coefficients or diagnostic metrics, VPD may not be the actual driver of flash drought, as we show
in case of Indian flash droughts. This highlights the importance of physically based frameworks
for studies on land-atmospheric interactions.

4.4 Limitations

In this study, we developed an analytical approach to understand flash drought mechanisms based
on the water and energy balance equations of a simplified land-atmospheric model. The model has
a static representation of the atmosphere due to which the effects of changes in boundary layer
height are not modelled, which can significantly affect the energy balance of the atmosphere during
dry events. Increase in boundary layer height and the corresponding heat entrainment have been
shown to be key contributors to temperature rise during heatwaves (Miralles et al., 2014). The
model also lacks any representation of the vegetation dynamics. Plant species can have varied
response to flash droughts, depending on their hydraulic traits (Brodribb et al., 2020), which can
influence land-atmospheric interactions and the intensification of flash droughts (Anderegg et al.,
2019). While more accurate and sophisticated land-atmosphere models like Variable Infiltration
Capacity (VIC) model (Liang et al., 1994), Community Land Model (CLM) (Bonan et al., 2002)
and Community Climate System Model (CCSM) (Dickinson et al., 2006) are available, the
interpretation of the physical mechanisms of flash droughts becomes challenging in these models
due to the complex multivariate equations and multi-layered model structure. That is why, in this
study we adopt a diagnostic approach and utilise the analytical tractability of a simple land-
atmospheric model to understand flash drought mechanisms. Although the simplified
representation of processes may lower the accuracy of the model, the objective of this study it to
capture the major physical mechanisms that contribute to rapid drying during flash droughts. To
that end, results in Figure 2 show that our model can capture most of the flash drought events in
all precipitation regions across India.

5.Conclusions

We develop an analytical framework to quantify the contributions of external forcings and system-
driven changes towards changes in the state variables during flash droughts. The framework is
based on the energy and water balance equations of a lumped land-atmospheric model. We apply
the framework for analysing the physical mechanisms of flash droughts in India. We identified
three major flash drought mechanisms in India. In Category 1 flash droughts, the drying of soil is
driven by net shortwave radiation and intensified by land-atmospheric feedback. In these flash
droughts, increased VPD due to sensible heating combined with high wind velocity accelerates the
rate of drying of soil. In Category 2 flash droughts, the drying of soil is driven by high shortwave
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radiation with negligible role of wind. In category 3 flash droughts, the advection of hot and dry
winds from upwind areas increases the atmospheric temperature and hence VPD which further
accelerates the drying of soil. Most flash droughts in India belong to Category 2 and occur during
the monsoon or pre-monsoon season, with the highest frequency in the moisture rich NE and SP
regions. We find that the drought development time of Category 3 flash drought is highest while
Category 1 flash droughts intensify most rapidly due to land atmospheric feedback. We show that
while increased VPD is a frequently recurring feature of flash droughts, it is not necessarily a

significant contributor to flash drought intensification. Hence, approaches based on correlation of
VPD to soil moisture drop and flash drought occurrences might provide misleading understanding

of flash drought mechanisms.
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Appendix

The constant used in this study are below

Table Al: Constants used in this study

Gas constant for dry air ()

1. | Dry air specific heat at constant pressure (c,) 1005 J/Kg/K

2. | Stefen Boltzmann constant (o) 4903 x 107 M/m %day K~*
3. | Latent heat of vaporization of water (1) 24.5 x 10° JKg~!

4. | Density of air (p) 1.225Kgm™3

5. | Density of liquid water (p,,) 997 Kgm™3

6.

287.053 Jkg 'K — 1

Following parameters were referred from (Brubaker & Entekhabi, 1995) :
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Table A2: Parameters taken from original BE95 model of (Brubaker & Entekhabi, 1995)

1. | Coefficient of sensible heat (c;) 0.001

2. | Exponent of evaporation efficiency (c) 1

3. | Exponent of runoff ratio (r) 2

4. | Coefficient of runoff ratio (1) 1

5. | Mixed layer emissivity (€,,) (after integration of BE95 expression) 0.56
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