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Abstract. We study the diurnal variability of the atmospheric boundary layer (ABL) across spatial scales (between ∼100 m

and ∼10 km) of irrigation-driven surface heterogeneity in the semi-arid landscape of 2021 LIAISE experiment in the northeast

Iberian Peninsula. We combine observational analysis with the explicit simulation of the ABL using observationally-driven

large-eddy simulation (LES) to better understand the physical mechanisms controlling ABL dynamics in heterogeneous re-

gions. Our choice of spatial scales represent current and future single grid cells of global models, which demonstrates how the5

sources and magnitude of sub-grid scale heterogeneity vary with model resolution.

From observations, there is a positive buoyancy flux over the irrigated fields driven primarily by moisture fluxes, whereas

over the non-irrigated fields, there is a classical buoyancy profile driven by the surface sensible heat flux. The surface hetero-

geneity is felt most strongly near the surface; however in the afternoon,at approximately 1000 m, there appears to be blending

zone of mean scalars (i.e. potential temperature and specific humidity) indicating that the heterogeneity mixes into a new mean10

state of the atmosphere. There is a stable internal boundary layer (as defined as the first stable layer in individual radiosonde

potential temperature profiles) up to approximately 500 m over the irrigated area. Taking advantage of the spatiotemporal ex-

tent of LES results, we perform spectral analyses to find that the ABL height had an integral length scale of ∼800 m matching

that of the imposed surface fluxes. Between irrigated and non-irrigated areas, there is an adjustment of the ABL as it crosses the

boundary up to 500 m upwind of the boundary. We observe a variable-dependent blending zone between scales in the middle15

of the ABL, but it is limited by the entrainment zone effectively introducing another source of heterogeneity driven by upper

atmosphere conditions.

1 Introduction

Surface heterogeneity impacts the development of the atmospheric boundary layer (ABL) in a number of ways depending on

the atmospheric stability and the strength, size, and orientation of the surface heterogeneity (Bou-Zeid et al., 2020; Brunsell20

et al., 2011; Hechtel et al., 1990; Huang and Margulis, 2009; Patton et al., 2005; Shen and Leclerc, 1995; van Heerwaarden

et al., 2014). Generally, the process-based impacts of surface heterogeneity can be reduced to two classes: (1) the formation
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of an internal boundary layer, and (2) the formation of secondary circulations modulated by the meso- and synoptic scales.

In this study, we use a combination of observational data from the Land surface Interactions with the Atmosphere over the

Iberian Semi-arid Environment (LIAISE) field experiment and a large-eddy simulation (LES) inspired by the results of the ob-25

servational study to investigate the impacts of unstructured, realistic surface heterogeneity on the development of the ABL. In

the LIAISE domain, locally applied irrigation creates a thermal surface heterogeneity. We hypothesize that based on the scale

of heterogeneity, the regional LIAISE boundary layer is a composite of a representative ABL from the wet and dry patches

(Mangan et al., 2023a). We are motivated to answer the following general research question:

30

What physical processes dominate the spatio-temporal evolution of the ABL in a case with realistic surface heterogeneity?

The vertical impact of the surface heterogeneity is largely a function of local stability. Under near neutral conditions, an

internal boundary layer can form at the boundary between two patches (Garratt, 1990). Internal boundary layers (IBL) form

when the background wind flows across the boundary. The IBL forms at the boundary of the heterogeneity, and it adjusts35

downwind as it equilibrates with the surface. Typically, IBLs are identified by two mixed-layers in scalar profiles or by vertical

flux divergence near the surface (Mahrt, 2000). Mahrt (2000) stresses that both mesoscale and microscale IBLs that can be

formed depending on the patchiness of the land surface and the length scale of the heterogeneity.

Under low wind and convective conditions, secondary circulations can develop (Avissar and Schmidt, 1998; Liu et al.,

2011; Maronga et al., 2013; Ouwersloot et al., 2011; Patton et al., 2005; Raasch and Harbusch, 2001; Shen and Leclerc, 1995;40

van Heerwaarden and Vilà Guerau de Arellano, 2008). Avissar and Schmidt (1998) and Raasch and Harbusch (2001) have

found that background winds between 5 and 7 m s�1 eliminate the impact of a secondary circulation, but the effect of the

background wind depends on the orientation of the wind with respect to the boundary. If the background wind is not favorable

for the formation of secondary circulations – for example it does not flow perpendicular to the boundary – then wind speeds

as low as 2.5 m s�1 are high enough to destroy their formation. In addition to the background wind and stability, secondary45

circulations also depend on the scale of heterogeneity with respect to the ABL depth and ABL turbulence scales. The ABL is

most impacted when the scale of the heterogeneity is on the same order of magnitude as the ABL depth (Patton et al., 2005;

Raasch and Harbusch, 2001; Shen and Leclerc, 1995; van Heerwaarden et al., 2014).

Because the impacts of surface heterogeneity on the ABL can occur on smaller spatial scales than the ones explicitly resolved

by regional and global weather models, sub-grid cell heterogeneity is poorly represented. These impacts are represented either50

by aggregating the land surface properties to create a composite surface that provides one flux to the atmosphere (e.g. parameter

aggregation) or a tiled approach where non-interacting tiles of different land surfaces provide a flux to the lowest model level

which blends in the atmosphere like as is done with ECMWF’s ERA5 reanalysis model (Bou-Zeid et al., 2020). In the latter

method, the blending height is a useful concept for describing how the impacts of surface heterogeneity are projected in the

ABL. Unlike the physical processes of the IBLs and secondary circulations, blending height is a concept that arises from55

the practical need that our theory and numerical models necessitate a homogeneous surface. For example, in global scale

numerical models, impacts of sub-grid scale surface heterogeneity blend to a composite ABL below the lowest grid cell of the
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model (Bou-Zeid et al., 2020). In this study, we define blending height the same as Mahrt (2000) where it is a scaling depth

that describes the decrease of surface heterogeneity effects on the atmosphere with height. It is not necessarily a physical level

where heterogeneity is no longer discernible, instead it is a threshold where the heterogeneity becomes negligible compared to60

a homogeneous case in the perspective of researchers.

Previous studies that have focused on the array of ways that surface heterogeneity can impact the ABL, have been either

(1) observational studies which capture the realistic surface heterogeneities’ impact on the ABL on a limited spatial scale

or (2) idealized large-eddy simulation (LES) and direct numerical simulation (DNS) studies which create scaling theories to

study how the heterogeneity can impact the ABL. Observational studies capture the realistic surfaces and heterogeneities,65

but typically measurements are unable to capture the full extent of the processes that govern the ABL response to the surface

heterogeneity. Some examples of observational studies in heterogeneous areas include the LIFTASS-2003 Experiment (Beyrich

and Mengelkamp, 2006), the CHEESEHEAD experiment (Butterworth et al., 2021) and the GRAINEX experiment (Rappin

et al., 2021). While the observational studies focus on a relatively small spatial scale, another class of studies focus on idealized

LES to write “textbook” cases of how surface heterogeneity impacts the ABL. There have been a few studies using realistic or70

real surface in LES including Hechtel et al. (1990); Huang and Margulis (2009) and Maronga et al. (2013). Because the impact

of the surface heterogeneity on the ABL depends on the scale and strength of heterogeneity and the stability, it is unknown

how and when these features of surface heterogeneity impact the ABL dynamics over the course of a realistic, unstructured

heterogeneity on a convective day.

The purpose of this study is to evaluate the impacts of surface heterogeneity on the ABL across three scales of heterogeneity75

over a representative LIAISE day both from a data-driven approach with the comprehensive LIAISE field campaign and

modeling-driven approach with a high resolution LES. In this way, we can evaluate both the physical nature of how the

surface heterogeneity impacts the ABL and the potential impacts of how resolved turbulence blends the heterogeneity with

height in the atmosphere. Our approach combines observational data with an LES experiment. First, we explore the LIAISE

ABL using observations. We study boundary layer development spatially and temporally by combining a network of surface80

energy balance stations, radiosondes and aircraft data (Section 2). Based on the results from Section 2, we will define more

explicit sub-research questions to be explored with LES (Section 3). In Section 4, we run an LES experiment inspired by the

observations of the LIAISE composite day to study how the observed ABLs form across different spatial scales. For the LES

we prescribe the land surface with observations so that we can capture the realistic, unstructured surface heterogeneity that was

observed during the LIAISE experiment. Finally, in the discussion section (Section 5) we will bring model and data results85

together to answer the question of how the development of the ABLs differ across spatial scales of heterogeneity in the LIAISE

experiment. In particular, using the LES, we investigate the characteristic length scales of heterogeneity that propagate into the

ABL, and we discuss how the scales of surface heterogeneity blend in the ABL.
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Figure 1. The observed surface Bowen ratio at 12 UTC in domain of the LIAISE LES. The spatial scales are indicated on the map with

“LIAISE Regional” (bounded box), “Wet Landscape”, “Dry Landscape” (dashed line), “Alfalfa Local” and “Fallow Local” (points).

2 The LIAISE Experiment

The LIAISE �eld experiment took place between April and October 2021 in the Ebro River Valley in Catalunya in the north-90

eastern Iberian Peninsula with an intensive observation period (IOP) occurring in July 2021 (Boone et al., 2021, 2025; Mangan

et al., 2023a). In particular, we focus our study on a period of three days in the middle of the IOP, 20-22 July 2021. The extent

of the LIAISE experiment was characterized by a thermal surface heterogeneity due to locally applied irrigation in agricultural

�elds. Although the atmospheric conditions observed in the LIAISE experiment are controlled in part by the surface hetero-

geneity, there is strong coupling between the synoptic-scale processes and the regional-scale land surface that complicate the95

dynamics of the ABL. For that reason, we selected these days with relatively weak synoptic forcing.

During the three day period, there was a thermal low building to the west of the LIAISE domain, which was in�uential in

controlling the surface winds and the boundary layer development. Fig. 1 shows the observed Bowen ratio (� � H=LE ) for

the extent of the LIAISE experiment at 12 UTC averaged over 20-22 July 2021 (Mangan et al., 2023a). In the irrigated area

(west side of the domain),� is as low as 0.01, and in the rainfed area (east side of the domain)� is as high as 20. The difference100

in crop type and irrigation causes a strong heterogeneity with a length scale on the order of 10 times the ABL height, so one

would expect a strong in�uence of this heterogeneity on the ABL.
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2.1 Relevant Spatial Scales

There are a number of relevant spatial scales of surface heterogeneity that in�uence the atmospheric �ow in the LIAISE

domain. The largest scale of in�uence is the synoptic scale, which is important for controlling the mean wind and subsidence105

around our study area. The selected days of study, 20-22 July, are characterized by the development of a thermal low in the

north center of the Iberian Peninsula to the west of the study area (Hoinka and Castro, 2003). In addition to the thermal low,

in the late afternoons, the LIAISE area is also in�uenced by a sea breeze from the Mediterranean Sea (Jiménez et al., 2023;

Lunel et al., 2024b). In the end of the afternoon, a cool and moist easterly sea breeze reaches the LIAISE region, suppressing

the ABL growth. Depending on the location of the thermal low, it can enhance or diminish the strength of the sea breeze.110

Although these synoptic and mesoscale features de�ne the environment, the ABL is also in�uenced by smaller spatial scales.

We focus our study on the three scales of spatial heterogeneities as de�ned by Mangan et al. (2023a, b): the LIAISE Regional

scale, the Wet and Dry Landscape scales and the Alfalfa and Fallow Local scales (indicated in Fig. 1). The regional scale (� 10

km; � 10 ABL height [zi ]), which was the largest de�ned, is characterized by both the irrigated and the non-irrigated areas. It

is the area of a single ERA5 grid cell. Within the regional scale, there are two landscape scales (� 1 km; � 1 zi ): the wet and dry115

landscape scales. Each landscape scale consists of the irrigated and rainfed areas and are characterized by the heterogeneity

that arises between �elds due to agriculture type and irrigation schedule. The separation between the wet and the dry landscape

scales is shown with the dashed line in Fig. 1. The smallest scale de�ned is the local or �eld scale consisting of homogeneous

individual �elds (� 100 m;� 0.1zi ), the irrigated alfalfa and rainfed fallow �elds where much of the measurements were taken.

These scales are shown by points in Fig. 1.120

2.2 LIAISE Data

During the intensive observation period in July 2021, there were high spatial and temporal resolution of measurements of

the land surface and the ABL. The surface and surface layer observations came from a network of surface energy budget

stations (SEB) in nine of the predominant crop types in the LIAISE domain. The �uxes from each SEB station was applied

to a high-resolution crop-cover map to create spatial estimates of �uxes in the LIAISE regional domain. In addition to SEB125

stations, Catalunya has a dense network of automated weather stations operated by Servei Meteorològic de Catalunya (https:

//www.meteo.cat/observacions/xema). The stations around the LIAISE domain were used to estimate advection of temperature,

moisture and wind using 10 m wind and 2 m temperature and humidity measurements. Both the �ux maps and the advection

calculation are described in more detail in Mangan et al. (2023a). The extent of the surface layer was studied by two 50 m

towers: one located in an irrigated alfalfa and one in a non-irrigated fallow �eld. These 50 m towers included sensible heat �ux130

measurements at 3, 10, 25 and 50 m and latent heat �ux at 3 and 50 m. Furthermore, the 50 m towers each measured wind,

temperature and humidity pro�les.

In addition to the surface and surface layer observations, there were a number of measurements of the ABL located in both

the alfalfa and fallow �elds. During the IOP, hourly radiosondes were launched at each site between 06 and 18 UTC. There was

also a tethersonde in the alfalfa �eld which was repositioned vertically approximately hourly during the daytime. Typically,135
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the tethersondes measured turbulent �uxes including that of moisture and buoyancy between 100 and 500 m AGL at a time

resolution of approximately 30 minutes. Finally, the SAFIRE aircraft (as described by Brilouet et al. 2021) measured turbulent

�uxes of buoyancy, moisture and momentum in the ABL once per day during the IOP. The measurement strategy included

�ying “legs” each over the irrigated and non-irrigated areas at heights from 600 – 2000 m AGL and a transect across the

wet-dry transition between the alfalfa and fallow �elds at approximately 1500 m AGL. On all days, the aircraft �ew between140

12:00-16:00 UTC.

We have chosen to use a composite “composite day” in this experiment to capture the inter-day variability of the atmosphere

during the LIAISE experiment. The composite day is composed of three days – 20-22 July – which are characterized by the

thermal low which developed in the north-central area of the Iberian Peninsula. During these days, synoptic conditions were

similar and relatively weak. Over each of the days, there was a thermal low that developed in the Ebro River Valley, and in the145

late afternoons, a sea breeze bringing relatively cool and moist air from the Mediterranean Sea arrived in the study domain.

Before the sea breeze, at the surface winds were primarily weak (� 0-3m s� 1) from the west/northwest direction. Wind speeds

reached up to 5m s� 1 in the middle of the ABL. Furthermore, there was little daily variably in surface �uxes at each of the

SEB sites over this period.

We calculate the composite day by averaging the available data per 30 minute period across all days. We do this both150

for surface �uxes and the atmospheric �elds from the radiosondes, including wind speed, speci�c humidity and potential

temperature (mean values and daily variability shown in Fig. 2). The bene�ts of using a composite day for analysis include (1)

to gap-�ll missing data, (2) reduce the spikes in the data, and (3) to create an atmospheric situation that is typical for the area

and a thermal low day. Note that all processing (e.g. computing turbulent �uxes) and normalization was done on individual

observations before averaging to create the composite day. This way, we create a situation that is realistic for the LIAISE155

experiment but not a real/case study simulation. By using a composite day approach, we can focus on the most persistent and

important processes that control land-atmosphere interactions across the spatial scales.

2.3 Observed ABL from LIAISE Experiment

Boundary layer observations from the composite day show the diurnal evolution of the boundary layer potential temperature

and speci�c humidity pro�les in the wet and the dry landscapes of the LIAISE campaign (Fig. 2). In the morning, between 8160

and 10 UTC, we observe stable pro�les in both landscapes. Temperature differences between the irrigated and non-irrigated

pro�les are small above 1 km; however, even by 10 UTC, the surface layer (0-< � 100 m) in the wet landscape is wetter than

that of the dry landscape. At 12 UTC, a more well-mixed convective boundary-layer begins to form. In the wet area, there are

two distinct relatively well-mixed layers in the temperature pro�le: one from the surface to 500 m, and one between 500 m

and 1000 m. As a result of averaging to a LIAISE composite day, there is a stable layer near the top of the ABL in both the165

alfalfa and fallow �elds. This layering is not apparent in the humidity pro�le. The layering in the wet landscape radiosonde

data continues in the afternoon at 14 UTC, while the dry landscape radiosonde data show a more traditional single well-mixed

pro�le. Moreover, there is a strong signal of either entrainment or advection in the humidity pro�les as the speci�c humidity

in the wet area decreases with height towards the top of the ABL. This could be connected to the presence of a secondary
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Figure 2. The radiosondes launched at the alfalfa �eld (green) and the fallow �eld (gold) on averaged over 20-22 July 2021 at 8, 10, 12, 14

and 16 UTC. The shading is the daily variability across the days that compose the LIAISE composite day. The top panels are the potential

temperature pro�les, and the bottom panels have the speci�c humidity pro�les.

circulation which could increase entrainment as shown by van Heerwaarden and Vilà Guerau de Arellano (2008). In the mid-170

afternoon, the top of the ABL is still cooler in the wet landscape than the dry landscape. This is likely due to advection, but

from observations alone, we cannot quantify the advection between the wet and the dry landscapes. By the end of the afternoon,

at 16 UTC, the sea-breeze arrives at the LIAISE region. The near surface atmosphere cools and moistens in both locations, but

the remainder of the pro�le is well-mixed.

The radiosondes show the in�uence of the observation footprint. Near the surface, the pro�les show more extreme gradients:175

unstable layers near the surface in the dry area and moist, internal boundary layers in the wet area. From observations, the IBL

height (zIBL ) was determined by the �rst stable layer in the potential temperature pro�le above the surface (Appendix A).

However, the pro�les show similar mean values near the top of the ABL (Appendix A). This suggests that there is some sort

of “blending height” for the conserved variables potential temperature and speci�c humidity between the wet and the dry areas

within the ABL. Previous LIAISE studies hypothesized this “funnel” type of ABL where near the surface, observations are180

linked to local �elds and near the top of the ABL, observations represent a composite of both the wet and dry areas (Mangan

et al., 2023a).
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Figure 3. Composite �ux pro�les constructed at the alfalfa site (green) and the fallow site (gold). The vertical height is normalized by the

boundary layer height (zi ) from the radiosondes. The pro�les are constructed using data from 20-22 July 2021 from 13:00 – 16:00 UTC. (a)

The kinematic heat �ux, (b) the moisture �ux, (c) the virtual potential temperature (e.g., buoyancy) �ux, and (d) the turbulent kinetic energy.

The error bars arise from the averaging over the days and from binning the observations byz=zi .

In addition to scalar pro�les of the ABL from radiosondes, there were a number of different methods to measure turbulent

�uxes within and above the ABL. Fig. 3 shows pro�les of turbulent �uxes of heat, water vapor, buoyancy and turbulent kinetic

energy (TKE) in both the wet and the dry areas. The pro�les are normalized by the ABL height (zi ) derived from the parcel185

method (dT = 1.25 K) using the potential temperatures from the radiosondes (Kaimal and Finnigan, 1994). The observations

are averaged both over the three composite days and the hours 13-16 UTC to create the composite pro�le. Although averaging

the observations over both the afternoons and with time could introduce errors, we assume that because each observation is

normalized by observedzi for each time individually that the scaling is reasonable for a convective ABL although the surface

�uxes may differ. The standard deviation, which is shown with the error bars in Fig. 3, provides an indication of the diurnal190

and inter-day variability in the observations. The mean ABL heights for these times are shown in Appendix A.

In the dry landscape, the turbulent �uxes follow traditional textbook pro�les of the convective boundary layer (Fig. 3). At the

surface, there is the strongest sensible heat �ux and it decreases nearly linearly with height. This is consistent with the quasi-

steady state approximation for potential temperature in the mixed layer. Near the top of the ABL, the heat �ux is near zero.
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Above the ABL, the heat �ux is small. In the dry area, there is a virtually no moisture �ux near the surface, but this decreases195

near the top of the boundary layer because of entrainment. The combination of the negative heat �ux and positive moisture

�ux near the top of the boundary layer are indicative of entrainment from the free troposphere. In this landscape, the buoyancy

�ux is dominated by the signature of the heat �ux, and follows the prototypical convective ABL �ux patterns (Lenschow and

Stankov, 1986; Stull and Driedonks, 1987). These turbulent �uxes of scalars are driven by TKE. In the dry landscape, there

is relatively strong TKE throughout the column of the ABL. Near the surface, the TKE is driven by the horizontal velocity200

components (u02 andv02); however, near the top of the ABL where convective thermals are stronger, the turbulence is more

component-wise isotropic. At the top of the ABL in the dry landscape,u02 � v02 � w02 � 0:5 m2 s� 2 and compared to in the

surface layer whereu02 � v02 � 0:5 andw02 � 0:1 m2 s� 2.

Conversely, in the wet landscape, the turbulent heat �ux is near zero from the surface through the entire ABL (Fig. 3). Near

the surface, the error bars are large and show that there is uncertainty in the sign of the heat �ux. Although the heat �ux is205

small, the moisture �ux in the wet area is high (� 0.1g kg� 1 m s� 1) from the surface through the lower half of the boundary

layer. Above this layer, the moisture �uxes are near zero before showing a slight increase near the top of the ABL. Unlike in

the dry area, in the wet area, the buoyancy �ux has a large contribution from the moisture �ux. In the bottom half of ABL,

the moisture �ux accounts for 20-50% of the total buoyancy �ux. At the surface where heat �ux is negative, there is a positive

buoyancy �ux because of the contribution of moisture. The buoyancy �ux peaks at about 25% of the boundary layer height.210

From there, it decreases to near zero by 50% of the boundary-layer height. The �uxes of scalars are small in part because the

TKE is smaller than the dry area and remains constant through the ABL. Near the surface, the TKE is driven by shear, like in

the dry area, albeit, the variances of shear terms are smaller than in the dry area. In the middle of the ABL, the majority of the

TKE difference between landscapes arises from the variance in vertical velocity. The buoyant thermals in the wet landscape

are weaker than in the dry landscape, so overall, the mixing of turbulence is weaker in the wet area than the dry area. Both the215

TKE and buoyancy pro�les suggest that there is an IBL from the surface up untilz=zi = 0.5 that is capped by a turbulent layer

that stretches towards the ABL top.

Finally, the SAFIRE aircraft �ew cross-sections between the wet and the dry areas at 1500 m above ground level during each

afternoon on 20-22 July. In Fig. 4 we show the observed temperature perturbation (where the mean is taken across the entire

leg) and the velocity scale de�ned as the square root of the instantaneous turbulent kinetic energy (uTKE =
p

u02 + v02 + w02)220

as used in Mangan et al. (2022). The x-axis is the distance from the boundary between the wet and the dry landscapes where

negative numbers are taken over the wet landscape and positive values are taken over the dry landscape. The data in Fig. 4 was

taken on the �ight on 22 July from 13:30 to 14:30 UTC before the arrival of the sea-breeze and with relatively high values

of surface �uxes. We chose to select a single �ight day to highlight the structure of the turbulence and the potential turbulent

coherent structures that occurred during a single afternoon. During the �ight time, the wind direction was primarily from the225

south with a wind speed of 5.17m s� 1 at the �ight height near the top of the ABL, while the �ight �ew in a northwest to

southeast transect. The data is averaged over four cross-sections of the �ight that cross between the wet and the dry landscapes,

and data was binned by distance to the boundary for each individual transect before aggregation.
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Figure 4. The transect from the aircraft �own at 22 July at 14:00 UTC at 1500 m AGL. Negative distances on the x-axis are in the wet

landscape and positive distances are in the dry landscape. The top panel is the temperature perturbations (with respect to the total transect)

and the bottom panel is theuT KE for the same averaging time. The shading represents the standard deviation of these components averaged

over four transects. The green and yellow lines indicate the average over the wet and dry landscapes respectively (excluding� 100 m from

the boundary).

In the wet landscape, the potential temperature perturbations (� 0) vary between� 0.1 K, and the standard deviation in� 0 is

on the same order of magnitude. As the aircraft crosses into the dry landscape, the� 0 increases to between� 0.25 K and the230

standard deviation also increases. In the dry landscape, there are temperature ramps which indicate strong buoyant activity.

Likewise, the signal ofuTKE shows that there is stronger turbulent transport in the dry landscape than the wet landscape. The

peaks of theuTKE signal correspond with the temperature ramps, which again suggests that the thermals are responsible for

the peaks in TKE in the dry landscape. In the transition between the wet and the dry landscapes, there appears to be a sudden

change in boundary layer characteristics. There is an increase in� 02 and TKE in the wet landscape starting� 500 m before the235

boundary.
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Figure 5. Schematic representation of the formation of the ABL (solid line, labeled aszi ) in the LIAISE domain. An advective boundary

layer from upwind moves over the wet landscape area where the ABL is modi�ed with an internal boundary layer (dashed line, labeled as

zIBL ). The modi�ed boundary layer is advected over the dry landscape where the convective turbulent motions eliminate the IBL.

3 Re�ned Research Objectives

To aid with explaining the conclusions from the observations and to prepare hypotheses for the LES experiment, we refer to

Fig. 5 throughout this section.

From the observations, we note that above the dry landscape (right of Fig. 5), there is a prototypical, convective ABL240

throughout the day (Figs. 2 and 3). Pro�les of potential temperature and speci�c humidity are relatively well-mixed, and

because of the warm surface, radiosonde pro�les show superadiabatic lapse rates just above the surface (Fig. 2, dry pro�les in

Fig. 5). Likewise, the �ux pro�les in the dry landscape show a typical linear decrease in height in the ABL (Fig. 3). However,

there is some evidence that there is some in�uence of the wet landscape in the dry landscape: for example, there is an increase

in moisture at the top of the ABL (Fig. 2 at times 8, 12, 14 and 16 UTC). Unlike the dry landscape, the wet landscape shows245

a layered, non-typical convective ABL (Fig. 2 and 3). During midday, the wet landscape radiosonde shows an IBL which is

suggested by the potential temperature pro�le (Fig. 2) and there is a local peak in buoyancy �ux at approximately 25-50% of

the zi (Fig. 3). Above this zone, there is a turbulent layer (Fig. 3) that is well-mixed (Fig. 5). Because the observations are

located either in the wet landscape or the dry landscape, we cannot say much about the interactions between boundary-layers

between the wet and dry areas with the observations alone.250
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While the observations are valuable for their high temporal resolution, the lack of spatial resolution makes it so that we

cannot answer the question of how these spatial scales of surface heterogeneity interact with each other to in�uence the ABL

development. There are three related proposed ways that the surface heterogeneity impacts the ABL (in order from left to right

in Fig. 5): an advective boundary layer, an internal boundary layer, and a secondary circulation. The interaction between these

impacts are a function of spatial scale and wind speed. The advective boundary layer (indicated by the arrow labeled U in Fig.255

5) indicates that the ABL could be formed upwind in a dry area, advected over the wet area where it is modi�ed, and this

modi�ed ABL is then advected over the dry landscape. Advective boundary layers have been shown to be a de�ning feature

in ABL dynamics in arid regions including in Chile's Altiplano Desert (Aguirre-Correa et al., 2023). In this way, the wet and

the dry landscapes can mutually in�uence each other. Secondly, we potentially observe a local IBL over the alfalfa �eld with

the peak in buoyancy �uxes coupled with a layered potential pro�le, however, from the observations, we can ask if the extent260

of the IBL extends over the entire dry landscape scale (IBL line, Fig. 5). Finally, because the observations occur mainly in two

locations, it is not clear if there is a secondary circulation that forms because of the heterogeneity (curved arrow, Fig. 5). In this

way, the dry landscape can in�uence the wet landscape.

To this end, we use a realistic LES to complement the observations from the LIAISE campaign. Using an LES, we can

connect the wet and dry landscape scales, so that we can study the impact of non-local processes on the development and265

dynamics of the atmospheric boundary layer. We can also explicitly investigate the development of the ABL at each of the

relevant spatial scales of heterogeneity. We aim to address the following research questions with the LES experiment:

1. How does the interaction between the spatial scales impact the spatial development and diurnal cycle of the ABLs in the

LIAISE experiment?

2. How do the scales of heterogeneity dynamically merge in the atmosphere in space and in height?270

By addressing these research questions, we advance process-based understanding of how realistic unstructured heterogeneity

in�uences a convective ABL and evaluate how numerical models can capture the turbulent transport from interacting hetero-

geneous patches.

4 Large Eddy Simulation

We employ the MicroHH LES (van Heerwaarden et al., 2017) using large-scale forcing downscaled to the LES domain (van275

Stratum et al., 2023) from observations of advection (Mangan et al., 2023a). In this study, we prescribe surface �uxes measured

during the LIAISE campaign to ensure a realistic distribution of surface �uxes in space (Mangan et al., 2023a). In Section 4.1,

we describe the numerical simulation, and in Section 4.2 we show results for the ABL from the LES.

As our aim in using the LES is to study the impact of the surface heterogeneity on the development of the ABL, we selected

the results shown to answer the aforementioned research questions. Therefore, we refer to Appendix B for validation of the280

LES compared with data from the LIAISE experiment. We also refer to supplemental material for an overview of a suite of

sensitivity studies for the model con�guration to the large-scale forcing and initial conditions.
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4.1 Model Con�guration

MicroHH is a computational �uid dynamics simulation which supports direct numerical simulation and LES (van Heerwaarden

et al., 2017). In this experiment, we employ the LES version of MicroHH at 30 m horizontal resolution over a domain of 39285

km x 43 km centered on the LIAISE regional domain (Fig. 1). There are 196 grid cells in the vertical with a resolution of 25

m. Near the surface, a component the turbulent �ux comes from the subgrid scale parameterization. This is done with an eddy

diffusivity closure with the Smagorinsky sub-grid-scale parametrization (van Heerwaarden et al., 2017). The parameterized

�ux accounted up to 5% of the total �ux from the surface to 75 m, and it fell below 1% above 150 m. Therefore, we consider

the resolved �uxes to be suf�cient above this level. In the entrainment zone, the parameterized �uxes become important again,290

accounting for 15% of the total �ux. With this horizontal resolution, we can capture the presence of individual �elds.

We use periodic boundary conditions for the turbulent �elds in the simulation. Because of this, our simulation has a "buffer

zone" so that the turbulence can adjust before it reaches the inner LIAISE regional domain (Fig. 1). Based on a maximum wind

speed of� 4 m s� 1 in the middle of the ABL and the� 10 km buffer around the LIAISE regional scale in all directions, the air

parcel has� 42 minutes outside of the study area to adjust to the land surface conditions. This buffer zone should be suf�cient295

for the turbulence to adjust to the underlying surface before reaching the area of our analysis. In this case, we use prescribed

surface �uxes, and the surface layer model was based on Monin-Obukhov similarity theory with no slip conditions, and there

was no radiation scheme. We used a �fth-order advection scheme.

We simulated a single composite day using the MicroHH LES between 6 and 18 UTC to represent the external forcing of

the LIAISE composite day which comprises 20-21 July 2021 (Mangan et al., 2023a). We considered the �rst two hours of300

the simulation to be spin-up, so our analysis begins at 8 UTC. The initial pro�le of the atmosphere was prescribed using the

radiosonde launched in the dry landscape at 6 UTC. In terms of large-scale forcing, we have the option to prescribe (1) advection

of potential temperature, speci�c humidity and wind into the domain (
�!
U in Fig. 5), (2) geostrophic wind, (4) subsidence, and

(3) nudging the domain mean towards observations. The advection terms for temperature, speci�c humidity and wind were

calculated from observations from automated weather stations located in the larger LIAISE domain. See Mangan et al. (2023a)305

for details of the advection calculation. Although the advection terms were calculated using 10 m wind and 2 m temperature

and humidity observations, the advection terms were prescribed at all heights in the LES domain. Mangan et al. (2023a, b)

show that the ERA5 reanalysis misrepresents the LIAISE domain because does not have irrigation in this area, and it likely

does not capture the correct location of the thermal low. For this reason, we opted to neglect geostrophic wind and subsidence.

Finally, we nudged the domain averaged pro�les of potential temperature, speci�c humidity and wind hourly to the radiosonde310

observations from the dry landscape scale.

Because in this study our focus is primarily the development of the ABL, we prescribe observed surface �uxes of sensible

and latent heat �uxes and roughness lengths using the “�ux map” product described by Mangan et al. (2023a). We assumed that

the roughness length for momentum was 10% of the vegetation height. By prescribing surface �uxes from observations, we

can focus directly on how the atmosphere feels a realistic surface. We are most interested how the boundary layer forms in this315
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study, so it is bene�cial to reduce the complexity of the coupled land-atmosphere system to consider only the one-directional

impact of the surface on the atmosphere.

In Appendix B, we show the validation of the LES based on the composite golden day LIAISE pro�les from the radiosondes

(Fig. 2). We see that, although the model is constrained into the correct order of magnitude as the radiosonde observations,

the difference between the wet and the dry local scale is smaller in the model than in the observations. This is likely because320

there is too much mixing in LES. We performed a number of sensitivity studies (Supplemental Material) where we tested the

in�uence of large-scale forcing terms on the model results. We used a suite of forcing terms based on the ERA5 reanalysis

and observational data. The geostrophic wind is too high in the ERA5 which cause a high bias in wind speed in the model

compared with observations. Therefore, we opted to run the model entirely forced by observations. Furthermore, from our

sensitivity study, we see that even ERA5 does not capture well the larger scale situation in the LIAISE domain, no matter325

which day we chose to run. This further justi�es the use of a golden day approach. We know that the local SEB's are relatively

similar across days, so all ABL variability would have to come from the larger scales. The large scale forcings, however, exhibit

large uncertainties and therefore, we cannot capture the details of each day's ABL. A composite day is then the best approach

to focus on the in�uence of irrigation-induced heterogeneity on the ABL.

4.2 ABL Dynamics in a Realistic LES330

In this section, we show the results of the realistic LES experiment. First, we analyze the spatiotemporal evolution ofzi and

characteristics. First, we consider how the ABL behaves at individual spatial scales. Then we shift the focus to study how the

spatial scales interact with each other to in�uence the structure of the ABL. We evaluate spatial spectra of key parameters of the

ABL development to study the relevant spatial scales. We consider how the ABL adjusts as it moves from wet to dry landscape

scales. Furthermore, we introduce a criterion of blending height to investigate how spatial scales blend with height in the ABL.335

4.2.1 Spatiotemporal Evolution of the ABL Across Spatial Scales

Using Figs. 6 and 7, we can identify the spatial (Fig. 6) and temporal (Fig. 7a) variability inzi across the spatial scales

of the LIAISE domain. To aid in the interpretation of ABL height in Fig. 7a, Fig. 7b has the evaporative fraction (EF �

LE=(H + LE )) as an indication of the nature of the land surface at each scale. For the LES, we de�ned the boundary-layer

height using the parcel method based on the near-surface air temperature (Stull, 1988) with a maximum jump in potential340

temperature of 0.25 K to identify the top of the mixed-layer. Philibert et al. (2024) completed a review of ABL height methods

based on observations from the LIAISE experiment. We tested the sensitivity of ABL height to the same methods and found

similar (large) variability in ABL height across the methods. We proceeded with the parcel method to most closely match our

analysis with the observations.

In Fig. 6, we �nd that the ABL is consistently higher and grows faster in the dry area than the wet area. The height is345

highly variable in space. In the north-west corner of the irrigated area, the ABL height is the lowest, and it increases towards

the southeast, increasing even in the wet landscape. The maximum difference inzi between the irrigated- and non-irrigated

landscape is about 300 m near 12 UTC (Fig. 7a). However, the standard deviation within each of these scales is greater than

14




