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Abstract

The prediction of the boundary layer height (BLH) and understanding of its interactions with the earth’s
surface is vital for air quality control, climate modelling and weather prediction. The modelling of processes
in the boundary layer has improved to have resolutions in the ’terra incognita’, where energy-containing
eddies are partially being resolved. In this study a simple 1D model that predicts BLH based on observed
surface fluxes is coupled to a 2D advection scheme mixing the BLH over the CHEESEHEAD19 domain
using the mean wind. BLH variability caused by surface flux variability is found on scales of 1 km and the
influence is dampened by increasing wind speed. The model produces realistic predictions of BLH, which are
within 100 m from from observations for clear days and more than 500 m from observed values for cloudy
days, which shows that the model assumptions do not hold in conditions with high wind speeds, wind shear
or horizontal divergence. The model should be further validated using observations or LES model results
and improvements could entail subsidence, flux footprints and an implementation of the cloud feedback.

1 Introduction

The atmospheric boundary layer (ABL) is the lowest layer of the atmosphere, typically reaching a depth of 1-2
km during the day. Since it is the layer we live in and because of its interactions with the earth’s surface, the
prediction and understanding of the ABL is vital for air quality control, [Li et al., 2017], climate modelling and
weather forecasting [Edwards et al., |2020a].

The modelling of the boundary layer height (BLH) is at an interesting stage of development. In the past,
meteorological models have always had a resolution far coarser than the size of the energy containing eddies
in the boundary layer, which means these processes have had to be parameterized. The models that do fully
resolve the eddies in the boundary layer, using Large Eddy Simulation (LES), have a resolution much smaller
than the size of the energy-containing eddies but therefore cannot be applied to the entire planet. Over the past
years, global climate models and weather prediction models have been developed with a horizontal resolution
approaching 1 km. This means that the assumption that the resolution is much larger than the size of the
eddies no longer holds [Wyngaard, 2004]. The region of modelling with resolution around the size of energy
containing eddies, which is between the coarse and fine resolution was dubbed by Wyngaard as the ’terra
incognita’ and is sometimes referred to as the ’grey zone’. Much research is being done now on possible ways to
handle turbulence in this grey zone, since most of the turbulent eddies exist in this ’terra incognita’ (figure 5 in
Prein et al. [2015]). Modelling at these mesoscale resolutions means eddies get partially resolved but the energy
transfer to smaller scales does not. The modelling of the BLH is particularly difficult in this regard because it
grows from a night-time stable layer on the scale of 10 m to a deep and unstable layer on the scale of 1 km,
thereby entering the grey zone |[Kealy et al., 2019].



One solution to suppress turbulent motions being resolved is to use a 1D BLH scheme, such as the one by
Lock et al.| [2000] who used a classification of unstable layers and explicit entrainment parameterization or the
one by [Porporato| [2009] and |Gerken et al.|[2018] for constant Bowen ratio. Several other studies, mainly focused
on the effects of land treatments and agriculture, use extremely simple 1D parameterizations of boundary layer
growth to study the effect of different types of land cover on local weather and climate [Vick et al. [2016]
[Luyssaert et al., |2014].

Several studies have also highlighted the importance of different atmospheric conditions on the applicability
of various boundary layer schemes [Edwards et al.l 2020b|, especially in climate models [Bony and Dufresne,
2005]. Sedlar et al.| [2022] used a cloud regime classification model to separate the CHEESEHEAD19 days into
3 cloud classifications and found differences in boundary layer growth and importance of different factors in this
process, suggesting cloud feedbacks in the interaction between land and atmosphere.

Since the boundary layer is strongly influenced by the surface, heterogeneities in the earth’s surface can have
a significant influence on our prediction and understanding of the processes in the boundary layer [Helbig et al.,
2021). A key aspect of the ongoing research is the measurement of surface fluxes. The first measurements by
flux towers were published around 1970. Since then, flux towers have been set up all over the world and are now
being combined by a in FluxNet: A worldwide network of flux towers that provide multi-year data from all over
the world. Helbig et al.| [2021] provide a review of the current state of land-atmosphere interaction research and
emphasize the value of co-located flux-measurements with types other data assimilation. Many flux towers in
a small domain is exceptional and provides a source of data that can be used to investigate the translation of
surface flux heterogeneities to the BLH. The CHEESEHEAD19 field study provides a wealth of observations,
with 17 flux towers, ground measurements, balloon sounding and cloud lidar measurements in a domain of 10
km x 10 km.

The models mentioned above are purely 1D, and for studying surface heterogeneities and 3D motions a
horizontal component should be included. The approach chosen in this research is based on Desai et al.| [2006],
who used a 1D model to calculate the BLH and then treated the atmosphere as columns that mix with the
wind, thereby diffusing the BLH. This rests on the assumption that the vertical response to the surface forcing
happens on longer timescale than the advection and that the diffusion happens equally on all levels in the ABL.
If the wind speeds are high or there is high wind shear or horizontal divergence, these assumptions become
invalid and the model does not capture the horizontal mixing of the BLH. Adding advection in one direction
improved the prediction of BLH in the case studied by Desai et al. It was also shown that heterogeneities
in the depth of the boundary layer due to surface fluxes on scales of 100 km existed and suggested the same
phenomenon on smaller scales, which would be in the terra incognita.

The goal of this study is to create a 1D advection-resolved model that predicts the BLH in the CHEESE-
HEAD19 domain using flux tower observations. The research questions that are investigated using this model
are:

e Are surface heterogeneities imprinted on the BLH in the ’terra incognita’ and what variables influence
this process?

e How well does a 1D BLH model with a 2D advection scheme reproduce the BLH and does this depend on
the cloud conditions?

First, the theoretical background of boundary layer growth is discussed in section |2 after which the used
data is presented in section [3| and the model equations are introduced in section [4 Then, the results are shown
in section[f] Finally, a discussion of the results is given in section [§] after which conclusions are drawn in section



2 Theory

2.1 Atmospheric Boundary Layer

The atmospheric boundary layer (ABL) is the lowest part of the atmosphere and therefore is the part that is
directly influenced by the earth’s surface (ocean or land). The ABL is generally assumed to be perfectly mixed,
meaning it has constant temperature, humidity and aerosol concentration. The top of the ABL is characterized
by a stable layer that caps the turbulence in the ABL and has a strong temperature inversion and decrease of
aerosol concentration, often referred to as the capping inversion |Garratt} [1994].

2.1.1 Dynamics

The state of the ABL is determined by exchanges of heat, momentum and scalars such as moisture, aerosols,
methane and CO2. These variables are exchanged between the ABL, the surface and the free troposphere
above the capping inversion [Helbig et al., 2021]. The interaction between these three layers, combined with
the diurnal cycle of radiation, forms a complex system that consists of multiple feedback loops. This system is
often referred to as Local Land-Atmosphere Coupling (LoCo), described in detail by [Santanello Jr et al.| [2011].
Van Heerwaarden et al.|[2009] identify 3 main feedback loops in this coupling, shown schematically in figure

The first feedback is concerned with heating, which is forced initially by radiation reaching the surface,
causing both evaporation of water from the surface and sensible heating of the surface which in turn heats up
the ABL. Through entrainment of heat with the free troposphere, the height of the ABL is increased by this
feedback too. The heating of the ABL also causes a larger water deficit, increasing latent heating and thereby
decreasing sensible heating.

Feedback 2 is the moisture feedback, which decreases the evaporation from the surface when the ABL
moisture content rises, because the gradient between land and atmosphere drops. This feedback is negative
since latent heating causes the atmosphere to moisten, which in turn lowers latent heating.

The third feedback described by van Heerwaarden et al. is the drying feedback. The sensible heat flux
from the surface causes heating and therefore deepening of the ABL through entrainment of (usually) dry air.
The dry air from the free troposphere decreases the ABL moisture, which in turn causes a lowering of sensible
heating through an increase in latent heating.

These 3 processes give a rough picture of the surface-ABL-troposphere interaction, but are determined by
many factors such as surface properties: vegetation type, soil moisture, soil temperature, vegetation structure
and the state of the free troposphere, which can be influenced by large scale atmospheric processes.

Through radiative forcing and the system described here, the ABL growth and decays in a diurnal cycle.
At sunrise it starts growing, after which it typically stabilizes in the afternoon when the negative feedbacks
described above cause the ABL to reach constant temperature. When the sun sets, the heat flux driven turbulent
mixing ceases, the daytime ABL collapses and a much shallower, stable boundary layer forms, with a residual
layer above it.
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Figure 1: Schematic of feedbacks working in boundary layer dynamics. Orange arrows represent the heating
feedback, blue arrows represent the moisture feedback and green arrows represent the drying feedback. Solid
arrows are positive relationships and dashed arrows are negative relationships. Yellow arrows are solar radiation.
Recreated from|Van Heerwaarden et al.| [2009]

3 Data

The Chequamegon Heterogeneous Ecosystem Energy-Balance Study Enabled by a High-Density Extensive Array
of Detectors 2019 (CHEESEHEAD19) is a field study that has the goal of studying the response of the ABL to
heterogeneities in surface energy fluxes. For this purpose, a large field-campaign was set up in 2019 in a forested
region in Northern Wisconsin, centered around a 447 m tower containing an AmeriFlux/NOAA supersite (US-
PFa/WLEF). In a 10 km x 10 km domain around this tower, 19 flux-measurement towers were set-up, as well
as airborne and profiling instrumentation and surface environment characterization. The tower names and their
environments are given in table An extensive description of the study can be found in |[Butterworth et al.|
. The ecosystem in that area consists of different types of forests, grasslands, wetlands and open water.
A map of the area is shown in figure

In this research, the flux tower measurements of sensible and latent heat flux and surface temperature,
pressure and humidity were used. Also, the balloon soundings done during the intensive observation periods
(IOP’s) at NW5 (ISS) were used to initialize and validate the model and the wind speeds and direction from
the wind profiler at NW5 (ISS) were used for the advection scheme.



Tower Type Tower Type

WLEF (Tall Tower) Mixed wetland NE4  Conifer
NW1 Conifer SW1 Hardwood Deciduous
NW2 Hardwood Deciduous SW2 Hardwood Deciduous
NW3 Tussock SW3 Hardwood Deciduous
NW4 Lake SW4 Hardwood Deciduous
NW5 (ISS)  Grass SE2 Hardwood Deciduous
NE1 Conifer SE3 Hardwood Deciduous
NE2 Conifer SE5 Hardwood Deciduous

NE3 Hardwood Deciduous SE6  Conifer

Table 1: Information on the flux towers and their environments.

e ) ¢ CHEESEHEAD 2019
Legend
Type

I;[’ RS e Y S SIS T A~ ) @ Conifer

Grass

Hardwood Deciduous
Lake

Tussock

Tall Tower

| *—e Gate (Combo: 1225)
Euilh@l.a‘ke — ( Z [ Lake
I;ré\ Lake ‘ " River
Wetland
‘ G r [ ] NON-FS
N & ¢ AN 3 [ USDA FOREST SERVICE
i e ‘ j o & JURISDICTION
| j‘ | h (SRR Wi ptTa) FOREST SERVICE
- ] | IS =% Tower STATE
[l L ! Bh 2
| I o] % sw4 LOCAL
‘ S~ A G N Uy PRIVATE
P [ 1133 it
—f {_‘US,[,;]) ‘ — Trails
LJ i ) R Access Routes
E 4
La] e e Kilometers
00306 12 18
Sl { REE/ %5 L (US-PFg)
= ; 1 h] N
i £ 8§ SE4(US-PFr)
o % - i F olal W E
& James Mineau
- =z 2 June 2019 S
Swi1 N,
(%*m%fﬁj §
| €] Trdoy(Lake
w5 ’@

—
\ s ]
= & ESiTHERE, Gamin, Iter i fRergfente/Cylip. stwcos sﬁ&m NRCAN GeoBase, 16N, Kadgster NE Orebnce Suniey, Esr Japan, METL Esri China (Hong Kong), [r‘]@pp«s&v\wnnm:mwri 3

@me‘@mm.mny

Figure 2: Map of the CHEESEHEAD19 domain with markers indicating the flux tower locations.

4 Methods

The model used in this research is based on the one described by Desai et al., who used a 1D forcing for ABL
growth and advection over the domain with the mean wind. Since subsidence is not taken into account, there
are two processes at play: the 1D surface forcing and the advection, which are described separately below.



4.1 Surface forcing

The simplest version of this model is 1-dimensional with the boundary layer only being forced by the surface
buoyancy flux. Tennekes| [1973] suggested a parameterization of the entrainment process, from which [Batch-
varova and Gryning| [1991] derived a differential equation for the boundary layer height:

(1)

where h is the ABL depth [m], A, B,C are a parameterization constants, x is the von Kérmdn constant, L is
the Obhukov length [m], u, is the friction velocity [m/s], T is the near-surface temperature [K], v is the virtual
potential temperature gradient above h [K/m], g is the gravity [m/s?] and B, is the surface buoyancy flux [K
m/s]. The first term on the left-hand side represents the combination of convective and mechanical turbulence
and the second term stems from the spin-up effect. Mechanical turbulence and the spin-up of the system are
only important in very early morning when the boundary layer is shallow |[Batchvarova and Gryning, [1991].
Neglecting these terms (B = 0,C = 0), equation [1| reduces to

(i =mm0) * s s —m i
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The parameter A signifies the relative importance of entrainment at the top of the boundary layer and is
usually assumed 0.2 [Tennekes| [1973]. Following Desai et al., the buoyancy flux B can be calculated from flux
tower measurements of the sensible heat flux Hy and latent heat flux L using

H L
By = —>+0.616 2 3
b= S 0610,(), (3)

where p, pg are the density of air and density of dry air at the surface [kg/m?], ¢, is the specific heat of dry
air [J/(kg K)] and L, is the latent heat of evaporation [J/kg].

Using the flux measurements at all towers in the domain, equation 2] can be integrated in time from an initial
condition to calculate the growth of the boundary layer during the day. By using observations of latent and
sensible heat flux, the moisture and heat feedbacks described in section [2.1.1] are taken into account without
modelling the actual processes.

4.2 Advection

Desai et al. used the 1D model equation described above and added an advection term to study the variability
along a track, treating the ABL as a well-mixed fluid moving with the wind. The same approach is taken here,
applying this principle to a 3D domain. The differential equation then becomes

oh  (1+24)B, 0h  0Oh
E = 721',_)/ — UE — U@, (4)

where u, v are the mean wind speeds in x and y direction, respectively [m/s].

Equation [4] can be integrated numerically using a second order Lax-Wendroff scheme with a timestep of
120 s or less. The buoyancy flux B calculated using equation [3] at the 17 Ameriflux towers and tall tower is
regridded over the domain, using a grid size of 100 m and the cubic algorithm from the scipy toolbox [SciPy]
after which the missing data is filled with the nearest neighbour. The footprints are not taken into account in
this calculation, since these are typically on the scale of the grid size used in this model.



The model has periodic boundary conditions and is initialized homogeneously, using the balloon sounding
profiles during the IOP’s and a constant initial condition of 500 m for the rest of the period. The method used
to find the BLH from balloon soundings is described below.

4.3 Inital condition

There are multiple methods to find the BLH from atmospheric profiles. |Salcido et al.| [2003] proposed a method
called the Least-Squares Variational Approach (LSVA): the fitting of a theoretical ABL structure to a virtual
potential temperature profile. He tested this method in [Salcido et al., |2020] against the parcel method, the
gradients method and a covariance method. Since the LSVA method was considered to be applicable to more
various and irregular profiles, this method was used here.

The LSVA method fits a theoretical profile 6(z) to an observed profile 6(z) of virtual potential temperature
(VPT). The theoretical profile has 3 sections: A mixing layer with constant VPT from the surface to the BLH h,
a zero-thickness entrainment zone at z = h where the VPT jumps from 6,, to 6y and lastly the free atmosphere
(z > h) where the VPT increases with height linearly with a slope 7. The equation describing this theoretical
profile is

0(2, h,0m,00,7) = Om[1 — H(z — h)] + [0 +~(z — h)|H(z — h), (5)

where H is the heaviside function.

The scipy optimizing algorithm is then used to perform a least-squares fit of the observed profile to this the-
oretical one, optimizing all four parameters simultaneously: {h, 0,,, 60,7} by minimizing the following function

b 2
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a

where a and b determine the height range to take into account. The choice of these parameters is important
because the result is best if no other atmospheric layers are included. One addition was introduced compared
to the method described by Salcido, namely inside the optimizing algorithm, equation [6] was multiplied by
parabolic weights centered around h, so that the distance between the fit and observed profile were weighed
stronger around the BLH while minimizing this distance. This addition significantly improved the fits. Two
results of this method are shown in figure[3] with a morning profile on the left and afternoon profile on the right.
Morning profiles are found to be generally less defined which makes the detection of the BLH less accurate. To
initialize the model, these fits were checked and adjusted by eye if necessary.
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Figure 3: Observed profiles of virtual potential temperatures from balloon soundings, as well as the fitted profiles
used to find the BLH.



4.4 Testing

First of all, a test case is performed using a constant buoyancy flux in time, shown in figure [fa] and wind speed
of 5 m/s in North-East direction (45°). The final state of the model run with an initial state hg = 500 m and
dt = 60 s is shown in figure [Ab] This case is used to study the influence of the initial condition, running it for
initial conditions kg = [100, 500, 1000] m. In figure[5| the mean and standard deviation over the domain is shown
for 1 day, with the initial condition subtracted from the mean. This figure shows that the initial condition
has a large influence on the final state. Both the mean growth of the BLH and the spatial variance, shown as
shading, are affected by the initial state. For a larger initial BLH, there is less growth and less spatial variance,
so the solutions shown might have converged in a longer simulation. However, since the boundary layer goes
through a diurnal cycle this is not applicable and the strong dependence on initial condition should be taken
into account.
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Figure 4: (a) Buoyancy flux map used for test case. (b) BLH final state of test case with a wind speed of 5 m/s
in North-East direction (45°), initial BLH of 500 m and dt = 60 s.
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Figure 5: Plot of BLH growth for different initial conditions, as well as spatial standard deviation, shown as
shaded area.



5 Results

The domain used for all the simulation was 10 km x 10 km and the South-West corner of the domain has
coordinates (45.90, -90.35). In figure[6] the x-axis points East and the y-axis points North.
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Figure 6: (a) Map of CHEESEHEAD19 domain, same as figure @ (b,c,d) Maps of BLH at 12:00, 16:00, 20:00,
averaged over all IOP days.

5.1 Spatial Patterns

As described in the theory section, surface properties have a strong influence on the forcing of the ABL growth,
which is modelled here as the buoyancy flux. Figure [6b,c,d show the BLH simulated by the model at 3 times
during the day, averaged over all IOP days. Figure [6a] shows a map of the domain. The simulated BLH has
heterogeneities that are consistent over the IOP’s at noon, with a deep boundary layer in between NE1, NW3
and WLEF [z = 5,y = 7] and relatively shallow boundary layer in between SW2, NW5 and NW2 [z = 3,y = 5].
The gradient between these two extremes in the domain is around 100 m BLH / km distance. These gradients
occur because of heterogeneities in the bouyancy flux, and the short time from the beginning of the simulation,
which means advection has not yet evened out the spatial differences. When the day progresses, the gradients



typically lessen as can be seen in figures [6k and [6d, which is a result of the mixing of BLH by advection.

5.2 BLH and Buoyancy Variability

To see how much the variance in buoyancy flux gets imprinted on the BLH in the model, simulations were also
done for the full CHEESEHEADI19 study period, from mid June to mid October 2019. The spatial standard
deviation of the BLH and the buoyancy flux was averaged daily and these results are shown in figure [7] for the
simulations that excluded advection. In this figure the size of the markers represents the daily average buoyancy
flux magnitude and the color represents the date.

Figure [7] shows that using just the 1D model and thereby neglecting all horizontal processes, the variance
in buoyancy flux clearly translates into variance in BLH. The colors in this plot show that the earlier dates in
the summer of 2019 had higher buoyancy variance and that over the summer this variance dropped. The size
of the markers show that the earlier dates have higher buoyancy magnitude as well, so over the course of the
summer both the buoyancy magnitude and spatial variability decreased. From this plot, a linear slope between
BLH standard deviation and buoyancy flux standard deviation is found of « ~ 2700 m/(K m/s).
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Figure 7: Spatial standard deviation of BLH plotted against spatial standard deviation of surface buoyancy fluz,
for the simulations without advection. Data points are daily averages, the colors indicate the date and the size
of the markers indicate the daily average magnitude of the buoyancy fluz.

In figure [8] the spatial standard deviations are shown for the simulations that included advection. In this
figure, the size of the markers represent the daily average of the wind speed.

This figure shows the effect that advection of BLH has on the translation of buoyancy variability to BLH
variability. By using the average wind data (shown as size of markers) this translation is dampened, as the
larger markers mostly have low BLH variance. The clear linear relation visible in figure [7] is no longer present,
but this figure suggests that buoyancy and BLH variability are still connected. For Std(B;) < 0.025 K m/s, the
relation seems to hold, while for larger buoyancy variance and larger wind speeds, the BLH variance no longer
grows.
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Figure 8: Spatial standard deviation of BLH plotted against spatial standard deviation of surface buoyancy flux
for the simulations with advection. Data points are daily averages, the colors indicate the date and the size of
the markers indicate the daily average wind speed.

5.3 I0P’s

The balloon soundings done at NW5 (ISS) at 8:00 during the IOP’s were used to initialize the model for those
days. To find the BLH from the balloon sounding, the method described in section [4.3]is used. The result of
these fits were checked by eye and adjusted when the fit was too far from the sounding profile. Figure [0] shows
the results of these simulations, with the average BLH and its standard deviation over the domain in blue, as
well as the average buoyancy flux and its standard deviation in red. Also, the conditions during the days, as
evaluated by [Sedlar et al.|[2022], are shown as well as the average wind speed used for the advection scheme.
Lastly, the BLH as calculated from the balloon soundings at 16:00 is shown as a green marker.

First of all, the BLH in IOP1 starts relatively high and has low spatial variability, seen from the blue shaded
areas. This is in accord with the wind speeds that are relatively high. Also, the cloudy days have higher final
BLH, which makes sense when considering that in theory clouds will form when air gets mixed to the height
of the LCL. The green markers show that the balloon sounding observations are reasonably well reproduced by
the model, with the cloudy days showing a larger discrepancy than the clear days. IOP2 shows lower BLH with
higher spatial variability which is in accord with lower wind speeds. The three cloudy days in this period have
a much lower simulated BLH than the balloon sounding observations, which are relatively high. In IOP3 the
variability again is low and wind speeds are high. Here the clear and cloudy day balloon sounding observations
are not far apart, but the model simulates a much lower BLH on the clear days than on the cloudy days. Over
all three IOP’s, the error between predicted and observed BLH is approximately 100 m on clear days and more
than 500 m on cloudy days.
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Figure 9: BLH from simulations including advection plotted for the 8 IOP’s, as well as the used buoyancy fluz.
Shaded areas indicate spatial standard deviation. The green dots are BLH’s calculated from balloon soundings
at 16:00 each day. Also shown is the mean wind speed and cloud conditions.

6 Discussion

The model developed for this research produces realistic values of BLH. As was found by Desai et al.| [2006],
the initial atmospheric profile used has large influence on the BLH reached during the day, because the diurnal
cycle is too short for the final state to become independent of the initial condition.

From the 1D model only taking into account surface forcing, heterogeneities in the observed surface buoyancy
flux cause heterogeneities in the modelled BLH on the scale of 100 m. The spatial variance in buoyancy flux
shows a clear correlation with the spatial variance in BLH. When using wind speed to advect the BLH, the
BLH variance dropped. For the period considered here, the summer of 2019, there was still a correlation visible
between the spatial variances of buoyancy flux and BLH. This could point to heterogeneities being imprinted
on the boundary layer by the surface on smaller scales than were found by Desai et al.| [2006], namely in the
order of 1 km.

When comparing the model results with the cloud conditions as evaluated by |Sedlar et al. [2022], on clear
days the modelled BLH is closer to observations than on cloudy days, the errors being approximately 100 m
and more than 500 m, respectively. Since cloudy days are associated with more instabilities, higher wind speeds
and shear, this points to the model assumptions not holding for cloudy conditions. To obtain more accurate
predictions, some processes in the system would have to be modelled more explicitly, entrainment being the most
important process that changes for cloudy conditions [Edwards et al., 2020b]. Future research could include
adding the cloud-feedback into this model, as was done by [Konings et al.| [2010] for example, to see if this would
improve the results and if such a model could predict rainfall.

In general, the results that this model produces should be validated more extensively. [Duncan Jr et al. [2022]
recently evaluated the ability of a range of instrumentation used in the CHEESEHEAD19 study to estimate the
BLH. Options for validation that they include are the radar wind profilers, microwave radiometers, atmospheric
emitted radiance interferometers, ceilometers, high spectral resolution lidars and Doppler lidars. Also, it would
be interesting to compare the results from this simple model to LES model results.

Several processes were neglected in this research. First of all, large-scale subsidence in the atmosphere was
not taken into account. In|Desai et al.| [2006] this accounted for a reduction in BLH in the order of 100 m, but
since this is a large scale process this would likely not have an effect on the spatial variability of the BLH. Also,
in this study the footprints of the flux towers were not taken into account. Helbig et al. wrote in their review
that researchers should be aware of a spatial mismatch between flux footprints and calculated BLH, especially
when looking at site-specific applications. In this case the footprints were typically the same size as the grid
cells, but if a higher resolution is used or more small-scale features are studied, this is something that could be
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added to the regridding method.

7 Conclusion

A 1D advection-resolved model was developed to predict the BLH using observed buoyancy fluxes in the
CHEESEHEAD19 domain. The first research was: Are surface heterogeneities imprinted on the BLH in the
‘terra incognita’ and what variables influence this process? The 1D model showed strong correlation between
spatial variance in buoyancy flux and BLH. This correlation was weakened when adding advection, mixing the
BLH horizontally using the mean wind. Stronger wind speeds were found to cause smaller BLH variability, in
the order of 100 m on average over the domain.

The second research question was: How well does a 1D BLH model with a 2D advection scheme reproduce
the BLH and does this depend on the cloud conditions? When the model was initialized with observed morning
BLH from balloon soundings, the results were within 100 m from from observations for clear days and more
than 500 m from observations for cloudy days. Since cloudy days are more likely to have stronger winds, wind
shear and divergence, the model assumptions do not hold in these conditions, which causes the error between
prediction and observation. To improve the model, subsidence should be added and the flux tower footprints
could be used to create a more accurate spatial grid. The model should also be validated more extensively,
using other available instrumentation or LES model results. To investigate cloud conditions, the cloud-moisture
feedback could be added to this model to better predict BLH and perhaps rainfall.
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