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Abstract Surface soil moisture (SSM) and root-zone soil moisture (RZSM) play critical roles in shaping
heatwaves and droughts, yet their distinct controls remain unclear. Using 46 years of North American Land Data
Assimilation System Phase 2 data and event coincidence analysis across the contiguous United States, we
demonstrate that SSM primarily drives heatwaves in semiarid and sub-humid regions (median MaxTCR = 0.63)
through rapid surface drying, which shifts energy from latent to sensible heat. During droughts, RZSM has
stronger influence in the central Great Plains (MaxTCR = 0.64-0.71) with 3-5 months lags, indicating
prolonged control over transpiration, compared with shorter lags (0—1 month; MaxTCR = 0.44) in the
Southwest. Analysis of three major events indicates that RZSM depletion intensified extremes in sub-humid and
humid regions by suppressing transpiration and evaporative cooling, whereas sparse vegetation limited these
feedbacks in arid regions. Incorporating lagged RZSM data can improve early warning systems for extreme
events.

Plain Language Summary This study examines how soil moisture (SM)—both near the surface and
deeper in the root zone —influences the development and persistence of droughts and heatwaves across the
United States. Analyzing 46 years of weather and soil data, we show that anomalously dry surface soil moisture
is closely linked to heatwaves, particularly in semi-arid regions of the central and western United States. Root-
zone SM is particularly critical during droughts. In the central Great Plains, for instance, drying in the root zone
can initiate or intensify drought conditions, which typically develop three to 5 months after the onset of root-
zone drying. Case studies of three major drought and heatwave events show that SM influences these extremes
differ by climate regime. In arid regions, SM exerts less control on extreme events due to persistently limited
water availability. In contrast, in humid regions, root-zone soil moisture (RZSM) can buffer short dry spells, but
once depleted, drought risk increases substantially. Our findings demonstrate that monitoring delayed changes
in RZSM could improve early warning systems and help communities better prepare for extreme weather events
that threaten water resources, agricultural productivity, and public health.

1. Introduction

Droughts and heatwaves can lead to reduced agricultural productivity (Feng et al., 2019; Zampieri et al., 2017),
water scarcity (MacAllister et al., 2020; Mishra & Singh, 2010), socio-ecological impact (Ghanbari et al., 2023)
and significant health risks (Mitchell et al., 2016; Mora et al., 2018). Soil moisture (SM) is a key driver in soil-
biosphere-atmosphere processes (Green et al., 2017; Liu et al., 2020) and strongly influences the occurrence and
severity of droughts and heatwaves (Hirschi et al., 2011; Maraun et al., 2025; Schumacher et al., 2022). Spe-
cifically, SM governs the partitioning of surface energy between latent and sensible heat fluxes, which in turn
modulates regional weather patterns, including precipitation and temperature (Miralles et al., 2019; Teuling
etal., 2013; Zhou et al., 2019). Although SM represents a small fraction of the global freshwater budget, its role in
the water cycle and in driving the spatiotemporal evolution of extremes through land—atmosphere interactions is
profound (Seneviratne et al., 2010).

Recent studies have shown that surface soil moisture (SSM) anomalies play a critical role in initiating and
intensifying droughts and heatwaves, primarily through their impact on land—atmosphere feedbacks and the
partitioning of surface energy fluxes (Benson & Dirmeyer, 2023; Guo et al., 2006; Jiang & Wang, 2024;
Schumacher et al., 2022). Specifically, reductions in SSM diminish evaporative cooling, resulting in an increase
in sensible heat flux at the cost of latent heat flux (Mukherjee et al., 2023; Schwitalla et al., 2025). This change
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amplifies the soil moisture—temperature (SM-T) feedback, leading to higher surface temperatures. The strength
of SM-T feedback differs across climate regions (Mondal et al., 2024; Seneviratne et al., 2010). For instance, in
semiarid and subhumid regions (those between arid and humid areas), the feedback is the strongest, as SSM
anomalies significantly affect surface fluxes and temperature. The SM-T feedback is weaker in arid regions due
to already limited evaporation (Lo et al., 2021), while in humid areas, abundant moisture buffers heat, though
prolonged dryness can still reduce cooling and intensify warming (Gevaert et al., 2018; Jiang et al., 2022).
Similarly, SSM anomalies play a key role in the onset and persistence of drought through self-propagation. SSM
drying in drylands can export water-vapor deficits downwind, extending drought beyond the source region
(Schumacher et al., 2022). A Lagrangian analysis of the 40 largest global droughts shows that downwind pre-
cipitation falls by about 15% on average (and occasionally by up to 30%) when evaporation diminishes over the
desiccated land surface (Schumacher et al., 2022). Additionally, satellite data over the Sahel show that hot, dry
soil patches trigger storms that rain on nearby wetter areas, leaving the dry zones drier and reinforcing drought
(Barton et al., 2025). The 2010 western Russia event demonstrated that prolonged SM depletion can significantly
reduce latent heat flux, sustaining a combined megadrought and heatwave (Miralles et al., 2014).

While SSM has been extensively studied for its role in initiating heatwaves and droughts through land—
atmosphere feedbacks, the deeper root-zone soil moisture (RZSM) remains less explored. RZSM contains
most of the plant-available water and responds more slowly to climate fluctuations, providing a longer “memory”’
that can sustain or limit evapotranspiration long after the surface soil has dried (Rahmati et al., 2024; Ruscica
etal., 2014). SM memory, or the persistence of anomalies over time, occurs because SM adjusts more slowly than
the atmosphere, allowing these anomalies to persist and influence land surface conditions for weeks to months
(Koster et al., 2004; Orth & Seneviratne, 2012, 2013). Observational studies across Europe and global drydown
analyses demonstrate that while SSM memory dissipates within days to weeks, RZSM memory can persist for
months to seasons, particularly in regions with deeper soils, dense vegetation, and moderate aridity (McColl
et al., 2017; Orth & Seneviratne, 2013). This extended memory is critical because antecedent RZSM deficits can
amplify subsequent heatwaves and droughts by preconditioning the land surface. Beginning the warm season with
depleted RZSM reduces latent heat flux, warms the boundary layer, and sustains multi day extreme heat even
under identical atmospheric forcing (Miralles et al., 2014). This prolonged influence positions RZSM as a key
driver of drought and heatwave persistence; however, its contributions remain poorly quantified due to challenges
in large-scale observation and modeling (Rempe & Dietrich, 2018). Although previous studies indicate that
RZSM can buffer surface drying and maintain anomalies longer than SSM (Ruscica et al., 2014), comprehensive
evaluations of its lagged effects across different climates and ecosystems are still limited.

The above discussion highlights the limited research on the role of RZSM in drought and heatwave events,
underscoring the need for a comparative analysis examining both SSM and RZSM across different vegetation
types and background aridity levels. Using event-coincidence analysis, we quantify Precursor and Trigger
Coincidence metrics to assess the lagged response, direction, and strength of SSM and RZSM impacts on
droughts and heatwaves across various climate zones and vegetation types. Such an analysis is essential to
quantify the timing, strength, and spatial patterns of SSM and RZSM influence in modulating the severity and
persistence of major drought and heatwave events. To achieve this goal, the study investigates (a) how SSM and
RZSM anomalies influence the onset and persistence of droughts and heatwaves across the CONUS, and (b) the
underlying mechanisms by analyzing three major extreme events, linking SM deficits with changes in surface
energy fluxes that drive these extremes. Specifically, it explores how RZSM deficits affect land—atmosphere
interactions to intensify or prolong droughts and heatwaves.

2. Data and Methods
2.1. Data

We obtain the 0.125° gridded products from the North American Land Data Assimilation System Phase 2
(NLDAS-2) for the period 1979-2024 across the CONUS (Xia, 2014; Xia et al., 2014). Precipitation data are
obtained from a multi-source product combining gauge, radar, and satellite observations (Xia et al., 2012), while
the other atmospheric input variables—downward shortwave radiation, downward longwave radiation, 2 m air
temperature, 2 m specific humidity, surface pressure, and 10 m zonal and meridional wind components are
derived from the 32 km North American Regional Reanalysis (Mesinger et al., 2006) and downscaled to match the
NLDAS grid using diurnal interpolation. As part of its multi-model framework, NLDAS-2 provides land-surface
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outputs from four schemes: Noah-v2.8, Mosaic, SAC, and VIC, all forced with the same atmospheric input data.
We select the Noah Land Surface Model (Noah-v2.8) (Noah LSM) because it has demonstrated superior per-
formance when evaluated against observations from the Soil Climate Analysis Network, the United States
Climate Reference Network, and AmeriFlux data (Xia, 2014; Xia et al., 2014). Moreover, Noah LSM offers the
most accurate representation of both SSM and RZSM variability, exhibiting the lowest mean absolute error (Xia
et al., 2015). It also shows no detectable drift over multi-decadal timescales (Xia, 2014; Xia et al., 2014b, 2015;
Xia et al., 2015).

To study the influence of SM on heatwaves, hourly atmospheric inputs (e.g., precipitation, T,

max?

Tnin) are
aggregated into daily totals or means to align with the model output frequency of the Noah LSM, which provides
daily data for latent and sensible heat fluxes, total evaporation, transpiration, and volumetric SM across four
layers (0-10, 10-40, 40-100, and 100-200 cm). All the data sets used in this study are provided in the Table T1
(and Figure S1 in Supporting Information S1). For drought analysis, we use monthly Noah LSM data, including
both atmospheric inputs and land-surface outputs. The 0-10 cm soil layer is defined as SSM, while RZSM is
derived by calculating the weighted average of three deep layers (1040 cm, 40-100 cm, and 100-200 cm).
Extensive validation studies have shown that the NLDAS-2 ensemble captures the seasonal cycle and interannual
variability of SM and reliably reproduces wet and dry events at depths relevant for drought and heatwave analysis
(Sun et al., 2018; Xia et al., 2013). Independent satellite-based evaluations further confirm that the Noah model
accurately reflects the spatial and temporal patterns of SSM anomalies observed by AMSR-E and produces
evapotranspiration estimates that are consistent across CONUS (Tuttle & Salvucci, 2017; Zhang et al., 2020). An
overview of NLDAS-2 data, including model development and validation, is provided in Section S1 in Sup-
porting Information S1.

Additionally, we use the MODIS Land Cover Type product (MCD12Q1, Version 6; Friedl et al., 2010) to
examine vegetation influences on SM associations with heatwaves and droughts. This data set provides annual
global land cover classifications at 500 m resolution, which we reclassify into five dominant vegetation groups
(forest, shrubland, grass/savanna, cropland, and urban/barren). To ensure consistency with the NLDAS-2
framework, the MODIS data are aggregated to the 0.125° grid using majority resampling (Section S2 in Sup-
porting Information S1).

2.2. Extraction of Extreme Event Sequences

To examine the relationships between SM and extreme events, the data is converted into binary event series
(Figure S2 in Supporting Information S1 and an example in Section S2 in Supporting Information S1). A
heatwave is defined as three consecutive days exceeding the 95th percentile of daily maximum temperature for
the reference period (1979-2024) (Tripathy & Mishra, 2023). Two heatwaves are treated as distinct if separated
by at least 3 days without crossing the threshold. A drought event is defined as when the SPEI falls below the —1.5
threshold and persists for at least 2 months. SPEI-6 is selected for its robustness in capturing both short- and long-
term drought conditions, as it integrates precipitation and potential evapotranspiration (PET) over a 6-month scale
(Mishra et al., 2015). To ensure the robustness of our findings, we also conducted additional analyses using SPEI-
3 (short-term droughts) and SPEI-12 (long-term droughts), demonstrating that the results remain consistent and
are not dependent on the specific drought index used. To evaluate the influence of SM on heatwaves, anomalous
SSM and RZSM events are defined as periods when values fall below the Sth percentile for at least two
consecutive days. For drought analysis, anomalies are identified monthly, requiring SM to remain below the 5th
percentile for two consecutive months.

2.3. Event Coincidence Analysis

We employ the ECA method (Donges et al., 2016) to quantify the role of SM at different depths as precursors and
triggers for heatwaves and droughts over the CONUS. ECA is a statistical framework that evaluates the strength,
directionality, and time lag of interrelationships between pairs of event series (He & Sheffield, 2020; Manoj J
et al., 2022; Sun et al., 2018). It provides insights into whether an event in one series precedes (Precursor
Coincidence Rate, PCR) or triggers (Trigger Coincidence Rate, TCR) an event in another series.

Let A(t) denote the event series of climate extremes (heat-wave days or drought months) and B(t) denote the event
series of soil-moisture deficits (SSM or RZSM dry events). The occurrence times are £ (i = 1,2,...,N,) for the
extreme events and tf (j = 1,2,...,Np) for the soil-moisture events. Both event series are assumed to span the
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same time interval (to,tf) of length T = tr — 1y such that 7y < t‘? <..< t/]f,A <t and 7y < t? <. < tff, <
t;. Then, PCR can be computed as:

Na
PeR(eT) = - 33 3, foan (= =) 0
i=l ’

where 7 represents the time lag between events in A and B, AT is the maximum allowable time window for
coincidence, called the time tolerance limit. The Heaviside step function, H(x) = 1, if x>0 and O otherwise,
ensuring only positive contributions and /jo o71(x) is the indicator function that ensures coincidence within the

specified time window.

PCR evaluates how often an event in series A is preceded by an event in series B. APCR = 1 indicates all events
in A are preceded by events in B, while 0 suggests no such precedence. In our context, PCR measures if SM dry
events (type-B) are preconditioned with drought or heatwave events (type-A). PCR is a function of the lag
parameter 7 and the temporal tolerance AT. ¢ = 0 refers to instantaneous coincidence and 7 > 1 indicates a lagged
coincidence.

Similarly, TCR, defined as,

Ng
TCR(z,AT) = NLB Zl H(Z,-N; Toar (1 =) =1 )) @)
<

TCR values also range from zero to one, with zero indicating that the extreme SM events (type-B events) have no
triggering effects on the type-A event series (dry or hot events).

PCR quantifies whether SM anomalies systematically precede extreme events, indicating a preconditioning role.
A high PCR suggests that dry soil conditions are already present before droughts or heatwaves develop, reflecting
the influence of antecedent moisture deficits in setting the stage for subsequent extremes. TCR, in contrast,
measures whether the occurrence of SM anomalies is followed by extreme events, indicating a triggering or
amplifying role. A high TCR indicates that when SM falls below critical thresholds, extreme events are likely to
occur after a lag period.

The PCR and TCR values are evaluated for time lags ranging from 0 to 7 days (for hot extremes) and 0—7 months
(for dry extremes). Then, we calculated the maximum values of TCR and PCR (MaxTCR and MaxPCR,
respectively) along with their corresponding time lags. A detailed calculation procedure for PCR and TCR is
(PC_, 05 s€€
Section S3 in Supporting Information S1) metrics based on the ratio between the maximum TCR (or PCR) values

provided in Section S2 in Supporting Information S1. Using this information, we calculated TC_,;,
observed during extreme events and their historical baseline values. These ratios provide a relative measure of the
enhancement in SM-triggering effects under extreme conditions compared to historical period.

3. Results
3.1. Soil Moisture as a Precursor and Trigger for Heatwave and Drought Events

In the following section, we examine the influence of SM on heatwave and drought extremes across the CONUS.
We investigate how lagged SM acts as both a precursor and a trigger for heatwave events on a daily scale and
drought events on a monthly scale. Figures 1a and 1b shows the spatial distribution of MaxTCR values for SSM
and RZSM, highlighting their influence on heatwave initiation. The MaxTCR metric, described in Section 2.3,
measures the strength of the relationship between SM anomalies and their contribution to triggering heatwave
events. SSM shows a pronounced influence (MaxTCR = 0.67 % 0.14) concentrated in the central US and parts of
the Northwest, consistent with prior findings that surface drying reduces latent heat flux and shifts the energy
balance toward sensible heating (Seneviratne et al., 2010; Stéfanon et al., 2014). In contrast, RZSM exerts a
stronger influence in the southern and southeastern United States (MaxTCR >0.6 £ 0.12), where deficits in
deeper soil layers significantly limit transpiration and reduce evaporative cooling, intensifying and prolonging
heatwave conditions (Figure S3 in Supporting Information S1), as also noted by Jiang et al. (2022). A similar
assessment is provided by the MaxPCR metric, which indicates the number of heatwaves preceded by SM
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Figure 1. Surface and rootzone soil moisture (SM) as a Precursor and Trigger for Heatwave Events: Spatial maps (a)—(b) show MaxTCR distribution for (a) surface and
(b) root zone soil layers, highlighting spatial variability in SM's role in triggering heatwaves. Panels (c)—(d) depict lag times (0-3 days) for surface and root zone layers,
indicating the delay between SM anomalies and heatwave onset.

anomalies; the corresponding results are presented in Figure S4 in Supporting Information S1. Conversely,
heatwave events in the northwestern and central United States exhibit weak associations with RZSM anomalies,
likely reflecting regional differences in climate, vegetation, and soil properties that affect moisture availability
and land—-atmosphere interactions (Benson & Dirmeyer, 2021). In arid regions, persistently low water availability
weakens SM—temperature feedbacks, whereas in humid areas, dense vegetation and greater soil water-holding
capacity help buffer RZSM depletion. Additionally, sparse vegetation in arid zones limits transpiration regard-
less of RZSM conditions, thereby reducing the influence of RZSM on heatwave development. These regional
controls on SM—extreme relationships are quantified in detail in Section 3.3.

Figures 1c and 1d shows the corresponding lag times associated with the MaxTCR values, indicating the delay
between SM anomalies and the onset of heatwave events. SSM exhibits rapid influence with near-zero lag across
the eastern and western US, consistent with shallow layers responding quickly to radiative forcing. However, in
the central and Great Plains regions, SSM lag times increase to ~1-2 days, indicating a delayed yet intensified
interaction between SM deficits and atmospheric heating. RZSM exhibits longer lag times, up to 3 days,
particularly in the Great Plains, where infrequent precipitation limits deep soil recharge and moisture in deeper
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Figure 2. Surface and rootzone soil moisture (SM) as a Precursor and Trigger for Drought Events: Spatial maps (a)—(b) show MaxTCR distribution for (a) surface and
(b) root zone soil layers, highlighting spatial variability in SM's role in triggering drought events. Panels (c)—(d) depict associated lag times (0—7 months) for surface and
root zone layers, indicating the time lag between SM anomalies and the onset of drought conditions.

layers responds more slowly to atmospheric demand (Ford et al., 2015). In arid regions of the Southwest US, US
lag times are near zero (even for RZSM) primarily due to limited SM availability and rapid evaporation, which
inhibit retention and storage in rootzone layers (Hao et al., 2024; Koster et al., 2004). These regions receive sparse
and infrequent rainfall, offering minimal opportunity to recharge RZSM. As a result, during a heatwave, the lack
of deep moisture reserves leads to rapid soil heating, which elevates near-surface temperatures and intensifies the
severity of the event. In the absence of the buffering effect provided by RZSM, heat transfer from subsurface
layers to the surface becomes more efficient, further enhancing surface warming and exacerbating heatwave
conditions. In contrast, in the more humid eastern regions, RZSM anomalies typically lag heatwave peaks by
about one day, indicating a more immediate role in moderating heatwaves through evaporative cooling (Dirmeyer
et al., 2021).

We analyzed the influence of SSM and RZSM on drought extremes across the CONUS, using the 6-month SPEI
(SPEI-6) as the primary metric. This medium timescale was chosen for its ability to capture seasonal variability
while balancing the sensitivity to both short-term (e.g., 3-month) and long-term (e.g., 12-month) drought con-
ditions. SSM in the central Great Plains exhibits the highest MaxTCR values (0.72 £ 0.12; Figure 2a), indicating a
strong association between SM deficits and drought onset. This reflects the region's sensitivity to land—
atmosphere feedbacks, where SM anomalies play a key role in influencing energy flux partitioning and atmo-
spheric processes (Gevaert et al., 2018). In contrast, the southwestern US exhibits significantly lower MaxTCR
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values (~0.39 %+ 0.07), largely due to limited precipitation and high potential evaporation, which reduce the
influence of SM. When considering RZSM, its role in drought initiation becomes more prominent, showing a
stronger association with SPEI, as reflected by higher MaxTCR values compared to SSM (Figure 2b). This
enhanced impact of RZSM on drought onset is particularly evident across the Great Plains, central states, and the
humid East and Southeast, underscoring its critical role in sustaining drought conditions. RZSM deficits prolong
drought by limiting water availability, increasing evaporative losses, disrupting regional water cycles (e.g.,
lowering humidity), and suppressing precipitation, ultimately slowing recovery and extending drought duration
(Hirschi et al., 2014) A similar pattern emerges in the MaxPCR results, where RZSM anomalies more consistently
precede drought onset compared to SSM across most regions (see Figure S7 in Supporting Information S1). To
ensure the robustness of these findings across different timescales, additional analyses using SPEI-3 and SPEI-12
were performed, yielding consistent results (Figures S5-S6 in Supporting Information S1).

Figures 2c and 2d presents the corresponding lag times associated with the maximum TCR values, which vary
regionally. In the surface layer, the shortest lag times (approximately 0—1 month) are observed in the humid
Eastern US, where frequent precipitation enables rapid SM recharge and facilitates quicker recovery (Ford &
Labosier, 2017). Similarly, the Southwest shows near-zero lag times, primarily due to rapid evaporation and
limited SM availability (Li et al., 2024). In contrast, the semi-arid to sub-humid Great Plains exhibit longer lag
times of 1-4 months, reflecting a combination of moderate precipitation and soils with high water-holding ca-
pacity that enable the root zone to buffer against dry periods (Li et al., 2024).

Lag times increase further for RZSM, reaching 2—4 months across the Great Plains and western US, and ranging
from 1 to 3 months in the East. These regional differences are influenced by soil texture and moisture dynamics. In
the East, sandy soil promotes rapid infiltration but also quick drying, resulting in moderate lag times. In contrast,
the clay- and silt-rich soils of the Great Plains slow moisture recharge, leading to longer lag responses (Ford &
Labosier, 2017). In the Southwest, root-zone lag times remain short (~1 month) due to high evaporative demand
and limited moisture retention, which restricts the soil's capacity to function as a reservoir. Collectively, variations
in soil characteristics, vegetation, and climate across regions play a critical role in shaping the timing and
persistence of drought conditions across the CONUS.

3.2. Soil Moisture Influence on Heatwaves and Droughts: Three US Case Studies
3.2.1. SM Influence on Heatwave

To examine how SSM and RZSM influence heatwave development and persistence, we analyze three major
events across distinct hydroclimatic regions: the 2007 southeast heatwave, the 2012 Midwest heatwave, and the
2021 southwestern heatwave (refer Section S5 in Supporting Information S1 for the selection of these extreme
events). These events were chosen because they rank among the most significant in terms of severity, spatial
coverage and duration, thereby providing representative case studies across diverse climate regimes. Among the
66 major heatwave events identified during 1979-2024 (Table S5.2 in Supporting Information S1), the 2007
Southeast event exhibits the highest average severity (32.9°C), while the 2012 Midwest event ranks first in spatial
extent (79.2% of CONUS) and second in severity (31.6°C). The 2021 Southwest event ranks fourth in severity
(27.1°C) and occurred during a multi-year megadrought. We discuss the 2007 southeast event in detail to illustrate
key land—atmosphere processes (Figure 3), while detailed diagnostics for the other two events are provided in
Figures S8 and S9 in Supporting Information S1. In late summer 2007, the southeastern US experienced a brief
but intense heatwave (Goodrich et al., 2011), with daily mean air temperature anomalies exceeding +1.5°C for
much of the period from July 29 to August 19, reaching a maximum of +1.9°C on August 13 (Figure 3a). The rise
in temperature was compounded by intermittent rainfall (1-3 mm d™'), which temporarily increased SSM;
however, RZSM continued to decline, falling below —2.5¢ (where ¢ denotes the standard deviation) by early
August (Figure 3b). Initially, transpiration rate increased in response to elevated evaporative demand under rising
air temperatures; however, as the heatwave progressed and RZSM dropped below the vegetation stress threshold,
transpiration sharply declined from approximately 4 mm d™' to 2 mm d~" (Figure 3c). Meanwhile, soil evapo-
ration remained minimal throughout the event (<0.5 mm d~'). As moisture depletion continued, canopy
conductance declined due to stomatal closure, resulting in a breakdown of plant-mediated cooling. This shift is
evident in the surface energy budget: the Bowen ratio (Figure 3c), which represents the partitioning of net ra-
diation between sensible and latent heat fluxes, rose from 0.31 at the onset of the heatwave to 0.57 at its peak—
indicating a clear transition from evaporative cooling to sensible heating.
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Figure 3. Figure illustrates the role of SSM and root-zone soil moisture (RZSM) anomalies in the evolution of the 2007 Southeast USA heatwave. Panel (a) shows the
time series of temperature anomaly, while panel (b) presents soil moisture anomalies for both SSM and RZSM. Panel (c) displays the daily time series of transpiration,
soil evaporation, and the Bowen ratio (right y-axis). The soil moisture—temperature coupling metric plotted on a daily scale is shown in panel (d). Finally, panels (e) and
(f) compare the TC ratios for SSM and RZSM over Southeast USA, respectively.

The short-term soil moisture—temperature (SM-T) coupling metric (x; see Section S6 in Supporting Informa-
tion S1 for calculation details (Miralles et al., 2012),) was initially 1.6 during the period of rising transpiration. As
the heatwave progressed, « steadily increased, eventually exceeding 20, indicating a strong intensification of SM—
T feedback that amplified the severity of the event (Figure 3d). This transition was predominantly controlled by
the availability of RZSM. During the 22-day heatwave, transpiration showed a strong and statistically significant
correlation with RZSM (r = 0.48, p < 0.01), whereas its correlation with SSM was weak and not statistically
significant (r = 0.21, p = 0.34). As the event progressed and RZSM declined, total evaporative cooling—which
includes plant transpiration, bare-soil evaporation, and canopy interception loss—decreased by more than 50%.
Among these components, transpiration was the dominant contributor to latent heat flux and was directly sus-
tained by RZSM availability (Figure S10 in Supporting Information S1). Once RZSM dropped below the
vegetation stress threshold, transpiration sharply declined, along with the minor contributions from soil and
canopy evaporation. This reduction in total latent heat flux shifted the surface energy balance toward increased
sensible heating, causing more energy to accumulate in the boundary layer, thereby reinforcing near-surface
warming and amplifying land-atmosphere coupling. Furthermore, the TCratio—which compares the event-
specific MaxTCR to its historical baseline MaxTCR (see Section S3 in Supporting Information S1)—was
significantly higher for RZSM (~4.0) than for SSM (~2.5), highlighting the dominant role of RZSM in con-
trolling heatwave persistence (Figures 3e and 3f).

During the 2012 Midwest heatwave, much like the 2007 event in the Southeast, SSM and RZSM started below
normal (~—16) and dropped further to ~ —2.56 as temperatures peaked. Initially, transpiration rose to 5 mm d ™",
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Figure 4. The figure illustrates the role of monthly surface soil moisture (SSM) and root zone soil moisture (RZSM) anomalies in the evolution of the 2007 Southeast U.
S. drought. Panel (a) shows the time series of spatially averaged monthly temperature (°C, bars) and monthly precipitation anomalies (right y-axis); (b) displays the
monthly SPEI-6 time series; (c) shows the monthly anomalies of SSM and RZSM; (d) illustrates monthly time series of potential evapotranspiration (PET, dotted blue),
transpiration (green), and bare-soil evaporation (purple). Finally, panels (e) and (f) compare the TCratio for SSM and RZSM over Southeast USA for the year 2007.

but as the heatwave continued, reduced plant water uptake caused transpiration to steadily drop to ~2 mm d™'
(Figure S8 in Supporting Information S1). With minimal bare soil evaporation, reduced plant water uptake
sharply lowered latent heat flux, diverting more net radiation to sensible heat. This shift increased n above 10,
indicating stronger land-atmosphere feedbacks that prolonged the heatwave.

In contrast, during the 2021 heatwave over the Southwest, rainfall was nearly absent (<0.1 mm d_l), and both
SSM and RZSM anomalies were already negative, drier than the initial conditions in the Midwest or Southeast.
Due to the barren land dominated, bare soil evaporation dominated transpiration, starting at approximately
1 mm d™! before dropping to about 0.1 mm d™! as the surface dried (Figure S9 in Supporting Information S1).
Sparse vegetation kept transpiration inherently low, declining only from 0.54 to 0.40 mm d™', a much smaller
reduction compared to those observed in the Midwest and Southeast heatwaves in subhumid to humid regions.
Consequently, the x rose only to ~3, indicating a significantly weaker SM influence on temperature compared to
the prior two heatwaves. Together, these three heatwave case studies demonstrate that root zone soil drying
amplifies and prolongs heatwaves in subhumid to humid regions by suppressing plant evaporative cooling,
whereas low transpiration limits feedback strength in arid regions.

3.2.2. SM Influence on Drought

We investigated the drought event that coincided with the 2007 Southeast US heatwave, which developed in three
distinct stages. From January to April, drought conditions remained within the normal range (SPEI-6 > 0), with
regional average precipitation anomalies ~ —0.3c compared to the 1979-2024 mean (Figure 4a). Despite this
moderate shortfall, RZSM anomalies remained positive, supporting near-normal transpiration rates. However, in
May, drought conditions intensified significantly as precipitation dropped to nearly 50% of the long-term average,
while PET exceeded 150 mm month™". This sharp increase in atmospheric moisture demand led to a rapid decline
in SPEI-6 values, which fell from positive territory in April to —1 by May (Figure 4b). SSM responded quickly,
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exhibiting negative anomalies by early May, while RZSM began to show signs of depletion, though it remained
less impacted than SSM at this stage (Figure 4c). The drought that began in May persisted from June through
August, as ongoing precipitation deficits combined with elevated PET intensified atmospheric moisture demand.
This led to continued soil drying, which gradually extended downward into the root zone. By June, SSM
anomalies had declined to around —0.5c, while RZSM anomalies dropped more sharply to —1.0c, indicating
deeper and more persistent drying. By August, regional-mean RZSM anomalies reached a critical low of
approximately —2.6c, signaling severe SM depletion, whereas SSM anomalies stabilized near —0.9¢ (Figure 4c).
This divergence highlights the greater severity and slower recovery of RZSM compared to SSM under prolonged
hydrometeorological stress, consistent with its longer memory in humid regions (Jiang et al., 2022).

The decline in RZSM limited plant water uptake and induced stomatal closure, leading to a steady reduction in
transpiration—from ~67 mm month™" in August to ~30 mm month™" by October (Figure 4c). With bare-soil
evaporation and canopy interception already minimal, total latent heat flux dropped significantly. This reduc-
tion in evaporative cooling shifted the surface energy balance toward increased sensible heat flux, promoting
boundary-layer warming and inhibiting convective precipitation, thereby intensifying the drought. These land—
atmosphere feedbacks are evident in the TCratios across Alabama, Georgia, and the Carolinas. The RZSM
anomalies exhibited a 3—4-fold increase in co-occurrence with SPEI-6 drought conditions, while SSM anomalies
showed a more modest 1.5-2-fold enhancement (Figures 4e and 4f).

The persistence of the RZSM deficit, attributable to its long residence time, allowed the drought to persist well
beyond transient rainfall events. For instance, despite an October rainfall event of ~80 mm, the RZSM anomaly
remained near —3c and the SPEI-6 index stayed below —1.5 for several weeks, demonstrating that even sub-
stantial precipitation cannot rapidly restore RZSM (Figure 4c). This sequence of winter precipitation shortfall,
progressive RZSM depletion, reduced transpiration, and diminished latent cooling illustrates a self-reinforcing
pathway by which RZSM governs both the intensity and longevity of drought.

Comparable diagnostics for the 2012 Midwest drought and the 2021 southwestern USA megadrought (Figure S11
in Supporting Information S1) reveal that this mechanism operates across diverse hydroclimatic regimes, further
emphasizing the widespread role of RZSM in drought evolution. However, in arid ecosystems such as the
southwestern USA during the 2021 drought (Figure S12 in Supporting Information S1), where vegetation cover is
sparse and transpiration rates are low, the influence of RZSM on drought development is comparatively weaker.
In such regions, where shrublands and barren lands dominate, atmospheric control and surface processes may
play a more dominant role.

3.3. Aridity and Vegetation Effects on Soil Moisture Influence Over Extremes
3.3.1. Influence of Background Aridity

Spatiotemporal patterns of precipitation and evapotranspiration play a key role in the development of droughts
and heatwaves, with SM dynamics further modulated by background aridity (Mukherjee & Mishra, 2021). To
examine the influence of background aridity, we divide the CONUS into four climate regions based on the Aridity
Index (AI): arid (AI < 0.2), semi-arid (0.2 < AI < 0.5), sub-humid (0.5 < AI < 0.65), and humid (AI > 0.65). The
Al is calculated as the ratio of mean annual precipitation to PET over the period 1979-2016 (Mukherjee &
Mishra, 2021) (Figure 5a).

Our findings reveal a clear spatial gradient in heatwave sensitivity to SM, with the strongest SSM-heatwave
associations (median MaxTCR =~ 0.63) observed in semi-arid and sub-humid regions (Figure 5b) (Lorenz
et al., 2010; Mueller & Seneviratne, 2012). These transitional climates offer both sufficient water and energy,
allowing even small SSM anomalies to significantly alter the surface energy balance from latent to sensible heat
flux. In arid regions, the association is comparatively weaker (median MaxTCR = 0.51) due to persistently low
SM, which limits evaporation and weakens land—atmosphere feedbacks. Humid regions exhibit the weakest
response (median MaxTCR = 0.48), as abundant moisture buffers temperature increases and dampens heatwave
amplification. RZSM also influences heatwaves in semi-arid and sub-humid regions (median MaxTCR = 0.52),
albeit with a delayed effect due to the deeper location of moisture reserves. Notably, in humid regions, RZSM
shows slightly stronger control than SSM (median MaxTCR = 0.51), likely because it helps sustain transpiration
when surface soils remain moist but root-zone moisture begins to decline (Lorenz et al., 2010; Mueller &
Seneviratne, 2012).
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Figure 5. Effects of background aridity on soil moisture control of drought and heatwaves. (a) Aridity-Index map of the CONUS, showing four climate zones: Arid
(AI < 0.20), Semi-arid (0.20 < AI < 0.50), Sub-humid (0.50 < AI < 0.65), and Humid (AI > 0.65). (b) Box-and-whisker plots showing MaxTCR values for heatwave
events, comparing SSM and root-zone soil moisture (RZSM) across the four aridity classes. (c) Box-and-whisker plots of MaxTCR values for drought events,
comparing SSM and RZSM across the same aridity classes.

For drought initiation and persistence (Figure 5¢), SSM has comparatively less influence in arid regions (median
MaxTCR = 0.44) due to rapid depletion of shallow moisture, but its impact increases in semi-arid areas (median
MaxTCR =~ 0.51). This influence becomes even stronger in sub-humid (MaxTCR =~ 0.61) and humid zones
(MaxTCR = 0.56), where higher precipitation enables SSM anomalies to more effectively modulate short-term
drought onset. In contrast, RZSM exerts its greatest, though delayed, impact in sub-humid (median

TRIPATHY ET AL.

11 of 16

85U8017 SUOWWOD BAIER.D 3ol [dde au) Aq peusenob ae sajole YO ‘88N JO Sa|nu Joj ARIq1TaUIIUO A8|IM U (SUONIPUOD-PUR-SWLBILIOD A8 | IM"ARIq 1 [Bu UO//Stny) SUORIPUOD pue SWB L 84} 89S [5202/2T/TT] Uo AfidiTauliuO A8 ]IM ‘U89 Se8uiol|qigsivlseAIuN AQ TI8STT 195202/620T 0T/10p/wod Aa|im Areidpuljuo'sqndnBe//sdiy woiy pspeoiumoa ‘2z ‘S20z ‘L008rv6T



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2025GL115811

MaxTCR = 0.71) and semi-arid regions (MaxTCR = 0.64), reflecting its longer retention time and capacity to
sustain evapotranspiration and land—atmosphere feedbacks (Orth & Seneviratne, 2012). Even in humid climates,
RZSM deficits can prolong drought by limiting plant transpiration and maintaining low latent heat fluxes, thereby
intensifying and extending drought risks (Cammalleri et al., 2024; Ji et al., 2021; Tijdeman & Menzel, 2021).

3.3.2. Influence of Vegetation Types

To quantify how SM control on heatwaves and droughts varies across vegetation types, we utilize MODIS land
cover data (MCD12Q1) and reclassify the original 17 land cover classes into five dominant categories: Forest,
Shrubland, Grass/Savanna, Cropland, and Urban/Barren (Figure S8.1a-b in Supporting Information S1). For
heatwaves, croplands exhibit a stronger influence from SSM (Figure S8.1c in Supporting Information S1; median
MaxTCR = 0.68), likely due to their shallow rooting systems and sparse canopy cover, which promote rapid
surface drying under high temperatures (Vasconcelos & Sacht, 2020). Grasslands exhibit slightly lower but still
considerable SM influence, with median MaxTCR values of ~0.62 for SSM and ~0.58 for RZSM. Similarly,
urban and barren areas demonstrate strong control by the surface layer, with median MaxTCR values ~0.60 for
SSM and ~0.57 for RZSM. In contrast, forested regions respond more to RZSM (~0.59), reflecting their deeper
roots (2-3 m rooting depth; Zeng, 2001) and larger canopy water storage, while their surface-layer influence is
slightly lower (~0.55).

During drought conditions, RZSM exerts a stronger influence across all vegetation types, underscoring the critical
role of subsurface moisture in sustaining prolonged droughts. Croplands remain the most sensitive to RZSM
(median MaxTCR ~0.75), reflecting their dependence on shallow SM because of limited root depth and minimal
canopy protection. Grasslands and shrublands show moderate control by RZSM (~0.59 and ~0.57, respectively),
both exceeding the influence of SSM. Forests also respond more to RZSM (~0.56) than to SSM (~0.52), while
urban and barren areas exhibit the smallest difference between the two layers, likely due to low SM availability
and retention capacity. A detailed discussion of these findings can be found in Section S8 in Supporting
Information S1.

4. Discussion and Conclusion

Droughts and heatwaves increasingly threaten ecosystems and societies by disrupting water supplies, agriculture,
and health. These extremes are closely linked to SM anomalies, where low SM intensifies sensible heat and
surface temperatures through land-atmosphere feedbacks (Jiang & Wang, 2024; Miralles et al., 2014; Schu-
macher et al., 2022). This study uses ECA to quantify SM's role in droughts and heatwaves across surface and
root-zone layers by assessing the strength and timing of their relationships. Results show that SSM deficits
quickly trigger heatwaves, especially in semi-arid and sub-humid regions (median MaxTCR ~ 0.63), while
RZSM anomalies respond more slowly but sustain reduced transpiration, prolonging warming.

Background aridity critically influences SM interactions with climate extremes. Semi-arid to sub humid regions
exhibit the greatest heatwave sensitivity to both SSM and RZSM anomalies, reflecting a balance between water
availability and atmospheric demand (Mueller & Seneviratne, 2012). In contrast, arid areas display weak SM and
extreme event links and near zero lag times due to limited moisture and high evaporation. While humid regions
can buffer short term SSM deficits, prolonged drought occurs when RZSM is depleted, with lag times of 2—
4 months. The central Great Plains experience the longest RZSM lag times—3 to 5 months—highlighting delayed
SM responses in drought development. Vegetation influences SM's impact on climate extremes. Croplands show
strong heatwave sensitivity to SSM due to shallow roots (<1 m rooting depth), while forests respond more to
RZSM because of deeper roots (2-3 m rooting depth; Zeng, 2001) and canopy storage. For droughts, RZSM
consistently has a stronger role across vegetation types, highlighting its importance in sustaining prolonged dry
spells.

Our analysis shows that RZSM significantly sustains and amplifies drought-heatwave events, especially in sub-
humid and humid regions. Our case study findings build upon and complement previous research on these well-
documented extreme events. The 2007 Southeast drought-heatwave has been extensively analyzed by Seager
et al. (2009), who attributed it primarily to precipitation deficits driven by atmospheric circulation anomalies and
weak La Nifia influence, with evaporation declining alongside precipitation. Our results confirm that precipitation
deficits initiated the event but reveals a critical amplification mechanism that was not previously quantified.
During the 2007 Southeast US heatwave, RZSM declined sharply despite short-term rainfall replenishing SSM,
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reducing transpiration from ~4 to 2 mm d~' and latent heat. This weakened evaporative cooling increased
sensible heating, deepening the boundary layer and reinforcing surface warming. The SM-T coupling (x) and
TCratio were higher for RZSM (~4.0) than SSM (~2.5). Transpiration exhibited strong correlation with RZSM
(r=0.48,p < 0.01) but not SSM (r = 0.21, p = 0.34), demonstrating that land-surface feedbacks operated through
RZSM depletion to sustain both the heatwave and drought conditions—an amplification pathway not previously
quantified. In contrast, the 2021 Southwestern event showed weaker feedbacks due to sparse vegetation and low
transpiration. Williams et al. (2022) documented this event as the driest 22-year period since at least 800 CE,
attributing it primarily to precipitation deficits and elevated temperatures amplified by anthropogenic warming.
Our finding that SM-temperature coupling remained weak (r ~3) despite severe drought conditions confirms that
in water-limited ecosystems with sparse vegetation, atmospheric forcing dominates over land-surface feedbacks
—consistent with modeling studies showing limited SM-T coupling in arid regions (Gevaert et al., 2018; Sen-
eviratne et al., 2010). Collectively, while previous studies identified atmospheric drivers of drought initiation, our
analysis demonstrates that RZSM depletion represents a critical amplification mechanism that sustains and in-
tensifies heatwaves and droughts in sub-humid to humid regions through suppressed transpiration (Fu et al., 2024)
—a process that is weak in vegetation-sparse arid regions.

One limitation of our study is the challenge of separating SSM and RZSM effects, as these layers are often
correlated (Hirschi et al., 2014). Additionally, droughts and heatwaves result from complex interactions among
atmospheric circulation patterns, oceanic teleconnections, and land-atmosphere feedbacks (Di Lorenzo &
Mantua, 2016; Lemus-Canovas et al., 2024; Miralles et al., 2014; Wang et al., 2025). While the Event Coinci-
dence Analysis used in this study captures links between SM anomalies and extreme events, it cannot isolate SM
effects from larger-scale drivers (Donges et al., 2016). To address these limitations, controlled numerical ex-
periments are needed that: (a) selectively fix or alter SM in specific layers within coupled land surface models to
disentangle SSM versus RZSM contributions, and (b) use atmosphere-only simulations with prescribed versus
interactive SM to separate land-atmosphere feedbacks from large-scale atmospheric forcing (Seneviratne
et al., 2006). Furthermore, Future research should explore how vertically uniform versus heterogeneous SM
profiles (with the same total moisture) affect evaporation, heat partitioning, and near-surface temperature re-
sponses. This study highlights the importance of accurately representing RZSM in monitoring and forecasting
systems to improve early warnings for heatwaves and droughts. Enhancing land-surface models with depth-
dependent SM processes will improve seasonal climate predictions and aid adaptation efforts to safeguard
food security, water resources, and ecosystem health amid climate warming.
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