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Abstract
Previous studies have demonstrated a connection between thermal heterogeneity at

the land surface and secondary atmospheric circulations over the Southern Great Plains

(SGP). This relationship has been seen in models, particularly in the analysis of the out-

put of large-eddy simulations (LES). Data from remote sensing instruments in the SGP is

used to investigate the extent of the relationship seen in observations. The output of LES

simulations is then used to quantify potential uncertainty in measurements from Doppler

LiDAR towers within the SGP. A large number of artificial LiDAR networks are gener-

ated and applied to the LES output to assess uncertainty from the size of the network

and the placement of Doppler LiDAR towers. The correlation between heterogeneity and

dispersive terms in the atmosphere is visible and stronger when considering time periods

covering the late morning. More analysis is needed regarding the role of the depth of the

atmospheric boundary layer in incorporating thermal heterogeneity into the atmosphere, as

well as whether the arising atmospheric motions are attributable to secondary circulations.

Uncertainty in observations mostly arises from the configuration of LiDAR sites within the

SGP, with increasing network size only providing a marginal improvement.
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1. Introduction
In constructing earth system models (ESMs), consideration must be given to the inher-

ent heterogeneity of the Earth’s surface. Spatial heterogeneity at the land surface drives

complex interactions between surface processes and the surrounding physical environment

(Gómez-Plaza et al., 2001; Jacobs et al., 2004; Simon et al., 2024; Western et al., 1999).

These interactions play an important role in controlling key fluxes in the hydrologic cycle

and other atmospheric processes (Bertoldi et al., 2013; Gutowski Jr et al., 2020; Kang

and Bryan, 2011; Kustas and Albertson, 2003; Simon et al., 2021). Previous studies using

large-eddy simulations (LES) have shown that areas of high sensible and latent heat fluxes

arising from land surface heterogeneity will cause mesoscale atmospheric circulations to

form (Simon et al., 2021). Specifically, Simon et al (2021) found evidence of the develop-

ment of persistent mesoscale atmospheric circulations within large-eddy simulations (LES)

when introducing spatial heterogeneity at the land surface. Figures 1.1 and 1.2 show pro-

files of lateral winds (a) and the domain spatial mean of lateral winds (b) for homogeneous

and heterogeneous surfaces, respectively. Persistent atmospheric circulations are revealed

that are not present in the homogeneous case. Such circulations are critical to their local

convective environment and play important roles in cloud formation and other hydrologic

processes through the transport of moist air (Avissar and Liu, 1996; Cheng and Cotton,

2004; Garcia-Carreras et al., 2011; Kang and Ryu, 2016; Simon et al., 2021). Much of the

work done in this area has thus far been demonstrated within models and simulations. The

goal of this paper will be to further explore this land-atmosphere coupling and whether the

behavior demonstrated within atmospheric simulations can be reproduced when analyzing

observations from remote sensing. The analysis will attempt to interpret remote sensing

data to quantify spatial heterogeneity and attempt to detect the formation of secondary

circulations.
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FIGURE 1.1: Lateral wind and domain mean of lateral wind profiles for the case of a
homogeneous surface, Simon et al., 2021.

FIGURE 1.2: Lateral wind and domain mean of lateral wind profiles for the case of a
heterogeneous surface, Simon et al., 2021.

1.1 Describing spatial heterogeneity at the land surface

In order to further analyze the relationship between heterogeneity at the surface and

resultant secondary circulations, a method of quantifying such heterogeneity from obser-

vations must be derived. One way to understand the heterogeneity at the surface is to

consider the temperature variation at the surface, as horizontal temperature variations are

key to developing circulations. Similarly to how breezes form, temperature gradients at the

surface induce pressure differences, with descending air over colder regions and ascending air

over hotter regions. These vertical movements of air generate a temperature gradient aloft,

allowing a closed circulation to form (Rochetin et al., 2017; Waterman et al., 2023). There-

fore, any proposed method of quantifying heterogeneity should be guided by understanding

how the spatial characteristics of surface temperature drive circulations. The characteristics

of surface temperature that influence the strength of heterogeneity are the organization of
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regions of hotter and colder temperatures and the magnitude of the temperature differences

between them. Consider first the organization of these regions, particularly their size. If

both the hot and cold regions are large and mostly distinct, a clear directional pressure

gradient can be established. Movement of air from one region to another at the surface

is more likely to be well-established, which will more quickly facilitate the generation of

secondary circulations. Conversely, smaller and more scattered patches might still cause

some atmospheric circulations to form, but the development of circulation on a larger scale

will be impeded.

Remote sensing observations via satellite can be used to visualize the organization of the

surface temperature distribution over some region. To statistically describe the temperature

distribution, we invoke the concept of a spatial covariance function. For a spatial variable

field subject to randomness, the spatial covariance describes the similarity of observations

from two points in space. For our temperature field, we will further invoke the assumption

of statistical homogeneity. The statistics of the temperature distribution will be assumed

to be identical at each point in space, meaning that the covariance between any two points

will only be a function of the separation between them. We will further assume that this

function follows an exponential form:

r(x) = A exp
�
�

x
l

�
, (1.1)

where A is a sample covariance and l is the correlation length. Both parameters are

determined from fitting the function to computed values of spatial covariance. Generally,

the correlation length will control how quickly the covariance between two points dies off as a

function of separation distance. The correlation length parameter thus inherently captures

both the general size of temperature patches as well as how they are organized among

themselves. A larger correlation length generally implies larger, fewer, and more distinct

patches of similar temperatures. The correlation length should then directly correlate with

heterogeneity. Optimal values of the correlation length of heterogeneity tend to exceed 5-

10 kilometers (Avissar and Schmidt, 1998; Lee et al., 2019) to best facilitate the formation
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of circulations. With respect to the atmospheric boundary layer, the optimal length is

roughly 2 to 4.5 times larger than the boundary layer height, or 4 to 9 times the size of the

convective boundary layer (CBL) (Lee et al., 2019; Patton et al., 2005; van Heerwaarden

et al., 2014).

The magnitude of the temperature difference between hot and cold regions also plays

a role in the magnitude of heterogeneity. A larger difference in temperature between two

patches will generally induce a stronger horizontal pressure gradient at the surface, leading

to a stronger wind and more well defined overturning circulation. Similarly with correlation

length, the magnitude of the present temperature variation should be directly correlated

with the heterogeneity. The spatial standard deviation of the temperature field at the

surface, normalized by the spatial mean of temperature, will be used to characterize the

overall temperature variation. Combining the correlation length and temperature variation

into a single metric yields the following as a measure of thermal heterogeneity:

h =
lTs sTs

Ts
. (1.2)

The temperature values used here will be in units of absolute temperature (Kelvin).

From this definition, h will have units of length. Assuming a multiplicative relationship, h

can be thought of as an effective correlation length, or the correlation length of temperature

scaled by the magnitude of the present temperature variation. This metric will be directly

correlated with both the correlation length of temperature and the magnitude of the spatial

temperature variation. As with the correlation length, some consideration must be given to

the magnitude of h with respect to the atmospheric boundary layer. While our definition

of h will generally assess the potential of heterogeneity to generate atmospheric motions,

it does not assess the ability of turbulence in the atmosphere to blend surface temperature

heterogeneity into the atmosphere. Discussion of the atmospheric boundary layer will be

included in the Methods section.
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1.2 Quantifying secondary circulations

Now, a method of detecting and characterizing the strength of secondary circulations

is needed. Consider the three-dimensional flow field for the atmosphere over a region, with

wind components u, v, and w in the three principal coordinate directions. The scope of

land-atmosphere interactions takes place within the atmospheric boundary layer, so turbu-

lence will be present in the flow. A typical way of accounting for turbulence is performing a

Reynolds’ decomposition, whereby a flow variable, f , is split into a time-averaged compo-

nent and another component representing turbulent fluctuations in time. Such a variable

can be viewed as the result of turbulent perturbations ( f 1) around a mean value ( f ):

f = f + f 1 (1.3)

In a setting where flow variables vary temporally due to turbulence and spatially due to

the effects of heterogeneity, a slightly different and more complete averaging scheme can be

used. This scheme incorporates a time average, followed by a spatial average large enough

to eliminate fluctuations on the scale of local turbulence (Raupach and Shaw, 1982, p. 80).

Such a scheme can be understood through a triple decomposition of f akin to the Reynolds’

decomposition:

f = x f y+ f
2

+ f 1. (1.4)

The mean value of the flow variable is now averaged over space and time while the

local temporal perturbation, f 1, remains the same. The middle term in the decomposition

captures the spatial variations in the time average of the variable (Raupach and Shaw, 1982,

p. 80). Therefore, this variable decomposition isolates the effects of local turbulence from

variations arising from spatial heterogeneity. As mentioned in Raupach, the spatial average

must be large enough to remove local turbulent effects. For our purposes, the overall goal

will be attempting to isolate effects to the scale of secondary circulations only. Applying

the above averaging scheme to the kinetic energy of the flow field yields the following:

1
2
xuiuiy =

1
2

�
xuiyxuiy+ xu2i u2i y+ xu1iu

1
iy

�
. (1.5)
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Similarly to a generic flow variable, the first term represents the kinetic energy arising

from mean flow (mean kinetic energy, or MKE), while the third term represents the kinetic

energy from turbulent fluctuations (turbulent kinetic energy, or TKE). The middle term

represents the kinetic energy arising from time-averaged spatial variations in the velocity

field, known as ’dispersive kinetic energy’ or DKE (Raupach and Shaw, 1982, p. 86). From

the properties of our averaging scheme, this variable is most likely to capture the kinetic

energy arising from spatial variations in the wind velocity due to heterogeneity at the

surface. Given vertical profiles of all three wind components for a region or set of points in

space, the DKE can be vertically integrated through the atmosphere and weighted by air

density:

DKEv =

» ztop

0
r(xu2u2y+ xv2v2y+ xz2z2y)dz. (1.6)

Each term within the parentheses represents the spatial variance of each velocity com-

ponent, which will be computed over the region or set of points from which the velocity is

being measured. Discretizing the atmosphere into layers of varying thickness, we arrive at

the following equation to calculate DKE for any region with known vertical wind profiles:

DKEv =
1
2

ztop
‚

i=0

ri(s2
ui

+ s2
vi

+ s2
wi

)Dzi. (1.7)

We will further be interested in DKE as a fraction of MKE. Raupach, after introducing

DKE, further discusses the budget of DKE and notes that the dispersive KE budget in-

volves terms that are attributable to both MKE and TKE, specifically the wake production

terms of multiple averaging schemes collected together to account for all dispersive fluxes.

Additionally, when gathering wind velocity data from observations, while the goal is to

isolate kinetic energy that we can attribute to secondary circulations, signals from larger

scale atmospheric motion may still be picked up. From both a theoretical and observational

standpoint, it is still possible that effects from the mean flow are picked up in the signal of

DKE. Division of DKE by MKE will more accurately assess the relative strength of disper-

sive terms compared to the rest of the flow. The quantity of MKE can also be vertically
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integrated through the atmosphere:

MKEv =
1
2

ztop
‚

i=0

ri(m2
ui

+ m2
vi

+ m2
wi

)Dzi. (1.8)

Both DKEv and MKEv will be reported at hourly time-steps and time-averaged across

a given day, giving time-avergaged values for both variables, DKE and MKE respectively.

The relationship between land surface heterogeneity and potential secondary circulations

can now be evaluated quantitatively, using the thermal heterogeneity metric h and the

integrated DKE as a fraction of integrated MKE, referred to as the DKE fraction:

DKE f =
DKE
MKE

. (1.9)

As mentioned previously, this scheme is not a perfect indicator of secondary circulations.

While the dispersive terms are most likely to capture the effects of any secondary circula-

tions, it is not guaranteed that observed increases in integrated DKE will be completely

attributable to secondary circulations. Observations from remote sensing for a region of

interest will be used to conduct this analysis. Unlike a simulation, where the entire wind

field can be determined over a grid for a region, there will be considerably more uncertainty

in these observations due to how the wind field will be measured.

1.3 Conditions for optimal land-atmosphere coupling

Previous work has shown that certain meteorological conditions can affect whether or

not secondary circulations will form or be impactful to the local environment. These con-

ditions concern whether significant thermal heterogeneity can develop as well as the ability

of circulations to establish themselves. For sufficient spatial temperature heterogeneity to

develop over the course of a day, enough solar radiation must reach the surface such that ra-

diative differences in land cover can evolve. If, upon sunrise, the land surface is sufficiently

obscured by clouds, solar radiation will have a tougher time reaching the surface while

longwave radiation from clouds instead irradiates the surface. Furthermore, measurements

of temperature at the surface via satellite will be more difficult to obtain. One condition
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that will alleviate both of these concerns is that of a clear sky morning. Specifically, upon

a reading of satellite data for land surface temperature over a region for a given day, if a

certain percentage of the pixels are obscured (i.e. show no data), then the data from that

day will not be considered. This check is an indirect check for cloud cover and is somewhat

circular in nature, but it is sufficient for the purposes of ensuring enough temperature data

to gauge the heterogeneity at the surface.

The conditions of the wind field will also play a role in how secondary circulations will

form. Sufficiently strong and consistent background winds can wash away developing cir-

culations before they form and generally dominate their effects (Eder et al., 2015; Maronga

and Raasch, 2013; Rochetin et al., 2017; Simon et al., 2021; Weaver, 2004). Using mea-

surements of wind speed from one or more locations within a region, we will check the

magnitude of the wind speed at 5 and 10 meters above the ground to gauge the surface

wind speed mostly free from surface friction. If, over the course of a day, either of these

measurements exceeds a threshold velocity, the data from that day will not be considered.

The presence of larger scale weather systems can also dominate local effects in a similar

fashion, although some research suggests that synoptic winds may instead reorient rather

than eliminate mesoscale circulations (Maronga and Raasch, 2013; Prabha et al., 2007;

Rabin et al., 1990; Simon et al., 2021; Weaver, 2004). We desire days with weak synoptic

forcing, or days where large scale weather systems (e.g. fronts, storm complexes) are absent

or far enough away from the region of interest so as to not interfere with developing circula-

tions. Relative vorticity will be used to detect the presence of synoptic forcings, as vorticity

is normally larger near frontal boundaries and areas of converging and/or diverging winds.

Vorticity can be directly calculated from the wind field but has its own limitations:

|ζ| =
Bv
Bx
�
Bu
By

(1.10)

The goal of removing the effects of large scale weather systems works together with the

aforementioned removal of local turbulent effects to further our aim of focusing solely on

the scale of secondary circulations. After passing the above checks, the DKE fraction will
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FIGURE 1.3: Example of operation of a Doppler LiDAR instrument, with the cone of sight
indicated. Both VAD and DBS methods are depicted. Taken from Werner 2005, Figure
12.8 (Werner, 2005).

be calculated for a given day, with samples of wind speed taken hourly. The DKE fraction

will be calculated at each time step according to equation 1.9 and equations 1.7 and 1.8.

Vertical integration of DKE will be capped at a maximum of 1 km above the surface. The

computed DKE fraction for a given day will be the average of the DKE fraction at each

time step. Another important condition irrespective of meteorological conditions will be

evaluating the increase in integrated DKE (not DKE fraction) over the course of a day. After

calculation of the DKE fraction for a day, the DKE in the morning will be compared to the

DKE computed for the entire day. The the change from morning conditions throughout

the day will be calculated as a percent change from the morning:

DDKE =
DKE�DKEm

DKEm
� 100 (1.11)

Conditions changing significantly from the morning to the afternoon, in the absence of
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larger scale effects, could be a strong indicator of secondary circulations forming. Days

that meet all of the above conditions should see an improved correlation between DKE

and heterogeneity, as such conditions will see the greatest chance of the land-atmosphere

coupling to be able to occur. The above checks will be incorporated into a screening

algorithm, to be used later.

1.4 Remote sensing observations over the Southern Great Plains

The analysis presented in this paper will be performed over the Southern Great Plains

(SGP) region in northern Oklahoma and southern Kansas in the United States. The SGP

observatory is administered by the U.S. Department of Energy through its Atmospheric Re-

search Measurement (ARM) user facility. Many remote sensing instruments are available

within the observatory, including light detection and ranging (LiDAR) towers that mea-

sure vertical profiles of the three principal wind components. LiDAR towers that measure

vertical wind profiles do so by ’seeing’ a cone above a point, angled from the horizontal

plane (Werner, 2005). With height in the atmosphere, the instrument samples at a specified

rate to determine the velocity component along the line-of-sight of the outside of the cone,

depicted in Figure 1.3 as the radial component. A particular sinusoidal fit can be applied

to this component of the wind velocity, and the parameters of this fit can be used to infer

all three components of the wind velocity (Werner, 2005). This method, referred to as

velocity-azimuth display (VAD), works well for the lower part of the atmosphere. However,

due to the geometric properties of the cone as it widens with height, wind measurements

higher in the atmosphere carry with them more uncertainty. Instead of sampling around

the entirety of the circumference of the cone, measurements are taken at 90 or 120 degree

intervals around the circumference. This technique, referred to as Doppler beam swinging

(DBS), is a much faster but much less reliable method than VAD that is necessary within

hardware constraints (Werner, 2005).

Of the available instrument platforms in the SGP, five have this capability. These sites

are depicted in Figure 1.4. The central site at Lamont has the additional capability of upper
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