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Abstract

This paper reports analysis of eddy-covariance data collected during the WFIP2 field cam-
paign in the complex-terrain of the US Pacific Northwest. A 31-day period representative
of the region’s dry season was used to address the following questions: (1) To what extent
does the Constant-Flux Layer (CFL) assumption hold? (2) What is the spatial variability of
turbulent and momentum fluxes over km scales? and (3) How skilful are the surface-layer
parameterizations of mesoscale models? These questions are directly relevant to subgrid
parameterization studies of mesoscale models. Results show that the efficacy of the CFL
concept and the spatial variability of turbulent and momentum fluxes are dependent on: (i)
the turbulent parameter being analysed, (ii) the measurement’s location, (iii) the atmospheric
stability regime (determined by the flow and vertical stratification), and (iv) the magnitude
of the flux. Finally, the skill of the physics formulation of an often-used surface-layer param-
eterization scheme available in the Weather Research and Forecasting (WRF) model was
also evaluated. Meteorological conditions associated with the highest and the lowest errors
were identified. A metric to quantify (time-dependent) flow heterogeneity is proposed, which
appears to be a good candidate to predict the skill of idealized surface-layer parameterization
schemes in complex terrain.
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1 Introduction

Complex-terrain flows cover multiple space—time scales and are associated with steep gradi-
ents of meteorological variables that depend on the complexity of the terrain and background
forcing (Fernando 2010). Complex terrain weather has many societal applications, such as,
prediction of air quality (Giovannini et al. 2020), aviation hazards (Gultepe et al. 2019),
wildfire control (Carvalho et al. 2020), agricultural damage from frost due to cold pooling
(Chung et al. 2006), wind energy (Haupt et al. 2019), and anomalous rainfall and flooding
(Luchetti et al. 2020). These applications rely on mesoscale Numerical Weather Prediction
(NWP) models that use 1-30 km horizontal grid sizes, where atmospheric motions such
as fronts, tropical storms, land/sea breeze, mountain/valley circulation, and thunderstorms
can be captured (Sati and Mohan 2021). Yet, microscale (1-100 m) turbulent eddies within
the Atmospheric Boundary Layer (ABL) that are key to the exchange of momentum, heat,
and mass in the atmosphere are not properly represented in NWP models (Maronga et al.
2020). In particular, terrain heterogeneities (complex terrain) pose challenges for accurately
calculating turbulent fluxes of momentum, heat, and moisture in the Atmospheric Surface
Layer (SL) (Martins et al. 2009; Liang et al. 2020), wherein important interactions between
the surface and air aloft takes place (Wouters et al. 2012). Terrain heterogeneities can modify
surface drag, turbulent mixing, and heat transfer, and they can interact with the background
flow at multiple space—time scales, generating a wide range of meteorological phenomena
including but not limited to internal boundary layers, thermal winds, critical layers, lee waves,
and rotors (Garrat 1994; Fernando et al. 2010; Kadivar et al 2021).

In NWP models, turbulent fluxes as well as winds, temperature, and moisture at the lowest
computational level are represented using physics-based expressions known as Surface Layer
parameterization schemes (hereafter SL schemes) (Stull 1988; Nakanishi and Niino 2009;
Jiménezetal.2012). These SL schemes rely on the assumed presence of a Constant-Flux Layer
(CFL) where turbulent fluxes of momentum, heat, and moisture are approximately constant,
and the existence of a CFL is the basis of the Monin—Obukhov Similarity Theory (MOST)
developed for Flat and Homogeneous Terrain (FHT) (Obukhov 1946; Monin and Obukhov
1954). The terms Surface Layer (SL) and CFL are used in the literature interchangeably.
Even for nearly idealized FHT in nature, turbulent fluxes change with height, and their
vertical gradients often peak near the ground where turbulent fluxes tend to be the highest.
As pointed out by Wyngaard (2011), nonetheless, when non-dimensionalized by SL scales,
these gradients become negligible, and hence the name CFL.

In practice, over FHT, where the applicability of MOST has been well established (Panof-
sky and Dutton 1984; Wyngaard 2011), a CFL is said to exist over the height where
turbulent fluxes vary less than 10% (Kaimal and Businger 1970). Nonetheless, SL schemes
are employed for all types of terrain, including complex terrain, for which only a few authors
have explored the validity of the CFL approximation. For instance, Nadeau et al. (2013)
studied the vertical variability of turbulent heat and momentum fluxes over a steep alpine
slope (25°-40°) near La Fouly, Switzerland, and Sfyri et al. (2018) did the same (with the
addition of water vapor fluxes) for the Inn Valley, Austria. They both reported variations in
turbulent fluxes that exceed by an order of magnitude validity thresholds commonly used for
MOST. Nadeau et al. (2013) used a 10% threshold for the first 6 m above the ground, and
Sfyri et al. (2018) used a 20% threshold for the first 20 m above the ground (which was used
in this study). Dan Li et al. (2018) found that when a CFL is assumed in the Atmospheric
Surface Layer, several constraints are imposed on high-order fluxes and their gradients, thus

@ Springer



Subgrid Variability of Atmospheric Surface-Layer Parameters 231

understanding when the CFL breaks down in complex terrain is of great importance, not only
for its obvious impact on the skill of SL schemes.

This article uses eddy-covariance data obtained in an area of complex terrain of horizontal
dimensions comparable to a single grid cell of a mesoscale model (~1 to 3 km) during the
Second Wind Forecast Improvement Project (WFIP2) field campaign (Wilczak et al. 2019)
to address three research questions: (1) To what extent does the CFL approximation hold in
complex terrain? (2) What is the horizontal spatial variability of turbulent heat and momentum
fluxes in the area studied, which is within subgrid scales of mesoscale models, and (3) Is the
Monin—Obukhov (MO) theory developed for FHT and used by SL schemes in NWP models
capable of representing the friction velocity for the entire instrumented site, and under what
conditions it tends to fail?

2 Methods
2.1 Dataset

The data analyzed and discussed herein were obtained during the WFIP2 experiment that
took place in the Columbia River gorge and basin region of the US Pacific Northwest (OR
and WA) between 2015 December and 2017 January. Specifically, the three components of
wind velocity and sonic temperature were obtained with an array of meteorological towers
equipped with multiple levels of sonic anemometers (at 20 Hz). The vertical profiles of wind
speed and direction up to 200 m above ground level (agl) were measured with a SODAR
(hereafter, for brevity, agl will not be used when describing the heights).

The instruments covered a region of complex terrain comparable to the horizontal dimen-
sions of a single grid cell of a high-resolution Numerical Weather Prediction (NWP) model
(AX, AY ~ 1to 5 km). This region was located ~ 8§ km southwest from Rufus (OR) and
5 km North from Wasco (OR). The layout of the towers and the terrain elevation are given in
Fig. 1a. The elevation profile of the tower transect for T1, T2, T6, and T11 (indicated by the
red line in Fig. 1a) is shown in Fig. 1b. The 10-m tower and the SODAR at site T1 are shown
in Fig. 2a, and the 21-m tower at site T6 is shown in Fig. 2b. This transect had an approxi-
mately East—West (EW) direction, and it spanned a distance ~ 2.6 km, characterized by an
average slope of 5% and an elevation difference of 40 m. Figure la and b were generated
using terrain data with 1/3 arc seconds (~ 10 m) horizontal resolution downloaded from the
National Elevation Dataset (NED) at https://nationalmap.gov. The exact coordinates, terrain
elevation, type of instrumentation, and measurement heights are listed in Table 1 for all sites.
Additional details regarding the T1 observation site (Physics Site PS01), the instrumentation,
and the data can be found in Grachev et al. (2020, 2022).

2.2 Data Quality Control

As listed in Table 1, the operation of towers in Fig. 1 was done by multiple research orga-
nizations. To minimize uncertainties associated with different tower operators, the raw data
for all towers were processed using the same quality control procedures developed for the
University of Notre Dame (UND) towers. This included sequentially: (i) visual inspection
of data, (ii) removal of outliers, defined as points with differences higher than four standard
deviations from the median, and (iii) tilt correction using the planar-fit method that aligns
the sonic anemometer coordinate system into a mean streamline coordinate system to reduce
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Fig. 1 a Colormap of Elevation for the instrumented region. Towers and wind turbines are indicated by the
circle and cross symbols, respectively, and the local terrain elevation is indicated for all tower sites. b Elevation
profile for East—West transect of UND towers (red line in Fig. 1a)

crosswind errors when calculating fluxes (Wilczak et al. 2001). In addition, to minimize wake
effects from the towers and wind turbines located in the eastern part of the domain (Fig. 1a),
only data associated with wind direction in the sector 240°-290° was used in the statistical
analysis of Sects. 3.2 and 3.3.

2.3 Micrometeorological Conditions During Study Period

For this study, a 31-day period between 27 August to 26 September, 2016 was selected in
view of (i) the availability of a complete dataset from the towers and SODAR, (ii) presence
of dry soil conditions for ABL turbulence studies, and (iii) ideal meteorological conditions
for the study of CFL validity and the evaluation of SL schemes, which were identified with
selected values of wind speed, wind direction (6), and Obukhov length L, with the latter
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Fig. 2 a ND tower T1 with two levels of sonic anemometers and co-located instrumentation of collaborators
(SODAR and solar/soil measurements). b ND tower T6 with three levels of sonic anemometers

Table 1 Tower’s location, height, and elevation in meters above sea level (masl)

Tower LAT LON Elevation Sonic Model Deployed by
(masl) levels
(m)
T1 45.637 — 120.679 428 3,10 Young RM University
T 45.638 ~ 120.672 445 3,10, 17 8100 "Df Notre
ame
T6 45.6378 — 120.651 475 3,10, 21 (UND)
Ti1 45.6394 —120.646 484 3,10
T3 45.648 —120.673 405 10 Metek USA-1  Argonne
T9 45.628 ~ 120.676 439 10 National
Laboratory
(ANL)
T4 45.641 — 120.663 426 10 Gill R3-50 Pacific
T5 45.6369 — 120.663 449 10 Northwest
National
T10 45.6337 — 120.661 458 10 Laboratory
(PNNL)

defined according to Eq. 1:

3
L=——"%_ o)
kg Q1
2 2 i
u*:<uw +vw>, 2)
Or =w'Ty, 3)
—1
a=T, 4
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where u, is the friction velocity (defined in Eq. 2), Q7 is the turbulent temperature flux
(defined in Eq. 3), « is the thermal expansion coefficient (defined in Eq. 4), « is the von
Karman constant, and g is the gravitational acceleration.

The terms «'w’ and v'w’ in Eq. 2 correspond to the longitudinal and lateral momentum
fluxes, respectively. The overbar operator indicates the covariance of high-frequency quan-
tities (u/w/, vrw/, and wrTy/) over a 15-min interval, with (u’, v’, w’) and (7)) velocity and
temperature fluctuations measured with sonic anemometers, respectively.

In Fig. 3a—c, the black dots correspond to 15-min averaged wind speed, wind direction
(theta) calculated from the averaged wind components, and Obukhov length at z = 10 m and
spatially averaged across all 9 towers, (V), (8), and (L), respectively. The spatial variability
of the measurements ({-) & oy) is indicated by the light-blue shaded region.
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Fig. 3 Time series of a wind speed, b wind direction, and ¢ Obukhov length. The angular brackets (.) indicate
the variables (V, 6, or L) were averaged in space across all 9 towers (black dots in a—c).The light-blue shaded
area corresponds to the spatial standard deviation of measurements across all 9 towers (oy). The cyan dots
in ¢ correspond to a ‘bulk’ Obukhov length Lj,;,;. The data was smoothed with a 1-h averaging window for
convenience of visualization
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Table 2 Stability classification

based on Obukhov length scale Class of flow Obukhov length (L*) Stability parameter
(L) threshold and stability (¢ =zL""
parameter at z = 10 m

Unstable (U), When —200 < L <0 £ < —-0.05

Stable (S) When 0 < L <200 £>0.05

Neutral (N) When |L| > 200 —0.05 <& <0.05

The ideal meteorological conditions selected from the 31-day period used in this study
included (i) identifiable quiescent and transitional winds separated by a windspeed threshold
of 5 ms~! (dashed line in Fig. 3a), (ii) frequent westerly winds in attendance and defined by
wind directions in the sector 240°-290° (indicated by the two dashed lines in Fig. 3b), and
(iii) three distinct stability regimes based on the Obukhov length at z = 10 m and consistent
with previous studies (Moraes et al. 2005; Tampieri et al. 2009; Munoz-Esparza et al. 2012;
Sfyri et al. 2018; Bodini et al. 2019), as indicated in Table 2.

In Table 2, L is the Obukhov length in meters (Eq. 1), and threshold values L = 200 m
are indicated by the two dashed lines in Fig. 3c.

To illustrate the spatial variability of the Obukhov length within spatial scales comparable
to the finest grid-cells of mesoscale models, a bulk Obukhov length (L) was calculated
according to Eq. 5, which is analogous to Eq. 1, but with spatially averaged values of u,., Ot
and « across all towers, as indicated by the angular brackets:

Lipuk = —(7, ©)

where (u*) is the observed friction velocity spatially averaged across all 9 towers and calcu-
lated according to Eq. 6 as:

1 N
(u >:N;” (xi, 1). (©6)

And u*(x;, t) is the friction velocity at z= 10 m measured at site x; (withi = 1,2, ..., N),
with N = 9 the number of towers. Similarly, («) and (Qr) are the spatially averaged thermal
expansion coefficient and temperature flux across all 9 towers. Given the similarity of (u*)
to the definition of Ly, (u™) can be thought of as a ‘bulk’ friction velocity.

The values of Ly, (cyan dots in Fig. 3c) are in general agreement with the spatially
averaged values of L (black dots in Fig. 3c); however, note that during periods of high
variability between the towers (high oy ), differences between L and L, can be important.
The reasons of these differences are beyond the scope of this article and call for more detailed
studies in complex terrain at small horizontal scales (1-3 km).

2.4 Evaluation of Surface Layer Schemes

The instrumented domain (Fig. 1a) was designed to study subgrid physical processes of NWP
models. To this end, we aim to quantify errors introduced when using idealized SL schemes
for complex terrain and to reveal how these errors vary with atmospheric conditions. One
of the most popular SL schemes of the Weather Research and Forecasting (WRF) model
(Skamarock et al. 2008) is WRF SL option 1 (Jiménez et al. 2012), which is an improved
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version of the SL scheme introduced by Skamarock et al. (2008) and based on the fifth-
generation Mesoscale Model (MM5) (Grell et al. 1995).

The physics formulation of WRF SL option 1 is based on Monin—Obukhov Similarity
Theory (MOST), and it calculates the friction velocity according to Eq. 7:

e
tog (%) = v (F)

where z is the height, « = 0.4 is the von Karmén constant, U is the wind speed at the lowest
computational level, zo the roughness length, z/L the stability, and v, ; the integrated
Monin—-Obukhov similarity function of momentum (or heat) defined according to Eq. 8,

Uy

@)

z /L dg
V(1) = / -l ®)

where the dimensionless wind shear ¢,, and potential temperature gradient ¢, are defined
according to Eq. 9 and Eq. 10, respectively,

and,
(%) = %2—2 (10)

with 6, a temperature scale calculated with Eq. 11,
_ k(Ba—6y)
x — - N >
log(i) —¥n($)

where 6, and 6, the air and ground surface potential temperature, respectively.

In order to use Eq. 7 in a mesoscale model (i.e., WRF), z¢ is retrieved from the Land
Surface Model (LSM), while the stability z/L is calculated by the SL scheme; and in the
case of WRF SL option 1 with Eq. 12,

(an

4 g O
=2 12
L KOGZMZ (12)

*

For more details on WRF SL option 1, see Jiménez et al. (2012).

Alternatively, in this study we implemented Monin—Obukhov (MO) equations to calculate
time series of friction velocity for the period 27 August-26 September, 2016. This was
preferred over running a complete WRF simulation in view of the difficulty of isolating the
SL scheme from the LSM, and as it reduces uncertainties associated with inaccurate values
of the roughness length, wind speed, and stability parameter, that were passed directly from
the measurements and into the implemented MO equations solved by WRF SL option 1.

The roughness length z( was estimated using: (i) The combined wind speed measurements
from the tower and the SODAR at site T1 and (ii) The three instrumented levels at towers
T2 and T6 during periods with westerly winds and Neutral (N) conditions according to the
classical methodology of Panofsky (1962). To reduce uncertainty of zg, westerly winds were
defined as being in the segment 270 + 5°. As mentioned, (Sect. 2.3), N conditions were
identified with |L| > Lrg, with Lrg = 200. For details on the velocity profiles used in
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these calculations, see Figs. 17, 18, 19 in Appendix. The roughness length zo= 0.013 m so
obtained was used to calculate the friction velocity according to Eq. 13:
Uy = k) . (13)
log(£) = v (($))

Considering that many high-resolution simulations have grid-sizes ~ 1-3 km (Hong and
Dudhia 2012), tests were conducted on the ability of the selected SL scheme to capture a
friction velocity that agrees with the observed spatially averaged friction velocity. The friction
velocity at z = 10 m was simulated, considering that all towers had instruments at that height
and that the first level of NWP models is typically set to 10 m.

Given the dependence of u, on the local wind speed and stability (Eq. 7), these variables
were spatially averaged for z = 10 m at all sites, as indicated by the brackets in Eq. 13.

3 Results
3.1 Stability Regimes

Typical ASL parameterizations diagnose the friction velocity and temperature fluxes in terms
of the stability parameter z /L, but in reality, the latter is variable within a grid cell. To illustrate
this variability, for the Aug 27 to Sep 26 period, we calculated the percentage of time the
stability regimes Unstable (UN), Neutral (N), and Stable (S) occurred at each tower location.
For each stability regime, the results were averaged across all towers, and consistent with
Sect. 2.3, only periods with wind direction in the [westerly] sector 240°-290° are considered
here and in Sects. 3.2 and 3.3.

As shown in Fig. 4, the UN, N, and S stability regimes were observed approximately
49 (49), 13 (15), and 37 (35) percent of the time, respectively. The parenthetical values are
the percentages evaluated with the bulk Obukhov length (Lp,;x) described in Sect. 2.3. The
higher number of UN cases (49%) compared to S ones (37%) is due to the fact that winds in
the sector 240°-290° are more frequently observed during daytime conditions for this season
of the year.

The good agreement between the green and the brown bars in Fig. 4 suggests the overall
stability of the instrumented region can be characterized with either (L) or Ly,;x. The error

Fig. 4 Percentage of time the
stability regimes UN, N, and S
were present during Aug 27 to
Sep 26. Calculations were made
for each tower, and the average
across all towers is shown by
teal-blue bar with the error bar
indicating the maximum and
minimum values. The brown bar
corresponds to the distribution of
stability regimes calculated using
the ‘Bulk Obukhov length’ L,k
(Sect. 2.3)

Il Towers
I Bulk

34.7

13, 15.6

Percentage of Time (%)

Unstable Neutral Stable
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bars in Fig. 4 are associated with the spatially averaged stability (green bars), and for each
stability regime (UN, N and S), they indicate the maximum and minimum percentage of the
time the same stability was observed at any of the towers.

To further interpret these results, Fig. 5a shows the percentage of time each stability
regime was reported for all tower locations, where the blue, grey, and orange horizontal lines
correspond to the percentage of time the UN, N, and S regimes assessed with Lp,;x were
reported, respectively. The tower locations and terrain elevations corresponding with the data
plotted in Fig. 5a are shown in Fig. 5b.

The higher spatial variability reported for the stable regime and indicated by the error
bars in Fig. 4 was affected by the smaller number of stable cases at site T3. This site had an
elevation of 405 m and it was located about 1 km north from site T2 (see Fig. 5b). At site
T3, winds in the sector 240°-290° were less frequent than at other locations, and when they
occurred, they were associated with higher values of friction velocity. In addition, at this site
the range of variability of the Obukhov length was bigger than for the rest of the towers ( —
400 m to 400 m), and several cases with values of L* > 0 fell in the neutral regime.
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T T T T T T T T T 7 | Unstable
60 2 - | Neutral
X s . ] [ Stable
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Fig. 5 a Percentage of time stability regimes were present at each tower location (T1 to T9) during Aug 27
to Sep 26. The color bar representation is in the inset. The horizontal lines of the same colors correspond to
that based on Bulk Obukhov length for the same stability regimes. b Topography of instrumented region and
tower’s locations (same as Fig. 1)
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On the other hand, the north—south transect of towers between sites T4, TS5, and T10,
and associated with terrain elevations of 427 m, 447 m, and 460 m, respectively, exhibited a
higher number of stable cases. With regards to diagnosing stability in heterogeneous terrain,
no clear correlation between the stability regimes and elevation was found.

Given the dependence of the Obukhov length on the friction velocity and temperature
fluxes, we studied their spatial variability in Sects. 3.2 and 3.3.

3.2 Constant-Flux Layer

As mentioned in Sect. 1, the existence of a Constant-Flux Layer (CFL) is key to the SL
parameterizations of NWP models. In this section, we used towers T1, T2, T6, and T11
(horizontal line in Fig. 5b) to study the CFL concept as a function of (i) stability regime,

(i) flux magnitude, and (iii) tower location. For doing so, the differences between (u'w')

and (W'T) at z = 3 m and those at z = 10 m were calculated individually for T1, T2, T6,
and T11. In this study, because of the small separation between levels (i.e., 7 m), the CFL
approximation was taken to be valid when the differences between these two levels were
less than 10%. Consistent with the study of Sfyri et al. (2018), momentum and temperature
fluxes with absolute values smaller than 0.01 m? s~2 and 0.01 Kms™!, respectively, were not
included in the CFL analysis, as they are characterized by large random errors and affected
by mesoscale trends (Sfyri et al. 2018; Klipp and Mahrt 2004).

To study the vertical variability of fluxes, values of (u'w’) at z = 3 m are plotted against
those at z = 10 m in Fig. 6a. Similarly, values of (W' T’) at z = 3 m are plotted against those
at z = 10 m in Fig. 6b. These plots were calculated for all tower sites (T1, T2, T6, and T11)
and for each stability regime (UN, N, and S). On Figs. 6a-b, lines with slopes 1, 0.9, and
1.1 are plotted, and all points located in the area bounded by slope = 0.9 and 1.1 lines were
assumed to satisfy the CFL approximation.

3.2.1 Fluxes Vertical Variability

Longitudinal Momentum Flux (u'w) Asseenin Fig. 6a, the differences in the longitudinal
momentum flux (W) were more affected by the stability regimes (UN, N, or S) than by the
towers’ locations, except for site T11, where the differences between levels and the scatter in
the data were the highest of all sites. In general, for the UN regime, u'w varied in the interval
[-0.6, 0] m? s—2, and the median u'w’ was about —0.2 m? s~2. In addition, a bigger range of
variability was reported at site T11, where the values of u'w atz =3 m were systematically
higher than 10% of those at z = 10 m, e.g., see the high number of points above slope = 0.9
line in Fig. 6a.

As discussed earlier, neutral conditions (as defined in Table 2) were infrequently reported,

and at sites T1, T2, T6, and T11, they were only present ~ 5-17% of the time (see Fig. 5a).
2 2
S

For the N regime, u'w’ varied between [ — 0.5, — 0.1] m , the median u'w’ was about
— 0.3 m? s~2, and most measurements were associated with values of L* < 0. The scatter
of the data as well as the differences between levels were smaller than for the UN regime,

likely due to the higher signal-to-noise ratio in u'w’ measurements during high wind speed
periods. For the S regime, u'w’ varied in the interval [ — 0.4, 0] m? s—2

was about — 0.1 m? s~2. For this regime, the scatter of u'w’ between levels was smaller than
for the UN regime, which was expected locally, as wind speed and flux magnitude tend to be

, and the median u'w’
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smaller for stable periods (Stull 1988; Pope 2000). On the other hand, we expected to find
smaller differences between sites for the UN regime, as the role of terrain heterogeneities
should have been attenuated by the bigger eddy size and enhanced mixing during convective
conditions, however, percentual differences between sites were comparable between the UN
and S regimes.

Temperature Flux (WT) The variability of w'T was also more affected by the stability
regimes (UN, N, or S) than by the towers’ locations. For the UN regime, the temperature flux
(W'T') varied in the interval [0, 0.4] Kms~!, and the median w'T  was about 0.16 Kms~!.
In addition, w'T measurements were symmetrically distributed with respect to slope = 1
lines, and the differences between levels and scatter in the data were smaller than for W,
nonetheless, as we expected, the variability of the temperature flux was more complex than

for the momentum flux. For the N regime, a narrow range of variability for w'T" between [
—0.05,0.1] Kms~! was observed for all the sites. Moreover, the scatter between levels was
the smallest of all stability regimes. Nonetheless, a high number of points did not satisfy the
CFL, likely due to the small magnitude of the fluxes, and also a higher number of points
did not satisfy our quality control requirements when compared with the momentum flux
(u'w), i.e., the absolute values of w' T  were < 0.01 Kms™!, and/or the fluxes at levels z =
3 m and z = 10 m exhibited different signs. For the S regime, w'T  varied in the interval
[— 0.05, 0] Kms™—!, and both the scatter between levels and the differences between sites
were higher than for the UN regime. For example, for the westernmost sites, i.e., T1 and T2,
values of w'T' at z = 10 m were systematically lower than those at 7 = 3 m. e.g., see how the
distribution of points is skewed with respect to slope = 1 lines in Fig. 6b. On the other hand,
at sites T6 and T11, located about 1.6 and 2 kms east from site T2, respectively, the terrain
elevation was ~ 30 to 40 m higher than at T2, and w'T’ values at z = 10 m were frequently
higher than those at z = 3 m, especially at site T11. Site T11 was located ~ 200 m north from
the transect between towers T1, T2, and T6, and local heterogeneities and enhanced surface
roughness due to the presence of wheat crops could have affected the measurements.

3.2.2 Constant-Flux Layer Validity

Because the number of UN, N, and S cases were not constant across sites (as shown in
Fig. 5a), for each tower site (T1, T2, T6, and T11) and stability regime (UN, N, and S), the
CFL validity was calculated as the ratio between the total number of points located in the area
bounded by slopes = 1.1 and 0.9 lines in Fig. 6a—b (for the momentum (u'w') and temperature

w'T) flux, respectively), and the total number of records (addition of UN, N, and S cases),
where the latter was the same for all towers and corresponded to the total number of westerly
records discussed in Sect. 3.1. L

The CFL validity results (expressed in % of time) for the momentum flux (u'w’), the

temperature flux (w'T), and both momentum and temperature fluxes (u'w’ and w'T”) simul-
taneously are shown in Fig. 7a—c, respectively.

The CFL validity for u'w’ and w'T" was higher for the UN regime. Nonetheless, the CFL
validity for u'w" was only ~ 20% at T1, T2, and T6, and ~ 10% at T11. While the CFL
validity for w'T was only ~30% at T1, T2, and T6, and ~ 10% at T11. For the S regime, the

CFL validity for u'w’ was ~ 10%, while the CFL validity for w T exhibited slightly higher
variability across the sites, i.e., between 8—13% at T1, T2, and T6, and 5% at T11.
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Fig. 7 a CFLValidity (in % of time) for the momentum flux (u’ w ), b temperature flux (w/ T’), and ¢ momentum

and temperature flux simultaneously ('w’, w'T'). The results were calculated for each stability regime (UN,
N, and S), and for each tower location (T1, T2, T6, and T11

For the N regime, the CFL was satisfied between 1 and 6% of the time, and no important
differences between towers were observed. Note that this regime was highly infrequent
compared to the UN or the S regime. For completeness, as indicated in Fig. 7c, the percentage
of cases that simultaneously satisfied the CFL for u'w and w'T" were < 13% for the UN
regime, < 3% for the N regime, and between 1-6% for the S regime. Thus, the data suggests
the CFL generally does not hold, not even at small horizontal and vertical scales such as the
ones explored in this experiment.

3.3 Fluxes Horizontal Variability

To study the horizontal variability of fluxes, local values of u'w’ are plotted against (u'w’)
(spatial-averaging across towers T1, T2, T6, and T11) in Fig. 8a. Similarly, w'T  from the
tower sites against (w' T’} are shown in Fig. 8b. The plots were done for each stability regime
(UN, N, and S), and they seek to quantify the differences between local turbulent fluxes and
their spatially averaged counterparts.

As in Sect. 3.2, in Fig. 8a-b, lines with slopes 1, 0.9, and 1.1 are plotted. The results were
similar to the ones associated with the CFL in Sect. 3.2.
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3.3.1 Unstable (UN)

This regime exhibited the highest deviations between the local and spatially averaged momen-

tum flux, u'w’ and (u'w'), respectively. At all sites, deviations > 10% were observed. At T1,
T2, and T6, data points were symmetrically distributed with respect to slope = 1 lines

(Fig. 8a). In contrast, at T11, values of u'w’ were higher than (u'w’) most of the time. For

this stability, the similarity between the horizontal variability of u'w’ and the CFL efficacy
of the latter is remarkable.
On the other hand, this regime aso exhibited the highest deviations between the local and

spatially averaged temperature flux, w'T" and (w'T'), respectively. At all sites, deviations >
10% were frequently observed. At all sites (except for T11), data points were symmetrically

distributed with respect to slope = 1 lines (Fig. 8b) and the horizontal variability of w'T" was
less than for u'w’ for this stability, analogous to the CFL results for w'T  in Sect. 3.2.

3.3.2 Neutral (N)

For all sites, deviations between the local and spatially averaged momentum flux were <

10% most of the time, and the horizontal variability of u'w’ was the lowest of all stability
regimes. Nonetheless, the distribution of points with respect to slope = 1 lines presented

more site-to-site variability when compared to the CFL results of Sect. 3.2 (u'w'—N), i.e.

values of u'w’ at T2 had less scatter than other sites and were systematically lower than

the spatially averaged flux (u'w’). At T11, differences between local and spatially averaged
values at z = 10 m were about the same than those observed at T1, T2, and T6 (as opposed
to the CFL results reported in Sect. 3.2). This suggests that the least agreement with the CFL
concept for N conditions at T11 was a result of anomalously high values of u'w’ atz =3 m
(Fig. 5a). Nonetheless, is important to notice that the number of N points were lesser than in
Sect. 3.2, a consequence of requiring N conditions to be simultaneously satisfied at sites T1,
T2, T6, and T11.

On the other hand, for all sites, deviations between the local and spatially averaged tem-
perature flux were < 10% most of the time, and the scatter of the data for w'T was less
than for u'w’ during N conditions (Fig. 8a-b). These results were analogous to the ones in
Sect. 3.2 (W' T'-N).

3.3.3 Stable (S)

The scatter between local and spatially averaged momentum flux was lower than for the
UN regime, and the differences between sites more evident. This is analogous to what we
observed in Sect. 3.2 (u'w'—S). For this regime, u'w’ differences between sites were higher
than the differences between levels (for fixed sites), as evidenced by the different distributions
of points with respect to slope = 1 lines for sites T1, T2, T6, and T11 shown in Fig. 8a. More
interestingly, the magnitude of the flux did not affect the differences between local values of
u'w’ and the spatially averaged flux (u'w’), which was analogous to what we observed for
the CFL results in Sect. 3.2 (u'w'—S).

On the other hand, the scatter between the local and spatially averaged temperature flux
was lower than for the UN regime, and deviations higher than 10% were frequently observed
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at all sites. In addition, the differences between sites were the highest of all stability regimes,
similarly to what we observed for u'w’.

3.4 Surface-Layer Parameterizations

We calculated time series of the simulated and observed (spatially averaged across all 9
towers) friction velocity for the period 27 August-26 September, 2016. The time series of
simulated (blue) and observed (black) friction velocity are shown in Fig. 9a, and the difference
between them is the error calculated according to Eq. 14 and indicated in Fig. 9b (left y axis):

Error(ms_]) =ug, — W), (14)
with u¥; and (u*), the simulated and spatially averaged observed friction velocity described

in Sect. 2.4 and calculated with Eq. 13 and Eq. 6, respectively. The error (Eq. 14) expressed
as a percentage of the observed friction velocity is the percentual error calculated with Eq. 15
and indicated in Fig. 9b (right y axis):

Error

(u*)
To effectively study the skill of the SL scheme for the period between 27 August and
26 September 2016, the data plotted in Fig. 9b—c were used to calculate error, wind speed,

Error(%) = - 100. (15)

a) 1T T T T T T T T T
observed |7
simulated |

T T
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Fig.9 a Time series of friction velocity for 27 August—26 September 2016. The black line is the spatially
averaged friction velocity (u™) measured by all towers at z = 10 m, and the simulated friction velocity at z
= 10 m is in blue; b Time series of the Error between the two-time series of a in m s1 (left y axis) and in
percentage (right y axis); ¢ Time series of the observed spatially-averaged wind speed (black line) and wind
direction (maroon line) with the black line indicating the 5 m s~ ! threshold and the maroon lines demarcating
the westerly wind regime between 240° and 290°
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and wind direction colormaps, as shown in Fig. 10a—c, respectively. In Fig. 10a—c, the rows
corresponds to different days, while the columns corresponds to different hours (in Pacific
Standard Time). Since the relationship between the skill of the SL scheme and the current
meteorological conditions was of interest, we adopted the wind-regime classification used
by Fernando et al. (2015) for their complex terrain observations: Quiescent (wind speeds
between 0 and 5 m s™!), Transitional (wind speeds between 5 and 10 m s~1), and Synoptic
(wind speeds higher than 10 m s~!), with the difference being that we used the observed
winds at z = 10 m instead of the 700-hPa winds. In this classification, Transitional flows
are associated with rapidly changing winds and turbulence levels, such as the ones observed
during the morning and evening transition periods, while Synoptic flows are associated with
synoptic winds higher than 10 m s~! (Fernando 2010).

As shown in Fig. 9b, errors between -0.1 to 0.1 m s~ were observed most of the time,
which when normalized by the observed friction velocity, corresponds to -40 to 85% errors.
The.friction velocity was frequently underpredicted by the SL scheme during the day and
overpredicted at night, when high percentual errors were reported (see Fig. 9a-b). For the
nominally observed westerly winds (maroon lines in Fig. 9¢c) with speeds > 5 m s~! (black
horizontal line in Fig. 9c), the implemented SL scheme captured the diurnal variability of
friction velocity well (Fig. 9a-b).

For example, on 27 August, westerly winds > 5 m s~ were present most of the day, and
the simulated friction velocity was almost identical to the observations between 07:00-16:00
LT (local time) (Figs. 9a, 10a—c). For this day, the Mean Absolute Error (MAE) was about
9% of the observed friction velocity (daily averaged). Similar cases were observed on 06,
17, and 19 September, all associated with westerly winds with speeds > 5 m s~' and MAEs
between 8 and 16% of the observed friction velocity (Figs. 9c, 10b, c).
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Fig. 10 Color maps of a 1 h Error (%) between simulated and observed friction velocities; b 1 h wind speed
regimes; and ¢ 1 h wind direction regime for the period 27 August 2016 to 26 September 2016. The abscissa
indicates the local time whereas the ordinate is the date
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For the rest of the days, the SL scheme was able to capture the time variability trend of
friction velocity over a diurnal cycle, but not the exact value. This was expected given the
heterogeneous nature of the terrain and the wide range of meteorological phenomena that
characterizes the region (Wilczak et al. 2019). In fact, errors as high as 60% of the observed
friction velocity were present on most days at night when the friction velocity was less than
about 0.2 m s~! (for more details see Fig. 20).

The study period spanned diverse meteorological regimes. For instance, cases with pre-
dominantly westerly winds with both quiescent and transitional regimes were observed (i.e.
03, 04 September). For the rest of the westerly-flow days, particularly during quiescent winds,
the flow exhibited a characteristic diurnal variability with a northerly/northwesterly compo-
nent (NW) during daytime and a southerly/southwesterly component (SW) during nighttime
(e.g., 28, 29 August and 24 September).

Cases with easterly winds with quiescent and transitional regimes were also observed, but
they were not analyzed as they might be contaminated by wake effects of an array of turbines
located east of the towers (Fig. 1a). Also recall that the roughness length used in simulations
(zp = 0.013 m) corresponded to westerly winds.

The degree of subgrid variability associated with the observed errors at NWP-model res-
olution for selected days was also investigated. The subgrid variability was assessed through
the Mean Absolute Deviation (MAD) calculated according to Eq. 16:

N
MAD = % D e (i 1) = (). (16)
i=1
A high temporal correlation between the Error and the spatial heterogeneity of the flow,
quantified through the Mean Absolute Deviation (MAD), was noted, as discussed below.
From all westerly-flow days in the period Aug 27 and September 26, 2016, we identified
the ones associated with the highest and the lowest SL scheme errors, which are indicated in
Tables 3, 4, respectively. These errors were quantified by the MAE, calculated for (i) A 24-h
period (denoted by MAEg,y in Tables 3, 4), and (ii) between 12:00 and 14:00 LT (denoted by
MAEjy, in Tables 3, 4). (MAE4ay) and (MAEgy,) expressed as a percentage of the temporally
averaged observed friction velocity are denoted by Errorg,y and Errorgyy, in Tables 3, 4.
For the list of days in Table 3 (associated with the poorest performance of the SL
scheme),positive errors of about 0.1 m s~! were frequently observed at night, while variable

Table 3 Days associated with the highest SL scheme errors for 27 August 2016 to 26 September 2016

Date MAEg,y (m Errorgay (%) MAEqgu Errorgyy (%) Wind Speed Wind
s7h (ms~1) Dir range regime
(ms~1)
08/28/16 0.08 32.8 0.17 52.7 NwW 5-10 QT
08/29/16 0.06 26.6 0.18 57.3 NW <5 Q
09/03/16 0.05 17.6 0.15 40.7 W 5-10 QT
09/04/16 0.04 14 0.13 38.1 w 5-10 QT
09/15/16 0.08 38 0.16 52 w <5 Q
09/24/16 0.08 354 0.23 69.9 W, SW <5 Q

The Mean Absolute Error (MAE) and the percentual error (Error) were calculated daily (MAEg,y and Errorg,y) and between
12:00 and 14:00 LT (MAEgyp and Errorg,p,). These metrics and their associated wind regimes are indicated for the list of
days shown below
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Table 4 Analogous to Table 3, but for selected days with the lowest SL scheme errors for 27 August 2016 to
26 September 2016

Date MAEgay (m Errorgay (%) MAEgp Errorg,y (%) Wind Dir Speed Wind
) (ms~ 1) range regime
(ms™h
08/27/16 0.04 8.5 0.01 1.1 4 5-15 T
09/06/16 0.04 12.6 0.07 24.9 w 2-11 QT
09/17/16 0.03 8 0.01 1 \'% 4-15 QT
09/19/16 0.04 15.5 0.02 5.1 w 4-10 QT

negative errors as high as 0.2 m s~! were observed during the day (Fig. 1 1a-b). The impact of
these errors on the skill of the SL scheme depends on the magnitude of the friction velocity.
For instance, 1-h (positive) and (negative) errors between (30-106%) and of about (60%) of
the observed friction velocity were reported.

For the six cases in Table 3: 28, 29 August, and 03, 04, 15, and 24 September, the param-
eterization scheme was challenged during 08:00-18:00 LT (Fig. 11a-b), and the winds were
approximately westerly, as indicated by the two horizontal lines in Fig. 11d.

The error defined in Eq. 14 increased monotonically (in magnitude) between 08:00 LT until
about 12:00-14:00 LT when it peaked, and then it decreased monotonically until 18:00 LT
(Fig. 11b). For most days, the highest errors were associated with quiescent winds between
08:00 and 14:00 LT. However, on 28, 29 August and 3, 4 September, the errors between
14:00 and 18:00 LT were smaller than the errors on 15, 24 September, likely in part due to
the presence of transitional winds for the latter days (between 5 and 10 m s7h (Fig. 11c).

As indicated in Table 3, the Mean Absolute Error (MAE) between 12:00 and 14:00 LT
(when errors peaked) (MAEg,) was about an order of magnitude higher than the daily MAE
(MAEgay). Values of (MAEg,y) and (MAE) expressed as a percentage of the observed
friction velocity are denoted by (Errorgay) and (Errorgy) in Table 3, respectively. Errorg,y
varied between 18 and 38% for most days, while Errorg,, varied between 38 and 70%. In
general, the percentual error between 12:00 and 14:00 LT (Errorg,,) was about two times
higher than the daily percentual error (Errorgay), thus suggesting the skill of SL schemes in
complex terrain is more sensitive to prediction errors during the day (as previously observed
in Fig. 11a).

AsshowninFig. 11e, for all selected days, the MAD followed the simulation error between
08:00 and 18:00 LT (Fig. 11b), suggesting that subgrid variability might be a good predictor
for errors when 1-3 km horizontal resolution is used in NWP models.

Further, the time evolution of the error and MAD over the diurnal cycle for 03 September
and shownin Fig. 12a suggests that during 08:00—18:00 LT, the Error and MAD peaked around
12:00-14:00 LT, consistent with previous observations (Fig. 11a), and the SL scheme under-
predicted the spatially averaged friction velocity. Moreover, the parameterization scheme
under-predicted the observed friction velocity at T1, T2, T6, and T11 (east-west transect)
and deviated from the spatially averaged friction velocity (Fig. 12b), consistent with the
increasing trend of MAD.

For completeness, the time series in Fig. 11a—e were recalculated for the days indicated
in Table 4 and are shown in Fig. 13a—e. These days had the lowest errors for the entire
observational period, as signified by Errorqay between 8 and 16% in Table 4. In contrast to
what we observed for the list of days in Table 3 (Fig. 11a), the simulated friction velocity
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Fig. 11 24-h time series of a Observed (dots) and simulated (solid lines) friction velocity; b Error; ¢ Observed
wind speed; d Wind direction (0); and e Mean Absolute Deviation (MAD) of friction velocity at z = 10 m
calculated using all the towers. The selected days 08/28/16, 08/29/16, 09/03/16, 09/04/16, 09/15/16, and
09/24/16 are indicated by different colors. The abscissa in a—e is the hour of the day in local time

was remarkably closer to the observations and no distinct performance trends were observed
for the SL scheme over a diurnal cycle (Fig. 13a). This was supported by values of MAEg
and MAE,y of the same order of magnitude, as indicated in Table 4. Nonetheless, positive
(negative) errors were frequently observed at night (day) for the days in Table 4.

Westerly winds with speeds > 5 m s~ were frequently observed (Fig. 13c—d), likely
responsible for the higher values of friction velocity and thus the higher overall skill of
the SL scheme for these days (Fig. 13a), as evidenced by the good agreement between the
observed wind speed and friction velocity for all days between 08:00 and 18:00 LT (Fig. 13a,
C).

As shown in Fig. 13e, the spatial heterogeneity of the flow quantified by MAD did not
exhibit a distinct variability over a diurnal cycle (as opposed to Fig. 11e). Similarly to what
we observed earlier (Fig. 11b, e), the MAD had an influence on the simulation error for the
days in Table 4, as evidenced by the temporal correlation between the two time series in
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Fig. 12 24-h time-series for 03 September 2016. a Error (black line with values on the left ordinate) and MAD
(blue line, right ordinate); and b Observed friction velocity at T1, T2, T6 and T11 compared with the spatially
averaged observed (u*) (blue line with markers) and simulated friction velocity u*(black line with markers).
The abscissa in a-b is the hour of the day in local time

Fig. 13Db, e. For these days, the magnitude of the MAD was approximately the same than for
days with the highest SL scheme errors indicated in Table 3 (Figs. 11e; 13e). However, the
efficacy of the MAD to diagnose SL scheme errors for these days was lower.

Figure 14 a-b are the analogues of Fig. 12a—b, but for 06 September, which is representative
of the days indicated in Table 4. The contrast between Figs. 12 and 14 is remarkable. It is not
clear why the MAD correlates so well with the simulation error for the days when the skill
of the SL scheme was the poorest (Table 3), and this correlation dropped for days where the
skill of the SL scheme was the highest (Table 4), even though similar MAD values between
-0.1t0 0.1 m s~! were present in both cases.

The percentual differences between local and spatially averaged values of u™* at z = 10 m
for unstable conditions between 12:00 and 15:00 PST for the entire observational period 27
August to 26 September 2016 are shown together with the instrumented region’s elevation
in Fig. 15a. Figure 15b is analogous to Fig. 15a, but for Stable conditions between 00:00 and
03:00 PST.

In general, spatial differences (in %) in u* across sites were not very different between the
UN and S regimes, and no clear correlations between terrain elevation and deviations between
local and spatially averaged friction velocity were present, likely due to the gentle nature of
the terrain (e.g., see the difference in horizontal and vertical scales in Fig. 1a), the lack of
measurements in low-laying areas (except for T3), and the higher frequency of wind speeds
> 5 m s~! for the selected westerly winds. Nonetheless, at individual locations, deviations
between 1™ and (u*) were more affected by the stability regime (UN or S), e.g., at sites T1
and TS, these deviations remained approximately constant as the stability regime changed,
whereas big differences were observed at sites T2, T6, and T11, where the proximity to local
ridges could have had an influence. In addition, for the UN regime, u* values were only ~
2% higher than (u*) at site T3, and ~ 22% higher at T9. Conversely, for the S regime, u*
values were ~ 33% higher than (u™*) at site T3, and ~ 2% higher than (u*) at T9. The extent
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Fig. 13 24-h time series of a Observed (dots) and simulated u*;  (solid lines) friction velocity; b Error;
¢ Observed wind speed; d Wind direction (0); and e Mean Absolute Deviation (MAD) of friction velocity at
z = 10 m calculated using all towers for 08/27/16, 09/06/16, 09/17/16, and 09/19/16. The abscissa in (a—e) is
the hour of the day in local time

to which the terrain contributed to these alternating phenomena was beyond the scope of this
work and would likely require space-resolved instrumentation (e.g., scanning lidars), or high-
resolution Large Eddy Simulations (LES). For completeness, we calculated the analogous
of Fig. 15a-b, but for the deviations between wT and (wT) (for details see Fig. 21). For
wT, the overall heterogeneity between the UN and S regimes was similar, but the spatial
variability between towers (in %) was higher and more complex than the one observed for
the friction velocity.
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Fig. 14 24-h time-series for 06 September 2016. a Error (black line with values on the left ordinate) and MAD
(blue line, right ordinate); and b Observed friction velocity at T1, T2, T6, and T11 compared with the spatially
averaged observed (u*) (blue line with markers) and simulated friction velocity u;‘i m (black line with markers).
The abscissa in (a=b) is the hour of the day in local time

4 Discussion
4.1 CFL Validity

For UN conditions, CFL for u'w’ was satisfied about 10-20% of the time, and CFL for w'T’
was satisfied about 20-30% of the time. For this stability regime, differences in CFL validity
across sites were the highest, and the high local deviations observed between levels at site
T11 were likely due to local terrain heterogeneities. For the S regime, CFL for u'w’ was
satisfied about 10% of the time, and CFL for w'T  was satisfied about 5-13% of the time,
with higher differences between sites when compared to u'w’. For N conditions, CFL for
bothu'w’ and w'T was satisfied < 5% of the time, mostly a consequence of the small number
of N cases. Interestingly, for u'w’, differences in CFL validity across sites were the highest
for UN conditions, while for w'T', differences in CFL validity across sites were the highest
for the S regime.

Our results have both differences and similarities with previous studies, which are most
likely due to different [largely unknown] interactions between local terrain and background
flow/stability. For example, Sfyri et al. (2018) found that for unstable and stable conditions,
the CFL condition is satisfied about 1% of the time for the momentum fluxes and about 50%
of the time for temperature fluxes. Nadeau et al. (2013) found that in the first 6 m above
a steep slope (30°—40°) in the Swiss Alps, fluxes can be more than an order of magnitude
different from their ground values. Our study, however, is more detailed than the previous
ones as it investigated the validity of CFL using multiple towers over a small horizontal extent
(1-3 km) within a mesoscale grid cell. In addition, we found that by choosing a sufficiently
thin vertical layer (i.e., 7 m), small variability can be observed.
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Fig. 15 Topography of instrumented region (grayscale) and tower sites with annotated terrain elevation. The
percentual differences between local and spatially averaged friction velocity at z = 10 m are shown for all
sites. a Corresponds to UN periods between 12:00 and 15:00 PST for the observational period. b Same as
before, but for Stable periods between 00:00 and 03:00 PST

4.2 Fluxes Horizontal Variability

For convenience, a 10% threshold (Sect. 3.3) was used to identify the towers that had local
fluxes (W, W) higher or lower than their spatially averaged values. For a given stability
regime (UN, N or S), both (W) and (W) exhibited similar deviations with respect to
their spatially averaged values, ( (W)) and ( (W)), across all tower sites. Like what we
observed for the CFL validity, the highest horizontal variability for the longitudinal momen-
tum flux (u/_w/) was reported for the UN regime, while the highest horizontal variability for
the temperature flux (W) was reported for the S regime.

During N, local deviations were less than £ 10% of the spatially averaged fluxes most
of the time, but the number of N cases were infrequently reported compared to the UN
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and S regimes. Finally, the tower T11 exhibited unique behaviour for u'w’ and w'T’, where
systematically higher (or lower) values were observed locally when compared to the rest of
the towers, which calls for more detailed studies to investigate subgrid variability in complex
terrain when the local topographic variability is high. The average slope from the foothill to
T11 in the windward face was much higher (~ 15%) compared to all other towers (~ 8%), and
the configuration at T11 may have a propensity for flow separation, likely due to differences
in surface roughness and the presence of upstream terrain heterogeneities where flow could
pool during low wind and stable conditions. According to Walmsley and Taylor (1996),
linear theories for complex terrain flows perform better for low slopes (< 17°), implying
flow separation and non-linear effects become important for large slopes.

4.3 Atmospheric Surface layer (ASL) Parameterizations

The influence of surface heterogeneity on flow and turbulence is a topic of continuing interest
(Stoll et al. 2020). Because of high flow variability, stability dependence of meteorology and
logistical constraints, complex-terrain field campaigns have not provided a clear delineation
of heterogeneity effects on ASL (Maronga and Raasch 2013). Only a few field experiments
have recorded the characteristics of flow at high horizontal resolutions in complex terrain
(Eder et al. 2015; Fernando et al. 2015, 2019), and our present knowledge is largely derived
from very high horizontal resolution Large-Eddy-Simulations (LES) that has become the
tool of choice for ASL studies (Chow et al. 2019; Stoll et al. 2020). Our observations showed
that the highest flow heterogeneity (lowest parameterization scheme performance) occurs
during UN conditions. Rai et al. (2017) used LES to study the convective boundary layer
and found that horizontal gradients play a key role in the total TKE budgets in complex
terrain. LES of Maronga and Raasch (2013) found that surface heterogeneities may lead
to ‘roll-like’ secondary circulations when wind speeds are in the range 3—-6 m s~', which
look like ‘updrafts’ and ‘downdrafts’ across a horizontal plane; this was used to explain
the heterogeneous distribution of sensible heat flux. In our study, such features were not
recorded, even though the instrumentation was capable of doing so. We found that (i) flow
heterogeneity may explain errors in a widely used mesoscale model parameterization scheme,
and (ii) that under certain meteorological conditions (westerly winds > 5 m s —1), flow
heterogeneity (a time-dependent parameter) in the complex terrain considered may become
comparable to that of flat terrain. Thus, the skill of parameterization schemes in mesoscale
models can be quite effective in both cases. Our findings call for more detailed field campaigns
to study subgrid variability in complex terrain. Our instrumental layout could be improved
in the future by choosing a uniform spacing between towers to avoid possible biases when
spatially averaging the results, as well as by including measurements in both ridges and
low-laying areas. In addition, areas where the terrain exhibits strong directional anisotropies
should be avoided in future studies, unless high-resolution LES simulations or spatially
resolved measurements (e.g. Scanning Lidars) are available and properly configured. Finally,
choosing fully developed and well characterized vertical profiles (e.g., by using temperature
and velocity profilers) upstream of the subgrid topography is highly recommended in this kind
of studies, as well as a proper characterization of the surface roughness and soil characteristics
when considering extensive measurement periods (e.g., seasons to years).
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5 Summary and Conclusions

In this article, we investigated the spatial variability of SL parameters including the stability
parameter (z/L*) and the turbulent heat and momentum fluxes (w7 and ww, respectively)
over horizontal scales that are not properly resolved (subgrid) by NWP models and for an
area of heterogeneous terrain located in the vicinity of the Columbia River in the U.S. Pacific
Northwest. In addition, we explored the validity of the Constant-Flux Layer (CFL) and the
skill of a SL parameterization based on Monin—Obukhov (MO) theory. The data used in
this study was representative of the late summer/early fall meteorology in the region. The
measurements were quality controlled for outliers, and to minimize disturbances from tower’s
booms and wake effects from wind turbines located in the eastern part of the domain, only
winds in the sector 240°- 290° were considered in the results of Sects. 3.2-3.4.

Our analysis showed that the validity of the CFL concept was dependent on: (i) the
turbulent parameter being analysed, (ii) the measurement’s location (along the east—west
transect), (iii) the atmospheric stability regime, and (iv) the magnitude of the flux. To evaluate
the validity of the CFL for the momentum and temperature fluxes, we adopted a 10% threshold
based on a previous study in complex terrain (Sfyri et al. 2018). As stated in the introduction,
even when the CFL is satisfied, vertical gradients near the ground can be very high, however,
our results showed that by choosing a sufficiently thin layer (i.e., 7 m), the changes in the
fluxes across this layer can be quite small. The relationship between the validity of the CFL
and the vertical gradients of turbulent fluxes an higher-order moments is still a subject of
great interest to ASL studies (Li et al. 2018).

Monin-Obukhov (MO) equations used in WRF SL option 2 (Jiménez et al. 2012) were
used to simulate time series of friction velocity for 27 August to 26 September 2016. MO
theory assumes the existence of a CFL and horizontally homogeneity of flow. Naturally, the
expectation was that MO would fail in view of terrain heterogeneity. Higher errors in the SL
scheme were associated with high flow heterogeneity, as quantified by the Mean Absolute
Deviation (MAD) between the simulated and observed friction velocity. Notwithstanding, on
the days with transitional westerly winds (> 5 m s~!), the parameterization scheme predicted
the observed friction velocity remarkably well (< 20% errors).

This paper is dedicated to the memory of a prominent meteorologist and an excellent
mentor Professor Sergej S. Zilitinkevich, and it is written for this Special Issue in his honour.
For over 50 years, Prof. Sergej Zilitinkevich carried out pioneering research on atmospheric
turbulence and planetary boundary layer (PBL). Among his numerous outstanding achieve-
ments in atmospheric boundary layer theory, a few results should be highlighted in relation
to this study. At the end of the 1960s, Zilitinkevich and Chalikov (1968) proposed a sim-
ple linear interpolation (log-linear law) for the non-dimensional vertical gradient of mean
wind speed (6) that provides blending between neutral and very stable (’z-less’) cases. The
WRF modelers undoubtedly appreciate Sergej’s works through the "C,;; coefficient", which
represents the coupling between the aerodynamic zg (see Eq. 4) and scalar zo; (e.g., tem-
perature and water vapour) roughness lengths (Zilitinkevich 1970; Zilitinkevich et al. 1992,
2001 and references therein). Here it is impossible not to mention some of his other achieve-
ments and contributions to the field: the depth of the stably stratified PBL, the resistance and
heat and mass transfer laws for geophysical turbulent flows (Zilitinkevich 1970), non-local
theory of the atmospheric PBL (e.g., Zilitinkevich et al. 2006), and higher-order turbulence
parameterization schemes (Zilitinkevich et al. 2013), to name a few.
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See Figs 16,17,18,19,20,21,22, 23.
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Fig. 18 Aggregated a wind speed and wind direction profiles measured at site T2 for NN conditions and used

to calculate the roughness length at site T2, and b Same as in a but for site T6. The standard deviation is
indicated by the black horizontal line
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Fig. 21 Topography of instrumented region (grayscale) and tower sites with annotated terrain elevation. The
percentual differences between local and spatially averaged temperature fluxes at z = 10 m are shown for all
sites. a Corresponds to UN periods between 12:00 and 15:00 PST for the observational period. b Same as
before, but for Stable periods between 00:00 and 03:00 PST
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Fig. 22 Topography of instrumented region (grayscale) and tower sites with annotated terrain elevation. Local
values of friction velocity (#*) at z = 10 m are shown for all sites. a Corresponds to UN periods between
12:00 and 15:00 PST for the observational period. b Same as before, but for Stable periods between 00:00
and 03:00 PST
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Fig. 23 Topography of instrumented region (grayscale) and tower sites with annotated terrain elevation. Local
values of temperature fluxes (wT') at z = 10 m are shown for all sites. a Corresponds to UN periods between
12:00 and 15:00 PST for the observational period. b Same as before, but for Stable periods between 00:00 and
03:00 PST
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