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The Land surface Interactionswith theAtmosphere over the Iberian
Semi-arid Environment (LIAISE) campaign was conducted in July
2021 primarily to investigate the role of irrigation in modulating
the boundary layer evolution in the Catalan region of northeastern
Spain. Contrasts in near-surface meteorological parameters and
boundary layer thermodynamic profiles at an irrigated and rainfed
(arid) site were established during the morning transition. Evapo-
transpriation dominated the flux partitioning at the irrigated site
(Bowen ratio of 0.07–1.1), whilst sensible heat flux dominated at
the rainfed (arid) site (Bowen ratio greater than 10.0). The cumula-
tive evapotranspiration during July 2021was a factor of 10 greater
at the irrigated site than at the rainfed (arid) site. The presence of
irrigation was shown to modulate the vertical gradients of turbu-
lence, temperature, and moisture. Irrigation is shown to have a sig-
nificant effect on the development of the boundary layer including
during the morning transition. The morning transition mean buoy-
ancy flux was 2.8 times smaller at the irrigated site (1.1 m2 s−2)
compared with the rainfed (arid) site (3.1 m2 s−2), with a resultant
delay in the near-surface buoyancy-flux crossover time (30-min to
90-min) at the irrigated site. At the start of the morning transition
(sunrise), the average screen-level (50 m) temperature was -1.2 K
(-1.9 K) colder at the irrigated site relative to the rainfed (arid) site.
The colder temperatures at sunrise at the irrigated site are predom-
inately the result of colder boundary layer thermodynamic profile
from the previous day. At the end of the morning transition (con-
vective onset), temperature differences between the two sites ex-
tend through much of the boundary layer and increased in magni-
tude. The average screen-level (50 m) temperature difference was
-3.6 K (-2.4 K) colder at the irrigated site relative to the rainfed (arid)
site. There was considerable day-to-day variability in temperature
contrasts at a regional level (-2.4 to -6.0 K).

K E YWORD S
Semi-arid, buoyancy flux, convective onset, turbulence,
thermodynamic profiles, LIAISE
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2 Brooke et al.

1 | INTRODUCTION5

In semi-arid and arid regions, water availability in the landscape can be altered by human management processes,6

such as irrigation. This has enabled agricultural regions to expand into areas previously unable to support food pro-7

duction, and to increase crop productivity and yields (Valmassoi and Keller, 2022). The Intergovernmental Panel on8

Climate Change (IPCC) Special Report on Climate Change and Land states that globally the total production of food9

has increased by 240 %, and the use of irrigation water and irrigated area has doubled (high confidence) between 196110

and 2017 (Arneth et al., 2019).11

Irrigation practices vary across agriculture practices and processes include flood/gravity irrigation, drip irrigation12

and sprinkler. The method of irrigation can strongly influence the frequency and duration of moisture availability.13

The addition of moisture to the surface has implications for the energy partitioning at the surface, which defines the14

Bowen ratio (the ratio of sensible to latent heat flux). There is very high confidence (Jia et al., 2019) that irrigation15

increases total evapotranspiration, reduces crop stress (Zaveri and Lobell, 2019), increases the total amount of water16

vapour in the atmosphere (de Vrese and Hagemann, 2018) and decreases mean surface daytime temperature within17

the irrigated area (Lawston et al., 2020).18

Away from irrigated regions, evapotranspiration from natural vegetation over semi-arid regions is highly sensi-19

tive to the soil moisture availability. This can further enhance contrasts in the land surface variability (including the20

distribution of vegetation cover and leaf area index) and give rise to greater surface heterogeneity.21

Irrigation processes are not widely represented, or treated simplistically, in numerical weather prediction systems22

and in general circulation models (Lobell et al., 2006). The Coupled Model Intercomparison Project (Phase 6) (CMIP6)23

climate models, for example, include a basic representation of land-use and land cover change, but very few include24

irrigation. This can give rise to systematic warm-and-dry simulation biases (Barton et al., 2023). Studies have shown25

that the cooling effects of irrigation may be underestimated by global climate models due to their coarse spatial26

resolutions (Sorooshian et al., 2011; Chen and Dirmeyer, 2020). Irrigation datasets are required to both model and27

evaluate irrigation schemes and parameterizations, with information required for four key properties of irrigation:28

where, when, how, and how much to irrigate (Xia et al., 2022).29

Studies have shown that models incorrectly simulate the surface flux partitioning related to the treatment of30

irrigation, not explicitly included in the model (Cuxart et al., 2015). Increased evapotranspiration over irrigated areas31

has been shown to have a complex interaction with boundary layer processes and growth. For example, surface-flux32

contrasts can lead to the generation of secondary circulations (Legain et al., 2013; Cuxart et al., 2012) that can alter33

the depth and structure of the boundary layer, whilst complex mixed layers arising from surface heterogeneity can34

provide a capping inversion that suppresses boundary layer growth (Lanicci et al., 1987; Reen et al., 2014). Observation35

datasets for land surfaces with different soil moisture (e.g. driven by antecedent rainfall patterns) have previously36

offered insight into the role of soil moisture in modulating the boundary layer development. Barton et al. (2019)37

demonstrated evidence that soil moisture heterogeneity drives mesoscale circulations with observations of divergent38

(convergent) wind flow above wetter (drier) surfaces, suppression of shallow cloud above wetter soils and wet–dry39

soil moisture boundaries predominantly favouring the initiation of deep convection.40

The Special Report on Climate Change and Land states with high confidence (Shukla et al., 2019) that water avail-41
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Brooke et al. 3

ability from irrigation practices will affect climate in regions as far as few hundreds of kilometres downwind (Cook42

et al., 2011; Thiery et al., 2020). Mangan et al. (2023) examined surface-boundary layer interactions across spatial43

scales of irrigation-driven thermal heterogeneity finding at the regional scale observed boundary-layer properties44

could be explained through a composite of surface fluxes, whereas at the local scale non-local advection processes45

are important for partitioning energy. Some larger-scale interactions are less well understood, such as the impact on46

entrainment rates impacting on the boundary layer growth, and feedbacks and interactions with convection, cloud47

formation and precipitation (Reen et al., 2014; Lawston et al., 2015). The impact of irrigation on the established con-48

vective boundary layer has received focused attention (Rappin et al., 2021; Lawston et al., 2020). Studies typically49

focus on a well established convective boundary layer, where contrasts arising from irrigation are expected to be50

larger, with a more dominant signal. To our knowledge studies have not focused on the impacts of irrigation during51

the morning transition period, and in doing so neglect understanding the processes which are critical to the develop-52

ment of the convective boundary layer. The morning (and evening) transition period is an evolution from a nocturnal,53

statically stable boundary layer to a convective boundary layer (and vice versa).54

One of the first processes acting to drive this transition is a positive near-surface buoyancy flux, driven by solar55

heating. The time of crossover (a change in sign from a negative buoyancy flux to a positive buoyancy flux) is an impor-56

tant reference point in the morning transition period (Angevine et al., 2001). The morning transition covers a period57

of time starting with sunrise and ending when two processes have occurred; the first being an observation of turbu-58

lence substantially above the surface (Hogan et al., 2009) and secondly an erosion of the near-surface temperature59

inversion (Angevine et al., 2001). The latter event is called convective onset.60

Angevine et al. (2020) led a recent overview of the transition periods over land focusing on key processes in the61

atmospheric boundary layer as it undergoes transitions between stable and convective states. The review called for62

newmulti-scale networks of observations to provide insight into the influence of surface heterogeneity and horizontal63

variations in surface characteristics on transitional boundary layers.64

This paper proposes to fill this gap, focusing on the impacts of irrigation on the morning transition, by using65

observations collected from the 2021 Land surface Interactions with the Atmosphere over the Iberian Semi-arid Envi-66

ronment (LIAISE) campaign (Boone et al., 2021). The LIAISE campaign was located in the Urgell and Pla d’Urgell in the67

Catalan region of northeastern Spain, incorporating the Ebro river basin. The campaign took place during June through68

October 2021. The region has a significant irrigation presence surrounded by a naturally rainfed region, which is arid69

during the summer months. During July 2021, a two-week Special Observing Period (SOP) occurred with intensive70

measurements across the study region including a surface network of eddy-covariance flux towers. We make partic-71

ular use of hourly radiosonde soundings during the morning transition period to allow us to contrast boundary-layer72

thermodynamic profiles at two supersites, one located in the irrigated region and one located in the rainfed (arid) re-73

gion. These observations will enable the examination of the role of irrigation in modulating surface moisture content,74

the impact on surface heat fluxes, and subsequent interactions and feedback on the boundary layer evolution.75

This article is arranged as follows: Section 2 provides a description of the study region with a focus on the instru-76

mentation deployed at two supersites, and an overview of the Intensive Observation Periods (IOPs) which occurred77

during the two-week SOP. Results are presented in Section 3 which contrasts the evolution of sub-surface and sur-78
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4 Brooke et al.

face conditions, and near-surface and boundary-layer structure in the irrigated and naturally rainfed regions. Section79

4 presents the conclusions.80

2 | METHODOLOGY81

2.1 | LIAISE Study Region82

The LIAISE study region covers approximately a 30x30 km square area and had two clearly defined zones; one that83

is irrigated and one that is naturally rainfed, but arid during the summer months. The two zones are divided by an84

irrigation canal (divided from southwest to northeast). A network of 8 eddy-covariance flux sites were deployed across85

the region during July 2021; 5 land surface sites located in the irrigated zone and 3 sites located in the rainfed zone.86

Each site was selected to be representative of a different dominant crop grown in the region or the natural vegetation,87

and provide a measure of the surface heterogeneity.88

A map of the study region including the flux site locations is presented in Figure 1a which highlights the irrigated89

region from the ESA Climate Change Initiative Land Cover (ESA CCI LC) 1 dataset. Also presented is the regional90

orography from the Global Multi-resolution Terrain Elevation Data 2010 (GMTED2010) 2 dataset. The predominant91

orography influencing the region is the Catalan pre-coastal range to the south and south-west of the LIAISE study92

region which runs parallel to the Mediterranean Sea coast in Catalonia. One notable sub-range is the Serra del Terrat93

range to the south-west which will be discussed in section 2.2 in the context of the arrival of an afternoon sea breeze.94

At a larger scale (not shown) the region has topographical barriers of the Pyrenees to the north and the Iberic System95

to the southwest.96

This study will focus on the observations at two LIAISE supersites, one located in the rainfed zone (Els Plans,97

section 2.1.1) and the other located in the irrigated zone (La Cendrosa, section 2.1.2). The two supersites are located98

approximately 15 km apart (Boone et al., 2021). A third supersite (Mollerusa, mixed orchard) was located in the99

irrigated zone although observations from this site will not be used in this study.100

2.1.1 | Els Plans site: winter crops and seasonal bare soil (rainfed zone)101

The Els Plans site (41◦35′22.25′′N , 1◦1′48.00′′E ) (hereafter referred to as rainfed site) is one of two supersites deployed102

during LIAISE, located in the rainfed zone. The vegetation at the site is combination of winter crops and natural103

vegetation. During the driest months of year, this region has significant bare soil and senescent vegetation. The site104

elevation is 335 m above mean sea level. The site consists of a 50 m flux tower installation (deployed by the Met105

Office), with sensors located at 1.2, 10, 25 and 50 m. Figure 1(i) presents a photo of the rainfed site with the 50 m flux106

tower installation taken during the SOP in July 2021. Air temperature, relative humidity, and winds at all heights are107

measured with Vector Instruments T302, Vaisala HMP155 sensors (both housed in aspirated screens) and Gill HS50108

1http://maps.elie.ucl.ac.be/CCI/viewer/download/ESACCI-LC-Ph2-PUGv22 .0.pdf
2https://www.usgs.gov/publications/global-multi-resolution-terrain-elevation-data-2010-gmted2010
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Brooke et al. 5

3D ultrasonic anemometers, respectively. Hemispherical shortwave radiative fluxes and long-wave irradiance are109

measured with a Kipp and Zonen CM21 pyranometer and Kipp and Zonen CGR4 pyrgeometer, respectively. Rainfall110

is measured with a Met Office Mk5 tipping-bucket gauge with a 0.2 mm accuracy.111

Sensible heat andmomentumfluxes aremeasured at all of the flux tower heights based on 10-Hz data. Latent heat112

flux is measured at 2 m and 10 m with a Krypton hygrometer and Licor Li-7500 open-path hygrometer, respectively.113

Eddy covariances over 10- and 30-min intervals were used to calculate the turbulent heat and moisture fluxes, and114

buoyancy flux. Data at 10-min intervals from 2 m observations is used to determine the timings of the buoyancy flux115

crossover. The sonic data has cross-wind speed correction, coordinate rotation, detrending and despiking applied.116

The grass canopy air temperature and relative humidity is determined in-situwith a screened and aspirated Rotron-117

ics Hydroclip2 at 8 cm nominal height. Volumetric soil moisture was measured at five depths. A Delta-T ML3 probe118

measured volumetric soil moisture at 2 and 10 cm and a Delta-T PR2 probe measured at 20, 30, and 40 cm. A Delta-T119

ST2-396 thermistor probes measure soil temperature at 1, 4, 10, 17, and 35 cm.120

A number of instruments at the site were deployed for measurements of the atmospheric boundary layer. Specif-121

ically used in the study, a 1.5 µm Halo Photonics Streamline lidar (Pearson et al., 2009) measures radial backscatter122

and doppler velocity from aerosol. The Halo was operated with a zenith view and so vertical velocity and the vertical123

component of turbulence, as well as the boundary-layer structure, were continuously monitored. The vertical reso-124

lution of the Doppler lidar is 18 m, and the lower boundary of the first usable gate is 108 m. The vertical velocity125

variance from the Halo Doppler lidar can be combined with the vertical velocity variance from the tower heights to126

provide a profile from the near surface (2 m) through the boundary layer to the maximum detection limit of the Halo127

Doppler lidar.128

Atmospheric vertical profiles (to a maximum height of 8 km) were obtained with Vaisala RS92-SGP radiosondes.129

Sondes were launched hourly starting before sunrise (0400 UTC) and ending at 1700 UTC. Further details of the130

radiosonde launch strategy are provided in section 2.2.131

2.1.2 | La Cendrosa site: irrigated Alfalfa (irrigated zone)132

The La Cendrosa site (41◦41′35.89′′N , 0◦55′42.20′′E ) (hereafter referred to as irrigated site) is the second supersite133

deployed during LIAISE located in an alfalfa crop within the irrigated zone. Alfalfa is a rapidly growing crop with134

multiple harvests in a growing season; the crop was cut (6 July) prior before the start of the two-week SOP, and had a135

height of approximately 70 cm by the end of the SOP. La Cendrosa is irrigated using a flood/gravity method, typically136

having two irrigation events per alfalfa harvest. Irrigation was applied just before and once during the SOP on 11 July137

and 24 July 2021, respectively. The site elevation is 239 m above mean sea level.138

The site consists of a 50 m flux tower installation (deployed by Centre National de Recherches Météorologiques),139

with sensors located at 0.2, 2, 10, 25 and 45 m. Figure 1(h) presents a photo of the irrigated site with the 50 m flux140

tower installation taken during the SOP in July 2021. Air temperature and relative humidity at all heights aremeasured141

with Thermoest PT100 and Vaisala HMP110 sensors (both housed in aspirated screens). For wind speed and direc-142

tion, a Young Wind Monitor provides measurements at 10 m, Gill Horizontal Research 1199-PK-102 3D ultrasonic143
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6 Brooke et al.

anemometers are positioned at 3 and 25 m and Gill R3-50 1210-PK-085 3D ultrasonic anemometer is positioned144

at 50 m. Four-component radiation measurements at 1 m are obtained with Kipp and Zonen CNR4 net radiometer145

which consists of a pyranometer pair, one facing upward, the other facing downward, and a pyrgeometer pair in a146

similar configuration. Rainfall is measured with a Précis Mécanique 3039 which measured accumulation of rainfall147

between two consecutive timestamps. Thermoest PT100 and Delta T thetaprobe ML3 measures soil temperature148

and volumetric soil moisture at three depths of 5, 10 and 30 cm.149

A second 2 m Campbell Scientific IRGASON eddy covariance system consisting of a CSAT3 sonic with an inte-150

grated, open-path infra-red gas analyzer operated at 20 Hz was installed at La Cendrosa. This system was deployed151

by the University of Wageningen, although sited differently (east of the main 50 m flux tower) within the alfalfa crop.152

A Leosphere WindcubeV2 lidar provides vertical wind profiles and turbulent kinetic energy (TKE) profiles for the153

lowest 220 m. The vertical resolution of the Leosphere WindcubeV2 lidar is 20 m, and the lowest measured gate is154

centred at 40 m.155

A coordinated radio sounding strategy was developed between the two supersites. At the irrigated site two types156

of radiosondes were deployed; a conventional sounding was made at 0700 UTC and 1700 UTC with Vaisala RS41-157

SGP receiver and all other soundings used a reusable capability with RS92-SGP receivers. The reusable sounding158

technique has been developed by CNRM, with comprehensive details in Legain et al. (2013). The system is adapted159

from conventional soundings and uses two balloons with different inflated volumes; a larger volume for the ascent and160

a small volume to provide a controlled descent. The ascent balloon is released by a cutting system at a programmed161

maximum height which allows the sonde to be recovered and reused. The programmed maximum height typically162

ranged from 3 km, which enabled complete soundings of the boundary layer and also minimised the recovery distance163

of the sonde.164

2.2 | LIAISE Intensive Observing Periods (IOPs)165

In total, eleven IOPs were obtained and a summary is presented in Table 1 providing the dates, radiosonde timings,166

and weather conditions for each IOP discussed within this study. A radiosonde strategy was developed where simul-167

taneous soundings were carried out at the rainfed and irrigated site with hourly launches between 0400 UTC and168

1700 UTC during each IOP. Hourly soundings were a priority for IOPs to observe the evolution of the thermodynamic169

profiles. On four IOPs, soundings were extended into evening transition at the rainfed site, ending at 2100 UTC. A170

total of 269 radiosondes were launched, with 11 IOPs (154 radiosondes) and 7 IOPs (115 radiosondes) at the irrigated171

and rainfed sites, respectively. In this study we focus our analysis on 15–17 July (IOP1–3), 19 July (IOP4, although172

radiosondes are only available for the irrigated site), 20–22 July (IOP5–7) and 27 July (IOP10).173

Generally, all IOP days generally had clear skies. In this study, we identify three meteorological flow regimes174

and split the IOPs accordingly. Firstly, IOP1–4 are predominately influenced by synoptic-scale westerly flow. In the175

Ebro basin, winds from the north and west are forced by the topographical barriers of the Pyrenees (to the north)176

and the Iberic System (to the southwest). This flow is established shortly after sunrise and near-surface winds are177

generally light (2–4 m s−1 between 2 m and 50 m). Figure 1 (b) and (e) presents windrose plots at 2 m showing wind178
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Brooke et al. 7

direction and speed during the morning transition at the rainfed and irrigated sites for synoptic-scale westerly flow179

IOPs (regime 1). The plots highlight the near-surface flow at both sites is similar in terms of wind direction and wind180

speed. Wind speeds generally increase (4–6 m s−1 between 2 m and 50 m) in the late afternoon with the arrival of181

a sea breeze front. The sea breeze front is the arrival of wind from the Catalan coast driven by a pressure difference182

created due to the different heat capacities of the land surface and sea. The progression of the sea breeze front is183

slowed by the presence of the Catalan pre-coastal range and Serra del Terrat range. The sea breeze front arrival is184

earlier (IOP1–3 average 30-min earlier) at the rainfed site, due to its more south-westerly location. A summary of the185

sea breeze duration for each IOP is included in Table 1.186

In the second regime, a thermal low is established across the region during IOP5–7 where anticyclonic flow187

dominates the circulation up to a height of 500 hPa. Cuxart et al. (2012) proposed a mechanism for the formation of188

this regime; at times with no well-defined synoptic pressure gradients in the area, locally generated flow develops due189

to thermal differences at the surface. The irrigated zone has a suppressed temperature diurnal cycle compared with190

the surrounding rainfed zone, due to the increased heat capacity due to the higher water content of the irrigated soil191

and larger evaporative cooling during day. This allows greater morning heating and evening cooling to take place over192

the rainfed zone at a higher rate than over the irrigated zone, therefore amplifying the classical diurnal circulation. The193

average time of the sea breeze front arrival during the thermal low regime (IOP5–7) was found to be earlier (1300194

UTC at the rainfed site, and 1530 UTC at the irrigated site), suggesting that the sea breeze front propagates more195

quickly during this flow regime plot not shown).196

Figure 1 (c) and (f) presents windrose plots at 2 m showing wind direction and speed during the morning transition197

at the rainfed and irrigated sites, respectively, for the thermal low IOPs (regime 2). The irrigated site is influencedmore198

predominately by north-easterly flow, whilst the rainfed site receives from from a south-easterly direction which is199

generally aligned with down-slope flows from the Serra del Terrat range. The near-surface winds during the morning200

transition are seemingly disconnected between the two sites. Without the presence of synoptic scale westerly flow,201

local nocturnal flows are established, and the direction of these winds are strongly influenced by local topography.202

These local nocturnal flows predominate over the flow during the morning transition period.203

In the third regime, IOP10 is influenced by anticyclonic flow below 850 hPa and westerly flow at 500 hPa. The204

influence of the thermal low hasweakened. Figure 1 (d) and (g) presents equivalentwindrose plots for anticyclonic flow205

(regime 3) at the rainfed and irrigated sites. Noticeably, wind speeds during the morning transition are lower during206

anticyclonic regime compared with regime 1 or 2. Similar to regime 2, the wind direction during the anticyclonic is207

strongly influenced by local topography.208

3 | RESULTS209

3.1 | July 2021 evolution210

The evolution of volumetric soil moisture content, Bowen ratios, cumulative evapotranspiration and precipitation211

during July 2021 at the irrigated and rainfed sites are presented in Figure 2. The IOP days are shown by the vertical212
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8 Brooke et al.

pink lines so this provides context to the conditions in the preceding two-weeks before the start of the SOP.213

Figure 2a contrasts the evolution of volumetric soil moisture content in the top 30 cm of the soil for the irrigated214

site and the top 10 cm of soil at the rainfed site. Additionally presented are themoisture contents at saturation and the215

critical and wilting points (presented as black dashed lines on Figure 2a). Soil information (soil unit identifier) for the216

two sites is taken from the HarmonisedWorld Soil Database (HWSD). Soil unit identifier 863 accounted for 35 % and217

soil unit identifier 922 accounted for 65%of the soil type at the site locations. Each soil unit is assigned a sand/silt/clay218

fractions in the database which have been used with pedotransfer functions to determine soil parameters.219

At the rainfed site, the soil moisture content is less than 10 % and 14 %, at 2 cm and 10 cm, respectively. The220

minimum soil moisture reached during the SOP is 5 % (at 2 cm) on the 25 July, although precipitation on the 26 July221

(prior to IOP10) leads to a small increase in soil moisture. No response in soil moisture at 10 cm is evident to the222

precipitation event. Examining the volumetric soil moisture content at the irrigated site, the most notable changes223

are seen on 11 July and 24 July, when (flood) irrigation is applied to the alfalfa crop. A sharp increase in soil moisture224

at all three soil depths is observed with a saturation of soil moisture at 40 % and 48 %, for the 5 cm and 10 cm levels,225

respectively. The saturated conditions do not persist at either level and a rapid drying of the soil moisture content226

is seen on the day the irrigation is applied. A gradual decrease in soil moisture is evident between IOP1 (27 %) and227

IOP7 (20 %) between the irrigation events. This corresponds to transition from the critical point to the wilting point228

between irrigation events.229

Two precipitation events occurred during the two-week SOP, summarised in Figure 2d, which are important to230

highlight as these affect the kinematic buoyancy flux on subsequent IOP days (the analysis of which will be presented231

in 3.2). The first precipitation event was a short 1.5-hour convective period overnight on 20–21 July (IOP5–6) with 1.6232

kgm−2 and 0.6 kgm−2 cumulative precipitation at the irrigated and rainfed site, respectively. The second precipitation233

event on 26 July was associated with a frontal passage, and no intensive observations were made on this day. The234

cumulative precipitation was 32.0 kg m−2 and 3.4 kg m−2 at the irrigated and rainfed site, respectively.235

Figure 2b contrasts the Bowen ratio at the two sites. At the rainfed site, the Bowen ratio is greater than 10.0 for236

all days in July (apart from 26 July which is associated with a frontal system) indicating sensible heat flux dominates237

the flux partitioning. At the irrigated site, Bowen ratios range from 1.1 (IOP1, 15 July) to 0.07 (IOP7, 22 July). This238

indicates that at the beginning of the SOP a greater proportion of the available energy at the surface is employed as239

sensible heat flux than latent heat flux, with a transition to being dominated by latent heat flux in the later stages of240

the SOP. The irrigated canopy height growth is shown in Figure 2b indicating growth from 10 cm on 11 July to 70 cm241

on 28 July, at the end of the SOP. The observed changes in the Bowen ratio can be explained, firstly by the growth of242

the canopy height during the SOP which results in increasing evapotranspiration and secondly, a denser vegetation243

canopy which naturally reduces the heat flux from the soil surface.244

The differences between the two sites are further emphasised in Figure 2c which contrasts the cumulative evap-245

otranspiration. The cumulative evapotranspiration during July at the irrigated site is 69.9 kg m−2 (72.0 kg m−2) at 3 m246

(50 m), and is a factor of 10 greater than at the rainfed site (5.6 kg m−2 and 8.8 kg m−2 at 2 m and 10 m, respectively).247

For the first half of July, the cumulative evapotranspiration at the irrigated site is greater at 50 m than 3 m, signifying248

a greater non-local source of evapotranspiration. In the second half of July, a change between the two heights is seen,249
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Brooke et al. 9

with cumulative totals at 3 m which are larger than 50 m. This further highlights the impact of the growing canopy250

height during the SOP and the increasing dominance of field scale evapotranspiration.251

3.2 | Kinematic buoyancy flux252

Figure 3 presents the observed diurnal cycle of the kinematic buoyancy flux, i.e. the turbulent heat flux calculated253

with the virtual potential temperature including the moisture flux contribution. Data at 10-min intervals from 2 m254

observations from both supersite locations are used to determine the timings of the buoyancy flux crossover. We255

define crossover as the change in sign of the near-surface (2 m) buoyancy flux, i.e. when the flux becomes positive256

(0.1 W −2). Table 2 summarises the morning buoyancy-flux crossover times, for the irrigated and rainfed sites, at257

each of the tower heights. The time of sunrise is included as a point of reference, marking the start of the morning258

transition period.259

At the irrigated site two near-surface flux measurements were deployed. The first installation (3 m) on the 50 m260

flux towerwas deployed at thewest of the irrigated site (deployed byCentreNational de RecherchesMétéorologiques),261

and the second installation (2 m) was a separate 2 m flux tower deployed at the east of the irrigated site by the Univer-262

sity of Wageningen. This siting difference within the alfalfa crop (the Wageningen site being more central within the263

alfalfa crop) has led to discernible differences in the near-surface buoyancy-flux crossover times as evident in Figure 3.264

The 2 m buoyancy flux is consistently smaller in magnitude compared to the 3 m buoyancy flux, particularly evident265

during IOP1–4, and is predominately driven by heterogeneity in the canopy height and canopy cover of the alfalfa266

crop particularly in the early stages of growth of alfalfa after the cutting stage.267

On all IOP days there is a delay in the buoyancy-flux crossover time at the irrigated site relative to the rainfed268

site (Table 2). This delay is evident at all heights up to 50 m on the flux tower. This reflects the difference in energy269

partitioning between the irrigated and rainfed (arid) surfaces. Irrigation decreases (increases) the sensible (latent) heat270

flux, reducing the Bowen ratio, which in turn suppresses the near-surface turbulence generation and decreases the271

buoyancy-flux. The meteorological flow regime played a role in the variability of the buoyancy-flux crossover time272

delay. For synoptic scale westerly flow days (IOP1–4) the average delay at 2 m (50 m) in crossover time was 30-min273

(50-min), whilst for thermal low regime (IOP5–7) and anticyclonic regime (IOP10) the average delay in crossover time274

was almost 90-min (58-min) longer at the irrigated site.275

The mean difference in crossover time between 2 m and 50 m at the rainfed site is 20-min for synoptic scale276

westerly flow days (IOP1–4), compared with 40-min for thermal low and anticyclonic regimes (IOP5–7&10). This277

suggests that near-surface turbulence generation occurs more quickly on days with synoptic scale westerly flow, than278

during the thermal low regime. The mean difference in crossover times between 2 m and 50 m at the irrigated site is279

32-min for IOP1–4, compared with 37-min for IOP5–7&10. The largest delay in a positive heat flux occurs on IOP7280

where there is a 70-min (90-min) difference in the buoyancy-flux crossover point between 2m and 50m at the rainfed281

(irrigated) site.282

Table 3 contrasts the mean buoyancy-flux during the morning transition between the two sites. The buoyancy283

flux at the rainfed site was 2.8 times the magnitude of the buoyancy flux at the irrigated site. The morning transition284
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10 Brooke et al.

mean buoyancy flux was 1.1 m2 s−2 and 3.1 m2 s−2 for the irrigated and rainfed site, respectively. Table 3 additionally285

compares the latent heat flux contribution to the buoyancy flux during the morning transition. At the rainfed site, the286

latent heat flux contribution to the buoyancy flux during IOP1–4 was less than 1.3 % with the buoyancy flux almost287

entirely dominated by the sensible heat flux. During IOP5–7&10, the latent heat flux contribution was in the range288

of 1.0–5.3 % at 2 m and 2.1–10.1 % at 25 m. The percentage contribution increases with increasing tower height and289

increasing measurement fetch, indicating a non-local source of water vapour.290

In contrast, at the irrigated site, the latent heat flux contribution to the buoyancy flux is more variable, predomi-291

nately driven by the growth of the irrigated vegetation canopy during the two-week SOP. During IOP1–4, the latent292

heat flux contribution was in the range of 10–30 %, whilst during IOP5–7 over a three day consecutive period the293

latent heat flux contribution to the 2 m (50 m) buoyancy flux is seen to have a significant increase from 37 % (25 %) to294

over 90 % (83 %). At the irrigated site, the smallest measured Bowen ratio occurred on IOP7 (0.07) which coincided295

with the largest latent heat flux contribution to the 2 m buoyancy flux (90 %). The latent heat flux contribution to296

the buoyancy flux is also seen to respond to temperature variability across the IOPs, with the highest latent heat flux297

contribution occurring during the thermal low regime IOP days. IOP10 in contrast has a latent heat flux contribution298

more consistent with that of IOP4&5 (25–37 %).299

Table 4 examines the latent heat flux contribution to the buoyancy flux for the middle of the day (calculated for300

1000–1400 UTC) to understand if the contrasts between the two sites, and trends between IOPs, observed in the301

morning transition period extend throughout the daytime period. At the rainfed site, the latent heat flux contribution302

to the buoyancy flux was less than 1.0 % in the middle of the day on all IOPs, and an even smaller contribution303

than during the morning transition. The variability in the morning transition period during both the thermal low and304

anticyclonic regimes (IOP5–7&10) is not evident in the middle of the day at the rainfed site.305

At the irrigated site, the trends discussed previously appear to be consistent between the morning transition and306

middle of the day. During the synoptic scale westerly flow regime (IOP1–3), the buoyancy flux at the rainfed site307

was 2.6 times greater than at the irrigated site. The daily mean (1000–1400 UTC) buoyancy flux was 3.9 m2 s−2 and308

10.1 m2 s−2 for the irrigated and rainfed site, respectively. During the thermal low and anticyclonic regime (IOP5-7),309

the buoyancy flux at the rainfed site accounted for 5 times the buoyancy flux at the irrigated site. The daily mean310

(1000–1400 UTC) buoyancy flux was 1.6 m2 s−2 and 8.9 m2 s−2 for the irrigated and rainfed site, respectively.311

3.3 | Vertical velocity variance and skewness312

The variance of the vertical velocity (σ2
w ) is a measure of the vertical intensity of turbulence. Identifying a number of313

heights with observations of vertical velocity variance, it is possible to examine the propagation and vertical growth314

of turbulence through the morning transition. Figure 4 examines the observed vertical velocity variance using obser-315

vations at heights from 2 m to 50 m to contrast the vertical intensity of turbulence at the rainfed and irrigated sites.316

Previous studies have defined the time of convective onset to be where the variance in vertical velocity at a height of317

200 m, as measured with a Halo Doppler lidar, is greater than 0.12 m2 s−2 when combined with a positive skewness318

(Brooke and Osborne, 2021; Hogan et al., 2009). Firstly, we examine if the vertical velocity threshold is applicable to319

A
cc

ep
te

d 
A

rti
cl

e

This article is protected by copyright. All rights reserved.

 1477870x, ja, D
ow

nloaded from
 https://rm

ets.onlinelibrary.w
iley.com

/doi/10.1002/qj.4590 by C
ochrane France, W

iley O
nline L

ibrary on [25/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Brooke et al. 11

the 50 m observations on the flux tower and secondly explore differences in the vertical velocity variances at the two320

sites.321

Applying the 0.12m2 s−2 threshold described to the vertical velocity variance at 50m, it is found the average time322

that the variance threshold is exceeded at 50 m during the synoptic scale westerly flow cases (IOP1–3) is 100-min323

(0625 UTC) and 130-min (after sunrise) (0655 UTC), for the rainfed and irrigated sites, respectively. This gives rise to324

a 30-min delay at 50 m at the irrigated site compared with the rainfed site. For the thermal low regime (IOP5–7), the325

average time that the variance threshold is exceeded at 50m is 110-min (0635 UTC) and 260-min (after sunrise) (0900326

UTC), for the rainfed and irrigated sites, respectively. This gives rise to a 150-min delay (0715 UTC) at the irrigated327

site compared with the rainfed site, during the thermal low regime. This demonstrates that a delay in the surface (2 m)328

buoyancy-flux generation over irrigated surfaces, relative to the arid rainfed surfaces, reduces the vertical intensity329

of turbulence during the morning transition period.330

Figure 5 combines the vertical velocity variance from the tower heights with 30-min average profiles of vertical331

velocity variance (to a maximum height of 600 m) from the Halo Doppler lidar at the rainfed site. Five IOPs (IOP1-332

4&6) are presented when the Halo Doppler lidar was both operational and had good signal-to-noise ratios. There is333

good continuity between the vertical velocity variance from the eddy-covariance flux tower measurements and the334

remotely sensed vertical velocity variance from the Halo Doppler lidar. The vertical velocity variance threshold of 0.12335

m2 s−2 used in previous studies is not suitable for the Halo Doppler lidar dataset from the rainfed site, as the minimum336

vertical velocity variance is always greater than this threshold, including times when the boundary layer was stable.337

The criteria for defining convective onset was revised to 0.22m2 s−2 and combinedwith a skewness parameter greater338

than 0.1. The revised criteria for defining convective onset was determined by averaging the vertical velocity variance339

profiles at buoyancy flux crossover (and for the profiles either side of the buoyancy flux cross over time) for the five340

IOPs to determine the mean and standard deviation in the vertical velocity variance at crossover. The buoyancy flux341

crossover time was chosen as the important reference point in the morning transition period and occurring prior to342

convective onset. The vertical velocity variance at convective onset must exceed the vertical velocity variance at343

crossover. The profiles were averaged over the lowest 8 gates of the Doppler lidar (to a maximum of 240 m in height,344

although there was little sensitivity across the lowest 10 gates). The threshold of 0.22 m2 s−2 exceeds the combined345

mean and standard deviation of the vertical velocity variance (0.16±0.06 m2 s−2).346

The skewness parameter ( ¯w ′3/( ¯w ′2 )3/2) is the third-order moment of turbulence and is indicative of the asymme-347

try of the distribution of turbulence. Positive skewness represents narrow surface-driven updrafts. Vertical profiles of348

skewness are presented in Figure 5. The profiles combine with 30-min average skewness for the four tower heights.349

Again, there is reasonable continuity between the skewness calculated from the towermeasurements and theDoppler350

lidar measurements, with closest agreement for the measurements at 25 m and 50 m.351

Prior to convective onset, the variance profiles are uniform and neutral in shape and the skewness profiles show352

instrument noise fluctuating around zero. As the buoyancy flux begins to dominate, there is a marked shift in the mag-353

nitude of variance profiles and the shape of the profile begins to evolve. The profiles do not have a typical convective354

boundary layer variance profile shape but more representative of a mixed stable-convective state of the boundary355

layer, as has been seen in previous studies (Dunbar et al., 2013). Examples of these profiles include 06:45 UTC on 16356
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12 Brooke et al.

July and 19 July 2021. This mixed stable-convective state is indicative of the turbulent kinetic energy of the layer still357

dominated by shear. Figure 5 also presents the vertical velocity variance profile 30 minutes after convective onset (i.e.358

0715 UTC for IOP1–4 and 0815 UTC for IOP7) and demonstrates a more typical convective boundary layer variance359

profile shape. The variance profiles for IOP4 (19 July) demonstrates a classical transition from stable state to mixed360

stable-convective state into an established convective boundary layer.361

The times that convective onset is established at the rainfed site for different atmospheric heights (50, 120 and362

200m) is summarised in Table 5. The times of convective onset at 120m and 200m at the rainfed site for the five case363

studies examined show the propagation and vertical growth of turbulence through the morning transition between364

50 m and 200 m generally occurs within the 30-min averaging window of the Doppler lidar data.365

Equivalent vertical velocity variance profiles for the irrigated site are not available, and instead Figure 5 presents366

vertical profiles of turbulent kinetic energy (TKE) to a maximum height of 220 m from the Leosphere Windcube367

combined with 30-min average TKE for the three tower heights. TKE is an important measure of turbulence as it368

describes the vertical and horizontal mixing through the boundary layer. There is good overlap between the TKE369

calculated from the tower measurements and the Leosphere Windcube measurements when the TKE is small in the370

earliest part of the morning transition, although the overlap decreases later in the morning transition with larger TKE371

from the Leosphere Windcube compared with the tower measurements. An equivalent threshold for determining372

convective onset using the TKE data is not applied. The TKE profiles are also suggestive that the morning transition is373

delayed during the thermal heat low case (IOP6) compared with the synoptic westerly flow cases (IOP1–4), consistent374

with the analysis of vertical velocity variance. The delay to the morning transition during the thermal heat low case375

(IOP6) is explored further in section 3.5 where the strength of the near-surface inversion is examined for the three376

meteorological regimes.377

3.4 | Boundary-layer structure: vertical wind profiles378

Figure 6 presents the vertical wind profiles from radiosondes at the rainfed and irrigated site for the lowest 800 m.379

The comparisons are shown for the times closest to sunrise (0400 UTC) and convective onset. The vertical profile of380

wind direction is presented only at the time of sunrise. It is evident there is day-to-day variability in the structure of381

the vertical wind profiles, although within the three regimes there are consistencies between them. For example, the382

wind profiles for the synoptic scale westerly flow regime (IOP1–3) are relatively uniform in the lowest 600 m, with383

little variability in wind speed (3-5 m s−1) throughout the morning transition period. The wind direction (0400 UTC)384

also shows little variability with height and is consistent between the two sites and highlights the dominance of the385

westerly synoptic scale flow.386

There is greater variability in wind direction evident during IOP5–7, both in terms of vertical height and between387

the two sites, when the thermal low drives the flow regime. The irrigated site is influenced more predominately by388

easterly flow, whilst the rainfed site shows south-easterly to south-westerly variations. The low levels winds are389

seemingly disconnected between the two sites. Without the presence of synoptic scale westerly flow, local nocturnal390

flows are established, and the direction and strength of these winds are strongly influenced by local topography. This391
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Brooke et al. 13

is supported by the windrose analysis presented in Figure 1. At sunrise, a distinctive peak in the vertical profile of392

wind velocity, indicative of the nocturnal low-level jet (LLJ), is more prominent during the thermal low regime (IOP5–393

7). The mean height of the LLJ is 97±38 m. There is also no significant difference in the LLJ strength between the two394

sites, with the mean LLJ wind speed maximum of 5.8±1.1 m s−1 and 4.8±0.9 m s−1, for the rainfed and irrigated sites,395

respectively. At the rainfed site, there is an increase in the LLJ intensity between IOP5 and IOP7, from 4.5 to 7.2 m396

s−1. All profiles show a slowing of the peak wind velocity at convective onset, as turbulent mixing increases driven397

by surface heating, and momentum in the low-level jet is mixed downwards. Table 1 summarises the LLJ during the398

thermal low regime (IOP5–7) in terms of the mean height and maximum wind speed.399

The vertical wind profiles observed during this study support the findings of Cuxart et al. (2012) who investigated400

the within-basin dynamics for the eastern Ebro basin when boundary layer driven regimes are predominant, typically401

in anticyclonic conditions. Cuxart et al. (2012) showed nighttime downslope flows leading to the formation of a LLJ402

at a height near 200 m above the level of the basin bottom were routinely found.403

The vertical profiles for the anticyclonic regime (IOP10) are distinctly different, with low wind velocity (< 2.0 m404

s−1) in the lowest several hundred meters. This is evident at both site locations. At the rainfed site, wind speeds405

increase from 0.5 to 5.5 m s−1 between 500 m and 700 m. At the irrigated site, wind speeds increase by a similar406

magnitude (0.5 to 6.8 m s−1) but over a deeper layer (200 m to 700 m).407

3.5 | Boundary-layer structure: potential temperature profiles408

The end of the morning transition is defined as the time of convective onset at some height above the surface which409

should, in general, be equivalent to the depth of the majority of surface inversions observed under the region of410

interest. In section 3.3 we derived timings of convective onset based on eddy-covariance variance of vertical velocity411

at 50 m, remote sensed vertical velocity variance and TKE at 200 m. In this section, we examine the structure and412

evolution of potential temperature profiles through the morning transition period, firstly using radiosonde profiles413

and secondly with a focus at the near-surface. The radiosonde profiles representing convective onset for IOP1 is414

0600 UTC, IOP2–4 are at 0700 UTC, and IOP5–7&10 are at 0800 UTC. For consistency, the near-surface potential415

temperature profiles are for the same time as the radiosonde profiles.416

Figure 7 presents the potential temperature profiles between 2 m and 800 m, at the irrigated and rainfed sites,417

focused on the times of sunrise and convective onset. The profiles at sunrise demonstrate the rainfed site has a ten-418

dency to form a more stable, shallow, surface layer (stable boundary layer). This difference is particularly pronounced419

during the thermal low (regime 2) and anticyclonic (regime 3) regimes. It is evident on all IOPs, colder temperatures are420

found at the irrigated site during the morning transition (also observed during the night) which extend through much421

of the boundary layer. The potential temperature profile at the irrigated site is colder than the corresponding profile422

at the rainfed site. The potential temperature profiles start cold, combined with larger evaporative cooling during the423

day (associated with an increased heat capacity due to the higher water content of the irrigated soil), which results in424

the cold temperature bias growing in magnitude through the morning transition period.425

At both sites, the mixed layer profiles at convective onset are colder than the profiles at sunrise. It is important to426
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14 Brooke et al.

note the complex structure of the potential temperature profiles at both sites, with evidence of a number of residual427

layers above the convective boundary layer. The potential temperature profile at the rainfed site on IOP2 (16 July)428

demonstrates the residual layering very clearly; a 1.0 K inversion capping the convective boundary layer is seen at429

480 m and above this two further residual layers are evident. This first is capped by a 0.6 K inversion at 600 m and the430

second is capped by a 0.7 K inversion at 730 m. The residual layer is indicative of the boundary layer structure from431

the previous day and may also be convolved with the impact of the surface heterogeneity for the region. However, it432

is not generally representative of the site location due to overnight advection.433

The morning transition is strongly influenced by the wind profiles, as discussed in the previous section. The434

synoptic-scale westerly flow regime (IOP1–4) leads to a rapid transition from a stable boundary layer to an unstable435

boundary layer between the 06 UTC and 07 UTC sounding (not shown). At convective onset (regime 1), the average436

boundary layer depths are relatively consistent between the irrigated site (519±101m) and rainfed site (532±83m).437

In contrast, during the thermal low (regime 2) and anticyclonic (regime 3) regimes, the transition length from a stable438

boundary layer to an unstable boundary layer is more prolonged and differences in the boundary layer depth at con-439

vective onset are more pronounced. At convective onset, the average boundary layer depths (for regime 2 and 3) are440

deeper between the rainfed site (462±146m) compared with the irrigated site (208±64m). This is despite a stronger,441

shallower stable boundary layer at the rainfed site at sunrise. The boundary layer depths at convective onset for442

individual IOPs are summarised in Table 1.443

Observations of the near-surface potential temperature from the 50m tower were comparedwith the radiosonde444

profiles (not shown) and the analysis demonstrates good agreement, both at the time of sunrise and at convective445

onset. Figure 8 presents a focused analysis of the near-surface potential temperature profiles between 2 m and 50446

m, at the irrigated and rainfed sites, focused on the times of sunrise and convective onset. Table 6 summarises the447

magnitude of the temperature differences between the irrigated and rainfed sites (irrigatedminus rainfed) with a focus448

on two levels on the flux tower; the screen level and the maximum tower height level. Noting, the screen level isT2.0m449

at the irrigated site and T1.2m at the rainfed site, and similarly the maximum height level is T45m at the irrigated site450

and T50m at the rainfed site. At sunrise, the average screen-level temperature difference (irrigated minus rainfed) is451

-1.2 K (range of -2.5 to 0.8 K). At the maximum height level (T45m ,T50m ) the temperature difference is -1.9 K (range of452

-0.6 to -4.4 K). This demonstrates the temperature differences between irrigated and rainfed sites are already present453

at the start of the morning transition and also supports the stronger stability for the rainfed stable boundary layer.454

At convective onset, the temperature differences between the two sites are accentuated with an average screen-455

level temperature difference of -3.6 K (range of -2.4 to -6.0 K) and -2.4 K (range of -0.9 to -4.3 K) at the maximum456

height level (T45m ,T50m ) . The range presented across the IOPs shows there is considerable day-to-day variability in457

temperature contrasts at a regional level.458

The averagemaximumdaytime temperature (Tmax ) difference (irrigatedminus rainfed) at screen level (T2.0m ,T1.2m )459

is -2.8 K (range of -1.5 to -3.8 K). TheTmax differences are marginally smaller than the temperature differences at con-460

vective onset. The averageTmax difference for themaximum height level (T45m ,T50m ) is -0.5 K (range of -0.3 to -0.6 K).461

The temperature differences are smaller in magnitude than at either at sunrise or convective onset and the variability462

between meteorological regimes is reduced. The results from the LIAISE region are generally consistent with the tem-463
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Brooke et al. 15

perature contrasts at a regional scale from the literature; where suppression of the maximum daytime temperatures464

due to irrigation can locally be as large as –3.0 K to –8.0 K (Cook et al. 2015; Han and Yang 2013; Huber et al. 2014;465

Alter et al. 2015; Im et al. 2014). The results here emphasise that temperature contrasts are significant through the466

morning transition period and are largest in magnitude at convective onset (compared withTmax ). This highlights the467

morning transition is a key part of the development of the convective boundary layer.468

3.6 | Boundary-layer structure: specific humidity profiles469

Figure 9 presents the near-surface specific humidity profiles through themorning transition at the irrigated and rainfed470

sites, again focused on the times of sunrise and convective onset. It is evident that for the morning transition period,471

distinctions between irrigated and rainfed surfaces, and between the meteorological regimes, are not as clearly de-472

fined as was seen for the kinematic buoyancy flux, vertical profiles of turbulence or the vertical profiles of potential473

temperature. This highlights the complexity of understanding boundary layer humidity evolution, especially consider-474

ing the large differences in surface moisture fluxes at the two sites.475

For two of the westerly flow regime IOPs (IOP1&4) the near-surface specific humidity profiles are very similar for476

the rainfed and irrigated sites. There are no discernible differences in the humidity profiles between the start and end477

of the morning transition period. In contrast, for the thermal low regime (IOP5–7), the specific humidity profiles at478

the irrigated site are moister than at the rainfed site. At convective onset, the specific humidity differences between479

the two sites increase on each consecutive day from 1.3 g kg−1 (IOP5) to 1.9 g kg−1 (IOP6) to 4.7 g kg−1 (IOP7). In480

general, at the irrigated site there is virtually no gradient in specific humidity between 10 m and 50 m, at sunrise or481

convective onset, on any of the IOPs. The gradients are most prominent between 0.2 m and 2m. The largest gradients482

between 0.2 m and 2 m are seen towards the end of the morning transition on IOP7 (22 July) and IOP10 (27 July)483

with differences of 2.2 g kg−1 and 3.0 g kg−1, respectively.484

IOP2 (16 July) is an unusual case, as the specific humidity at the rainfed is greater than the irrigated site. This is485

the only IOP where this is observed. At the start of the morning transition (04 UTC), the specific humidity at 10 m is486

10.8 kg−1 and 9.0 kg−1 at the rainfed and irrigated sites, respectively. At the rainfed site, the specific humidity at 10 m487

(50 m) decreases by 2.7 g kg−1 (1.2 g kg−1) during the morning transition in contrast to the irrigated site which dries by488

0.6 g kg−1 (0.2 g kg−1). At the rainfed site, examining the specific humidity gradient between 10 m and 50 m suggests489

dry advection occurs between 0345 UTC and 0445 UTC corresponding to a wind veering from westerly at 0345 UTC490

to south-westerly (drier) at 0445 UTC. A westerly wind has a fetch over irrigated surfaces, whilst a southerly wind has491

a fetch over an arid surface for a significant distance. The wind transitions back to westerly flow at 0515 UTC but no492

further changes in the specific humidity are observed.493

As the diurnal cycle progresses (plot not shown) differences in specific humidity (irrigated minus rainfed) increase494

in magnitude. The mean specific humidity difference at 2 m (for 1400–1600 UTC) was 3.0 g kg−1 moister during the495

synoptic-scale westerly flow regime (IOP1–4) and 4.6 g kg−1 moister during the thermal low regime (IOP5–7) and496

anticyclonic regime (IOP10) at the irrigated site compared with the rainfed site. The specific humidity time series497

(not shown) highlights that significant drying occurs throughout the afternoon at the rainfed site, whilst the surface498
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16 Brooke et al.

moisture flux (latent heat flux) acts to maintain or increase the surface specific humidity at the irrigated site leading499

to a growing difference in specific humidity between the two sites. More generally however, this does suggest that500

there are processes acting overnight (occurring between the evening transition and morning transition periods) to501

homogenise the humidity differences between the rainfed and irrigated regions. Understanding these mechanisms502

must be left for future work.503

The increase in soil moisture from irrigation processes has been directly shown tomodulate near-surface humidity504

in other observational studies. Results from the GRAINEX campaign in the Great Plains (Nebraska, US) have shown505

near-surface humidity profiles are 2.0 g kg−1 moister for irrigated surfaces (Rappin et al., 2021). These differences506

reported for GRAINEX are somewhat smaller compared with LIAISE and this is largely due to the different climates507

for the study regions; humid continental type of climate (Köppen climate classification Dfa) for GRAINEX compared508

with semi-arid climate (Köppen climate classification Bsk) for LIAISE.509

4 | CONCLUSIONS510

The Land surface Interactions with the Atmosphere over the Iberian Semi-arid Environment (LIAISE) campaign was511

conducted in the summer of 2021 to investigate the role of irrigation in modulating the boundary layer evolution in512

the Urgell and Pla d’Urgell in the Catalan region of northeastern Spain. Field observations over irrigated surfaces are513

essential to understand perturbations of near-surface meteorology, surface interactions with the boundary layer, for514

developing and testing irrigation schemes and for evaluating their performance. The campaign deployed a network515

of eddy-covariance flux sites across an important European food production region which has a significant irrigation516

presence surrounded by a rainfed region, which is arid during the summer months.517

This study focused on observations at two supersites, one located in a rainfed (arid) zone and the other located518

in an irrigated zone. Intensive Observing Periods were achieved on eleven days with seven IOP days having simulta-519

neous radio-soundings at the rainfed (arid) and irrigated sites with hourly launches. High temporal resolution hourly520

soundings were a priority for IOPs to observe the evolution of the boundary-layer thermodynamic profiles. LIAISE521

is the first of this type of field campaign in Europe and provides a unique observational dataset for investigating the522

role of irrigation in modulating the boundary layer evolution. This study examined the impact of irrigation on the523

morning transition period, a crucial part of the diurnal cycle for the developing convective boundary layer, but one524

that is frequently overlooked.525

The results of this study have demonstrated a local redistribution of near-surface heat, water and energy arising526

from the presence of irrigation which modulates the vertical gradients of turbulence, temperature, and moisture. The527

results have emphasised that contrasts arising from irrigation are significant through the morning transition period,528

and have highlighted that the morning transition is a key part of the development of the convective boundary layer.529

Surface observations showed significant contrasts between the irrigated and rainfed (arid) sites. Evapotranspri-530

ation was observed to dominate the flux partitioning at the irrigated site, whilst sensible heat flux dominated at the531

rainfed (arid) site. The cumulative evapotranspiration during July 2021 at the irrigated site was a factor of 10 greater532

(69.9 kg m−2) than at the rainfed (arid) site (5.6 kg m−2). The Bowen ratio was in the range of 0.07–1.1 at the irrigated533
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Brooke et al. 17

site compared with greater than 10.0 at the rainfed (arid) site. Irrigation was shown to suppress the near-surface534

turbulence generation during the morning transition period. The morning transition mean surface buoyancy flux was535

2.8 times smaller at the irrigated site (1.1 m2 s−2) than at the rainfed (arid) site (3.1 m2 s−2). The vertical intensity of536

turbulence at 50 m was smaller over irrigated surfaces compared with over rainfed surfaces.537

Colder near-surface temperatures were found at the irrigated site relative to the rainfed (arid) site. This was538

combined with a less stable, deeper, surface layer (stable boundary layer) at the irrigated site. These temperature539

differences (irrigated minus rainfed) were observed at the start of the morning transition (sunrise) and the differences540

between the sites increased in magnitude throughout the morning transition period. The colder temperatures at541

sunrise at the irrigated site are predominately the result of colder boundary layer thermodynamic profile from the542

previous day. At the start of the morning transition (sunrise), the average screen-level (50 m) temperature difference543

was -1.2 K (-1.9 K) between the irrigated and rainfed (arid) sites.544

By convective onset the temperature differences between the two sites extend through much of the boundary545

layer and increased in magnitude. Over irrigated surfaces there is larger evaporative cooling effect on the net surface546

heating during the day associated with an increased heat capacity due to the higher water content of the irrigated547

soil. In addition, the delay in the sensible heat flux becoming positive at the irrigated site leads to a generally smaller548

sensible heat flux during themorning transition period. At convective onset, the temperature differences between the549

two siteswere shown to be accentuatedwith an average screen-level temperature difference of -3.6 K. By comparison,550

the averageTmax difference at screen level was found to be -2.8 K. This emphasises that temperature contrasts grow551

significantly through the morning transition period and are larger in magnitude at convective onset compared with552

the maximum daytime temperature (Tmax ) .553

Themorning transition was shown to be strongly influenced by the wind profiles. At convective onset, differences554

in the boundary layer depth at the two sites were pronounced during the thermal low and anticyclonic regimes. The555

average boundary layer depths was found to be deeper between the rainfed site (462±146m) compared with the irri-556

gated site (208±64m). During the synoptic-scale westerly flow regime a rapid transition from a stable boundary layer557

to an unstable boundary layer occurred and the average boundary layer depth were found to be relatively consistent558

between the irrigated site (519±101m) and rainfed site (532±83m).559

This study has demonstrated some variability in near-surface specific humidity during the morning transition560

period on individual IOP days, although significant differences between irrigated and rainfed surfaces, and between561

themeteorological regimeswere not as clearly defined aswith themany other parameters discussed in this paper. This562

particularly highlights the complexity of understanding boundary layer humidity evolution, especially considering the563

large differences in surface moisture fluxes at the two sites. Themean daytime (1400–1600 UTC) specific humidity (at564

2 m) was greater at the irrigated site compared with the rainfed (arid) site, on the order of 3.0 g kg−1 for the synoptic565

scale westerly flow regime (IOP1–4) and 4.6 g kg−1 for the thermal low and anticyclonic regimes (IOP5–7&10).566

It is evident from the observations presented in this study thatweather and climatemodelswhich do not represent567

irrigated processes will incorrectly represent soil moisture, leading to incorrect heat and moisture flux partitioning568

at the surface, impacting on the heat and moisture turbulent fluxes through the boundary layer. This will lead to569

significant errors in key forecast diagnostics that are used for model verification including screen-level temperature,570
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18 Brooke et al.

land-surface (skin) temperature, humidity and wind speed.571

In conclusion, this study has demonstrated that contrasts arising from irrigation are significant through the morn-572

ing transition period and are well established at convective onset. Observations from LIAISE will be used to further573

study how the convective boundary layer develops throughout the daytime period and will be used to explore the574

impacts of surface-flux contrasts. For example the modification of regional winds within and downwind of irrigated575

areas leading to the generation of secondary circulations as well as the modulation of heat and moisture non-local576

advection processes.577
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20 Brooke et al.

TABLE 2 Times of themorning buoyancy-flux crossover relative to the time of sunrise at different heights from the
tower measurements during Intensive Observation Periods. N.B crossover times for all rainfed heights and irrigated
at 2 m is derived from 10-min data, whilst crossover times for irrigated at 3, 25 and 50 m is derived from 30-min data.

IOP Date Sunrise

Buoyancy-flux crossover time

Irrigated Rainfed

2 m 3 m 25 m 50 m 2 m 10 m 25 m 50 m

[UTC] [min] [min] [min] [min] [min] [min] [min] [min]

IOP1 15 July 0443 - +62 +92 +122 +52 +52 +52 +62

IOP2 16 July 0444 +96 +91 +91 +91 +61 +61 +81 +81

IOP3 17 July 0445 +85 +60 +120 +120 +60 +60 +70 +80

IOP4 19 July 0446 +74 +59 +119 +149 +49 +69 +69 +79

IOP5 20 July 0447 +173 +118 +118 +148 +68 +78 +78 +88

IOP6 21 July 0448 +182 +87 +147 +177 +57 +87 +97 +97

IOP7 22 July 0449 +251 +206 +146 +176 +56 +86 +116 +126

IOP10 27 July 0454 +86 +81 +111 +141 +61 +91 +91 +101

TABLE 3 The morning transition mean buoyancy flux and latent heat flux contribution to the buoyancy flux for
the morning transition period for the irrigated and rainfed sites during Intensive Observation Periods. The morning
transition is defined as 04–06 UTC for IOP1, 04–07 UTC for IOP2–4, and 04–08 UTC for IOP5–10.

IOP Date

Mean buoyancy-flux Latent heat flux contribution to buoyancy-flux

Irrigated Rainfed Irrigated Rainfed

2 m 2 m 2 m 3 m 25 m 50 m 2 m 10 m 25 m 50 m

[103 m2 s−3] [103 m2 s−3] [%] [%] [%] [%] [%] [%] [%] [%]

IOP1 15 July 2.1 3.8 13.3 11.4 10.7 19.3 0.3 0.4 0.3 0.4

IOP2 16 July 1.1 3.2 20.1 13.8 13.6 17.8 0.7 1.2 1.3 1.3

IOP3 17 July 0.9 3.1 24.4 13.4 16.8 20.8 0.8 1.3 1.3 1.3

IOP4 19 July 0.8 3.0 29.2 25.0 11.0 23.0 0.3 0.1 0.1 0.1

IOP5 20 July 0.9 2.1 41.3 37.0 28.7 25.2 1.0 4.7 5.4 6.2

IOP6 21 July 0.3 2.0 89.6 89.9 58.1 42.4 5.3 8.3 10.1 0.0

IOP7 22 July - 3.7 - 96.9 57.1 83.0 0.7 0.9 0.9 1.0

IOP10 27 July 1.4 4.1 36.4 37.4 24.3 35.7 1.9 1.7 2.1 2.2A
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Brooke et al. 21

TABLE 4 The daytime mean (1000–1400 UTC) buoyancy flux and latent heat flux contribution to the buoyancy
flux for the irrigated and rainfed sites during Intensive Observation Periods.

IOP Date

Daytime mean buoyancy-flux Latent heat flux contribution to buoyancy-flux

Irrigated Rainfed Irrigated Rainfed

2 m 2 m 2 m 3 m 25 m 50 m 2 m 10 m 25 m 50 m

[103 m2 s−3] [103 m2 s−3] [%] [%] [%] [%] [%] [%] [%] [%]

IOP1 15 July 5.1 10.6 12.5 8.5 9.0 10.4 0.1 0.0 0.0 0.0

IOP2 16 July 4.5 10.4 17.5 10.5 11.0 13.0 0.3 0.6 0.6 0.7

IOP3 17 July 3.4 9.5 24.8 16.5 16.5 13.3 0.2 0.0 0.0 0.0

IOP4 19 July 2.6 9.5 39.7 19.9 16.3 19.9 0.2 0.0 0.0 0.0

IOP5 20 July 1.5 8.9 65.6 34.0 31.3 46.7 0.0 0.2 0.3 0.3

IOP6 21 July 1.7 9.0 77.7 48.8 34.1 43.9 0.6 0.5 0.5 0.5

IOP7 22 July 1.3 8.9 - 62.2 47.5 91.6 0.2 - - -

IOP10 27 July 2.0 9.1 54.5 56.9 40.9 46.4 0.8 - - -

TABLE 5 Times of convective onset (based on 30-min average data) relative to the time of sunrise
during Intensive Observation Periods. Times of convective onset at 50 m are based on eddy-covariance vertical
velocity variance measurements at the irrigated and rainfed sites. Times of convective onset at 120 m and 200 m at
the rainfed site are based on Doppler lidar vertical velocity variance and skewness measurements.

IOP Date
Sunrise
[UTC]

Irrigated [min] Rainfed [min]

50 m 50 m 120 m 200 m

IOP1 15 July 0443 +152 +92 +92 +92

IOP2 16 July 0444 +121 +121 +121 +121

IOP3 17 July 0445 +120 +90 +120 +120

IOP4 19 July 0446 +149 +89 +119 +119

IOP5 20 July 0447 +268 +118 - -

IOP6 21 July 0448 +327 +147 +147 +177

IOP7 22 July 0449 +236 +146 - -

IOP10 27 July 0454 +201 +141 - -A
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22 Brooke et al.

TABLE 6 Temperature differences between the irrigated and rainfed sites (irrigated minus rainfed) at times of sun-
rise, convective onset, andmaximum daytime temperature (Tmax ) during Intensive Observation Periods. Temperature
differences are compared at two levels on the flux tower; the screen level (T2.0m ,T1.2m ) and maximum height level
(T45m ,T50m ) .

IOP Date

Irrigated - Rainfed Irrigated - Rainfed

IOP Date

T2.0m ,T1.2m [K ] T45m ,T50m [K ]

Sunrise Convective Onset Tmax Sunrise Convective Onset Tmax

IOP1 15 July -1.1 -2.4 -1.5 -0.6 -0.9 -0.5

IOP2 16 July 0.8 -2.4 -2.1 -0.9 -1.6 -0.6

IOP3 17 July -1.7 -3.0 -2.4 -1.3 -2.0 -0.6

IOP4 19 July -1.3 -3.4 -2.5 -1.2 -2.3 -0.5

IOP5 20 July -2.3 -4.0 -3.0 -1.3 -2.3 -0.2

IOP6 21 July -2.5 -3.9 -3.6 -4.4 -2.5 -0.5

IOP7 22 July -0.4 -6.0 -3.8 -1.6 -4.3 -0.6

IOP10 27 July -0.8 -3.4 -3.6 -3.5 -2.9 -0.3

Average - -1.2 -3.6 -2.8 -1.9 -2.4 -0.5
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Data Availability578

LIAISE campaign data is available through the LIAISE database maintained by the Data and Services for the Atmo-579

sphere (AERIS) (https://liaise.aeris-data.fr/page-catalogue). Data from the rainfed site (Els Plans) is available from580

Price (2023e,a,b,c,d). Data from the irrigated site (La Cendrosa) is available from Canut (2022a,b); Garrouste and581

Canut (2022).582
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26 Brooke et al.

F IGURE 1 (a) Map of the LIAISE study region including (red triangles) Els Plans and La Cendrosa supersite loca-
tions, (red dots) eddy-covariance flux site locations and (black line) the irrigated region from the ESA Climate Change
Initiative Land Cover (ESA CCI LC) dataset. Also presented is the topographic data from the Global Multi-resolution
Terrain Elevation Data 2010 (GMTED2010) dataset. Windrose plots showing 2 mwind direction and speed during the
morning transition at the rainfed site during three meteorological regimes (b) synoptic-scale westerly flow, (c) thermal
low, and (d) anticyclonic. Windrose plots (e), (f) and (g) showing the same threemeteorological regimes for the irrigated
site. The radial axis on each windrose represents the number of observations in each wind direction. Photos of the
(h) irrigated and (i) rainfed sites with the 50 m flux tower installations taken during the SOP in July 2021.
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Brooke et al. 27

F IGURE 2 Evolution during July 2021 of (a) volumetric soil moisture content, (b) Bowen ratio (observations at 2
m height), (c) cumulative evapotranspiration (observations at 2 m and 10 m height), and (d) precipitation, contrasting
the rainfed site (Els Plans, black) and irrigated site (La Cendrosa, green). Panel a includes the soil saturation, wilting
and critical points determined from the HWSD. Panel b highlights the date the alfalfa is cut. Panel d highlights the
dates of the Intensive Observation Periods.
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28 Brooke et al.

F IGURE 3 Observed diurnal cycle of buoyancy flux on clear-sky IOP days contrasting the rainfed site (Els Plans,
black) and irrigated site (La Cendrosa, green). Vertical lines indicate the time of sunrise (dashed line) and buoyancy-flux
crossover time defined by a change in the sign of the buoyancy-flux observations at the two sites.A
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Brooke et al. 29

F IGURE 4 Observed vertical velocity variance profiles from 2 m to 50 m on clear-sky IOP days contrasting the
rainfed site (Els Plans, black) and irrigated site (La Cendrosa, green). The vertical dashed line indicates the 0.12 m2 s−2
threshold from Hogan et al. (2009) which is applied to indicate convective onset.
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30 Brooke et al.

F IGURE 5 (panels a, d, g, j, m) Observed vertical velocity variance profiles to a maximum height of 600 m from
the Halo Doppler lidar and vertical velocity variance at 2 m, 10 m, 25 m and 50 m at the rainfed site (Els Plans, black).
The vertical dashed line indicates the 0.12 m2 s−2 threshold from Hogan et al. (2009) which is applied to indicate
convective onset at 50 m and the vertical dotted line indicates the 0.22 m2 s−2 threshold which is applied to indicate
convective onset at 120 m and 200 m. (panels b, e, h, k, n) Observed vertical velocity skewness profiles to a maximum
height of 600 m from the Halo Doppler lidar at the rainfed site (Els Plans, black). (panels c, f, i, l, o) TKE vertical profiles
to a maximum height of 220 m from the Leosphere Windcube and TKE at 3 m, 25 m and 50 m at the irrigated site (La
Cendrosa, green). Times are displayed in UTC. Due to instrumental issues only profiles from IOP1-4 (synoptic westerly
flow cases) and IOP6 (thermal heat low case) are presented.
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Brooke et al. 31

F IGURE 6 Vertical profiles of wind speed and wind direction from radiosonde data on clear-sky IOP days are
contrasted for the rainfed site (Els Plans, black) and irrigated site (La Cendrosa, green). Profiles are presented for the
time nearest to sunrise (04 UTC) (solid line) and convective onset (dashed line). Observations from 2 m to 50 m are
presented in each panel where the 30-min mean wind speed is shown by the marker and the standard deviation from
1-min data is presented by the horizontal bars. The vertical axis is height above the surface. Vertical profiles of wind
direction are presented only for the time nearest to sunrise (04 UTC). Panels (e)-(g) includes the low-level jet (at 04
UTC) maximum wind speed and height for each site for IOP5–7. Times for the vertical profiles are displayed in UTC.
NB on 15 July, vertical profiles are only available at convective onset for the irrigated site. NB on 19 July, vertical
profiles are only available for the irrigated site.A
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32 Brooke et al.

F IGURE 7 Vertical profiles of potential temperature from radiosonde data on clear-sky IOP days contrasting the
rainfed site (Els Plans, black) and irrigated site (La Cendrosa, green). Profiles are presented for the time nearest to
sunrise (04 UTC) (solid line) and convective onset (dashed line). Observations at 2 m and 10 m are presented. Obser-
vations at 2 m and 10 m are presented in each panel where the 30-min mean potential temperature is shown by the
marker for the rainfed site (Els Plans, black square) and irrigated site (La Cendrosa, green circle). The vertical axis is
height above the surface. NB on 15 July, vertical profiles are only available at convective onset for the irrigated site.
NB on 19 July, vertical profiles are only available for the irrigated site.A
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Brooke et al. 33

F IGURE 8 Near-surface potential temperature from 2 m to 50 m on clear-sky IOP days are contrasted for the
rainfed site (Els Plans, black) and irrigated site (La Cendrosa, green). Potential temperature at 0.2 m is also presented
at the irrigated site. The 30-min mean potential temperature is shown by the marker and the standard deviation from
1-min data is presented by the error bars. Profiles are presented for the time nearest to sunrise (04 UTC) (solid line)
and convective onset (dashed line). Temperature differences between irrigated and rainfed sites at 2 m and 50 m are
stated.A
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34 Brooke et al.

F IGURE 9 Near-surface specific humidity from 2 m to 50 m on clear-sky IOP days contrasting the rainfed site
(Els Plans, black) and irrigated site (La Cendrosa, green). Specific humidity at 0.2 m is also presented at the irrigated
site. The 30-min mean specific humidity is shown by the marker and the standard deviation from the 1-min data is
presented by the error bars. Profiles are presented for the time nearest to sunrise (04 UTC) (solid line) and convective
onset (dashed line).A
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