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Countergradient Momentum Transport in Clear Convective
Atmospheric Boundary Layers
Stephan R. de Roode’ , Lydia Mak'

, Fredrik Jansson! , and Louise Nuijens1

'Faculty of Civil Engineering and Geosciences, Delft University of Technology (TU Delft), Delft, The Netherlands

Abstract The vertical profiles of the wind speed and direction in atmospheric boundary layers are strongly
controlled by turbulence. Most global weather forecast and climate models parameterize the vertical transport of
horizontal momentum by turbulent eddies by means of a downgradient eddy diffusion approach, in which the
same stability-dependent eddy viscosity profile is applied to both horizontal wind components. In this study we
diagnose eddy viscosity profiles from large-eddy simulations of five convective boundary layers with wind
shear. Each simulation was forced by the same geostrophic wind of 7.5 ms™!, but with different surface heat
fluxes in the range between 0.03 and 0.18 mKs~!. We find that the eddy viscosity profiles for the two horizontal
wind components differ significantly, in particular, we diagnose negative eddy viscosities, indicating vertical
turbulent transport that is counter the mean gradient. This suggests that a purely downgradient diffusion
approach for turbulent momentum fluxes is inadequate. A modified solution of the Ekman spiral demonstrates
that different eddy viscosity profiles for the two horizontal wind components lead to a different wind profile. To
improve parameterizations that apply a downgradient diffusion approach for momentum, correction terms to
allow for non-local, boundary-layer scale transport should be incorporated.

Plain Language Summary During the day, especially when the ground heats up, the air near the
surface becomes turbulent. This turbulence, which we often feel as gusty winds or see as rising warm air, moves
slower-moving air upward and faster-moving air downward. This process affects both how fast the wind blows
and the direction it takes. Because turbulence happens on very small scales that computers cannot fully capture,
weather and climate models use simplified methods, called parameterizations, to represent it. Usually, these
models assume that this turbulent mixing of air behaves the same in all horizontal directions. In our study, we
used a detailed, high-resolution simulation that more accurately captures turbulent air motions. We found that
the way air mixes can differ depending on the direction of the wind. In fact, the mixing strength, called eddy
viscosity, can even become negative, something that standard models do not account for. To show how this
matters, we updated a classic example from meteorology called the Ekman spiral, which describes how wind
direction changes with height. Our findings suggest that current methods used in weather models could be
improved by accounting for these directional differences in the turbulent viscosity.

1. Introduction

In the lower part of the atmosphere turbulent updrafts (downdrafts) transport low (high) horizontal momentum
from just above the ground to higher levels in the atmosphere. The intensity with which horizontal momentum is
being mixed by turbulence is important in shaping the vertical profile of the wind. Because global weather
forecast and climate models operate at mesh sizes that are too coarse to resolve turbulence, turbulent momentum
transport must be parameterized. In the atmospheric boundary layer, it is common to model turbulent momentum
transport using a downgradient diffusion approach, as introduced in early general circulation model studies by
Smagorinsky (1963) and Smagorinsky et al. (1965). According to the downgradient diffusion approach, the
vertical turbulent transport (W’_qp’), which arises from the correlated fluctuations of the vertical wind w and an
arbitrary quantity ¢ (e.g., momentum, heat or moisture), can be calculated as:

! on! — 0@

wie' = _K‘”d_z’ )]

where primes are used to indicate fluctuations with respect to the mean, K, represents the eddy diffusivity applied
to the mean value of ¢ (as indicated by the overbar), or, more precisely, the eddy viscosity K,,, when applied to
momentum. Both K, and K, are flow-dependent quantities, primarily governed by the stability of the atmosphere
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in terms of wind shear and its thermal stratification. Additionally, they are assumed to be proportional to the
intensity of turbulence and the size of the largest, dominant eddies.

In the European Center for Medium-Range Weather Forecasts (ECMWF) model the strength of turbulent
diffusion is used as a tuning parameter to control the evolution of synoptic cyclones and anticyclones, demon-
strating its large-scale impact (Sandu et al., 2013). Unfortunately, such an adjustment comes with a penalty in
terms of less accurate wind profile representations. Currently, systematic biases in wind direction are found for
both clear and cloud-topped boundary layers in the ECMWF model (Sandu et al., 2020), which may be rooted in
the momentum tendencies by diffusive transport and moist convective transport.

The downgradient diffusion approach, according to Equation 1, has some notable flaws. For example, Holtslag
and Moeng (1991) demonstrated through large-eddy simulations (LESs) that the buoyancy flux in the middle part
of the convective boundary layer is counter the mean gradient. According to Equation 1, this would imply a
negative value for the eddy viscosity. To maintain a positive value for the eddy viscosity, Holtslag and
Moeng (1991) proposed a modification to the downgradient diffusion approach. Their modification introduces a
non-local correction term y,, according to

. ()a
we' = —K¢(0—Z - 7,/,>~ ()

Frech and Mahrt (1995) and Brown and Grant (1997) also proposed incorporating a non-local term for momentum
fluxes, similar to Equation 2. While Brown and Grant (1997) concluded that including a non-local term improves
wind profiles in clear convective boundary layers, they noted that such an approach has little support from ob-
servations. Recently, however, important evidence of countergradient momentum fluxes was obtained from LES
studies of shallow cumulus clouds conducted by Larson et al. (2019), Helfer et al. (2021), and Dixit et al. (2021).

Frech and Mahrt (1995) anticipated the existence of countergradient momentum fluxes but were unable to
confirm this through observations. The present study aims to support their hypothesis using high-resolution LESs
of shear-driven, clear convective boundary layers. The set-up of the simulations, which were performed at mid-
latitudes where the Coriolis force plays a key role in controlling the wind, is presented in Section 2. In Section 3,
we demonstrate countergradient momentum fluxes. This section also examines the effect of the surface mo-
mentum flux on wind turning, and we show that the eddy viscosity profiles for the two horizontal wind com-
ponents typically differ. Section 4 presents the momentum flux budgets and explains how buoyancy influences
the vertical transport of horizontal momentum. We analyze the impact of anisotropic eddy viscosity on wind
turning by deriving a modified solution for the Ekman wind spiral in Section 5. Section 6 addresses the impli-
cations of these findings for momentum flux parameterizations. Finally, Section 7 provides a summary of the
study and offers recommendations.

2. Setup of the Large-Eddy Simulations

Numerical experiments were performed using the Dutch Atmospheric Large-Eddy Simulation (DALES) model.
A comprehensive explanation of the model can be found in Heus et al. (2010); therefore, only a brief description is
provided here. This section also outlines the details of the case setups.

2.1. Model Description

LES models solve the conservation equations for filtered variables, denoted by a tilde. The filtered, anelastic
momentum equation is given by,

ou; 1 dpoli; -~ N
i PO — (0, — 0,) — 28— — L0 g 3
ot 2 axj ﬁl:’)( ) 3 . ()

with 7 the time, the velocity vector components (u;,u,,u3) = (u,v,w) in the (x,y,z) direction, respectively,
B = g/0, the thermal expansion factor for air, g the gravitational acceleration, p,(z) and 9y(z) are the height-
dependent reference state density and virtual potential temperature, respectively, &; denotes the Kronecker-
delta function, the virtual potential temperature is defined as,
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0, = 0(1 + slqv), 4

with ¢, the water vapor specific humidity, ¢; = 0.608 a thermodynamic constant, z is the modified pressure
(Deardorft, 1973) and an overbar is used to indicate a horizontal slab-mean value. For compact notation we have
included the mean horizontal pressure gradient and the Coriolis force in the source function S,,. DALES also
solves prognostic equations for scalars like the liquid water potential temperature ¢, and the total water specific
humidity ¢;. In the absence of a source term the prognostic equation for a filtered arbitrary scalar ¢ € {60, q} is
given by

9p 1 ol _ 1 9pouie” )

o0 py 0x  py Ox;
where following Heus et al. (2010) the double primes denote subfilter-scale fluctuations. However, as we will
consider only conditions without moisture, g, = 0, the liquid potential temperature &, becomes equal to both the
potential and virtual potential temperatures, 8, = 6 = 6,.

The deviatoric part of the subfilter-scale momentum flux ;; is computed from Deardorff (1980),

_ e 2 oi;  diy;
Ty = il — Uil — 55,:]-6 =— m(()_xj + 6_xl> )
i i

The eddy viscosity K,, was computed from the full prognostic equation for subgrid turbulent kinetic energy
(TKE), represented as e, following Deardorff (1980). This method employs a constant length scale #, which is
directly proportional to the mesh sizes in all three spatial directions and is defined by £ = (AxAyAz)l/ 3 to give
K, = cpfe"?, with ¢, a proportionality constant. The value of the latter, and other constants used in DALES are
summarized by De Roode et al. (2017).

2.2. Set-Up of the Cases

The simulations of five convective boundary layers were configured identically to the studies by Sullivan and
Patton (2011) and Salesky et al. (2017). The potential temperature 6 in the boundary layer was set to a constant
value of 300 K up to its top at a height /& at 1 km. Above this height, 6 increased by 8 K across the thermal
inversion layer, which had an initial thickness of 100 m. The free troposphere has a stable potential temperature
vertical gradient of 3 Kkm™!. The atmospheric moisture was set to zero. Each simulation applied a different,
constant surface heat flux stc, with values of 0.03, 0.07, 0.1, 0.14, and 0.18 mKs™!, respectively. In all
simulations, turbulence was triggered by adding random perturbations to the potential temperature field in the
range between —0.1 and 0.1 K, and by prescribing an initial subgrid TKE value of 1 m?s~2 within the boundary

layer.

The horizontal domain size was set to 12 X 12 km? using 512 x 512 grid points, and the vertical resolution was
set to 12.5 m. The vertical domain size varied from 2 km up to 3.5 km for the simulations with the smallest and
largest surface heat flux values, respectively. The increased vertical domains accommodate boundary-layer
growth due to entrainment and ensure that turbulent eddies remain well below the sponge layer in which fluc-
tuations of velocity and scalars are damped. This artificial damping layer, in our simulations the upper 25% of the
vertical domain size, is applied to prevent spurious reflection of waves at the top of the model domain (Heus
et al., 2010).

Instead of using large-scale horizontal pressure gradients as a forcing condition, DALES prescribes the
geostrophic winds U, and V,, defined as:

_ 10P _ _10P

€= Ty T of ox @)
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with P denoting the large-scale pressure and p the air density, the horizontal pressure gradients are expressed in
terms of the geostrophic wind components. A set of reference simulations was subjected to constant geostrophic
wind forcings, specifically U, = 7.5 and V, =0 ms~!, with the Coriolis parameter set to f = 1.0 x 107%s™!,
corresponding to a latitude of 43.4°N. Following Salesky et al. (2017), the roughness length was set to z, = 0.10
m. The same value for the roughness length was used by Brown and Grant (1997) in their LES study on mo-
mentum transport in convective boundary layers.

The original version of this study presented results that were obtained with a stronger geostrophic wind, U, = 15
ms~! (De Roode et al., 2024). Since this forcing is relatively strong and could be considered as an uncommon
atmospheric condition, we re-ran all the simulations with the geostrophic wind reduced to U, = 7.5 ms~!. We

found that both sets of simulations produced qualitatively similar results.

To ensure that the LES results, most notably those exhibiting a countergradient momentum flux regime, are not
due to the specific choices of the geostrophic wind direction and roughness length value, we performed sensitivity
experiments for the case with a surface heat flux of 0.1 mKs~!. In the first set we performed two additional
simulations with reduced surface roughness length values down to 0.01 and 0.001 m, respectively. In a second set
of sensitivity experiments we systematically increased the angle of the geostrophic wind vector in increments of
10° from the reference run value of 0 up to 90°.

The simulations did not incorporate forcings such as large-scale advection of momentum or heat. In DALES,
vertical gradients of the prognostic variables in the lowest model layer are obtained by application of Monin-
Obukhov similarity relations. For numerical stability reasons, an adaptive time step was employed, based on
the maximum values of the Courant and Péclet numbers in the model domain.

The simulations were conducted using both a second-order advection scheme and a monotonic “kappa” scheme
(Vreugdenhil & Koren, 1993). This paper presents results obtained exclusively with the kappa scheme, as it
avoids numerical overshoots through the thermal inversion, which can cause spurious turbulence in the free
troposphere (Bretherton et al., 1999). It is important to note that the choice of the advection scheme does not
significantly impact our analysis.

2.3. Diagnostics

Every 60 s, slab-mean statistics were diagnosed. These fields were then time-averaged over 10-min intervals
before being saved. Following Reynolds decomposition, horizontal slab-mean values will be denoted with
capitals for mean-state variables, and fluctuations with primes, like u = U + u’. This technique was applied to
the resolved fields to compute resolved fluxes, variances, and third-order moments, as well as horizontal slab-
mean vertical subfilter-scale fluxes. Unless otherwise stated, we present total vertical turbulent fluxes of mo-
mentum and heat, which include both resolved and subgrid contributions. It is worth noting that above the surface
layer the ratio of subfilter to total momentum flux is small.

In the subsequent analyses of the results, several velocity and length scales will be employed. The surface friction
velocity is defined as:

sfc

——2 2 \1/4
e = (u'w' g +v'w )/ , ®

where the subscript “sfc” denotes the ground surface value. The convective velocity scale was computed from

1/3

w, = (Bw' 0 ch) )

where # is the depth of the boundary layer diagnosed from the height where the vertical gradient of the mean

potential temperature has its maximum value. Additionally, a velocity scale w,, will be applied, combining the
surface friction and convective velocity scales according to Brown et al. (2006),

W = (3 +025w3)". (10)
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Figure 1. Hourly averaged horizontal slab-mean values of (a) the potential temperature as a function of height and (b) the

vertical turbulent flux of potential temperature as a function of height normalized by the boundary layer depth. The results

correspond to the 8™ hour of the simulations. The legend indicates the surface heat flux, w6’ ., in units of Kms™.

3. Large-Eddy Simulation Results of Wind and Momentum Transport in Atmospheric
Boundary Layers

Here we analyze the LES results with a focus on the horizontal mean vertical profiles of the horizontal wind and
turbulent momentum fluxes. Specifically, we demonstrate that for cases driven by a positive surface buoyancy
flux and wind shear, the momentum flux becomes countergradient.

We mainly present results representing horizontal slab-mean values obtained during the 8 hour of the simu-
lations. To demonstrate that some key findings are not dependent on this specific time period, time series are also
included. To facilitate a quick and easy comparison of the simulation results, most plots show results as a function
of the height normalized by the hourly mean inversion height.

3.1. Mean State and Turbulent Fluxes

Figure 1a illustrates the impact of the surface boundary condition on the potential temperature and the depth of the
boundary layer. All convective boundary layers with shear exhibit a vertically well-mixed structure. A stronger
surface heat flux promotes faster boundary layer growth by enhancing heating through entrainment of relatively
warm air from above the thermal inversion into the boundary layer. This is further demonstrated in Figure 1b,
which shows negative values of w’6' near the top of the boundary layer, indicating downward (upward) turbulent
transport of warm (cold) air.

The minimum value of w’@’ at the top of the boundary layer is commonly accepted to be a fixed fraction of its
surface value, typically # ~ 0.2. However, this value can vary slightly with the thickness of the inversion layer
(VanZanten et al., 1999). Rapid boundary layer growth tends to smooth out the minimum value of the heat flux,
making it appear somewhat smaller. In convective boundary layers, the entrainment velocity, w,, depends on the
surface heat flux and the jump of the potential temperature across the inversion layer, A®, following

(11)

Pino et al. (2003) found that # increases in the presence of wind shear across the inversion layer. Under hori-
zontally homogeneous conditions, the growth rate of the boundary layer depth is given by

dh

E = We + Wubs- (12)
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Figure 2. Vertical profiles of the horizontal wind components (a) U, (d) V, (c) the wind speed Uyyq, (b) the momentum flux

w'w’, (e) v/w’, and (f) the wind direction. The results represent horizontal slab-mean values averaged over the 8" hour of the
simulations. The fluxes represent the total of the resolved and subgrid flux contributions. Heights are normalized by the
boundary layer height 4. The thin dotted vertical lines in panels (a) and (c) indicate the geostrophic winds, while in panels
(b) and (e) they indicate the zero line. The short horizontal lines in panel (d) denote the heights where the vertical gradient of V

changes sign, and in panel (e), the heights at which the momentum flux v’w’ changes sign, respectively. The maximum values
of V are all obtained in the lower part of the boundary layer, with some of them almost at the same (normalized) height.

In the absence of large-scale subsidence (Wy,,, = 0), the growth rate of the boundary layer depth depends solely
on the entrainment velocity. Since all cases started with the same initial value for A®, the differing growth rates of
the convective boundary layers can be attributed entirely to variations in surface heat flux values.

3.2. Countergradient Momentum Flux Regime

Figure 2d illustrates that turbulent convection tends to homogenize the vertical profiles of the wind speed
Upa = (U 2+ Vz)l/2 to a state that varies only weakly with height within the bulk of the boundary layer. Except
for the case with the largest surface heat flux the height where the cross-isobaric wind component V has a local
maximum, as indicated by the horizontal lines, is present in the lower part of the boundary layer, similar to the
findings presented by Salesky et al. (2017) in their Figure 3b. A similar peak in the meridional wind at a relatively
low height was also found from LESs of trade-wind cumulus clouds (Stevens et al., 2001).

Figure 2b shows that the momentum flux u’w’ profiles vary almost linearly from a negative value near the ground
to zero values near the top of the boundary layer. By contrast, as indicated by the horizontal lines, the values for

v/w’ change sign within the boundary layer. The v/w’ profiles tend to cross the zero line relatively close to the top
of the boundary layer. The flux v/w’ has some small but positive values near the top of the boundary layer,
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Figure 3. Vertical profiles of V and v/w’ for the case with a surface heat flux w8’ = 0.1 mKs™'. The results represent
hourly mean values obtained during the 8" hour of the simulation. The gray band highlights the countergradient flux regime,
delimited by heights where 0V/dz = 0 and v/w’ = 0.

consistent with a positive entrainment velocity and a negative jump AV, which indicates an upwards (downwards)
transport of relatively large (small) values of v. For boundary layers with a sharp and thin inversion layer, the flux
of any quantity at the top of the boundary layer is controlled by the entrainment velocity w, and the jump of ¢ at
the top of the boundary layer A@, known as the flux-jump relation (Lilly, 1968),

W', = —w.Agp. (13)

The increasing positive values of v/w’ at the boundary-layer top for increasing surface heat flux thus signify a
stronger entrainment flux of momentum. According to Equation 11 this can be explained partly from the fact that
w, is proportional to w’6’ ., but also because a stronger heating of the boundary layer tends to reduce the
inversion jump of A® (see Figure 1a), which also tends to enhance w,.

Figure 3 shows the layer between the maximum value for V, which is present at a relatively low height, and the
height at which v/w’ changes sign, rather close to the top of the boundary layer. In this gray-shaded band both
0V/dz and v'w’ have a negative value, which demonstrates that v/w’ is countergradient. An inspection of
Figure 2d and e shows that a countergradient regime for v/w/ is clearly present for all cases. The wind U is almost
vertically well mixed. However, a weak local maximum value can develop in the upper part of the boundary layer,
which also leads to a weak countergradient flux. This will be explained in more detail in Sections 4 and 5.

De Roode et al. (2004) explain that countergradient transport can be expected if the mean vertical gradient of an
arbitrary quantity, 0¢/0z, changes sign within the boundary layer. To satisfy pure downgradient transport, its

vertical turbulent flux w’¢’ should change sign at exactly the same height, a constraint that is often not met. The
boundary conditions of the cross-isobaric wind component, namely V = 0 at z = 0 (no-slip) and z> & (for
V =V, = 0), dictate that its vertical gradient must change sign in the boundary layer, particularly since turbulent
momentum transport will produce a finite cross-isobaric wind component (see Svensson & Holtslag, 2009, their
Equation 3). This finding illustrates that countergradient transport does not only occur in fields of shallow
cumulus clouds (Dixit et al., 2021; Larson et al., 2019), but can also be present in commonly observed clear
convective boundary layers with shear.

To demonstrate the presence of a persistent countergradient momentum flux regime for v/w’, Figure 4 shows the
mean normalized heights at which the vertical gradient of V changes sign and where v/w’ = 0. These quantities
were computed from 10-min mean vertical profiles, and the figure presents their averages and standard deviations
over an 8-hr simulation period. In all cases, the mean height at which V reaches its maximum lies in the lower part
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1.0 ] of the boundary layer, around z/h ~ 0.2. The average height where v/w’

[ ] crosses zero tends to decrease slightly in cases with higher surface heat flux.
0.8~ B As shown in Figure 2e, this reflects the enhanced downward mixing of air
r i with lower v due to stronger entrainment. The relatively large standard de-
0.6 B viations indicate that during the averaging time period the wind and mo-
N L 1 mentum fluxes are not in a stationary state. Additionally, the negative vertical
04 i gradients of V in the countergradient regime are small, approaching a verti-
[ ] cally well-mixed state. Relatively small changes in the vertical profile of V in
02 + N time can lead to relatively large changes in the height where V has its

r + + ] maximum value.
0.0l : : : ] Having established that a countergradient regime for V is present in the

0.00 0.05 __ 010 0.15 0.20 e - L

W'y, (mKs™") specific case set up, most notably when the geostrophic wind vector is aligned

with the x—axis, one may question whether these findings are perhaps only

Figure 4. The countergradient momentum flux regime for the five convective  observed for this specific choice of coordinate system. To address this, we

boundary layers with wind shear. The filled circles represent the time-mean
values of the normalized heights where the horizontal slab-mean wind V
reaches its maximum value (black), and at which v/w’ = 0 (red). The vertical

repeated the simulation with w’6’. = 0.1 mKs™!, but with different angles

of the geostrophic wind a,, ranging from 10 to 90° in steps of 10°, with @,

lines represent one standard deviation from the mean. The results were obtained ~ defined according to
from 10 min mean vertical profiles from the 3" until the 10" hour of the

simulations.

V.
tanage, = Ui. (14)
Another possibility to analyze the effect of ag, on the countergradient regime is to rotate the LES wind fields,
specifically those obtained for ag., = 0, by an angle a,. For a;o; = @y, the rotated LES wind field corresponds
to a rotation of the geostrophic wind vector by the angle ag,. The rotated horizontal wind can then be obtained

from

Uror = U COSUlyoy — V SIN AUy,

(15)

Vit = U SINQo + V COS Ay

Similar to the reference runs, we diagnosed the lowest heights where V of the rotated wind field obtains its
maximum value. We also diagnosed the lowest height where v/ w’ (2) < ¢ gisV’ Wste, With cee = 0.01. This choice
is beneficial for obtaining a representative value for the height where v/w’ is nearly zero, particularly since setting
Cerip = 0 sometimes results in a height above the boundary layer, especially for cases with high values for a,,.

Figure 5 compares V and v/w’ obtained from the actual simulations with those based on the rotated fields, and
finds that they are in close agreement. Additionally, the mean profiles of U for a., = 0 and V for a,,, = 90°are
almost identical (not shown). Due to the chaotic nature of turbulence, it is not expected that the results from the
rotated wind fields and the actual simulations with a rotated geostrophic wind will be exactly identical.

From the horizontal lines shown in Figure 5, we can infer the dependence of the countergradient flux regime on
Qge, and conclude that a countergradient regime is present for any value of a,,. We note that for high values of
Ageo (260°), the vertical gradient of V becomes very small in the countergradient regime.

In Section 4, we will use the vertical profiles of the mean wind and momentum fluxes to demonstrate that the eddy
viscosities exhibit a strong directional dependence. We will also discuss how an anisotropic eddy viscosity
controls the turning of the wind with height. Before doing so, we will first take a bulk perspective and, in the next
subsection, discuss how the wind direction depends on the surface momentum fluxes and the boundary layer
height, h.

3.3. The Impact of Surface Friction on the Wind Direction

To investigate the impact of the surface momentum fluxes on the turning of the wind, we performed two addi-
tional simulations, both with a surface heat flux of 0.01 mKs™!, but with reduced surface roughness lengths of
0.01 and 0.001 m, respectively. Figure 6 shows that changes in the roughness length have little effect on the
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Figure 5. Vertical profiles of the hourly mean V and v/ w’ obtained during the 8 hour of the simulations, all with a prescribed
surface heat flux of 0.1 mKs™!. The solid lines indicate simulations with different directions of the geostrophic wind Ageo-
The symbols denote results obtained by rotating the wind fields from the simulation with a,, = 0. The short horizontal lines

show the heights of the maximum for V and where v/w’ = 0 in the actual simulations. The angles of the geostrophic wind are
indicated in the legend.

growth of the convective boundary layer depth. However, a smoother ground surface leads to smaller momentum
fluxes, an increase in U, a decrease in V, and a small increase in wind speed. The effect of surface friction is also
clearly visible in the wind angle.

The impact of the surface momentum flux on the wind direction can be understood from the momentum budget
equations. In case V, = 0, applied as a large-scale forcing condition in our simulations, they can be written as

% - v 6ua’ w’ ’
o (16)
ov ov'w!
= fU-U)—
ot f( 0 0z
The values for the momentum fluxes at the surface can generally be expressed as,
u’wlsfc = _CdUspd,lezly (17)
v’wlsfc = _CdUspd,zlvzl,

where the subscript “z,” indicates a reference height above the ground, usually taken at 10 m, and Cj is a stability-
dependent bulk drag coefficient which generally tends to increase for increasing surface roughness. The bulk
effect of the surface fluxes on the wind can be quantified by approximating

ou'w’  u'w, ov'w’ viw/
_ ~ sfc, _ ~ sfc, (18)

0z h 0z h

which indicates that a larger surface momentum flux exerts a stronger drag on the mean wind. Since the boundary
layer depth for the three cases with different roughness length is nearly identical, we conclude that a rougher
surface causes a stronger turning of the wind.

The turbulent eddies in the boundary layer transport low (high) horizontal momentum upward (downward)
thereby influencing the wind direction. According to the momentum budget Equation 16, the positive slope of
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Figure 6. Vertical profiles of horizontal-slab averaged hourly-mean quantities similar to the ones shown in Figure 2, but now
for different roughness length values according to the legend, and for simulations that were all forced by the same surface
heat flux of 0.1 mKs™!. The results were obtained during the 8" hour of the simulations.

u’w’, originating from a minimum negative value near the surface, captures the damping effect of turbulence on
U, as it causes U to become smaller than the geostrophic wind. This, in turn, tends to force V toward positive
values since ~(U — U,)> 0. Following Equation 17 the positive values of V result in v/w’ acquiring negative

values. In fact, v/w’ should increase with height, or similarly, —dv’w’/0z <0, to act as a sink (damping) term for
V. If this condition were not satisfied, then under the condition U < U,, V would tend to grow indefinitely.

Entrainment of momentum at the top of the boundary layer could also have been included, but given its relatively
small contribution in the simulated cases considered here, it has been neglected in this analysis. We refer
interested reader to De Roode and Siebesma (2020), who applied a conceptual mixed layer model to derive
analytical solutions for the wind direction, including entrainment fluxes of momentum.

3.4. A Diagnosis of Eddy Viscosity Profiles

We will now show that the eddy viscosity profiles differ significantly between the two horizontal wind com-
ponents. To this end we diagnosed the eddy viscosities from the mean horizontal winds and turbulent momentum
fluxes according to,

— oUu
u'w! = _Km,xa_v
’ (19)
viw! = —K v
m,y 02 .
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Figure 7. Diagnosed eddy viscosities for (a) the wind component parallel to the geostrophic wind, K, ., (b) the cross-isobaric
wind component, Ky, ,, both normalized by a factor wy, 4, and (c) their ratio, K, / Ky, ., during the 8™ hour of the simulations.

Surface heat flux values (w6’ in units of mKs™!) are indicated in the legend. A ratio of unity, as indicated by one of the dotted
vertical lines in (c), corresponds to the case where K, , and K., , are equal. The other dotted line in (c) indicates the zero line.

In this notation, K, , and K, , represent the eddy viscosities for the wind components in the zonal and meridional
directions, respectively. These are used in parameterizations that assume vertical turbulent fluxes of horizontal
momentum are directed down the mean vertical gradient of the wind. Figure 7 displays the eddy viscosities
normalized by the boundary layer depth, A, and the scaling velocity, wy,, according to Equation 10. The
normalized eddy viscosities K, , for the horizontal wind component in the direction of the geostrophic wind
(Ageo = 0°), tend to obtain large values near the middle of the boundary layer. Additionally, the convective cases

with wind shear can exhibit a countergradient flux regime for u’w’ in the upper part of the boundary layer. In
general, large values for the diagnosed eddy viscosities indicate vertically well-mixed profiles. If the vertical
mean gradients of a quantity tend toward zero, the eddy viscosities will tend toward infinity to produce a non-zero
momentum flux (see Equation 19). At this point, we conclude that the application of the normalization factor w,,h
does not yield an appropriate scaling behavior for K, ,.

Figure 7b shows that the diagnosed eddy viscosity profiles, K., , and Ky, ,, are significantly different. In fact, K, ,
exhibits negative values over a considerable depth in the interior of the boundary layer. As shown in Figure 3 this
is a consequence of the vertical gradient of V and the momentum flux v/w’ having the same sign. Approximating
the small negative vertical gradients of V in the countergradient region as zero, which represents a perfectly
vertically well mixed profile for V, would imply an eddy diffusivity K., , tending toward infinity. In any case, the
anisotropy factor, Ky, /Ky, ., deviates strongly from unity, signifying a clear anisotropy in the eddy viscosities
K and Ky, .

4. Momentum Flux Budgets

To address the question why the cross-isobaric momentum flux can become countergradient, it is instructive to
analyze the momentum flux budget (Dixit et al., 2021; Larson et al., 2019). For horizontally homogeneous
conditions, which are naturally satisfied in the LESs due to the horizontally periodic boundary conditions, the
budget equations for the resolved momentum fluxes can be derived from the filtered budget momentum equations
(see Stull (1988) for details),

ou'w' —0U —— ow'w'u’
o = —w'w % + fr'w B
e 4
— — Coriolis S
tendency shear turbulent transport
20
— on' on'’ a7} 0th; 20
+ ﬂu’96 — W= o= V_ 31,
—_———— 0z ox ox; ox;
buoyancy —— %/_7/
P P subgrid
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The names of the terms in the momentum flux budget Equation 21, as used in the subsequent discussion, are
indicated with underbraces. Except for terms denoted by “subgrid”, all terms were computed from the resolved
fields. The pressure terms P; and P, are sometimes expressed differently, for example, with a term that includes
spatial derivatives of pressure fluxes (Heinze et al., 2015). However, the different forms of the pressure terms are
mathematically equivalent and can be derived with straightforward manipulation involving the mass conservation
equation (Stull, 1988). We diagnosed all the budget terms except for the one involving the fluctuations of the
subgrid momentum flux 7;;. Diagnosing the fluctuating part of the subgrid stress term is challenging because
according to Equation 6 7; depends on both the subgrid TKE and spatial gradients of the wind. Moreover, 7;;
represents the subgrid momentum flux, which, away from the surface, is significantly smaller than the resolved
momentum flux suggesting that it is likely to be a less important term. In addition, the kappa advection scheme
introduces some numerical diffusion, further contributing to the effective diffusion in a manner similar to the
subgrid term in the momentum flux budget equation.

In the subsequent discussion, we use the term “production” when a term in the momentum budget contributes to a
tendency with the same sign as the momentum flux itself. We will restrict our analysis to a qualitative examination
of the momentum flux budgets. We begin by examining the budget for u’w’ as presented in Figure 8. The
predominantly negative values for u’w’, as shown in Figure 2b, are produced by the shear term.

In the lower parts of the convective boundary layers, the buoyancy term fu’@’ also contributes to negative
tendencies for u’w’. The heat flux is positive up to z/h ~ 0.7 (see Figure 1b), which indicates that updrafts are,
on average, positively buoyant. To illustrate this, we applied conditional sampling to obtain the mean updraft
values (indicated with a subscript “up”) for Uy,, Vip, Oups Wyp,
sampling operator are explained in De Roode and Bretherton (2003).

and the area updraft fraction ¢. Details of the

As shown in Figure 9, the negative values of u’@/, indicate that the rising, warm, positively buoyant plumes
(Wyp>0,0,, — ©®>0), have, on average, a smaller horizontal velocity than the slab-mean value (U,, — U <0).
This can be explained by the fact that the rising air originates from the surface layer, where the wind speed is
generally low, due to the no-slip condition at the ground. The downdrafts transport relatively high horizontal
velocities from the top of the boundary layer, where the wind is close to the geostrophic value.

For all cases the presence of a maximum in V leads to a change in the sign of the shear term in the v/w’ budget.

The buoyancy term, pv’ @/, contributes to the production of negative v/w’ values well above the height where V

reaches its maximum value. The sign of fv’ @/, can also be explained from Figure 9, which shows that positively
buoyant plumes transport low V,,, values from the surface upward.

The turbulent transport term is a redistribution term in the sense that its vertical integral is zero. For all cases

—d,w'w’u’ is positive in the lower part of the boundary layer, thereby opposing the negative values of u/w’,

whereas in the upper part it acts to produce negative u’w’. The turbulent transport —d,w’w’v’ is negative in the

middle part of the boundary layer thereby supporting the negative, countergradient flux values for v/w’.

The P, pressure terms in the budgets of both u’w’ and v/w’, —u’dz’/dz and —v' dz’/dz, respectively, have
qualitatively similar vertical profiles. Both pressure terms are predominantly positive meaning that they act to
oppose the negative signs of u’w’ and v/w’. Near the top of the boundary layer, the P, pressure terms tend to
counteract the buoyancy terms, which are particularly large in this region. This is likely due to plumes rising into
the relatively warm inversion layer, generating significant fluctuations in 6.

The P, pressure term —w’ 0z’ /dx is positive in the u’w’ budget, while —w’dx’/dy is negative in the v/ w’ budget.
The P, terms include horizontal pressure gradients that drive horizontal wind fluctuations. These horizontal
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Figure 8. Budgets for the resolved momentum flux u’w’ and v/w’ with the titles of the subplots representing the terms
present in Equations 20 and 21 (subplots a, ¢, e, g,iand b, d, f, h, j, respectively). The results represent an hourly-mean value
as obtained during the 8th hr of the simulations. The vertical dotted line represents the zero value. The linestyles are
according to the legend in panel (a).

pressure gradients are sufficiently different to establish a mean correlation with the vertical velocity that vary in
sign between the u’w’ and v/w’ momentum budgets.

In conclusion, for convective cases with wind shear the countergradient flux of the cross-isobaric wind
component is promoted by the buoyancy and transport terms, as well as by fluctuations in the horizontal pressure
gradients.

5. The Impact of Anisotropic Eddy Viscosities on the Ekman Wind Profile

We will now refine our analysis of the turning of the wind by exploring the consequences of anisotropic eddy
viscosities on the vertical profile of the horizontal wind. To do this, we will revisit the Ekman spiral model, whose
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Figure 9. Vertical profiles of the difference between the mean values in updrafts and the horizontal slab mean values, (a) U, — U, (b) V, — Vand (¢c) ©,, — ©,(d) the

updraft area fraction o, and (e) the mean vertical velocity in the updrafts W,,. The results were obtained during the 8" hour of the simulations. The legend indicates the

values of the surface heat flux in units of mKs™".

1

solution is derived from the steady-state momentum budget equations assuming a constant eddy viscosity. It is
important to note that we neither advocate the use of a downgradient diffusion approach, as it would contradict the
findings of countergradient momentum transport, nor the application of anisotropic eddy viscosity. At this point,
however, we are solely interested in exploring the potential consequences of applying an anisotropic eddy vis-
cosity. To the best of our knowledge, this type of analysis has not been made before. Since widely used models,
such as the ECWMEF, employ the traditional downgradient diffusion approach for turbulent momentum fluxes
(ECMWEF, 2023), we believe that the following analysis provides valuable insight into the understanding of such
turbulence closure techniques, in particular for shear-driven convective boundary layers with anisotropic eddy
viscosities such as found from the LES results.

5.1. A Modified Analytical Solution for the Ekman Wind Spiral

We will use the momentum budget Equation 16, which implicitly assume a coordinate system with the x-axis
aligned with the geostrophic wind, following U, >0, and V, = 0. We assume U, to be constant with height.
Anisotropic diffusion is incorporated by applying the momentum flux parameterizations from Equation 19, where
Ky = cKpyx, with ¢ representing an anisotropy factor for the eddy viscosities in the two horizontal directions.
To facilitate analytical solutions, we will use eddy viscosities that are constant with height. With this framework,
the steady-state momentum budget equations can be expressed as

*U
0=fV+Kniss,
: 22)
0’V
0= _f(U - Ug) + meaizz.
The use of constant eddy viscosities allows us to express the second derivatives with respect to height in the above

equations,

0’V Ko ‘U

- = - 23
0z? f o 23)
U K, 0*V
U _Kny V. @4
07> oo
We can substitute the latter two back in Equation 22 to obtain
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VL Ty
0% K Kmy
Sy P (25)
TR VU =0

For the given boundary conditions of no-slip at the ground surface, U = V =0 at z =0, and U - U,,
V — V, =0forz — oo, the solutions become

U= Uy(1—ecos yz),

1 26
V = —=U,e " sinyz (26)
\e
Here, y is defined as
2
o f 1 f
4 \/4Km!me,y A\ 2K, @7

Werecall that forc = 1, wehave K,,,, = Ky, = Ky, with which we obtain the original Ekman wind solution as
shown in Figure 10. The figure also shows solutions for an anisotropic eddy diffusivity with ¢ = 0.5 which will
be discussed next.

5.2. Interpretation of the Modified Ekman Wind Spiral

The presence of the prefactor 1/ \/E in the solution for V follows from a substitution of the general solutions in the
momentum budget Equation 22. The inclusion of the factor ¢ has an important consequence for the turning of the
wind, whose solution is given by

\%4 1 72 sin yz
a = arctan — = arctan| — —— 12} (28)
U e l—ecosyz

Therefore, we conclude that for any ¢ # 1, or, in other words, K, , # Koys the wind angle will deviate from the
original Ekman spiral solution.

With use of the downgradient momentum flux expressions Equation 19, the analytical solutions for the mo-
mentum fluxes can be written as

u'w' = UKy, ye 7 (cos yz + sin yz),
- (29)
viw = — g\/EKm’Xye_”(cos yz — sin yz).
With aid of this solution we find the following momentum flux values at the ground surface,
! . = Ug I Km»’f
Wwiste = T 5
(30)

1/4 me»x
viw'ge = _Ugc/ \/ 5

and consequently the surface friction velocity becomes

fK, NAIE 1/4
u*=\/7g( 2m> ($+\/E> 31
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Figure 10. Three analytical solutions for the Ekman spiral are depicted, featuring vertical profiles for (a) U, (b) V, (¢) Uy,

(d) the wind direction, and the momentum fluxes (e) u’w’ and (f) v/w’. The black line represents the original Ekman spiral
for K, = 1 m?s™!. The red line is obtained for Km’y/\/-c_ = \/-C-Km’x = 1 m?s~!, with ¢ = 0.5. For any value of c, the solutions
for U and v/w’ are identical to the original Ekman spiral solution. The blue line indicates solutions for ¢ = 0.5 and

Ky = cKp ., with K, chosen such that the surface friction velocity according to Equation 31 is identical to the original
Ekman spiral solution shown by the black line.

Figure 10 compares the solutions of the Ekman spiral for ¢ = 0.5 and 1. For the case with an anisotropic eddy
diffusivity (¢ = 0.5) we requested the same value for y as for ¢ = 1, which according to Equation 27 is obtained
for Ky Ky = K2, and consequently we used Kny = Ky = \/EK,,,. For this specific choice, the vertical
profiles for U and v'w’ are invariant to changes in c. For a reduction of ¢ down to a value of 0.5, V is increased
with respect to the original solution ¢ = 1. This result underscores the main point of the present study: the
application of anisotropic eddy viscosities introduces an additional controlling factor on the turning of the wind.
Notably, for the same profile for U, the analytical results demonstrate a stronger turning of the wind
when K, , <Ky, .

However, a careful inspection reveals that the modified case exhibits more negative momentum fluxes u’w’. One
could argue that this is a scenario with different boundary conditions at the ground surface than the original
Ekman wind solution. To address this concern, we present a third case which, like the second case, also applies
¢ = 0.5and uses K, , = cKy, .. However, eddy viscosities are adjusted to obtain the same value for u, as in the
original Ekman spiral case (¢ = 1and K, = 1 m?s™"). This adjustment could be achieved straightforwardly with
the help of Equation 31, which gives,

I
Km'yZZKm<C37+C]7) . (32)
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For this setting, we find that particularly in the lower half of the boundary layer, the wind angle increases
compared to the original Ekman spiral solution.

Let us investigate the influence of eddy diffusivity magnitude on the mean vertical profile of any arbitrary

quantity ¢. The surface flux w’¢’. is typically determined from a parameterization, for example, such as one
based on Monin-Obukhov similarity theory. With use of the eddy diffusivity approach (Equation 1), if follows
that the mean vertical gradient of @ must satisfy the following relation,
0p B w g’
iz K,

P

(33)

This expression indicates that the same flux profile could be obtained with a vertical mean profile of @ that has
adapted itself to the applied eddy diffusivity profile. In other words, if K, were reduced, larger values for the
vertical gradient of @ could give the same flux profile. This is precisely what we have found with the modified
Ekman spiral solution labeled as “c = 0.5, same U” in Figure 10. For the same vertical profile of v/w’, a reduced
value for K, , leads to larger vertical gradients for V and, consequently, a stronger turning of the wind with height.

5.3. Analogies With the Bulk Anisotropic Rayleigh Friction Model

The modified anisotropic Ekman model has demonstrated that an anisotropic diffusion approach has a distinct
impact on the wind profile. Here we will argue that this finding has some commonality with studies by
Deser (1993) and Stevens et al. (2002), who both applied a bulk steady-state Anisotropic Rayleigh Friction
Model,

0=f(Vy— Vg) — €Uy 34)
0= ~f(Uy — Uy) — €,V

with the subscript “bl” denoting the mean value of the wind in the turbulent atmospheric boundary layer. The
factors €, and e, are anisotropic bulk Rayleigh friction factors that can differ from one another. They represent the
bulk friction effect due to the turbulent momentum fluxes, for example, like

ou'w'  u'w', —u'w
O h p e | (35)

with the subscript 4 denoting the value of the flux at the top of the boundary layer. With aid of the surface flux
parameterization Equation 17 and the flux-jump relation Equation 13 we can write,
CyUspay,Unt = we (Up — Uyy)
h

pdp]

€y Ubl = (36)

where we used the fact that in a bulk model approach the boundary-layer wind is constant with height. The
subscript “ft” denotes the value of the wind just above the boundary layer. With this model Deser (1993) was able
to represent the observed winds over the tropical Pacific, but only if she allowed ¢, #¢,. Stevens et al. (2002)
explained that the application of an anisotropic bulk friction factor is due to the different entrainment fluxes for
the zonal and meridional wind components.

We will now use the analytical modified Ekman spiral solutions to show that the bulk friction factors €, and e, are
different. Since the analytical solutions were obtained with the x—axis in the direction of the geostrophic wind, €,
represents the bulk friction factor in the direction of the geostrophic wind. We are particularly interested in the
question as to how the asymmetry factor ¢ = K, /K., , affects these two bulk friction factors. From an inte-
gration of the stationary momentum equations Equation 34 up to the top of the boundary layer we can diagnose the
bulk friction factors according to
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yys - Figure 11a shows the mean boundary layer wind velocities that were found
from an integration of the analytical modified Ekman spiral solutions up to a
2r b height yz = 7 at which ¢™7 = 0.0432. It shows that U does not depend on
oL ] the factor ¢, whereas V tends to decrease with increasing c. These solutions
were used, in turn, to diagnose the bulk friction coefficients as shown in
2.0x107 (b) . Figure 11b. It is interesting to note that for an isotropic eddy viscosity (¢ = 1)
1 exFey. In other words, if a bulk model would be used to represent the mean
1.5%107* i g wind as obtained from the original Ekman model anisotropic bulk friction
1 factors would be needed. Last, we would like to mention an analytical so-
= 1 ox10-* 7 lution for the bulk friction factor for the cross-isobaric wind component,
N r 1 which follows straightforwardly from the analytical solution for the modified
i 1 Ekman spiral for the limit 7 — oo,
5.0x107° 1 5
: ] e, = cf. (38)
0 ‘ ‘ ‘ .
0.0 0.5 1.0 15 2.0 Interestingly, for isotropic diffusion, ¢ = 1, we find that the bulk friction
anisotropy factor c=K, /Kn.. coefficient for the cross-isobaric component of the mean wind is equal to the
Coriolis parameter f. By contrast, for anisotropic diffusion, ¢ # 1, we find that
Figure 11. (a) The mean values of wind in the boundary layer and (b) the the bulk friction coefficient e, changes proportionally to \/E

values of the bulk friction factors. The results were diagnosed from the
modified Ekman spiral solution.

6. Discussion

We have found that for clear convective boundary layers with wind shear the LES results do not support the use of
a uniform eddy viscosity profile for both horizontal wind components. When both v/w’ and the vertical gradient
of V have the same sign, a downgradient momentum flux parameterization with positive eddy viscosity would
incorrectly predict the sign of v/w’. Moreover, if the small negative vertical gradients of V in the countergradient
regime would be neglected, for instance, by approximating 0V/dz = 0, a downgradient diffusion approach would
yield an erroneous zero momentum flux. In this section we will briefly discuss two possible parameterization
approaches to overcome this situation. One is based on a higher-order closure model (André et al., 1978), and the
other combines an eddy diffusivity approach with a massflux contribution to the flux (Siebesma et al., 2007).
Furthermore, we will address an important consequence of countergradient momentum transport on the exchange
of kinetic energy between the mean flow and the turbulent field.

6.1. Higher-Order Closure Models

Larson et al. (2019) found countergradient momentum transport in shallow cumulus cloud fields. For example,
their study proposed to parameterize the countergradient transport for v/w’ as follows,

TuW? OV 7, —— Tam 1 pw W'y’
V! = — turb 4 turb 1=C)8 0 — turb © ,
Cﬁ 9z C6 ( 7)ﬁ \ C6 ﬁ 07

(39)

with Cg and C; proportionality factors, the higher-order moments w2, 9% and w’w’v’ are unknown quantities
that need to be determined. The pressure terms present in the momentum budget equation are absorbed into the
time scale 7., and the factor Cy¢. The first term on the right-hand-side can be interpreted as a downgradient
diffusion term, with an eddy viscosity K, that depends on the intensity of the vertical velocity fluctuations, as
quantified by its variance, and a turbulent time scale 7, (Larson et al., 2019),
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_ Tturbm
K, = e (40)

Note that this factor K, is commonly present in the parameterizations for u’w’ and v/w’ (Bougeault, 1981). In
analogy with molecular diffusion, it is also positive definite. Following Equation 39, any countergradient mo-

mentum transport should therefore be produced by the terms containing v/6/, and w’w’v’. We find that this is
consistent with the buoyancy and turbulent transport terms for the cases shown in Figures 8d and 8f. Both v/,

and the pressure term —w’d,x’ contribute to a negative value for v/w’, although this effect is somewhat coun-

teracted by the pressure term —v/ 0z’ .

6.2. Eddy Diffusivity With Massflux Approach

Another option for allowing countergradient momentum transport is to include a massflux contribution in the
parameterized momentum flux, according to (De Rooy et al., 2022; Siebesma et al., 2007; Teixeira et al., 2023),

9
W/(/)/ = _Kha_z + OWyp ((pup - (pdown)' (41)
This parameterization requires determining the area fraction of updrafts, ¢, and the mean values of ¢ in both
updrafts and downdrafts, as indicated by the subscripts “up” and “down,” respectively. Note that the downdraft
component can be straightforwardly obtained from the following definition (Randall et al., 1992),

¢ = OQPyp + (1 - 6)(pdown’ (42)
or equivalently,
Pup— @
Pup — Pdown = ;P . (43)
— 0

For small ¢ it follows that ¢4, = @. The EDMF approach is applied in the ECMWF global weather forecast
model to represent convective transport in the atmosphere (ECMWEF, 2023), except for the momentum flux in the
clear convective boundary layer. The results presented in Figure 9b suggest that the inclusion of a massflux term
could aid to produce a countergradient momentum flux, in particular in the lower part of the clear convective
boundary layer where V,, — V <0. The inclusion of a mass-flux contribution to the momentum flux could
possibly improve the model representation of wind, but this may require a careful reconsideration of the asso-
ciated eddy diffusivity profile to ensure consistency between local and non-local mixing contributions in mo-
mentum transport.

To apply the EDMF approach to momentum requires an extra equation to predict the updraft velocities U,, and
Vip- This involves a horizontal mixing term that captures the entrainment and detrainment of horizontal mo-

mentum between the updrafts and the downdrafts, but also a pressure term (Lappen & Randall, 2006).

6.3. Kinetic Energy Transfer

The presence of countergradient momentum transport therefore has an important implication on the production of

horizontal velocity fluctuations. For example, the shear production of v/v’ is given by,

WV v
( vy ) = 2w 2. (44)
ot prod 02

If the flux v/w’ is counter to the mean gradient, the production term becomes negative and will actually act to

dissipate variance v/v’.
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The production term in Equation 44 also appears in the mean kinetic energy equation, but with opposite sign. This
can be derived from the momentum budget Equation 16. If we only consider the turbulent flux term on the rhs of
the budget equation for V, and multiply it by V, we get

ov? _ on'w’
a 0z
. 45)
ovv'w’ — oV
= -2 +2v'w! —,
0z v 0z

where we applied the chain rule of differentiation. The first term on the rhs is a redistribution term of kinetic
energy. This can be understood from its vertical integration from the ground surface, where V = 0, to just above
the top of the turbulent boundary layer, where v/w’ = 0. These boundary conditions give a zero value for the
vertical integral. In case of a countergradient momentum flux, the second term will be positive, indicating that the
kinetic energy that is lost from the turbulent fluctuations (v/v”), is gained by the mean flow (V). In other words,
under countergradient momentum flux conditions there will be an upscale transport of energy from the small-
scale turbulent fluctuations to the mean flow.

7. Conclusions and Recommendations

This paper analyzes results from LESs to demonstrate the presence of a distinct countergradient momentum flux
regime in dry convective boundary layers with wind shear. The simulations were forced by a constant horizontal
pressure gradient, driving a geostrophic wind U, of 7.5 ms~! in the x—direction, and V, = 0in the y—direction.

The cases were forced by different surface heat fluxes in the range between 0.03 and 0.18 mKs™'.

In the bulk part of the convective boundary layers, we find that the mean vertical gradient of the cross-isobaric
wind V can have the same sign as its flux v/w’, signifying countergradient momentum transport. Although less
pronounced, this is also found for the wind component in the direction of the geostrophic wind U in the upper part
of the boundary layer. The countergradient momentum flux v/w’ can be explained by the boundary conditions,
which dictate zero values for V at the ground surface due to the no-slip condition, and just above the boundary
layer because of V, = 0. The maximum value for V is found in the lower part of the boundary layer, while the
momentum flux v/ w’ remains negative from the ground surface to near the top of the boundary layer. Between the
heights where V peaks and where the v/w’ changes sign, the vertical gradient of V and v/w’ have the same sign.
This kind of countergradient momentum transport has also been reported in fields of shallow cumulus by Larson
et al. (2019), Helfer et al. (2021) and Dixit et al. (2021). We also find from additional simulations that a coun-
tergradient momentum flux regime is present for any arbitrary angle of the geostrophic wind.

Buoyant updrafts play a crucial role in driving countergradient momentum fluxes. They are capable of vertically
transporting air with relatively small horizontal momentum, originating from near the surface, to much higher
altitudes within the boundary layer compared to conditions without a buoyancy flux, such as in the neutral
boundary layer. The upward transport of low horizontal momentum promotes a negative momentum flux. If the
momentum flux v/w’ remains negative above the height where V reaches its maximum, the momentum flux
becomes countergradient. This type of boundary-layer scale transport can be interpreted as non-local transport,
similar to the countergradient transport for heat found in the clear convective boundary layer (Holtslag &
Moeng, 1991).

The LES fields also allow for the diagnosis of eddy viscosity profiles, which are found to be anisotropic, meaning
that they differ for the two horizontal wind components. In fact, the presence of countergradient momentum
fluxes implies that their parameterization with a downgradient diffusion approach would require negative eddy
viscosity values. We have explored the impact of anisotropic eddy viscosity profiles through the theoretical
Ekman spiral equations. If we relax the assumption of a uniform, constant eddy viscosity and allowing the eddy
viscosities for U and V to differ by a constant factor, thatis K,,, = cKy, ,, we find that this leads to modifications
in the turning of the wind with height. In this context it is interesting to mention that De Roode (2007) reported
that in a marine stratocumulus boundary layer eddy diffusivity profiles for heat and moisture can be different, too.
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The use of a negative eddy viscosity can be avoided by employing parameterizations that allow for non-local
transport. Such schemes can be derived from the momentum budget equation (Larson et al., 2019) or by
following an eddy-diffusivity with massflux approach (Siebesma et al., 2007). The optimization of parameteri-
zation constants, time scales, or lateral entrainment in these schemes can be fine-tuned using LES results. By
rotating the LES fields, it is possible to investigate how these factors depend on the direction of the geostrophic
wind.

The mechanical shear production of turbulent wind fluctuations becomes negative when the momentum flux is
countergradient. The impact of this on the spatial organization of convective structures is an interesting question
(Park et al., 2018; Salesky et al., 2017), particularly from the perspective of weather forecast models that operate
with mesh sizes at kilometer-scale resolutions (De Roode et al., 2019). Traditionally, weather forecast and climate
models implicitly assume that all turbulent vertical transport occurs at unresolved subgrid scales. However, as the
resolution becomes fine enough, this assumption no longer holds, and some fraction of the turbulent transport will
be resolved. This situation necessitates modifications of subgrid parameterizations for turbulent transport by
making them scale-aware (Honnert et al., 2011).

The turning of the wind matters for large-scale dynamics, particularly since it controls the large-scale vertical
motions in the atmosphere, such as the large-scale subsidence in a high-pressure system (De Roode & Sie-
besma, 2020). The same holds for the vertical motions in the global oceans, often referred to as Ekman pumping
or sinking. This makes the present study also relevant for the modeling of such flow in global ocean models,
mainly because the vertical fluxes of heat and momentum are often computed with an eddy diffusion approach,
similar to large-scale atmospheric models.

Data Availability Statement

The DALES model is publicly available from https://github.com/dalesteam/dales which includes instructions to
compile and execute the model. It is also archived on Zenodo (Arabas et al., 2024). We have posted the results at
www.euclipse.nl/Countergradient/countergradient.tar, which includes the input files (prof.inp, Iscale.inp,
namoptions) for each case reported in this study. With the use of these input files all the results discussed in the
study can be duplicated on any arbitrary computer platform.
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