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Abstract

Due to its latitude and ample year-round rainfall, Ireland is typically an

energy-limited regime in the context of soil moisture availability and evapo-

transpiration. However, during the summer of 2018, regions within the coun-

try displayed significant soil moisture deficits, associated with anomalous

atmospheric forcing conditions, with consequent impacts on the surface

energy balance. Here, we explore the utility of a physically based land surface

scheme coupled with observational, global gridded reanalysis and satellite-

derived data products to analyse the spatial and temporal evolution of the 2018

summer drought event in Ireland over grassland, which represents the domi-

nant agricultural land-cover. While the surface–air energy exchanges were ini-

tially dominated by atmospheric anomalies, soil moisture constraints became

increasingly important in regulating these exchanges, as the accumulated rain-

fall deficit increased throughout the summer months. This was particularly

evident over the freer draining soils in the east and southeast of the country.

From late June 2018, we identify a strong linear coupling between soil mois-

ture and both evapotranspiration and vegetation response, suggesting a shift

from an energy-limited evapotranspiration regime into a dry or soil water-

limited regime. Applying segmented regression models, the study quantifies a

critical soil moisture threshold as a key determinant of the transition from wet

to dry evaporative regimes. These findings are important to understand the soil

moisture context under which land–atmosphere couplings are strongest in

water-limited regimes across the country and should help improve the treat-

ment of soil parameters in weather prediction models, required for subseaso-

nal and seasonal forecasts, consequently enhancing early warning systems of

summer climate extremes in the future.
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1 | INTRODUCTION

During the past two decades, regions across Europe have
experienced hot summers and drought events, which var-
ied in terms of the development, frequency, intensity and
impacts (e.g., Buras et al., 2019). Droughts are typically
categorized as either meteorological (high rainfall defi-
cits), hydrological (extremely low groundwater, lakes,
streamflow, etc.), agricultural (high soil moisture deficits,
affecting vegetation) or socioeconomic, when the demand
for water exceeds the supply (van Loon, 2015; Falzoi
et al., 2019). A meteorological drought precedes agricul-
tural drought through reduction in soil water storage and
the water available for uptake by roots (Buitink
et al., 2020), but to fully understand the development of
these events, other factors such as changes to soil and
biophysical properties must be taken into account. While
there have been many studies on agricultural droughts
across Europe (e.g., Noone et al., 2017; Falzoi et al., 2019;
Buitink et al., 2020; van Hateren et al., 2021), there have
been few investigations in Ireland, where such events
are rare.

The 2018 European summer (April–August) was asso-
ciated with a higher near-surface temperature and lower
rainfall receipts relative to the long-term (1981–2010)
mean (Magnusson et al., 2018). These conditions were
created by a large and persistent anticyclonic system
located over central and northern Europe, which blocked
the normal passage of Atlantic storms (Buras et al., 2019;
Kornhuber et al., 2019; Rösner et al., 2019; Dirmeyer
et al., 2021). The resulting heatwave and drought were
extreme, surpassing previous records with several sta-
tions across Europe reporting record breaking daily maxi-
mum temperatures (Buras et al., 2019; Rösner
et al., 2019; Dirmeyer et al., 2021). Ireland, situated on
the western maritime fringe of Europe, experienced
unusually warm and dry conditions (Moore, 2020) that
impacted on grass growth productivity and farm income
(Dillon et al., 2018). These impacts were preconditioned
by the cold ground temperature arising from the excep-
tional snow fall that was associated with cold airmass
advecting around high pressure from Siberia towards the
country dubbed the “Beast from the East,” from the end
of February and lasted for about a week, resulting in a
late onset of grass growth, by about a month relative to
an average year (Dillon et al., 2018).

When drought and heatwave events evolve simulta-
neously, they can reinforce each other. The occurrence of
these “compound” events and the associated land–air
exchanges have been observed across Europe over the
last few decades (e.g., 2003, 2010, 2015, 2018). For
instance, Black et al. (2004) demonstrated that the events
of August 2003 across Europe were exacerbated by the

persistence of the anticyclonic blockage that enhanced
the net radiative flux and reduced water availability, such
that the surface–air sensible heat flux was increased lead-
ing to elevated air temperatures (i.e., a positive feedback)
and increased atmospheric water demand. Compound
events can result in a wide range of impacts including
water scarcity, tree mortality, agricultural loss, wildfires
and air pollution with deleterious effects on ecosystems,
human health and well-being and agricultural productiv-
ity (Fink et al., 2004; Conti et al., 2005; García-Herrera
et al., 2010; Alexander, 2011; Dole et al., 2011; Zscheisch-
ler et al., 2018; Miralles et al., 2019; Schuldt et al., 2020).

The transition from meteorological to agricultural
drought is closely linked to the plant available soil mois-
ture (θ) during the growing season. Broadly speaking,
evapotranspiration (ET) can be categorized into energy-
and water-limited regimes. In the latter, increasing soil
moisture deficits and atmospheric evaporative demand
causes vegetation to close stomata to limit water loss to
the atmosphere; the associated decrease in the latent heat
flux with surplus energy being channelled into sensible
heat initiates the positive feedback with near surface air
temperature described above (Seneviratne et al., 2010;
Miralles et al., 2019). The transition from energy- to
water-limited regimes occurs at a critical soil moisture
(θc) value and landscapes can switch between regimes
over the course of a year depending on precipitation,
available surface energy, atmospheric demand and the
status of vegetative cover (Knist et al., 2017).

The evaporative fraction (EF), defined as the ratio of
latent heat flux and available energy at the land surface
and can be expressed as a function of θ (Seneviratne
et al., 2010; Buitink et al., 2020; Denissen et al., 2021), has
previously been used to evaluate vegetative productivity.
Buitink et al. (2020) used a similar framework but
replaced the EF with satellite-derived ecosystem indica-
tors, near infrared reflectance of vegetation (NIRv) and
vegetation optical depth (VOD), to allow for a more pre-
cise analysis of how productivity was related to θ during
the 2018 drought event at two sites in the Netherlands.
A number of other studies have derived values for θc
based on observations and model outputs using alterna-
tive theoretical frameworks (Akbar et al., 2018; Haghighi
et al., 2018; Feldman et al., 2019; Denissen et al., 2020).
Determining θc is critical for predicting the timescales of
plant responses, ET decay and consequently the emer-
gence and progression of agricultural drought.

This research uses a simple land surface scheme,
which employs readily available meteorological and sur-
face data, to investigate the role of land–atmosphere
exchange processes across Ireland during the 2018 sum-
mer drought. The study seeks to analyse (a) the evolu-
tion of the 2018 drought at sub seasonal and regional
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scales; (b) the anomalies in simulated land–atmosphere
energy exchanges; and (c) the role of soil moisture in
modulating land–atmosphere exchange processes. We
combine a physically based land surface scheme with
observational data, along with readily accessible global
ERA5-Land gridded reanalysis and satellite-derived data
products to address these objectives. The scheme used
here has previously been established as having the capa-
bility to reproduce measured surface fluxes (de Rooy
and Holtslag, 1999; Ishola et al., 2020). The method out-
lined offers the potential for improving management
strategies, particularly during anomalous warm and dry
events, and for delineating areas with differential
drought responses.

While the global ERA5-Land model provides esti-
mates of land fluxes, these fluxes may not adequately
capture the dynamic process at the point/field scale of
the current study due to the model grid (9 km2) and/or
the microscale variations in land surface. Additionally,
the skill of ERA5-Land in replicating the land fluxes
over Ireland is broadly unknown. In contrast, the LSS
employed here has previously been evaluated for
selected sites in Ireland. Importantly, and a core motiva-
tion for the study is that the LSS employed allows to
control, and adjust, model parameters in order to
explore relationships with the aim of improving model
representation.

2 | MATERIALS AND METHODS

2.1 | Study area

The Island of Ireland (Figure 1) has a maritime temper-
ate climate (Peel et al., 2007) with a long-term (1981–
2010) mean daily maximum temperature of between
18 and 20�C in summer. In winter, daily minimum tem-
peratures occasionally drop below 0�C, but average win-
ter temperatures are generally around 8�C. Ireland
receives an annual average rainfall of over 1,200 mm, dis-
tributed throughout the year. The spatial distribution of
rainfall follows a west to east gradient; higher rainfall
receipts (�1,000–1,400 mm) typically occur on the west
coast and particularly in the upland regions where
receipts can exceed 2,000 mm largely associated with
topographic interactions with the prevailing maritime
air. Lower rainfall amounts are experienced in the east of
the country (�750–1,000 mm) (Met �Eireann). A sum-
mary description of the climatology of the region is
reported in Walsh (2012).

The most important biome in Ireland is that of grass-
land, which accounts for 56% of the total land area
(McEniry et al., 2013) and more than 90% of agricultural
land cover (Figure 1). Due to the favourable growing con-
ditions, grass growth can occur throughout the year, par-
ticularly along the coastal margins in the south of the

FIGURE 1 Map of the study

area showing the locations of selected

weather stations and the dominant

land cover types from 2018 CORINE

Land cover product. The boxes A, B

and C comprise of the stations

grouped on the basis of similar

precipitation regimes and

agricultural regions [Colour figure

can be viewed at

wileyonlinelibrary.com]
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country. The low cost of grass production here offers a
significant competitive advantage to farmers and posi-
tively impacts on the low economic margins associated
with agricultural production. However, grass growth is
more problematic in the wet soils in the west and north
of the country due to the heavier (clayey) soils (Keane
and Collins, 2004), compared to the more freely draining
soils that characterize the east and southeast region
(Creamer et al., 2014; McDonnell et al., 2018). Detailed
soil properties and information for Ireland is available
from Creamer et al. (2014).

2.2 | Observational data

Hourly meteorological observations were obtained from
14 automatic weather stations (AWS) across Ireland
(Table 1 and Figure 1) from the Irish national meteoro-
logical service, Met �Eireann. These stations are sited over
short grass cover, consistent with World Meteorological
Organisation (WMO) guidelines, and report on global
solar radiation (Qs#, W�m−2) or sun duration (hr), air
temperature (�C), relative humidity (%), pressure (kPa),
wind speed (m�s−1) and precipitation (mm). Cloud
amount is required as an input but, as the observations
are only available at relatively few stations, we subse-
quently exclude the cloud input in the land surface
scheme to ensure consistency in approach across all sta-
tions. For stations where only sunshine hours are avail-
able, including Knock Airport, Casement (Aerodrome),

Shannon Airport and Cork Airport, hourly Qs# data were
estimated for these stations based on observations of sun-
shine duration following Allen et al. (1998) and Ishola
et al. (2018). The hourly meteorological observations
were obtained for the summer months of May to
August—the period over which the 2018 drought began
and subsequently intensified. Due to the differences in
the start of operations of a number of the AWS, we focus
the main analysis on the most recent decade (2010–2019)
to ensure consistent temporal coverage of meteorological
data across all stations.

2.3 | Gridded meteorological data

Gridded daily total precipitation data for Ireland was also
obtained from Met �Eireann for the period from 1999 to
2019. This data, available at 1 km2 grid resolution, was
generated using interpolation techniques applied to in
situ rainfall data from over 500 rainfall stations distrib-
uted across Ireland (Walsh, 2012).

The land surface scheme (LSS) employed here
requires soil moisture measurements but these are not
part of routine observational practice in Ireland, as in
many other countries, and therefore we employed
gridded reanalysis soil moisture data from the European
Centre for Medium Range Weather Forecasting
(ECMWF) ERA5-Land data, obtained from the C3S
Copernicus Climate Data Store. ERA5-Land is the latest
global reanalysis product from ECMWF, which employs

TABLE 1 Characteristics of the selected grassland synoptic stations

Station Lat/lon (�N, �W) Elevation (m) Soil type Drainage class Region Zone

Belmullet 54.228, 10.007 9 Peat Poor Northwest

Claremorris 53.711, 8.991 69 Coarse loam Well Northwest

Finner 54.494, 8.243 33 Coarse loam Poor North A

Knock Airport 53.906, 8.817 201 Fine loam Imperfect Northwest

Malin Head 55.372, 7.339 20 Peat Poor North

Casement 53.306, 6.439 91 Fine loam Moderate East

Dublin Airport 53.428, 6.241 71 Fine loam Moderate East

Dunsany 53.499, 6.699 83 Fine loam Moderate East B

Johnstown Castle 52.292, 6.489 52 Fine loam Imperfect Southeast

Oak Park 52.861, 6.915 62 Fine loam Moderate Southeast

Cork Airport 51.847, 8.486 155 Fine loam Well South

Moorepark 52.164, 8.264 46 Coarse loam Well South

Shannon Airport 52.689, 8.918 15 Loam Well Southwest C

Valentia 51.929, 10.239 24 Coarse loam Well Southwest

Note: The soil types and drainage categories are based on the data from Irish Soil Information System (Creamer et al., 2014). The grouped zones, A, B and C,
comprise of stations with similar precipitation regimes.
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improved historical observations and is run at a finer spa-
tial resolution (atmosphere 0.25�; land 0.1�) relative to its
predecessor, ERA-Interim (Hersbach and Dee, 2016).
This product has also been evaluated at the global scale
(e.g., Li et al., 2020). We used ERA5-Land hourly volu-
metric water content (θ) (m3�m−3) in the top soil layer
(0–7 cm), for the period 1999–2019.

2.4 | Satellite-derived data products

The leaf area index (LAI) quantifies the greenness of
plants and can be observed per unit horizontal surface
area from space. LAI was obtained from the Copernicus
Global Land Service (CGLS), which is derived from
SPOT-VGT and PROBA-V, prior to and from 2014,
respectively. The CGLS LAI product, beginning in 1999,
employed SPOT-VGT; the method by Baret et al. (2013)
has been used to retrieve LAI from PROBA-V. Here, we
use the CGLS LAI GEOV2 product which is at 1 km2 spa-
tial and 10-day temporal resolution (Albergel
et al., 2019), to broadly assess the spatial representation
and extent of the impact of 2018 drought on vegetation
state across Ireland. The product development is outlined
by Verger et al. (2014).

The land surface temperature (Ts) is a critical param-
eter that governs the land-atmosphere coupling and can
be used to evaluate model derived estimates of surface
energy fluxes. We acquired Ts from the Moderate Resolu-
tion Imaging Spectroradiometer (MODIS) (MOD11A1,
version 6) from the Land Processes Distributed Active
Archive Center (LP DAAC) (Wan et al., 2015). In addi-
tion, the near-infrared radiation reflected by vegetation
(NIRv) is an important index for monitoring ecosystem
functioning and has previously been employed to link
soil moisture induced vegetation stress with gross pri-
mary productivity (GPP) at various scales during drought
events (Badgley et al., 2017; 2019; Baldocchi et al., 2020;
Buitink et al., 2020). The NIRv index is derived from the
product of the normalized difference vegetation index
(NDVI) and near infra-red (NIR) reflectance
(NIRv = NDVI×NIR) (e.g., Badgley et al., 2017). We
obtained daily MODIS (MCD43A4, version 6) red (620–
670 nm) and NIR (841–876 nm) nadir-adjusted reflec-
tance images from the same source (Schaaf and
Wang, 2015). The MODIS Ts and reflectance images are
available at 1 km2 and 500 m2 resolutions, respectively
and were obtained for the period of 2010–2019 to corre-
spond with the period of AWS measurements outlined in
section 2.2. The Ts data obtained was derived from the
Terra satellite which acquires data every 1–2 days and
passes from north to south over the Equator in the morn-
ing, while reflectance data are derived from 16-day

composites of MODIS Terra and Aqua satellite products.
A summary description of data used is provided in
Table 2.

2.5 | Framework of land–atmosphere
heat and moisture exchanges

Land–atmosphere interactions are best understood
within a surface energy budget (SEB) framework that
captures the diagnostic processes responsible for the vari-
ation in weather conditions. The SEB expresses the parti-
tioning of net radiation (QN , W�m−2) into sensible (QH ,
W�m−2) and latent (QE, W�m−2) heat exchanges with the
overlying air and heat exchange with the soil
(QG, W�m−2),

QN –QG=QH+QE: ð1Þ

QN accounts for the radiative factors including short-
wave radiation received at (QS#, W�m−2), and reflected
from (Qs", W�m−2) the surface, and longwave radiation
received (QL#, W�m−2) and emitted (QL", W�m−2), as
follows:

QN =QS#−Qs"+QL#−QL": ð2Þ

The land surface scheme (LSS) used here simulates
the terms of the SEB using routine weather observations
and the widely used Monin–Obhukov similarity theory
(MOST) (see de Rooy and Holtslag, 1999; Jung
et al., 2010; van Heerwaarden et al., 2010; Lu et al., 2014).
MOST uses profile relationships of wind, near-surface air
temperature, and humidity, to describe the vertical
exchanges of momentum, sensible heat (QH), and mois-
ture (QE), respectively (Paulson, 1970). In addition, the
scheme incorporates simplified parameterizations of radi-
ation components (QN ) and soil heat flux (QG), following
van Ulden and Holtslag (1985); evapotranspiration is
obtained using the Penman–Monteith model
(Monteith, 1981). We employ the LSS to simulate hourly
surface energy fluxes for mid-day hours (10–15 hr) from
May to August, for the period 2010–2019, representing
the period when the hourly forcing meteorological data is
available. We focus on the mid-day portion of the day
when the bulk of the surface–air exchanges associated
with vegetated surfaces take place. The application of the
LSS approach is fully described in Ishola et al. (2020) and
the software implementation is available from Ishola
et al. (2021).

During soil water limiting conditions, QE becomes
constrained by the surface resistance (rS), which follows
the approach developed by the Jarvis (1976) as
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implemented by Beljaars and Bosveld (1997), van de Boer
et al. (2014) and Ishola et al. (2020),

rs= f r
rs,min

LAI
FQs#

−1FΔq
−1Fθ

−1, ð3aÞ

where f r is an empirical constant (0.47) and rs,min is the
minimum stomatal resistance (110 s�m−1). The leaf area
index (LAI) is set at 2 m2�m−2; time-varying LAI values
from satellites were not used here due to the coarseness
of their spatial resolution, but tests using LAI values
between 1 and 3 showed only moderate sensitivity to this
parameter at site scale. F represents dimensionless stress
functions (ranging from 0–1) which account for the con-
tributions of incoming shortwave radiation (Qs#), atmo-
spheric moisture deficit (Δq), and soil moisture content
(θ). FQs# is taken as

FQs# =
Qs# Srm−Srð Þ

SrmQs#+Sr Srm−2Qs#
� � , ð3bÞ

where the empirical coefficients Srm and Sr are 1,000 and
230W�m−2. The moisture deficit function is

FΔq=
1

1+hsΔqð Þ , ð3cÞ

where the empirical coefficient hs is 0.16 kg�kg−1. The soil
moisture function is

Fθ=1 for θ > θFC, ð3dÞ

Fθ=1+csoil θ−θFCð Þ for θ < θFC, ð3eÞ

where θFC (0.3 m3�m−3) is the assumed volumetric water
content at field capacity. The soil moisture coefficient csoil
is taken as 4.3 m3�m−3 at all sites (Ishola et al., 2020).

The rS coefficients used here were previously derived
from observations at a number of sites in Ireland where θ
measurements were available. However, as the present
study employs gridded θ derived from ERA5-Land reana-
lysis data, the LSS may underestimate rS and conse-
quently, overestimate QE due to potential overestimation
of soil water (Dirmeyer et al., 2021) (Figure S1, Support-
ing Information). We employ a default value for θFC of
0.3 m3�m−3 as there is little information on field capacity
across Ireland and this value is similar to that employed in
the ERA5-Land model (Balsamo et al., 2009). Despite this
simplifying assumption, the general tendency of soil drying
and its impact on evapotranspiration should be captured. This
is on the basis that soil moisture–evapotranspiration signals
are generally recognized to occur below the assumed θFC
value, typically between 50 and 80% of θFC (e.g., Senevir-
atne et al., 2010). The parameter csoil has been identified
as the key physical property influencing the sensitivity
and performance of the LSS (Ishola et al., 2020). We
employ the calibrated value (4.3 m3�m−3), applied to both
wet and seasonally dry soils.

Furthermore, we calculated two biophysical metrics,
land surface temperature (Ts) (van de Boer et al., 2014)
and evaporative fraction (EF), employing fluxes derived
from the LSS as follows:

Ts=Ta+
QHra
ρcp

+zaГd, ð4Þ

EF=
QE

QN −QG
, ð5Þ

where Ta is the near-surface temperature, ra is the aero-
dynamic resistance, za is the reference height, Гd is the
dry adiabatic lapse rate, ρ is the air density, and cp is the
specific heat capacity of air. These biophysical metrics
are important for understanding the role of land–
atmosphere feedbacks on extreme weather events such as
heatwaves and drought.

TABLE 2 A summary description of in situ, gridded and satellite-derived data products used in this study

Product Variable
Resolution (spatial,
temporal)

Temporal
coverage Source

In situ Global solar radiation/sunshine duration, 2-m
temperature, relative humidity, m.s.l
pressure, wind speed

Hourly 2010–2019 Met �Eireann

Gridded Precipitation 1 km2, daily 1999–2019 Met �Eireann

ERA5-Land surface volumetric water content
(0–7 cm)

0.1�, hourly 1999–2019 Hersbach and
Dee (2016)

Satellite GEOV2 Leaf area index 1 km2, 10-day 1999–2019 Verger et al. (2014)

MOD11A1 land surface temperature 1 km, daily 2010–2019 Wan et al. (2015)

MCD43A4 nadir-adjusted red and near-infrared
reflectances

500 m, daily 2010–2019 Schaaf and Wang
(2015)
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2.6 | Data analysis

We initially calculated anomalies (Z-scores) of monthly
precipitation, volumetric water content (θ) and LAI for
the individual months of May–August, relative to the
1999–2019 period, to place the 2018 summer drought
event in the context of previous such events. For the pur-
poses of presenting the results from the LSS, we subse-
quently grouped the individual 14 AWS stations into
broadly representative geographic zones (Figure 1) on the
basis of a general definition of agricultural regions
(e.g., Green, 2019) and initial evaluation of precipitation.
For example, the northwest (Zone A) tends to be wetter,
due to its proximity to Atlantic storm tracks, experiences
cooler temperature in summer relative to other regions,
and has a large proportion of peat soils; the east coast
(Zone B) is typically drier, receives more QS# and has a
high proportion of moderately and well drained soils.
Similar to the northwest region, the southwest (Zone C)
is also wet but experiences higher average temperatures;
soils in this zone are mainly classified as imperfectly or
poorly drained. Due to its favourable climate, this zone is
dominated by grassland. The “Golden Vale,” a region
known for its high-quality dairy production systems, is
located within this zone.

Cumulative precipitation and mean deviations of
daily θ, vapour pressure deficit (VPD) and LAI were cal-
culated for each zone for the period May–August, relative
to 2010–2019. We also applied segmented regression to
determine the relationship between daily soil moisture,
sensible and latent heat fluxes, employing the evaporative
fraction (EF) metric in each zone. The goal here was to
identify if critical soil moisture (θc) thresholds occurred,
and the period during which the θ control of exchange
processes became effective. We applied a similar
approach using the NIRv data to evaluate and comple-
ment the EF based approach; this provides a means of
linking θ to vegetation productivity and ecosystem func-
tioning (Buitink et al., 2020).

Segmented regression is used to establish the point at
which the linear relationship between an independent
(X) and independent variable (Y) changes. This is
detected as a breakpoint where there is a significant shift
in the slope (sensitivity) representing this relationship.
Here, soil moisture (θ) is the independent variable and
the surface–atmosphere variables (e.g., EF, NIRv) are the
dependent variables,

Y =αX+ω X−ψð Þ, ð6Þ

where ψ is the breakpoint, which represents the critical
soil moisture threshold (θc), where the response shifts
from a wet to dry regime (segments); the dry/left line

(X≤ψ) and wet/right line (X>ψ) segments have slopes of
α and β=ω+α, respectively, and ω is the difference-in-
slopes. The search for ψ is iterative as the model seeks to
find the optimum location for the breakpoint that divides
the relationship into two linear segments; the initial
value assigned to ψ is 0.25 (based on Seneviratne et
al., 2010). Iteration ceases when the model has converged
on a solution (Muggeo, 2003). This solution is taken here
to be θc and distinguishes between the energy- and
water-limited states of the surface–air exchanges
(Seneviratne et al., 2010). The slope magnitude indicates
the severity of dry (hereafter αEF and αNIRv)/wet (hereaf-
ter βEF and βNIRv) segments (Benson and Dirmeyer, 2020;
Buitink et al., 2020) and the transition from one state to
another occurs at θc. We used the CRAN R “segmented”
package to estimate these metrics (Muggeo, 2021).

3 | RESULTS

3.1 | Evolution of 2018 summer drought
across Ireland

Figure 2 shows the spatial characteristics of the monthly
total precipitation anomalies (Z-score) for the individual

FIGURE 2 Spatial characteristics of monthly precipitation

anomaly (z-score) for Ireland during summer 2018, relative to

21-year climatology (1999–2019). Thin lines represent county

outlines. The anomalies were calculated from the 1 km gridded

precipitation data (Source: Met �Eireann) [Colour figure can be

viewed at wileyonlinelibrary.com]
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summer months of May–August 2018. Applying the
drought categories following McKee et al. (1993), the
2018 meteorological drought progressively moved from
mild/moderate drought conditions (Z-score of 0 to −1.49)
in May to more widespread extreme drought conditions
(Z-score < −2.0) in June, evident across the eastern,
southern and southwestern part of the country, while
conditions in the northwest remained mild/moderate
during these months. Rainfall deficits are shown to grad-
ually improve in subsequent months, with the rainfall
anomaly in July characterized as moderate drought con-
ditions, with the exception of the midlands; August was
characterized by mild drought conditions in the eastern
and southern half of the country, with wet conditions (Z-
score > 0) in the north and northwest.

To assess the land surface response, the degree of dry-
ness is initially characterized based on anomalies of soil
moisture and LAI. The former is based on ERA5-Land
which shows reasonable estimates of the available mea-
sured soil moisture obtained at three Irish grassland sites,
representative of different soil textural characteristics
(Figure S1). Figure 3a,b shows the magnitude and spatial
extent of ERA5-Land θ and GEOV2-LAI anomalies for
the individual months of May–August, 2018. In contrast
to the mild/moderate meteorological drought evident in
May (Figure 2), soil moisture conditions only begin to
deteriorate in June and become exacerbated into July
leading to high negative soil moisture anomalies (Z-
score<−2.0) being experienced across the entire country,
with extreme negative anomalies (Z-score<−3.0) along
the usually wet west coast. While the negative θ
anomalies were reduced in the north and west during
August, the remainder of the country continued to expe-
rience significant negative θ anomalies, particularly evi-
dent in the south and east of the country (Figure 3a). A
strong spatial coherence is also evident between the
observed precipitation (Figure 2), ERA5-Land θ and satel-
lite derived GEOV2-LAI (Figure 3a,b) as the meteorologi-
cal and surface drought characteristics evolve over the
study period.

To place these conditions in the context of previous
summer drought events, Figure 3c displays the individual
monthly (May, June, July and August) anomalies of rain-
fall, soil moisture (ERA5-Land θ) and LAI (GEOV2) for
the period 1999–2019. Although larger rainfall deficits
occurred during the 2003 European summer drought,
which was one of the driest summers on record
(e.g., Casty et al., 2005; Jaksic et al., 2006; Noone
et al., 2017), there was no clear impact on vegetation pro-
ductivity. Thus, the 2003 meteorological drought, while
severe, did not develop into agricultural drought across
the island, likely related to the timing of the precipitation
deficits which occurred in August of that year. In

contrast, due to the timing of the summer 2018 event,
both water and vegetation stress conditions are evident,
as revealed by the high negative anomalies in precipita-
tion, θ and LAI (Figure 3c). In addition, the largest nega-
tive θ and vegetation anomalies in the 21-year record
occurred in July 2018, with a negative peak anomaly (Z-
score≈−2.8) for θ, concurrent with the peak negative
anomaly for LAI (Z-score≈−1.3).

In the next section, we present the results of the land
surface scheme, to explore the perturbations in the sur-
face energy budget associated with the observed surface
drying during the summer of 2018.

3.2 | Perturbations of land-atmosphere
energy exchanges

To evaluate the robustness of the LSS-derived surface
energy fluxes, we initially compared the mid-day
observed surface temperature anomaly (relative to 2010–
2019), derived from MODIS Terra (for pixels representing
the individual weather stations, Figure 1) and the LSS
derived surface temperature anomaly (ΔTs) for the
respective stations (Figure 4). Results show high positive
ΔTs for both the Terra and model estimates (peaking at
+5 to +10 K and +8 to +15K, respectively) between late
June and early July across the selected stations. While
the temporal profiles of LSS-derived ΔTs are largely con-
sistent with the observed Terra ΔTs, the LSS estimates
display a warm bias that can be attributed to an offset in
timing between the LSS model estimated values and time
of overpass of the satellite; the LSS-derived ΔTs values
are based on the average of the values (from 10:00 to
11:00 hr), while Terra-derived ΔTs values are based on
instantaneous satellite observations at 1030GMT.

Figure 5 shows the temporal evolution of the in-situ
accumulated rainfall (Figure 5a–c), ERA5-Land θ
(Figure 5d–f), in situ vapour pressure deficit (VPD)
(Figure 5g–i) and satellite-derived LAI (Figure 5j–l) for
the period May–August 2018, compared with climatology
(1999–2019), for the three zones (A, B, C) previously out-
lined (Figure 1). The aggregated values are based on the
average of the grids corresponding with the station loca-
tions, for the gridded data, and station averages for the
observed data. In each zone, the cumulative rainfall
clearly shows a departure from climatology beginning
from just prior to, or around, June 1 (Figure 5a–c). In the
northwest (Zone A), the 2018 cumulative rainfall remains
closer to climatology, indicating smaller rainfall deficits
experienced during June–August, relative to east coast
(Zone B) and southwest (Zone C). This is consistent with
the gridded precipitation data in Figure 2. The rainfall
deficits also begin later in southwest.
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In the northwest, θ losses (Figure 5d) due to evapo-
transpiration during the start of the season are offset by
the normal or above normal rainfall receipts in April and
the arrival of Storm Hector in mid-June. Decreasing θ
becomes evident from mid-June (approximately 2–
3weeks after the onset of meteorological drought) and
reach their lowest negative anomaly (relative to the cli-
matology) of approximately −0.13m3�m−3 (40% relative
change) around the 4th July. Concurrently, VPD
increased from the 21st June and peaks on the 27–28th

June with anomalous values (>200% relative change) of
+1.0 kPa (Figure 5g), while LAI shows negligible change
during this period (Figure 5j).

For the east of the country, the θ anomaly (relative
change), which began earlier than in northwest, is
approximately −0.15m3�m−3 (50%); this coincides with
the highest positive VPD anomaly of +1.4 kPa (>200%)
and lowest negative anomaly of LAI of −1.5 m2�m−2,
from June 28 (Figure 5e,h,k). The timing of changes in θ,
VPD and LAI in the southwest (Figure 5f,i,l) largely

FIGURE 3 Monthly anomalies of ERA5-Land surface soil water content (θ) and satellite-derived GEOV2 leaf area index (LAI) for the

individual summer months of 2018, relative to 21-year climatology (1999–2019). (a, b) The spatial characteristics of both parameters;

(c) interannual variations of monthly anomalies of θ, LAI and gridded precipitation, averaged over the entire region (blue, red and green

horizontal dotted lines show the lowest negative scores for precipitation, θ and LAI, respectively) [Colour figure can be viewed at

wileyonlinelibrary.com]
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follow those observed in the east, but slightly lower in
magnitude.

The highlighted periods of negative surface (e.g., θ,
LAI) and atmospheric (e.g., rainfall, VPD) anomalies
(Figure 5) correspond to the LSS-derived periods of
higher positive anomalies (relative change) in both the
net radiative and energy fluxes. ΔQN anomalies of
approximately +200 to 250W�m−2 (180–190%) across the
three zones (Figure 6a–c) indicate the strong and

persistent influence of the anticyclonic system, which
supressed cloud formation between June 22 and July
3 across all the zones. Despite the similarity in radiative
forcing conditions, anomalies in the mid-day sensible
(ΔQH) and latent (ΔQE) heat fluxes differ across each of
the zones, reflecting differences in the partitioning of
available energy. For instance, in the northwest, the net
radiation surplus gives rise to a latent heat anomaly
(ΔQE) of +100 to 120W�m−2 (≈190%), largely at the cost

FIGURE 4 Temporal evolution of LSS model-derived (Model) mid-day land surface temperature anomaly (ΔTs), compared with

MODIS Terra (Terra) ΔTs during 2018 summer, relative to 2010–2019 average across the stations. The lines are derived from smoothed fits

of locally weighted polynomial regression (LOESS). The shaded portions represent the 5th and 95th percentiles of uncertainty bounds as

calculated by LOESS. The columns under A, B and C indicate stations in each of the previously described zones, as highlighted in Figure 1

and Table 1 [Colour figure can be viewed at wileyonlinelibrary.com]
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of ΔQH . This indicates that plants in this zone were still
able to access available soil water, despite the higher
ΔQN and VPD, between the June 22 and June 30
(Figures 5g and 6a). While the general responses are sim-
ilar for east and southwest, with the land surface scheme
simulating an enhanced positive ΔQE anomaly, of +60 to
90W�m−2 (140–190%) and +50 to 100W�m−2 (130–170%),
respectively (Figure 6e,f). However, by the end of June,
ΔQH exceeds ΔQE in the east and ΔQH is equivalent to
ΔQE in southwest, providing evidence of a land–
atmosphere feedback, evident in the enhanced VPD

(Figure 5h,i), relative to northwest (Figure 5g), starting
from June 27 in the east (Figure 6e) and July 1 in south-
west (Figure 6f).

Overall, these results show enhanced QE, well above
normal, caused by high positive anomalies of ΔQN prior
to the 27th June. The observed changes between late
June and early July in the east and southwest highlight
the differentiating role of plant available soil moisture
and support the divergent landscape physiological
responses (e.g., LAI; Figure 3b) to atmospheric anomalies
relative to the northwest.

FIGURE 5 Temporal evolution of AWS observed accumulated precipitation (first row), ERA5-Land volumetric water content (second

row), in situ vapour pressure deficit (third row) and satellite-derived leaf area index (fourth row); during 2018 summer compared with

climatology (1999–2019). Panels A, B and C represent stations in the respective zones highlighted in Figure 1. Values are based on average of

stations (and corresponding grids) in each zone. The peach shades represent the observed periods of abnormal surface and atmospheric

conditions [Colour figure can be viewed at wileyonlinelibrary.com]
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3.3 | Relationship between soil moisture
and surface flux densities

To further explore the role of soil moisture availability in
drought evolution, we used segmented regression to examine
the relationships between daily ERA5-Land θ and anomalies
of EF and NIRv (Figure 7), and separately for ΔQE and
ΔQH (Figure S2) for each zone. The results for individual
stations are provided in Table S1. It should be noted that
the results here are exploratory and based on a LSS speci-
fied θFC value (0.3 m3�m−3) (as outlined in section 2.5).

While the models detect a breakpoint (critical θ
threshold, θc≈ 0.36m3�m−3) separating wet and dry
regime in the northwest zone (Figure 7a), the αEF sensi-
tivity in the dry segment is insignificant and close to 0. In
contrast, the θ−NIRv approach identified a critical θ
threshold (θc)≈ 0.30m3�m−3 with a higher αNIRv sensitiv-
ity indicated in the dry segment (adjusted R2 = 0.60, p-
value = 2.27× 10−12) (Figure 7d). This indicates that the
landscapes in the northwest largely sustain the condi-
tions in which changes in EF is independent of θ,
whereas the NIRv signal is influenced by θ during the
summer season.

However, the θ–EF relationship is clearly captured in
the east (Figure 7b,e) where the approach identified a
critical threshold θc of ≈0.18m3�m−3, a value that is likely
close to the wilting point. The sensitivity (βEF ≈ 0) is neg-
ligible in the wet segment, but a significant and steep αEF
slope is observed in the dry segment (adjusted R2 = 0.29,
p-value = .039), indicating that EF is constrained and

linearly coupled with the surface during the period when
θ is below the critical point. Findings are consistent for
the θ–NIRv approach (θc = 0.23m3�m−3 and adjusted
R2 = 0.77, p-value = 2.44× 10−12).

The results of this exploratory analysis in the south-
west identify a critical θ threshold (θc)≈ 0.35m3�m−3,
similar to northwest, but with a significantly
(p-value = 2.59× 10−7) higher αEF sensitivity in the dry
segment (adjusted R2 = 0.23) (Figure 7c). Comparing
with the θ–NIRv approach, the αNIRv sensitivity is similar
(adjusted R2 = 0.32) but with a higher estimate
(0.35m3�m−3, p-value = .000125) of θc (Figure 7f).

Both the EF and NIRv approaches agree on the cou-
pling for the east and southwest; however, the differences
in estimated θc suggest causality in θ–EF framework
(e.g., soil type) that may not be inferred using statistical
regression analysis. Independent assessments based on
the relationship between ERA5-Land θ and model-
derived QH and QE fluxes (Figure S2) show that QH is the
major mechanistic factor driving the θ–EF signals, and
likely responsible for the increased atmospheric sensitiv-
ity that contributed to occurrence of the abnormally
warm and dry days during summer 2018, as revealed in
the east and southwest.

4 | DISCUSSION

In this study, we evaluated the use of a land surface
scheme that employed readily available meteorological

FIGURE 6 Temporal

evolution of model-derived mid-

day anomalous net radiative flux

(ΔQN ) (first row), sensible heat

(ΔQH ) and latent heat (ΔQE)

fluxes (second row) and soil heat

flux (ΔQG) (third row), during

2018 summer, relative to analysis

period (2010–2019). Panels A, B
and C are for stations in the

respective zones highlighted in

Figure 1. Values represent the

day time (1000–1500GMT)

average [Colour figure can be

viewed at

wileyonlinelibrary.com]
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data to assess the impact of the 2018 summer drought on
regional land–atmosphere heat and moisture exchanges.
The performance of the scheme was evaluated in com-
parison with MODIS-derived surface temperature anom-
alies (ΔTs) with results that are consistent with the
findings of Zaitchik et al. (2006) who showed similar
timing and distribution of spikes in ΔTs between
MODIS-derived and model estimates from NCEP/NCAR
reanalyses for the summer 2003 drought in France. This
supports the argument that Ireland experienced a
compound drought event where land–atmosphere feed-
backs enhanced its severity. Understanding of the
response of the vegetation to these events is limited
(e.g., Streck, 2003; Teuling, 2018), but is important in
assessing agricultural productivity.

4.1 | Changes in land surface processes
during severe drought

During extreme weather events such as drought, pertur-
bations in the surface energy budget drive changes in
near-surface temperature and reductions in available soil
water. In soils with limited available soil water, plant

water uptake to meet the increasing atmospheric evapo-
rative demand will be restricted (Teuling, 2018), as a
result, available QN will be converted to QH flux. This
positive feedback on QH can act to amplify drought char-
acteristics. The perturbations of surface exchanges of heat
and moisture which impact the patterns of atmospheric
temperature are mediated through changes in θ (Senevir-
atne et al., 2010; Miralles et al., 2014).

The analysis of the 2018 event indicates that an
increase in net radiative fluxes (ΔQN ) was evident from
May to July and this was associated with decreasing θ
and increasing VPD (Figure 5d–i). LAI response to the
changing land surface conditions was evident in the east,
southeast and southwest zones (Figure 5k,l). While the
northwest displayed an increase in VPD and decline in θ
over this period; the vegetation response was less marked
in the LAI response (Figures 3b and 5j), relative to the
climatology, for this region. The mild drought conditions
experienced in the northwest during June, relative to the
rest of the country, were associated with the passage of a
rainstorm in mid-June (Met �Eireann Report, 2018). In
general, the observed magnitude, extent and timing of
the 2018 meteorological drought are in agreement with
those reported by Falzoi et al. (2019). The LSS analysis

FIGURE 7 Relationships between soil moisture (θ), evaporative fraction (EF) [first row] and MODIS NIRv [second row], based on

segmented regression analysis during 2018 summer across the zones. The thick red lines are measures of sensitivity (slope) on the dry

segment while dashed blue lines are for wet segment. The dashed orange lines show the θ–EF and θ–NIRv breakpoints and the horizontal

green lines at the bottom show the confidence interval of θ breakpoints. Significant at p-value< .05. Panels A, B and C are for stations in the

respective zones highlighted in Figure 1 [Colour figure can be viewed at wileyonlinelibrary.com]
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shows that QN was largely partitioned into QE rather
than QH during this period in the northwest, which is
typical of grasslands even under extremely warm temper-
atures (Lansu et al., 2020; Stap et al., 2014; Teuling
et al., 2010; van Heerwaarden and Teuling, 2014) where
soil water remains available to plants. The partitioning of
available energy into QE is similar for the east and the
southwest, but with lower magnitude QE anomalies. This
enhancement of QE even under water-limited conditions
was likely facilitated by the integrated effects of higher
downward shortwave radiation and increased VPD. How-
ever, the ratio between QE and QH in the east and south-
west indicates that a greater proportion of QN was
channelled into QH and this is apparent in the negative
anomalies of LAI in these zones during the month of
June (Figure 3b). The shift from latent to sensible heat
and reduction in LAI during June and July indicate
decreasing θ, and hence vegetation stress in the region
(Figure 5e).

The impact on vegetation response, represented by
anomalies in GEOV2 LAI, closely tracked the evolving θ
conditions (Figure 3b). These findings are consistent with
those of Albergel et al. (2019) who found similar pertur-
bations (index >−1.0 and −2.0) in surface θ during the
month of July in the United Kingdom. Based on our anal-
ysis, grassland in the east responded faster to meteorolog-
ical drought conditions than elsewhere. Several
contributing factors are likely to explain this; the south-
east is characterized by relatively well drained soils and
can experience seasonal θ deficits during “normal” years.
April 2018 experienced average, or above average, rainfall
at most stations; where soils have storage capacity, such
as the imperfectly or poorly drained soils more typical of
the southwest and northwest, the additional water offset
evaporative losses. Rain in June resulted in θ returning to
normal levels in the northwest (Figure 5d) and southwest
(Figure 5f). Soil drying was more advanced in the east
(Figure 5e) and increased due to high QE during June
(Figure 6b) with a marked response in vegetation, evident
in the negative anomalies of LAI, during June. By July,
with increased plant stress due to the reduction in θ, the
positive QN anomaly is expended as QH and QG, warming
the atmosphere, increasing water demand and exacerbat-
ing soil moisture and vegetation. A similar reasoning
applies to the southwest based on the LSS simulated
fluxes (Figure 6c) and is supported by the increasing neg-
ative anomalies in LAI in the zone during this month.
The drought response of grasslands is shown to be depen-
dent on the antecedent conditions, geographical area and
soil characteristics (findings consistent with Xiao et al.
(2009) and Zhang et al. (2012)).

Although time varying GEOV2 LAI values are not
integrated within the current modelling framework,

altering the LAI value between 1 and 3 m2�m2 in
Equation (3a), the range in values observed during the
study period, was found to have only a moderate impact
on the estimated evaporative flux. A fixed LAI value of
2 m2�m2 was therefore utilized. Nonetheless, we recog-
nize the potential of incorporating more representative
higher spatial, and temporal, resolution satellite observa-
tions of LAI (e.g., Sentinel-2) to improve the representa-
tion of field scale vegetation dynamics within the
modelling framework.

The positive anomalous ΔQH and ΔQE are largely
correlated with an increase in net radiative flux during
early summer but in the east, the negative ΔQE values in
July can be explained by increasing water-stress condi-
tions in the root zone of grasses. This zone is distin-
guished by its free-draining soils (Creamer et al., 2014)
that makes it especially vulnerable to meteorological
drought conditions, if they occur during the growing sea-
son (e.g., 2003 vs. 2018; Figure 3c).

4.2 | Role of soil moisture in land-
atmosphere exchanges during 2018
summer

Soil moisture (θ) can significantly influence terrestrial
water, energy, and carbon cycling through its control on
QE at the land–atmosphere interface. This connection
can be explored using a soil moisture–evaporative frac-
tion (θ–EF) framework that distinguishes the transition
from wet to dry evaporative regime: (a) a wet regime in
which EF is independent of θ and (b) a dry regime where
θ and EF are linearly coupled. The critical soil moisture
content (widely referred to as critical soil moisture
thresholds) that separate these regimes is important as it
can help identify the mechanisms responsible for the
shift from a normal into a water-stress regime, where the
land surface state controls the sensitivity of the atmo-
sphere (Seneviratne et al., 2010).

We applied segmented regression analysis on the
ERA5-Land θ and estimated EF anomaly to identify the
threshold in soil moisture (θc) that marks the transition
from wet to dry regime; a similar approach was applied
to the NIRv data. The estimated θc values are identical to
those derived using measured θ deeper in the soil layer,
from two sites in the Netherlands (Buitink et al., 2020).
Hence, these findings suggest that drying soils increase
the sensitivity of land–atmosphere coupling, in turn
aggravating the surface drying, based on ERA5-Land θ
(note that ERA5-Land underestimates very dry soils for a
number of Irish sites). In the east, this shift was identified
as occurring in late June (≈22nd June), indicating the
onset of agricultural drought. The dry regime was
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sustained for several days (20) during which θ–EF are lin-
early coupled demonstrating the “hypersensitive”
response of this region to meteorological droughts. In a
previous study over grassland above saturated soils in the
south of Ireland, Jaksic et al. (2006) reported that mea-
sured θ status in both dry and wet years are different, but
well above wilting point, so that the impact of θ status on
net ecosystem functioning is small and identical for both
years. This is consistent with our findings over the north-
west where the landscape either shows no αEF sensitivity
or the θ–EF coupling is too weak to support the theoreti-
cal θ–EF framework (Seneviratne et al., 2010). Results of
αEF in the southwest also indicated a weak θ–EF cou-
pling; however, the land surface response to reduced θ is
evident in the vegetation response (Figure 3b)—further
work is necessary to explore this. The differing land
responses, as reflected in different estimated θc values,
also suggest the local effects of predominant soil types
across the zones. The zones are characterized by different
soil properties (Creamer et al., 2014), in essence, the rein-
forcement of soil moisture-evaporation signal, which is
distinguished by θc, partly depends on the nature of the
soil and its water holding ability.

A further assessment indicates that the signal in EF is
largely driven by QH during the dry regimes, as revealed
in the east (Figure S2). Therefore, QH appears to be the
mechanistic factor responsible for the unusual shift in
land–atmosphere coupling and consequently amplified
agricultural drought during summer 2018.

ERA5-Land uses monthly climatology of LAI to gen-
erate the global reanalyses data (Boussetta et al., 2013),
which may contribute to weak θ–EF signals in these
zones. There is the possibility that ERA5-Land may have
underestimate very dry soils as demonstrated in
Figure S1, consequently resulting in the LSS to underesti-
mate the impact of soil moisture anomalies on land–
atmosphere feedback mechanisms. The offsets between
measured and ERA5-Land θ values are largely repre-
sented in values below 0.25m3�m−3. It should also be
noted that the ERA5-Land θ at the surface soil layer was
evaluated with measured θ at the deeper soil layer
(20 cm) across the sites. The surface θ derived from
models or satellites are thought to decouple from θ in the
deeper soil profile where plants may take up water
depending on root density, and consequently may not
explain the dynamics of processes in the root zone
(Buitink et al., 2020). However, the choice of ERA5-Land
surface θ to diagnose drought processes, as in recent stud-
ies (Benson and Dirmeyer, 2020; Dirmeyer et al., 2021), is
on the basis that θ anomalies develop progressively down
deeper soil layers during a drought event, as plants
increase water uptake from near the surface to the sub-
surface. Thus, θ values may further lead to larger offsets

under 0.25m3�m−3, since the θ at the deeper layers are
always higher than at the upper soil layers. This is consis-
tent with Dirmeyer et al. (2021) who noted that
ERA5-Land underestimates the impact of very dry soils
on extreme temperatures, over Britain in 2018 summer.
Finally, the assumed volumetric water content at field
capacity (θFCÞ of 0.3 m3�m−3, necessary to apply the LSS
in the absence of measured θFC, may also have
contributed.

5 | CONCLUSION

Here, we evaluated the use of a physically based land sur-
face scheme, in combination with readily available
ERA5-land global reanalyses surface soil moisture data
and ground-based meteorology, to estimate the surface
flux densities and evaporative fraction (EF) to understand
the land surface response to the atmospheric forcing dur-
ing the summer of 2018. The approach allows us to
explore changes in land surface processes and the effect
of a soil moisture regime shift on land-atmosphere sensi-
tivities. We demonstrate the application of this frame-
work, utilizing data from 14 weather stations distributed
across Ireland, during the 2018 summer record-breaking
heat and drought events.

The study revealed synoptic timescale variability in
anomalous land–atmosphere heat and moisture transfers,
across the stations and between dates. Drought-induced
perturbations in land surface processes are largely not
effective until the period between late June/early July
and extend to mid-July in some cases. Prior to this period,
the processes were constrained by atmospheric anoma-
lies. That is, in the absence of rainfall, the higher evapo-
rative demand due to warmer temperature enhanced
latent heat flux (QE) via increase in evapotranspiration
rates, leading to the higher soil moisture deficits in July
across the country. This is particularly apparent in the
east and southeast regions, where drying soils quickly
shifted the landscape into a “dry” regime in which EF is
self-limiting, consequently providing a positive land–
atmosphere feedback mechanism (increase in land sur-
face temperature and QH), beginning from the 27th June
and further exacerbated agricultural drought in July.

Segmented regression analysis of θ–EF interplay has
found significant critical soil moisture threshold
(θc ≈ 0.18 m3�m−3, and θc ≈ 0.23 m3�m−3 for θ–NIRv
analysis) at which land–atmosphere signals potentially
become hypersensitive in the east and southeast zone,
based on ERA5-Land. These values also represent the
point of onset of drought impact on landscapes and eco-
system functioning in this region. Although, the seg-
mented models also identified soil moisture shift across
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the rest of the country, the linear θ–EF coupling was too
weak to conclude that EF was constrained by land sur-
face state in these areas. While spatial variations in pre-
cipitation and local effects of soil and vegetation
structures may play a critical role in the differing land
responses, it should be noted that ERA5-Land underesti-
mates seasonally dry soil moisture regimes for Irish land-
scapes, which may have broadly informed less and
inconsistent impact of soil moisture anomalies on the
exchange processes across the region.

Nonetheless, the findings of this study are invaluable
to speculate the zones and critical soil moisture values
under which land–atmosphere exchanges are constrained
by the land surface state and further exacerbate surface
warming and dryness. This contribution is important,
certainly for Ireland, not only because it may help
improve the representation of soil moisture factors in
Numerical Weather Prediction (NWP) models, but can
also help to enhance sub seasonal predictability of
drought propagation and early warning systems of sum-
mer climate extremes in the future episodes.
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