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ABSTRACT: There is strong evidence that evaluating different parameterization schemes over diverse land surface forc-
ings and surface-layer (SL) conditions will enhance our understanding of the physical processes required to improve the
model parameterizations. Furthermore, shortcomings for representing SL heat, moisture, momentum, and turbulence us-
ing traditional parameterizations from Monin-Obukhov similarity theory (MOST) and the bulk Richardson approach are
becoming well known within the scientific community. Overcoming the parameterizations’ limitations requires evaluating
the parameterizations across a range of land-cover types and meteorological conditions because the biosphere—atmosphere
coupling is primarily linked to partitioning energy between sensible and latent heat fluxes. Recent studies over semiarid re-
gions suggested that MOST better parameterized heat fluxes than the Richardson parameterizations, whereas the Richard-
son approach better parameterized kinematic and turbulence quantities. However, questions remain regarding whether
the parameterizations’ efficacy over drylands can be explained by physical parameters, such as the observed Bowen ratio
(i.e., the ratio of the surface sensible heat flux to the surface latent heat flux). Addressing these questions allows one to
more confidently use the parameterizations in land surface models. In this study, we used micrometeorological observa-
tions from two semiarid grassland sites, one in southeastern Arizona and a second in northwestern Texas, for a 3-yr period
(1 January 2016-31 December 2018). We found that the heat flux, moisture flux, and turbulence parameterizations’ efficacy
do not vary with observed Bowen ratio. Furthermore, the MOST turbulence parameterizations sometimes performed
better than the Richardson parameterizations, suggesting that caution is warranted particularly when applying the latter to
semiarid regions.

SIGNIFICANCE STATEMENT: The proper parameterization of surface-layer processes is a crucial component of
weather forecasting models. To improve the current suite of surface-layer parameterizations, they need to be evaluated
across a range of conditions, ranging from very moist to very dry. Although this study found that the efficacy of surface-
layer parameterizations varies little across these conditions, it represents an important step toward identifying the
parameterizations’ limitations in representing land-atmosphere exchanges. Understanding when these parameteriza-
tions perform well versus when their performance declines will help identify targeted areas for improvement and en-
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hance their effectiveness in weather forecasting models.

KEYWORDS: Atmosphere-land interaction; Parameterization; Desert meteorology

1. Introduction

In the rapidly warming global climate of the twenty-first
century, a comprehensive understanding of the surface energy
balance (SEB) over different ecosystems remains a critical ele-
ment for both numerical weather prediction (NWP) and climate
models because of their poor representation of the relationships
among land-cover and land-use changes, land—atmosphere feed-
back processes, and hydrological balance (Ripple et al. 2024).
Many of uncertainties in the SEB closure and associated
biosphere-atmosphere coupling arise because atmospheric
boundary layer (ABL) parameterization schemes were often
derived from empirical findings obtained over flat, horizontally
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homogeneous terrain (e.g., Kumar et al. 2006; Stiperski et al.
2019). For example, the shortcomings for representing surface-
layer (SL) heat, moisture, momentum, and turbulent fluxes
that use traditional parameterizations obtained from Monin—
Obukhov similarity theory (MOST; Monin and Obukhov 1954)
are well known within the scientific community and have been
well documented in previous studies (e.g., Businger et al. 1971;
Hicks 1978, 1981; Andreas and Hicks 2002; Detto et al. 2008;
Salesky and Chamecki 2012; Pal et al. 2013; Pal and Haeffelin
2015; Styri et al. 2018; Markowski et al. 2019; Lee and Buban
2020; Sun et al. 2020; Stiperski and Calaf 2023; Lee et al. 2025).
Limitations of MOST include self-correlation (e.g., Hicks 1978,
1981), the assumption of a horizontally homogeneous layer
(e.g., Businger et al. 1971), and discrepancies between the
stability functions for sensible and latent heat (e.g., Lamaud
and Irvine 2006). Although these and other shortcomings
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have been identified over the past several decades, the scien-
tific community has yet to remedy them. Therefore, alterna-
tive approaches have been proposed that use, for example, a
different scaling variable instead of the Monin—Obukhov
length scale. An alternative approach is to use a Richardson-
based scaling approach (e.g., Dyer 1974; Byun 1990; Hogstrom
1996; Meesters et al. 1997; Sorbjan 2010; Sorbjan and Grachev
2010; Lee and Buban 2020; Lee et al. 2019, 2021; Greene et al.
2022; Lee and Meyers 2023; Lee et al. 2023b). Richardson-
based approaches have the advantage of reducing self-
correlation present in MOST (e.g., Sorbjan 2006), provide
continuity from unstable to stable regimes, and may also be
better suited for very stable atmospheric regimes (e.g.,
Sorbjan 2010).

However, the Richardson-based scaling approach has not
been systematically evaluated across a range of near-surface
micrometeorological conditions and land surface types. Con-
ducting this evaluation is important because very recent work
(i.e., Lee et al. 2024) demonstrated, through the use of evalua-
tions of the High-Resolution Rapid Refresh (HRRR) model
(e.g., Benjamin et al. 2016; Dowell et al. 2022; James et al.
2022; Lee et al. 2023a), that the efficacy of NWP models varies
as a function of different near-surface meteorological condi-
tions and that model performance varies under different radi-
ative regimes, soil moisture (SM) regimes, and near-surface
heating rates. Lee et al. (2024) argued that meteorological
regime-specific model verifications can help to identify spe-
cific areas where models do not perform well. Their work
helps to provide motivation in the present study to evaluate
the efficacy of MOST and Richardson-based SL parameter-
izations under an array of micrometeorological regimes. A
systematic evaluation of the Richardson approach using mul-
tiyear datasets over different dryland ecosystems remains
critical to facilitate the implementation of modified SL param-
eterizations into the next generation of convection-allowing
operational weather forecasting models.

We argue that a framework similar to the one developed by
Lee et al. (2024) needs to be employed when evaluating dif-
ferent SL parameterizations used in NWP models for repre-
senting heat, moisture, and momentum exchanges between
the land surface and SL. However, only a few studies have so
far evaluated SL parameterizations for heat and turbulent
fluxes across a range of different near-surface micrometeoro-
logical regimes. Marti et al. (2022) found that traditional SL
parameterizations from MOST have limitations under moist
conditions. In contrast to the work by Marti et al. (2022), Lee
et al. (2023b) reported that MOST SL parameterizations, as
well as SL parameterizations using a Richardson-based scal-
ing approach, have difficulty simulating SL fluxes in instances
with large observed sensible heat fluxes.

The above difficulties, summarized by Marti et al. (2022)
and Lee et al. (2023b), are particularly important over arid
and semiarid regions, which we hereinafter refer to as dry-
lands. Roughly three billion people live in drylands (e.g.,
Reynolds et al. 2007; Berg et al. 2016; Huang et al. 2017), and
drylands occupy approximately 41% of terrestrial land surfa-
ces globally (e.g., Pravalie 2016). Because drylands are in gen-
eral water-limited, sensible heat fluxes are oftentimes large
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over drylands, and the sensible heat fluxes well exceed the la-
tent heat fluxes. Consequently, the Bowen ratio B, which is
defined as the ratio of the surface sensible heat flux H to the
latent heat flux (LE) (e.g., Sverdrup 1943; Lewis 1995), is typi-
cally large, but B is highly sensitive to soil moisture (e.g.,
Krishnan et al. 2012; Liu et al. 2024). Thus, low-precipitation
regimes and water availability significantly impact dryland
ecosystems and should be included in SL parameterizations,
especially those for water and carbon fluxes, in these areas
(e.g., Kannenberg et al. 2024). Additionally, the heat flux par-
titioning (via B) has a large influence on the near-surface me-
teorological conditions, which affect the mean and turbulent
structure of the ABL, which, in turn, impacts convection initia-
tion and cloud formation (Findell and Eltahir 2003; Bhowmick
and Parker 2018). Other studies showed that S is also sensitive
to surface heterogeneity, soil properties, and advective effects
(e.g., Friedrich et al. 2000).

Furthermore, drylands have a larger sensitivity to climate
warming than the global average (Huang et al. 2017) and thus
are more sensitive to increases in aridification than other
areas of the world, which is caused by the redistribution of
global precipitation under a changing climate (e.g., Konapala
et al. 2020). Additionally, a holistic approach to evaluate
NWP models for drylands remains underdeveloped due to a
lack of measurements over these areas and because compara-
tively little attention has been given to the study of ABL pro-
cesses over drylands (Mauder et al. 2021; Pal et al. 2021). An
overview of the state-of-the-art observations and simulations
of ABL thermodynamics was reported for many different en-
vironments (i.e., urban, coastal, marine, complex terrain, po-
lar regions, and across interfaces) within a recent (National
Academies of Sciences, Engineering, and Medicine 2018)
workshop on the “Future of ABL” and in NASA’s “ABL
Incubation Study Team Report” (Teixeira et al. 2021), but
discussions of ABL processes over drylands were absent. Be-
cause of the relative lack of study of drylands as compared
with other environments, NWP models can have large errors
over drylands, which exacerbates the risks to the billions of
people residing in these areas.

In the present study, we evaluated the efficacy of the
MOST and Richardson-based parameterizations across differ-
ent near-surface micrometeorological regimes that are typi-
cally found in drylands. We distinguished among different
near-surface regimes by calculating 8 using measurements
from Audubon in southeastern Arizona and the Reese Tech-
nology Center (RTC) in northwestern Texas. Although both
sites are located in the drylands of the southwestern United
States and have a semiarid climate, the sites themselves are
uniquely different. Audubon is annually impacted by the
North American monsoon, whereas the RTC is largely unaf-
fected by the North American monsoon but is instead af-
fected by synoptic- to regional-scale weather patterns (e.g.,
fronts, drylines) due to the Gulf of Mexico and the westward
extension of the Bermuda high (e.g., Clark et al. 2022; Anand
and Pal 2023; Pal et al. 2024). We used observations from
both Audubon and RTC to calculate B. Doing so allowed for
us to evaluate the efficacy of MOST and Richardson SL pa-
rameterizations for H, LE, friction velocity u., and turbulent
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kinetic energy (TKE) for a wide range of observed 8 over a
3-yr period (i.e., 1 January 2016 through 31 December 2018).
Observations from Audubon and RTC had been used by Lee
et al. (2023b) to evaluate the efficacy of different SL parame-
terizations for sensible heat flux, friction velocity, and turbu-
lent kinetic energy for only 1 year of observations. However,
Lee et al. (2023b) did not evaluate the efficacy of latent flux pa-
rameterizations, and it was unclear how varying near-surface
conditions affected the SL parameterizations’ efficacy. In the
next section, we summarize the derivations of the MOST and
Richardson SL parameterizations used to calculate SL heat,
moisture, momentum, and turbulent fluxes prior to discussing
the datasets that we used to evaluate the parameterizations’
efficacy as a function of varying 3.

2. MOST and Richardson parameterizations for SL heat,
moisture, and turbulent fluxes

a. MOST parameterizations

The MOST and Richardson parameterizations for H, LE,
u., and TKE have been derived and discussed in previous
works (i.e., Jiménez et al. 2012; Lee et al. 2021; Lee and
Meyers 2023). Thus, these parameterizations are only briefly
summarized here. In MOST, u, is computed as

", = kU . )

o) el el

In the above equation, k and U are the von Kdrman constant
and horizontal wind speed, respectively; z, d, zo, and L is the
height, zero-plane displacement, surface roughness length,
and Monin-Obukhov length scale, respectively; and ¢, is the
momentum similarity function that varies as a function of at-
mospheric stability. In Eq. (1), L is defined as

L=—2 2)

In the above equation, @U, g, and w’—B’U are the mean virtual
potential temperature, gravitational acceleration, and kine-
matic heat flux, respectively.

The parameterized u., which we term u%, is then used in the
MOST parameterization for H and LE:
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Here, A6, Aqg, p, ¢, and L, are the potential temperature gra-
dient, specific humidity gradient, air density, specific heat of
air, and latent heat of vaporization, respectively; z; and z, are
the heights at which the potential temperature and specific
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humidity are measured above the ground; and s, and ¢, are
the heat and moisture similarity functions, respectively, that are
analogous to ¢s,,, and also depend upon atmospheric stability.

The three components of TKE, i.e., oy, o, and o,,, which
are the standard deviations in the u (i.e., horizontal), v (i.e.,
meridional), and w (i.e., vertical) wind components, respec-
tively, are parameterized as a function of u} and ¢ [where
{ = (z — d)/L] following Lee and Meyers (2023):

wa, (1= B%wg)‘”, (<0 @
Ty = " . 4
e, explv, O, £>0

uyv,w uyu,w

In Eq. (4),, ,B, ,m, ,andv_  arethe empirically

derived fitting coefficients from Lee and Meyers (2023). Once
0.0 has been computed, the TKE is computed as a function
of parameterized values for o,,, 0, and o,,, which we term o

u’
0/, and o}, respectively, via Eq. (5):

TKE = 0.5[(c/)° + (o/,)° + (o], 1. ®)

b. Ri, parameterizations

As described in, for example, Stull (1988) and Lee and Buban
(2020), the bulk Richardson number Ri, represents the ratio of
the consumption of turbulence to the shear production of turbu-
lence and is computed as

O— R — ©)
6, [(An)” + (AD)]

In Eq. (6), u and v are the mean horizontal and meridional
components of the wind, respectively, computed between two
sampling heights, and the remaining variables have been de-
fined previously. The specific sampling heights used are noted
in the next section.

From Lee et al. (2021), u, is parameterized as a function of
Ri, whereby

u, = UC,(Ri,). )

Here, C, is the friction-transfer coefficient that is a function
of Ri, and like the MOST parameterizations also depends
upon atmospheric stability.

The terms H and LE are also functions of Ri, and Ri,-
parameterized u, (which we term u? to eliminate any poten-
tial confusion with the MOST-parameterized u, represented
as u}), whereby

H= fAGu;’CI(Rib)cpp, (8a)

LE = —Aqu/C,(Ri,)pL,. (8b)

In the above equations, C,(Ri,) and C,(Ri,) are the similarity
functions for heat transfer and moisture transfer, respectively,
and the remaining variables have been defined previously.
Following Lee et al. (2021), C,,, has the following form for
different Ri, (i.e., whether Ri, < 0 or Ri, > 0) and is a func-
tion of the fitting coefficients A,y , Wy s, Xuzr» A0 Yy p 0
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FIG. 1. Location of Audubon (white star) and the RTC (black
star) in the Southwest United States relative to other states (la-
beled) in the region. The topography data were obtained from the
Parameter-Elevation Regressions on Independent Slopes Model
(PRISM) and have a 30-arc-s resolution.
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Just as the MOST TKE parameterizations are a function of
MOST-parameterized u, (i.e., #%) and £, the Ri, TKE param-
eterizations are a function of u} and Ri,:

wiA,

Uy, w

a- w%WRib)lB, Ri, <0
uyw X . . (10)
ulx, exp(y, Ri,), Ri, >0

3. Observations
a. Study sites

We used observations from two micrometeorological tow-
ers in the southwestern United States: a 10-m tower in south-
eastern Arizona at Audubon [31.59°N, 110.51°W, 1473 m
above mean sea level (MSL)] and a second 200-m tower in
northwestern Texas near Lubbock at the RTC (33.61°N,
102.05°W, 1020 m MSL) (Fig. 1). The sites themselves and the
datasets from these two sites have been described in previous
works (i.e., Krishnan et al. 2012; Hamel 2022; Lee et al.
2023b) and thus are only briefly summarized in this section.

1) ARIZONA SITE

The Audubon semiarid grassland site in Arizona (Meyers
2016) is a part of the AmeriFlux network (Novick et al. 2018;
Baldocchi et al. 2024) and of the NOAA Air Resources Labo-
ratory Atmospheric Turbulence and Diffusion Division’s Sur-
face Energy Budget Network. The vegetation at Audubon is
a native short-grass prairie, and the soil consists largely of
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well-draining sandy clay that is mixed with gravel (see e.g.,
Krishnan et al. 2012 for more details). The vegetation height
typically ranges from about 40 to 70 cm in a given year (Lee
et al. 2023b). In this study, we used a mean of these values
(i-e., 0.55 cm) for the canopy height 4. and used (2/3)h. and
(1/10)h, for d and z,, respectively, in the equations for the
MOST parameterizations discussed in section 2.

Whereas on-site flux and meteorological measurements be-
gan at Audubon in 2002, in the present study, we used data ob-
tained from the site between 1 January 2016 and 31 December
2018 because this time period had the most complete data re-
cord of measurements at both Audubon and RTC. All instru-
ments were well calibrated to ensure a high-quality dataset to
evaluate the parameterizations. Most critical to this study are
the on-site turbulence observations, which were obtained using
a three-axis sonic anemometer (Model 81000 V, R. M. Young)
that sampled at 10 Hz at 10 m above ground level (AGL) and
was used to compute H, u., and TKE. Observations from an
open-path infrared gas analyzer (model LI-7500, LI-COR Inc.,
Lincoln, Nebraska), also installed at 10 m AGL and using a
10-Hz sampling frequency, were used to compute LE. Ground
heat flux G was derived using the soil temperature gradient fol-
lowing the approach in Sauer and Horton (2005). More details
about the approach we used to compute the heat and turbulent
fluxes appear in section 4.

Temperature observations at 1.5 and 8.5 m AGL were ob-
tained using platinum resistance thermometers (Thermometrics
Corp. PRT, Northridge, California), which have an accuracy of
<*0.3°. Two-dimensional wind observations at 2.5 and 9.5 m
AGL were obtained using R. M. Young 05103 anemometers
(R. M. Young Co., Traverse City, Michigan), which have an ac-
curacy of 0.3 m s ! and +3° for wind speed and wind direc-
tion, respectively. The temperature and wind observations were
used to calculate the vertical gradients in the equation for Ri,

[cf. Eq. (6)]-
2) TEXAS SITE

We used data from the RTC obtained over a 3-yr period
between 1 January 2016 and 31 December 2018. The areas
surrounding the site are characterized by wild grasses that
have a mean height of about 20 cm. As we did for Audubon,
we used (2/3)h, and (1/10)h, for d and z,, respectively. Ac-
cording to the U.S. Geological Survey National Land Cover
Database (NLCD; Jin et al. 2023), the vegetation in the region
is mainly shrub-scrub and grasslands-herbaceous, whereas
the soil is characterized by Acuff loam (i.e., very deep, well-
drained, and moderately permeable soils) and has the taxo-
nomic class of fine-loamy, mixed, superactive.

Although there are 10 sampling heights along the tower at
the Reese Technology Center that extend upward to 200 m
AGL, to maintain consistency with Audubon, we used only the
observations from ~10 m AGL. The observations needed to
compute H, LE, u,, and TKE were obtained from a Gill R3-50
sonic anemometer and an R. M. Young 43182 V temperature/
humidity sensor that sampled at 50 Hz (e.g., Hamel 2022; Lee
et al. 2023b) and installed at 10.1 m AGL. The sonic anemome-
ter has an accuracy of <1% root-mean-square (RMS) and
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<=*1° for wind speed and direction, respectively, whereas the
temperature/humidity sensor has a temperature accuracy of
+0.3°C and *+1% for relative humidity. We used the observa-
tions from 10.1 to 4.1 m AGL to calculate the vertical gradients
in Eq. (6) for Rip,.

b. Ancillary observations

Additional supporting near-surface meteorological meas-
urements were used to place the Audubon and RTC observa-
tions from 2016 through 2018 into a climatological context. To
this end, for Audubon, we used temperature and precipitation
observations obtained from the collocated U.S. Climate Ref-
erence Network site (e.g., Diamond et al. 2013).

To provide climatological context for the RTC observations,
we used long-term observations obtained from the West Texas
Mesonet (WTM). The WTM site (33.608°N, 102.046°W, 1019 m
MSL) is located approximately 530 m southeast of the RTC tower
and has observations of wind speed 2 and 10 m AGL; air temper-
ature 1.5, 2 m, and 9 m AGL; relative humidity 1.5 m AGL; at-
mospheric pressure; incoming shortwave radiation; and soil water
content 5, 20, 60, and 75 cm below the surface. More details about
the WIM can be found in, e.g., Schroeder et al. (2005). We also
used observations obtained from the Automatic Station Observ-
ing System station at Lubbock International Airport, which is lo-
cated approximately 20 km east-northeast of the RTC.

4. Methods
a. Data filtering

The high-frequency measurements (i.e., the 10-Hz datasets
from Audubon and the 50-Hz datasets from RTC) were used
to compute 30-min H, LE, u,, and TKE by implementing the
eddy covariance technique. The eddy covariance technique
has been well-described in previous works, and its uncertain-
ties are discussed in Massman and Lee (2002), Billesbach
(2011), and Schmidt et al. (2012). In the present study, we ap-
plied standard despiking approaches and coordinate rota-
tions, and we corrected LE for density effects using the
Webb-Pearman-Leuning correction (e.g., Webb et al. 1980)
following Meyers (2001) and Meyers and Baldocchi (2005)
prior to computing the fluxes and turbulence statistics.

Following Lee et al. (2023b), for the RTC only, we removed
the 30-min fluxes and turbulence statistics when the 30-min mean
wind direction was between 110° and 170°. Filtering data from
this sector was essential to remove the impacts of the wake of the
tower and the wakes from the nearby wind turbines, which are
located about 2 km away from the tower, on the turbulence
measurements (Kelley and Ennis 2016; Lee et al. 2023b).

Once we computed the 30-min H, LE, u,, and TKE, follow-
ing Lee et al. (2023b), we removed physically unrealistic val-
ues from both sites, which we defined as H < —200 W m ™2 or
H>80Wm % LE < —200 Wm 2 or LE > 80 W m 2
u, <0ms!oru,>2ms!; and TKE < 0 m?> s 2 or TKE >
10 m? s™2 The removal of 30-min periods with missing data,
as well as 30-min periods with physically unrealistic values, re-
sulted in 93%, 85%, 94%, and 99% of the data being avail-
able for H, LE, u,, and TKE, respectively, at Audubon. At
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the RTC, the data completion for H, LE, u,, and TKE was
70%, 69%, 58%, and 70%, respectively, over the 3-yr study
period following the removal of 1) erroneous 30-min fluxes
and turbulence statistics and 2) 30-min periods when the
30-min wind direction was between 110° and 170°.

b. Determination of Bowen ratio ranges

In past work, it was demonstrated that regional-scale
domain-average single-value B, without considering the tem-
poral variability on diverse time scales (i.e., synoptic, subseaso-
nal, and seasonal), can cause significant errors in NWP model
forecasts because a large set of atmospheric and surface condi-
tions (e.g., soil moisture memory and associated precipitation—
soil moisture interactions, soil type, surface heterogeneity,
etc.) cumulatively impact 3 (e.g., Friedrich et al. 2000; Martinez-
Fernandez et al. 2021). Thus, it is of paramount interest for
the scientific community to explore the dependence of param-
eterizations for a diverse range of observed B over dryland
ecosystems. To this end, to evaluate the MOST and Ri, pa-
rameterizations across a range of near-surface conditions, we
used the observed B from both sites. Because of errors associ-
ated with computing 8 during the nighttime, we restricted our
analyses to observations sampled between 0800 and 1600 LST
at each site. Note that, at Audubon and RTC, LST = UTC -7
and LST = UTC - 6, respectively. We note that, although sur-
face heterogeneity on the upwind side can potentially affect
SEB closure, we did not have the appropriate measurements
to investigate the impact of spatial heterogeneity in the land
surface cover on our findings, as was reported in previous stud-
ies (e.g., Panin and Tetzlaff 1999).

Over the 3-yr period of interest, the daily mean 8 (com-
puted between 0800 and 1600 LST for each day within the
3-yr period of interest) was larger at the RTC than at Audu-
bon (Fig. 2). Furthermore, B exhibited more seasonality at
Audubon (e.g., higher 8 in winter than in summer) than at
the RTC due to the North American monsoon, which occurs
annually at Audubon. However, the monsoon’s impacts are
largely absent at RTC. For instance, in the premonsoon months
at Audubon, B was fairly constant but exhibits a marked de-
crease in early summer with the monsoon onset, which began
in late June in 2016 and a couple of weeks later in 2017 and
2018, resulting in rapid vegetation growth at the site (e.g.,
Krishnan et al. 2012).

To obtain a range of conditions, we evaluated the H, LE,
u., and TKE parameterizations across five different 8 quin-
tiles at both sites to sample a wide range of near-surface mi-
crometeorological conditions spanning from very low values
of B (i.e., moist surface conditions) to very high values of B
(i.e., dry surface conditions). Using the empirical findings
based on the frequency distribution analyses of B8 for the en-
tire measurement periods over both sites (Figs. 2b,d), we de-
fined five different 3 regimes at each site as

I. <20th percentile of B
II. 20th—-40th percentile of B
III. 40th-60th percentile of 8
IV. 60th-80th percentile of B
V. >80th percentile of 8
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FIG. 2. Time series of mean daytime B, computed between 0800 and 1600 LST, at 10 m AGL at (a) Audubon and
(b) RTC. Note the y axis in (a) and (b) has a logarithmic scale, and there are missing LE data in late 2016 and 2017
which result in gaps in the time series of B8 at the RTC [cf. (b)]. (c)(d) The histograms of the mean daytime 3 at 10 m
AGL computed between 0800 and 1600 LST at Audubon and RTC, respectively.

The different B8 quintiles at Audubon and RTC are summa- the RTC. Despite having higher values of 8, SM was oftentimes
rized in Tables 1 and 2, respectively. Bowen ratios were con- larger at the RTC (Fig. 3). Over the smallest 3 quintile, the
siderably lower at Audubon than at the RTC; the median  10-cm SM (5-cm SM) at Audubon (RTC) was 0.146 m> m 3
daily B over the smallest 8 quintile (i.e., moist conditions)  (0.220 m®> m~?). We note that for higher SM, g at the RTC had
during the study period at Audubon was 0.74 but was 1.47 at  larger values (Fig. 3b). In general, in addition to SM, B is

TABLE 1. Minimum, median, and maximum daily B (i.., Bmin> Bmed> and Bmax, respectively), and the minimum, median, and
maximum daily 10-cm SM (i.e., SMuin, SMped, and SMy.y, respectively) at Audubon, illustrating a range of near-surface
micrometeorological conditions ranging from very moist to very dry surface conditions over the five 8 regimes (i.e., I, IL, II, IV, and V).
Please see the text (i.e., section 4b) and the associated reference (i.e., Mauder et al. 2020) for a note regarding the high B values.

B regime B percentile Bmin Bmcd Bmax SMmin (m3 I’I173) S1\/Imcd (m3 II173) SMmaX (I’Ilg m73)
I <20th 0.1 0.8 1.3 0.057 0.145 0.264
II 20th—40th 1.4 24 3.6 0.031 0.098 0.248
11 40th—-60th 3.6 4.7 5.7 0.026 0.074 0.222
v 60th—80th 5.7 7.0 8.3 0.026 0.058 0.173

v >80th 8.4 10.9 56.7 0.028 0.049 0.150
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TABLE 2. As in Table 1, but for RTC.
ﬁ regime B percentile Bmin Bmcd Bmax sI\/Imin (m3 m73) SMmcd (m3 m73) SMmaX (rn3 mis)
1 <20th 0.1 1.5 2.4 0.099 0.221 0.379
11 20th—40th 24 3.5 4.6 0.110 0.181 0.357
111 40th-60th 4.6 6.1 7.6 0.103 0.164 0.322
v 60th—80th 7.6 10.7 14.5 0.099 0.136 0.346
\% >80th 14.6 23.0 96.4 0.099 0.141 0.364

affected by multiple other factors including soil type (e.g., the ra-
tio of resistances between the atmosphere and soil pores), atmo-
spheric moisture and stability, and near-surface temperature
(e.g., Zhuojia and Pielke 1995). Furthermore, the interactions
among these factors are oftentimes nonlinear. Additionally, other
researchers have found that upstream near-surface atmospheric
conditions also impact 3 at a given site (Friedrich et al. 2000).
The results here suggest that, in addition to the low precipitation,
stark aridity, and high winds in the region, the presence of gravel
particles in the soil could store water themselves and lead to a re-
duction in the amount of water stored within the soil.

Over the largest B quintile (ie., dry conditions), the median
daily B at Audubon was 10.16 but was 22.99 at 10 m AGL at the
RTC. SM was correspondingly lower at both sites in the highest 8
quintile; 10-cm SM at (5-cm SM) Audubon (RTC) in the largest
B quintile was 0.046 m> m > (0.141 m® m~>) due to the inverse re-
lationship between SM and B, which is summarized in Fig. 3, and
shows that SM approaches the wilting point when S is large. The
largest 3 values at the RTC occurred on days when the mean day-
time observed H was quite small (ie., ~10 W m™2), and the
mean daytime LE was <1 W m™2 (cf. Table 2). The small values
of H and LE are not very significative (e.g., Mauder et al. 2020)
and likely result in larger errors in 8 than scenarios in which the
observed surface fluxes are much higher.

Having determined different 8 quintiles at each site, we evalu-
ated the efficacy of the different parameterizations as a function

20
da

16

—_
N

Bowen Ratio

0

00 01 02 03 04 05
10-cm Soil Moisture (m* m~)

of B by computing the mean bias error (MBE), root-mean-
square error (RMSE), and coefficient of regression R* between
the parameterized and observed values of H, LE, u,, and TKE
at both sites during the measurement periods. Hereinafter, the
MBE represents the difference between the parameterized and
observed value and, for brevity, is abbreviated as 6H, SLE, éu.,
and 6TKE for H, LE, u., and TKE, respectively.

c¢. Evaluation of parameterization efficacy when B < 1
and B > 1

Given the different 3 ranges at Audubon and at the RTC
(cf. section 4b), to evaluate further the efficacy of the MOST
and Ri, parameterizations, we differentiated between instan-
ces in which B < 1 and B > 1. We then determined the mean
cycle in 6H, SLE, éu., and STKE for the MOST and Ri, pa-
rameterizations at both Audubon and at the RTC, and we dis-
cuss these results in section Se.

5. Results

a. Overview of on-site meteorological conditions during
period of interest

1) ARIZONA SITE

During the 3-yr study period at Audubon, mean incoming
shortwave radiation, computed between 0800 and 1600 LST,

20

16

—
N

Bowen Ratio

0

00 0.1 02 03 04 05
5-cm Soil Moisture (m* m™)

FIG. 3. (a) Bowen ratio as a function of 10-cm mean daytime (0800-1600) SM at Audubon and (b) Bowen ratio as a
function of 5-cm mean daytime (0800-1600) SM at the RTC.
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FIG. 4. (a) Mean daytime (0800-1600 LST) incoming shortwave radiation between 1 Jan 2016 and 2019. In (b),
mean daytime H (red line), LE (blue line), and G (black line) sampled at Audubon are plotted as a function of time
of day between 1 Jan 2016 and 2019. As in (c), but for air temperature (7; red line) and specific humidity (g; blue
line). (d)—(f) The mean daytime (0800-1600 LST) 10-cm SM, mean daytime u., and mean daytime TKE, respectively,

over the time period of interest.

had a maximum value of about 900 W m ™2 in June (Fig. 4a).
Mean daytime H was generally larger than LE throughout the
year, with maximum mean daytime H between 300 and
400 W m~? (Fig. 4b). The ground heat flux was a nontrivial
term in the SEB, comprising about 25% of the total SEB at
Audubon. Regardless, we found excellent agreement (not
shown) between the observed net radiation R, computed as
the difference between incoming and outgoing shortwave ra-
diation and longwave radiation, and the sum of H, LE, and G,
whereby G is the ground heat flux and the other variables
have been defined previously. We found about 91% SEB clo-
sure, with an R” of 0.96. These values are slightly larger than
findings reported during previous years at the study site (i.e.,
Krishnan et al. 2012), likely because the H and LE datasets

used in the present study were tilt-corrected (e.g., Wilczak
et al. 2001).

For about 1-2 months beginning around the first week of
July when the North American monsoon typically begins
(e.g., Carleton 1985), LE exceeded H (Fig. 4b), and mean
daytime LE at times exceeded 300 W m~2. For instance, early
July was characterized by a marked increase in the mean
daytime specific humidity (Fig. 4c) and an increase in SM
(Fig. 4d). Premonsoon specific humidity was almost always
less than 5 g kg™ !, but for the 1-2 months during the mon-
soon, these values exceeded 10 g kg™ '. Mean daytime values
of both u, and TKE exhibited their largest values, of up to
about 0.8 m s ! and 4.5 m? s~ 2, respectively, in the premon-
soon but markedly decreased upon the monsoon’s arrival be-
fore slowly returning to premonsoon values (Figs. 4e,f).
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FIG. 5. (a) Mean daytime (0800-1600 LST) incoming shortwave radiation from the WIM site at the RTC between
1 Jan 2016 and 2019. In (b), mean daytime H (red line) and LE (blue line) sampled 10 m AGL at the RTC are plotted
as a function of time of day between 1 Jan 2016 and 2019. As in (c), but for air temperature (7; red line) and specific
humidity (g; blue line). (d)—(f) The mean daytime 5-cm SM from the WTM site, mean daytime u, sampled 10 m AGL
at the RTC, and mean daytime TKE sampled 10 m AGL at the RTC, respectively, over the time period of interest.
Note that H, LE, u,, and TKE have missing data throughout much of October and November 2016, as well as in

August and September 2017.

Based on long-term climatological observations from the
collocated long-term climate monitoring site at Audubon, the
years 2016, 2017, and 2018 were near normal. The mean an-
nual temperature anomaly from the mean computed over the
20-yr period from 2003 through 2022 was +0.02°, +0.85°, and
+0.35°C in 2016, 2017, and 2018, respectively. Precipitation
anomalies, computed over the same 20-yr period, were +4.7,
—12.5, and +4.5 cm in 2016, 2017, and 2018, respectively.

2) TEXAS SITE

During the 3-yr study period at the RTC, mean incoming
shortwave radiation, observed at the nearby WTM site,
peaked around 800 W m ™2 (Fig. 5a). Maximum mean daytime

values of H ranged from approximately 100 W m ™2 in the
cool season to as much as 300 W m~? during the middle and
late summer (Fig. 5b). Unlike at Audubon, at the RTC, there
was no impact of the North American monsoon during the
study period. Mean daytime values of LE peaked around
100 W m~? during the summer but almost always remained
lower than H. Mean daytime temperatures and specific hu-
midity generally ranged from about 0° to 35°C and from ~3 to
~12 g kg™, respectively (Fig. 5¢). SM exhibited considerably
more variability throughout the year (Fig. 5d) than Audubon
because the RTC was more impacted by synoptic-scale
weather systems (Clark et al. 2022; Anand and Pal 2023). The
magnitude of mean daytime values of both u, and TKE was
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FIG. 6. Mean monthly daytime (0800-1600 LST): (a) 8H, (b) SLE, (c) du., and (d) STKE at Audubon between
1 Jan 2016 and 2019 for the MOST parameterizations (red line) and Richardson parameterizations (blue line).

comparable with those at Audubon and ranged from about
0.2t0 0.7 m s ! and from 1 to -4 m? s~ 2 throughout the year
(Figs. 5e.f).

To illustrate how the observations from the RTC from the
3-yr period of interest compared against the longer-term cli-
mate variability in the region, we used long-term observations
from the region. We found that mean annual temperatures
were slightly above the 20-yr mean, as the mean annual tem-
peratures in 2016, 2017, and 2018 were +1.06°, +1.06°, and
+0.56°C, respectively. 2016 was considerably drier than the
long-term mean. About 34.2 cm of rainfall was observed,
compared with the 20-yr mean of 47.9 cm. In 2017 and 2018,
total precipitation was +7.88 and —9.09 cm, respectively, dif-
ferent from the 20-yr mean.

b. Efficacy of the MOST and Riy, parameterizations as a
function of time of year

1) ARIZONA SITE

Over the 3-yr study period at Audubon, §H was typically
larger for the Richardson parameterizations than for the
MOST parameterizations, and there was a notable seasonal
cycle to these biases (Fig. 6a). The largest 6H exceeded
100 W m™? in the Richardson parameterizations under dry
conditions. In these instances, the maximum observed H was
around 300 W m ™2 but upward of 450 W m~? in the Richard-
son parameterizations. These conditions were the most com-
mon premonsoon but decreased at the monsoon’s onset. This
decrease also coincided with a SLE decrease (Fig. 6b). Values
of SLE were generally positive throughout the year but be-
came negative during the monsoon, with the largest negative

biases in LE occurring during the 2016 and 2017 monsoons.
Mean daytime Su, and 6TKE were typically largest premon-
soon in the Richardson parameterizations (Figs. 6¢,d). In gen-
eral, the Richardson parameterizations had a positive u. and
TKE bias throughout the year. Biases in the MOST parame-
terizations for these quantities were negative, and the most
negative biases in the MOST parameterizations exceeded
1 m? s~2 premonsoon.

2) TEXAS SITE

The annual variability in mean daytime 6H for MOST and
Richardson parameterizations, in general, exhibited a positive
bias during the cool season and a negative bias during the
warm season (Fig. 7a). Unlike at Audubon, though, the mag-
nitude of mean daytime 6H was smaller for the Richardson
parameterizations than for the MOST parameterizations.
Mean daytime SLE was comparable between the two parame-
terizations and was typically most negative during the warm
season (Fig. 7b). During this time, the errors were quite large
and highlight some of the difficulties obtaining reliable pa-
rameterized moisture fluxes (e.g., Lee and Buban 2020; Lee
et al. 2021). The magnitudes of the mean daytime Su, were
larger at the RTC than at Audubon, but there was little sea-
sonal or interannual variability in du., and the biases were of-
tentimes larger for the Richardson parameterizations than for
the MOST parameterizations (Fig. 7c). Mean daytime §TKE
was also larger at the RTC than at Audubon, and the Rich-
ardson parameterizations generally had a positive bias,
whereas the MOST parameterizations had a negative bias
(Fig. 7d).
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FIG. 7. Mean monthly daytime (0800-1600 LST): (a) 8H, (b) SLE, (c) éu,, and (d) STKE at the RTC between
1 Jan 2016 and 2019 for the MOST parameterizations (red line) and Richardson parameterizations (blue line).

When we compare the findings from the two sites, we find
that the errors in the Richardson parameterizations and
MOST parameterizations are more similar at Audubon than
at the RTC. As highlighted in the previous section, these two
sites have characteristic differences, despite both being located
in arid ecosystems. In particular, the observed differences in
the results for both the Richardson and MOST parameteriza-
tions were nontrivial for the two kinematic parameters (i.e., u,
and TKE). For example, du, and STKE are more positive in
the Richardson parameterizations than in the MOST parame-
terizations at both sites. There is also evidence of the presence
of a seasonal cycle in §TKE, which is most pronounced and
consistent across years for the MOST STKE. These results
most likely suggest the presence of a systematic bias across dif-
ferent years that results in higher absolute biases for the Rich-
ardson parameterizations than the MOST parameterizations,
as noted in their seasonal amplitudes for Audubon, while the
reported absolute biases appeared to be similar for the RTC.
The most negative MOST 6TKE occurred during the premon-
soon at Audubon and from approximately the late winter to
early summer at the RTC.

Some of the differences that we find in the efficacy of the
parameterizations at Audubon and RTC can be explained by
different synoptic-scale processes at the two sites. At the RTC,
ABL and SL mixing and turbulence generation are signifi-
cantly influenced by near-surface mechanical mixing processes
due to generally high wind speeds in the region because of
RTC’s location downwind of the Mexican Plateau. Also, the
RTC and the adjacent region are characterized by frequently
occurring mesoscale boundaries (which are most common during
the spring and early summer), which distinguish maritime, moist

tropical air masses from continental dry air masses originat-
ing in arid regions in northern Mexico, eastern New Mexico,
and western Texas. The various aspects that cumulatively
define the weather features and climatological patterns of
the site include frequent extreme temperatures (i.e., hot
summers and cold winters), high variability in daily temper-
ature ranges, frequent synoptic events, sustained high-wind
regimes, high aerosol loading due to dust, low soil moisture
caused by low annual precipitation, and severe weather sys-
tems associated with dryline passages (e.g., Kimmel et al.
2016; Anand and Pal 2023; Lee et al. 2023b; Das et al. 2024).
These characteristic features most likely yielded the ob-
served differences in the errors for both schemes, in particu-
lar for the kinematic parameters.

c. Efficacy of the MOST and Rij, parameterizations as a
function of Bowen ratio

1) ARIZONA SITE

Discussion so far of the parameterizations’ efficacy has fo-
cused on how the errors vary during the 3-yr study period but
has not noted the parameterizations’ efficacy under varying
near-surface micrometeorological conditions. As was shown
at Audubon, there were considerable differences in §H and
OLE premonsoon as compared with during the monsoon.
Therefore, we evaluated how the efficacy of the MOST and
Richardson parameterizations varied with ambient surface
moisture conditions using the different B quintiles introduced
in section 4b. We found that 6H and H RMSE at Audubon for
MOST parameterizations were consistently lower than the
Richardson parameterizations across all 8 quintiles (Figs. 8a,b).
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FIG. 8. (a) MBE, (b) RMSE, and R? between the MOST-parameterized (red circles) and Ri,-
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10 m s~ '. The MBE and RMSE for H and LE have units of watts per square meter; the #, MBE
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of meters squared per seconds squared. Vertical black lines are used to separate among the dif-

ferent variables.

The term SH for the lowest B quintile (i.e., moist near-surface
conditions) for the MOST (Richardson) H was 26 W m >
(64 W m™?) and generally increased as a function of increasing
B such that the largest B (i.e., for relatively drier surface condi-
tions) had 8H of 50 Wm ™2 (151 W m™?).

Under moist conditions (i.e., instances with the smallest ),
S6LE for the MOST and Richardson parameterizations were
fairly small, i.e., 3 and —5 W m ™2, respectively. The SLE for
the other B quintiles were considerably larger and were larg-
est for the largest B quintiles, whereby 6LE was 155 and
139 W m~2, for the MOST and Richardson parameterizations
respectively. The éu, and RMSE for both the MOST and
Richardson parameterizations generally increased as a func-
tion of B. The term du, ranged from —0.022 to 0.001 m s !
and from —0.0002 to 0.02 m s~ ! from the smallest B to the
largest B for the MOST and Richardson parameterizations,
respectively. The STKE had a negative bias for the MOST
parameterization and generally decreased as B increased,
whereas 6TKE for the Richardson parameterization showed
relatively little 8 dependence.

The values for R* were the largest for the MOST and
Richardson parameterizations of H and u., but here as well as
in the LE and TKE parameterizations, R* was larger for the
MOST parameterizations than for the Richardson parameter-
izations (Fig. 8c). The difference in R? was the largest for the
TKE parameterizations, as the MOST parameterizations
showed better performance than the Richardson parameter-
izations across all B quintiles. Whereas R increased as a func-
tion of B for the TKE parameterizations, R*> for the LE
parameterizations varied considerably between small 8 and
large B. When B was small, R*> was around 0.5, but decreased
to <0.25 above the ~50th B percentile for both the MOST
and Richardson parameterizations.

These findings indicate that both of these parameterizations
perform better under more moist near-surface conditions
(i.e., relatively lower B and relatively larger LE) than under
drier conditions (i.e., relatively larger B and relatively smaller
LE). These results are in agreement with Wulfmeyer et al.
(2023) who found that the MOST and Richardson parameter-
izations’ prediction of LE was suboptimal compared against
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FI1G. 9. As in Fig. 8, but for RTC.

their prediction of H and u.. Similarly, Lee et al. (2023b)
found that the MOST and Richardson parameterizations for
H struggled under dry conditions when both H and B were
large. In contrast, however, Marti et al. (2022) noted the
MOST parameterizations for H had difficulty under moist
conditions.

2) TEXAS SITE

At the RTC, we found that 6H showed little dependence as
a function of B. The term 6H was quite similar for the MOST
and Richardson parameterizations, as §H for the lowest 8
quintile for the MOST parameterization (Richardson parame-
terization) was 15.8 W m ™2 (0.39 W m~2), and for the highest
B quintile, the MBE for the MOST parameterization
(Richardson parameterization) was 4.7 W m™2 (1.7 W m™?)
(Fig. 9a). Similarly, the RMSEs exhibited little dependence on
B and were around 77 W m ™ for the MOST parameterization
and 63 W m™? for the Richardson parameterization (Fig. 9b).
Whereas the MBEs and RMSE:s for the H parameterizations
showed little dependence on B, R increased as f increased,
and R* was larger for the Richardson parameterization than
for the MOST parameterization (Fig. 9c).

The S6LE for the MOST and Richardson parameterizations
generally increased with B (Fig. 9a) but had a negative bias
across all B quintiles. The absolute biases were larger for
the Richardson than for the MOST parameterizations, with

negative biases of up to around 80 W m ™2 for the lower 8 val-
ues. However, there was large variability within these values,
as standard deviations were about 2-3 times larger than the
standard deviations for the H parameterizations, resulting in
low R? (Fig. 9c), which contributed to smaller RMSEs for the
Richardson than for the MOST parameterizations of LE for
all B quintiles (cf. Fig. 9b). The low R* are comparable with
values reported in previous work evaluating the efficacy of
the MOST and Richardson parameterizations for LE over
other areas (e.g., Lee et al. 2021). Difficulties parameterizing
LE have been reported to arise due to land surface heteroge-
neities (e.g., Detto et al. 2008) and moisture advection (e.g.,
Lee et al. 2004), which are processes that are not directly rep-
resented within the moisture parameterizations themselves.
Given the relative homogeneity of the area surrounding RTC,
we expect advection, rather than land surface heterogeneities,
to have a larger impact on the efficacy of the parameteriza-
tions at this particular site.

Although the Richardson parameterizations of H and LE
at the RTC performed better than the MOST parameteriza-
tions for H and LE, based on the lower RMSEs and larger R*
in the Richardson parameterizations as compared with the
MOST parameterizations, the efficacy of the MOST u, and
MOST TKE parameterizations was better than the efficacy of
the Richardson u, and Richardson TKE parameterizations.
Both the MOST and Ri, u, parameterizations had a mean
positive bias, but the bias was larger for the Richardson
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parameterizations across all quintiles of 8 than for the MOST
parameterizations (Fig. 9a). In contrast, the MOST (Richard-
son) TKE parameterizations had a mean negative (positive)
bias across the B quintiles. The RMSEs for the u, and TKE
parameterizations decreased as a function of 8 but were con-
sistently lower for the MOST parameterizations than for
the Richardson parameterizations (Fig. 9b). The R? for the
MOST and Richardson parameterizations of u, and TKE in-
creased with increasing 8, and R*> was larger for the MOST
parameterizations than for the Richardson parameterizations
(Fig. 9c).

d. Evaluation of parameterizations’ efficacy as a function
of Bowen ratio: Daytime variability

1) ARIZONA SITE

The differences we found between the parameterized and
observed heat, moisture, and turbulent fluxes occurring as a
function of B are further illustrated in the mean diurnal cycles
of these differences. In the lowest quintile of 3 (i.e., moist on-
site conditions), mean maximum differences between the
MOST parameterizations for H and observed H were around
30 W m~2 but ~100 W m ™2 for the Richardson H parameter-
izations (Fig. 10a). For the larger 3, mean daytime differences
between the MOST parameterizations of H and observed H
were consistently around 60 W m~2. The Richardson parame-
terizations of H for the smallest 8 was maximized around
100 W m ™2, but was nearly double this value for the larger
values of B. Unlike for the H parameterizations, the Richard-
son parameterizations performed slightly better than the LE
MOST parameterizations for different 8 (Fig. 10b), and the
largest errors in the mean daytime cycles occurred when 8
was largest.

In case of the u, parameterizations, the MOST parameter-
izations had a negative bias of about 0.03 m s~! during the
daytime that varied little as a function of ambient moisture
conditions, although we note that the largest underestima-
tions occurred during the daytime for the lowest 8 quintile

(Fig. 10c). The Richardson parameterizations showed the op-
posite pattern, and the differences had larger dependence on
B. Although u, biases in the Richardson parameterizations
were positive during the daytime, the bias increased as a func-
tion of B.

When evaluating the MOST and Richardson TKE parame-
terizations as a function of time of day and different B, we
found that the magnitude of the negative bias in the MOST
TKE parameterizations became larger during the daytime
and, in general, increased as a function of B, ranging from
about 0.5 m? s~ for the smallest B to 1 m* s~ 2 for the largest
B. The absolute value of the maximum bias also occurred
around 1400-1500 LST, whereas maximum bias occurred sev-
eral hours earlier for the Richardson parameterizations, i.e.,
0900-1000 LST. Additionally, the daytime TKE bias in the
Richardson parameterization decreased during the daytime,
becoming slightly negative during the early afternoon for all 8
quintiles.

2) TEXAS SITE

When we evaluated the parameterizations as a function of
B and time of day at the RTC, we found that the H and LE
parameterizations showed little dependence on B across the
different B quintiles, and there was generally a mean negative
daytime bias for H and LE parameterizations (Figs. 11a,b).
Furthermore, 6LE was typically negative during the daytime
for all B quintiles, and the magnitude of this bias was larger
for the Richardson parameterizations than for the MOST pa-
rameterizations. As we showed earlier, there was a positive
daytime bias in the u, Richardson parameterizations that was
considerably larger than 6u, for the MOST parameteriza-
tions. The positive daytime bias in the Richardson parameter-
izations was consistent with what we found at Audubon, but
the bias was larger at the RTC than at Audubon. The analyses
of du, as a function of time of day indicate that this bias, of
about 0.1 m s, is present throughout the daytime and does
not largely vary as a function of the different B quintiles
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FIG. 11. Asin Fig. 10, but for RTC.

(Fig. 11c). The Richardson parameterizations for TKE also
had a positive bias, and this bias was largest between 0800 and
1200 LST for all B quintiles. The magnitude of this mid- to
late morning maximum increased as a function of 3, as it was
~1 m? s~ for the lowest 8 (i.e., moist conditions), but ~1.5 m?s 2
for the largest B8 quintiles (i.e., moist conditions, Fig. 11d). Ad-
ditionally, the MOST parameterizations of TKE had a nega-
tive bias present throughout the day. The absolute value of
this bias was largest a few hours later than the maximum MBE
for the Richardson parameterizations, and its magnitude was
similar to the magnitude of the MBE for the Richardson pa-
rameterizations of TKE.

e. Parameterization efficacy when B <1 and B > 1

Differentiating between regimes in which g < 1 (i.e., com-
paratively moist) from regimes in which 8 > 1 (i.e., compara-
tively dry) allows us to investigate the local dependence of the
parameterizations’ efficacy on B irrespective of the site-
specific B quintile. We found that the mean cycle in 6H, §LE,
éu.,, and 6TKE for the MOST and Ri, parameterizations un-
der conditions when 3 < 1 agreed well with our findings re-
ported in the previous section for the smallest 8 quintiles at
both Audubon (Fig. 12) and at the RTC (Fig. 13). The same
was true for when B8 > 1, which generally represents the aver-
age of the second through the fifth quintiles. When 8 > 1, the
6H, 6LE, éu., and §TKE mean diurnal cycle for the MOST
and Ri, parameterizations agreed well with the mean diurnal
cycle in 6H, 8LE, éu., and §TKE for the MOST and Ri, pa-
rameterizations for the largest 8 quintiles at both sites.

Furthermore, at Audubon, SLE exceeded 100 W m ™2 when
B > 1 (and thus LE was by definition smaller than when
B < 1), which results in the decrease in the correlations shown
in Fig. 8 when going from lower to higher values of 8. The effect
was also seen, although to a lesser extent, in 6H at Aubudon, as
8H increased by about 50 W m™2 from 8 < 1 (and compara-
tively smaller H) to B > 1 (and comparatively larger H)
(Figs. 12a,b). The impact of going from B < 1to B > 1 on 6H
and SLE was more muted at the RTC (Figs. 13a,b). At both

sites, 6u, and 6TKE did not depend on if B < 1l orif g > 1
(Figs. 12¢,d and 13c,d).

6. Summary and conclusions

In this study, we used 3 years of meteorological and flux ob-
servations obtained from two long-term monitoring sites lo-
cated in semiarid climate regimes in the southwestern United
States to investigate how the efficacy of different SL parame-
terizations for heat, moisture, and turbulent fluxes varies as a
function of different near-surface moisture conditions. We
distinguished among these conditions using the Bowen ratio.

We found that, when averaged between 0800 and 1600 LST,
the MOST H parameterizations performed better than the
Richardson H at Audubon, based on the former having lower
RMSE and larger R? across the different 8 quintiles. The op-
posite was true for the H parameterizations at the RTC, where
the Richardson H parameterizations performed better than
the MOST parameterizations for H. Furthermore, our results
showed that, at Audubon, R? for LE decreased from 0.5 to
<0.25 from very low values of B (i.e., relatively moist surface
conditions, i.e., regimes I and II) to very high values of B (i.e.,
relatively dry surface conditions, i.e., regimes III, IV, and V).
This phenomenon is classically explained by the absence of
soil moisture, yielding larger H and, consequently, larger 3.
On the other hand, one also should note regimes II, IIL, IV,
and V B for both sites (cf. Tables 1 and 2); the median g for re-
gime II for the RTC site was actually close to regime III at
Audubon, which also partly explains the lower R* values for
LE for all regimes. Furthermore, at both Audubon and RTC,
the MOST parameterizations better represented u, and TKE
than the Richardson parameterizations.

On diurnal time scales, the H and LE biases increased as a
function of increasing B at Audubon, but this pattern was
largely absent from the RTC during the study period. At
Audubon, the MOST parameterizations had a negative daytime
bias, whereas this pattern was opposite and was of the same
magnitude for the Richardson parameterizations. At the RTC,
the u, MOST parameterizations generally had a negative bias
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present throughout the day, but the u, Richardson parameter-
izations generally had a positive bias. In both instances, these
biases showed little B dependence. The MOST TKE parame-
terizations had a negative daytime bias at both sites, but the
absolute value of this bias was larger at Audubon than at
the RTC. At the RTC, the bias generally remained positive
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throughout the daytime and, as with Audubon, the bias did
not vary with .

We conclude that the efficacy of MOST and Richardson-
based SL parameterizations does not strongly vary as a func-
tion of B because the impact on B was nearly the same for
both of these SL parameterizations. This finding was evident
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by the absence of a consistent relationship between the re-
spective parameterizations’ efficacy and B. Furthermore, the
results from the two sites suggest that the parameterizations’
efficacy is largely site-specific. Tuning the empirically derived
fitting coefficients referenced in section 2, as well as quantities
such as the heat roughness length (i.e., z¢;) to specific sites,
and surface moisture regimes, is the possible next step to fol-
low up on this work.

Overall, the findings are consistent with previous work in
the literature, highlighting contrasting findings with respect to
the performance of SL parameterizations in moist versus dry
near-surface conditions (i.e., Marti et al. 2022; Lee et al.
2023b). Furthermore, this also indicates that caution is needed
when Richardson-based SL parameterizations are applied to
semiarid climatic regimes, based on the efficacy of Ri, SL
parameterizations compared with the MOST-derived SL
parameterizations.
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