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Abstract Flow in the stable boundary layer is examined at four contrasting
sites with greater upwind surface roughness. The surface heterogeneity is dis-
organized and in some cases weak as commonly occurs. With low wind speeds,
the vertical divergence (or convergence) of the momentum and heat fluxes can
be large near the surface in what is normally assumed to be the surface layer
where such divergence is neglected. For the two most heterogeneous sites, a
shallow “new” boundary layer is captured by the tower observations, analo-

gous to an internal boundary layer but more complex. Above the new boundary
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2 L. Mahrt et al.

layer, the magnitudes of the downward fluxes of heat and momentum increase
with height in a transition layer, reach a maximum, and then decrease with
height in an overlying regional boundary layer. Similar structure is observed
at the site with rolling terrain where the shallow new boundary layer at the
surface is identified as cold air drainage generated by the local slope above
which the flow undergoes transition to an overlying regional flow. Significant
flux divergence near the surface is generated even over an ice floe for low wind
speeds in a shallow Ekman layer that forms during the polar night. For higher
wind speeds, the magnitude of the downward fluxes decreases gradually with

height at all levels as in a traditional boundary layer.

Keywords Internal boundary layer - Nocturnal boundary layer - Roughness

change - Stable boundary layer - Vertical flux divergence

1 Introduction

The vertical flux divergence near the surface of the nocturnal boundary layer
can be sufficiently large that fluxes measured at standard observational levels
do not adequately estimate the surface flux. The surface layer may be confined
to a layer below the lowest observational level. Common shallow drainage flows
are an example where the fluxes may vary significantly with height even in the
lowest few metres. The stress can approximately vanish at the wind-speed
maximum of the drainage flow where the speed shear vanishes (Grisogono and
Oerlemans, 2001; Nadeau et al., 2013); see also Mahrt et al. (2014).

Fluxes can also vary rapidly with height in flow over an abrupt transi-
tion from rougher to smoother surfaces. An internal boundary layer develops
that is attached to the downwind smoother surface and is characterized by

smaller turbulence intensity compared to upwind locations (Garratt, 1990,
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1994). Based on large-eddy simulations (LES), Glendening and Lin (2002)
found that the magnitude of the downward momentum flux increases with
height immediately downwind of a rough-to-smooth transition in stable con-
ditions. In offshore flow from a rough warm land surface over a smooth cooler
sea surface, Skyllingstad et al. (2005) showed a significant increase of the fric-
tion velocity (u.) with height up to 100 m. Péette et al. (2017) found that
downwind of a rough-to-smooth transition in a wind tunnel, the turbulent
energy and magnitude of the downward momentum flux both increase with
height up to a maximum and then decrease with further increase in height
(e.g., their Fig. 7). Their observations include a sequence of transitions where
this vertical structure is modified compared to a single transition, but the ba-
sic spatial structure remains intact. Details depend on the relative spacing of
the transitions.

For flow from smoother to rougher surfaces, the magnitudes of the down-
ward momentum flux over locally rougher surfaces may decrease with height
more rapidly than over homogeneous surfaces, as can be inferred from Morse
et al. (2002) and Dellwik et al. (2013). The fetch required for development
of an equilibrium layer extending to a certain height is greater in stable con-
ditions (Dellwik and Jensen, 2000) and depends on the particular turbulence
variable analyzed (Irvine et al., 1997).

Based on Bou-Zeid et al. (2007), a regional boundary layer above the inter-
nal boundary layer can be partitioned into a lower region that is horizontally
heterogeneous due to memory of the upwind surface variability, and an upper
region above the “blending height” where the flow is horizontally homoge-
neous; see also Schmid and Biinzli (1995). Bou-Zeid et al. (2007) emphasize
the difficulty of defining a unique blending height even within a LES set-
ting. In flow from a rough surface to a smoother surface, the magnitude of

the downward fluxes of heat and momentum increase with height from the
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4 L. Mahrt et al.

low turbulence intensity in the new boundary layer to the higher turbulence
intensity in the regional boundary layer where turbulence is advected from
the upwind rougher surface. Actual surfaces are commonly characterized by
complex surface heterogeneity rather than a single discontinuity of surface con-
ditions. These surfaces have been examined much less and are an important
part of the present study.

The downward momentum and heat fluxes near the surface may also in-
crease with height due to elevated shear generation of turbulence (Mahrt and
Vickers, 2002; Balsley et al., 2006; Sun et al., 2013; Acevedo et al., 2015).
The increase of turbulence intensity and magnitude of the downward fluxes
with increasing height has been attributed to the generation of turbulence at
higher levels where the stratification is less and shear is often maintained by
a low-level jet (Conangla and Cuxart, 2006; Banta et al., 2006; Van de Wiel
et al., 2010; Kallistratova and Kouznetsov, 2012). Elevated turbulence may
be transported downward toward the surface in the form of bursts (Nappo,
1991). Based partly on radon measurements at different heights, Williams
et al. (2013) constructed a classification of very stable boundary layers, which
includes the top-down case where the turbulence is generated primarily at
higher levels. Mortarini et al. (2017) show examples of complex profiles of the
stress associated with larger-scale surface heterogeneity, submeso motions, and
a low-level jet.

Even over homogeneous flat surfaces, the vertical structure of the fluxes
in very stable conditions is sometimes challenging to measure because the
boundary-layer depth can be less than 10 m, as found by Smedman (1988),
Grachev et al. (2005) and others. With the usual guidelines, surface-layer sim-
ilarity theory is valid only in the lower 10% of the boundary layer so that
measurements of the surface fluxes would be required below 1 m. Because

similarity theory is potentially valid only above the roughness sublayer of the
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Near-Surface Vertical Flux Divergence in the Stable Boundary Layer 5

vegetation, the surface layer can be potentially “squeezed” out of existence.
These boundary layers can still be “traditional” in that the main source of tur-
bulence is due to the surface roughness and the turbulence decreases monoton-
ically with height, as in Fig. 1 of Banta et al. (2006). In addition to difficulties
due to the thinness of the boundary layer, Poulos and Burns (2003) found
maximum flux divergence at the surface. For observational levels above the
shallow surface layer, local similarity theory may still describe the local flux-
gradient relationship (Grachev et al., 2013). However, over complex surface
heterogeneity, local similarity theory cannot be used to predict the surface
fluxes based on the traditional local flux-gradient relationships and general-
izations are required (Grachev et al., 2018).

Our study investigates the momentum and heat fluxes near the surface
at three contrasting sites with different degrees of complex heterogeneity and
a fourth site with a relatively homogeneous surface. The sites are described
in Sect. 2.1, and the dependence of the vertical structure on wind speed and
stratification is discussed in Sect. 3. The profile characteristics of momentum

and heat fluxes are analyzed for different subclasses of the flow in Sects. 4 — 5.

2 Measurements and Analysis

2.1 Field programs

Sonic anemometer measurements were collected in the North Park Basin, Col-
orado, USA, during winter 2002-2003 in the Fluxes Over a Snow Surface II
field program (FLOSSII, http : //www.eol.ucar.edu/isf /projects/FLOSSII/).
See Table 1 for instrument information. On average, the basin floor is about
30 km wide with basin sidewalls of 1,000 m over a horizontal width of about
7 km. The basin is approximately 50 km from south to north. The surface at

the tower base consists of matted grass, sometimes with a shallow snow cover;
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6 L. Mahrt et al.

the roughness length for this site is small, less than 1 mm with snow cover.
Scattered short brush begins 100-200 m upwind of the tower with respect to
the prevailing southerly flow. Some scatter brush occur upwind for all wind
directions. The distribution of the brush is somewhat disorganized with a typ-
ical height on the order of 0.1 m. A map of the complex spatial distribution
of the brush is provided in Mahrt and Vickers (2005). As a measure of the
stratification, d6 is computed as the vertical difference in potential tempera-
ture between 1.0 and 5.0 m. The FLOSSII dataset is the longest dataset of
the three mid-latitude sites (4 months) and has the tallest tower (30 m) and
is used as the default dataset.

The Shallow Cold Pool (SCP) Experiment was conducted over semi-arid
grasslands in north-east Colorado, USA, from 1 October to 1 December 2012
(https : //www.eol.ucar.edu/ field_projects/scp). The main valley is rela-
tively small, roughly 12 m deep and 270 m across with valley side slopes
generally < 6°. Widely scattered short brush grows upwind 100-200 m from
the tower with respect to the prevailing wind direction of west-north-west to
north-west. We analyze sonic anemometer measurements taken from the main
tower (Table 1) with 60 computed between the heights of 1.0 m and 5.0 m; see
Mahrt and Thomas (2016) for more information on this site. The estimation
of the roughness length is uncertain because of frequent distortion of the wind
profile by the local topography.

A 12-m tall eddy-flux tower was deployed at the Botany and Plant Pathol-
ogy (BPP) Farm of Oregon State University, USA (Thomas et al., 2012). We
analyze observations from late August until mid-October 2011 (Table 1). Re-
gardless of wind direction, the upwind roughness length is greater than that
at the grass-covered tower location due to upwind orchards, row crops and
hedges and a nearby building (see vegetation map in Zeeman et al. (2015)).

The effective roughness length is wind-direction dependent but always greater
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Near-Surface Vertical Flux Divergence in the Stable Boundary Layer 7

than about 25 mm and presumably influenced by the upwind vegetation. The
airflow generally passes over a sequence of roughness changes before arriving
at the tower site. The quantity §6 is computed by interpolating the 12 levels
of Omega TMTSS-020G thermocouple data to the heights 1.0 and 5 m. The
thermocouple levels are at 0.05, 0.1, 0.2, 0.4, 0.8, 1.5, 3, 4, 6, 8, 10 and 12 m.

The Surface Heat Budget of the Arctic Ocean Experiment (SHEBA) tower
flux measurements (Persson et al., 2002; Grachev et al., 2005) were made
from October 1997 to October 1998 on a multi-year ice floe drifting in the
Beaufort and Chukchi Seas. The measurements analyzed in our study are
listed in Table 1. The SHEBA site was located a few hundred kilometers
from land on Arctic pack ice, which had no large-scale slopes. The surface
is generally smooth snow-covered ice, though patches of ice rubble up to 3
m in height exist in most directions at distances of several hundred metres
to a few kilometres. The roughness lengths increase by a factor of two with
the height of the observations over the depth of the tower, indicating that
a footprint higher on the tower includes some of the rougher ice at greater
distances (Persson et al., 2002). Based on fluxes closest to the surface, the
roughness lengths are small (typically 5 x 10~* m), indicating a relatively
smooth surface. Data contaminated by huts and the ship in the southerly
and south-westerly direction comprise about 10% of the data and have been
eliminated; the remaining data are predominantly from the unobstructed and
dominant north-easterly and north-westerly wind directions.

During the polar night at the SHEBA site (early November through early
February), stable conditions are long lasting and can reach quasi-stationary
states compared to those in the midlatitudes. The boundary-layer stability is
primarily modulated by synoptic and mesoscale disturbances and the clouds
they produce (Persson et al., 2017) with time scales of 12 h to 5 days. The

summer period has been removed because the very few cases of stably stratified
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flow in this season are associated with warm-air advection from ice-free areas
and compromise the assumption of relatively homogeneous conditions. Because
the SHEBA data is much more stationary than the other datasets, we use the
fluxes from the high-frequency portion of the 13.65-min covariance spectra
averaged for 54 min, as described by Grachev et al. (2005). This high-frequency
portion represents turbulent motions with time scales of at most 2-3 min. §6
is computed between the 2.2-m and 8.9-m levels. To compare with the other
three sites where 6 is estimated over a 4-m layer, §0 at the SHEBA site is
multiplied by 4 m/6.7 m. This does not correct for the typical decrease of the
temperature gradient with height.

For the three mid-latitude datasets, we analyze only measurements between
2100 and 0600 LST (local standard time) to exclude daytime and transition
periods. No conditions were imposed on time of day for the SHEBA measure-
ments, but instead measurements are included only when §6 > 0.1 K, which ex-
cludes neutral conditions and conditions where the stable stratification might
be too small to accurately measure. This condition on the stratification elimi-
nates some of the cloudy periods during the polar night as longwave radiation
from clouds sometimes produces neutral stratification (Persson et al., 2017).
Also, only winter and spring data are used. For the retained SHEBA data,
83% occurred during the polar night with little insolation while 17% represent
nocturnal stable boundary layers during March and April when a significant

diurnal cycle develops (Persson et al., 2002).

2.2 Challenges Computing Momentum Fluxes for Very Stable Conditions

Estimation of the momentum flux divergence is more sensitive to errors than
the momentum flux itself. The problem is particularly difficult for low wind
speeds and stable stratification. For wind speeds < 2 m s~!, about 20% of

the wind directions correspond to flow through the tower, depending on the
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site and the definition of “through the tower.” Data with flow through the
tower were not eliminated at the FLOSSII, SCP and BPP sites because such
elimination would have led to highly segmented time series for low wind speeds.

Loss of momentum flux due to path-length averaging is a concern with very
stable conditions where some of the turbulent transport might be on scales that
are not adequately resolved because of sonic path-length averaging. The heat-
flux cospectra in FLOSSII indicates that the heat flux at 2 m is fully resolved
(Mahrt and Vickers, 2006) such that the variation of the flux between 2 and
30 m is probably not affected by path-length averaging. The method of Horst
and Oncley (2006) indicated that the heat flux was fully resolved for 1 m and
above at the SCP site. The method of Moore (1986) had been applied to the
BPP measurements, and the impact of path-length averaging appears to be
small compared to the rapid increases of flux magnitude with height at the
BPP site.

Unfortunately, the above methods rely on cospectral similarity theory and
our cospectra for very stable conditions include cases where an inertial sub-
range is not evident as shown by Grachev et al. (2013) for the SHEBA measure-
ments. The path-length averaging flux loss should be greatest at the surface
where the transporting eddies are smallest and thus acts to increase the flux
magnitude with height. Yet the flux magnitude for low wind speeds at the
FLOSSII and SCP sites tends to decrease with increasing height closest to
the surface and increase with height only at higher levels (Sect. 5). This cir-
cumstantial information implies that path-length averaging is not a serious
problem.

The choice of averaging time that determines the largest scales included in
the flux computation becomes uncertain for very stable conditions where tur-
bulent and non-turbulent motions may overlap in scale. The averaging times

for the FLOSSII, SCP and BPP sites are chosen to be 1 min as a compromise
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10 L. Mahrt et al.

between minimizing the impact of the non-turbulent motions on the computed
fluctuations and minimizing the loss of turbulent flux for higher wind speeds.
The optimum averaging length may be a strong function of stability. Fortu-
nately, the results of this study based on composited (bin-averaged) quantities
are not particularly sensitive to the choice of averaging time for these datasets,

at least within the range of 30 s to 300 s.

A more detailed analysis of the FLOSSII measurements indicated that the
momentum flux depends significantly on the choice of the coordinate align-
ment rotation (“tilt” rotation) for very low wind speeds < 0.5 m s~!. With
larger stratification, the transporting motions are generally flatter, causing
smaller attack angle with respect to the anemometer, which in turn increases
the impact of misalignment of the sonic anemometer. Coordinate alignment
attempts to reduce the misalignment of the sonic anemometer with respect
to the surface and also reduces the impact flow distortion depending on the
rotation method and type of sonic anemometer. Misalignment with respect
to sloped terrain in the footprint of the flux measurement depends on wind
direction, wind speed and stability and sometimes includes the impact of mi-
croscale flow separation on the attack angle of the flow (Stiperski and Rotach,

2016).

The datasets varied in terms of cross-wind corrections (Liu, 2001) which
were found to be quite small. The datasets also varied in terms of correc-
tions for instrument-induced flow distortion (Horst et al., 2015) or in terms of
wind-tunnel calibration. For low wind speeds and strong stratification, we be-
lieve these errors are small compared to the difficulties of correcting for sonic
misalignment and potentially significant flux loss to path-length averaging. In
spite of the above efforts to assess flux errors, we cannot categorically assume

that instrumental problems do not significantly influence the estimated stress
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Table 1 Site description. Total months of data, sonic-anemometer model, tower levels (m),
sampling rate (SR in samples per second) and tilt-rotation method (TM) where PF =
planar fit (Wilczak et al., 2001), DR = double rotation (Grachev et al., 2005) and DPF =
directionally dependence planar fit (Acevedo and Mahrt, 2010).

site months  sonic tower levels SR TM
FLOSSIT 4 Campbell CSAT3 1251015 20 30 40 DPF
SCP 2 Campbell CSAT3 0512345101520 20 PF
BPP 2 Metek USA-1 0.8 3 10 DPF
BPP 2 R. M. Young 81000 VRE 7.5 12 10 DPF
SHEBA 7 ATI 2.23.2518913.8 20 DR

divergence, although it is not obvious how such errors would lead to systematic

variation of the flux with height.

2.3 Time Averaging

Our analysis approach is described in Mahrt and Thomas (2016) with the flow
is partitioned as

¢=¢ +9, (1)
where the overbar designates a time average over a window of width 7, ¢’ is
the deviation from such an average, ¢ is potential temperature or one of the
velocity components, fluxes are computed as w’¢’ where w’ is the perturbation

vertical velocity, and the wind speed is determined as
V= Vu? +7°. (2)
2.4 Averaging Over Intervals

Because we use small averaging windows to filter out non-turbulent motions
and reduce flux bias, averages for individual windows are characterized by
large uncertainty due to random-like variations. As a result, we bin-average
(composite) the window averages separately for different intervals of some
variable such as height above ground or the wind speed. Narrow intervals

(bins) are chosen to construct a semi-continuous dependence of the turbulence
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12 L. Mahrt et al.

on the forcing variable. Broader intervals are chosen to construct classes such
as the low wind class V' < 2 m s~! and the high wind class V' > 6 m s~ 1.
Either type of compositing is symbolized by square brackets such as [¢)].
Non-stationarity and variation of vertical structure of the flux between
nights prevent interpretation of the composited variables (bin averages) in
terms of an ensemble average and also preclude clear interpretation of the
standard error. The standard errors are generally very small, often not even
visible if plotted. These small magnitudes result from the large number of 1-
min records. However, because of the lack of independence of 1-min records
with typical non-stationarity, the standard error can substantially underesti-

mate the actual flux uncertainty (Mahrt and Thomas, 2016).

2.5 Different Calculations of the Momentum Flux

The method of computing the momentum flux becomes important with low
wind speeds. Unless otherwise noted, the z-direction refers to the along-wind
coordinate at each level such that the along-wind momentum flux is w’u’ and
the crosswind flux is w’v’. The total momentum flux in this height-dependent

rotated coordinate system is written as

W'V =wi i+ W' g, (3)

where ¢ and j are unit vectors in the along-wind x and crosswind y directions,
respectively. The flux components are composited over all of the values within

a given bin or class to obtain [w/v/] and [wv’], and we define the shorthand

notation for the magnitude of the composited momentum flux as

WV = (@ + @), (@

Here, the square brackets on the left-hand side imply that the flux components

are composited first.
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When analyzing data with wind-directional shear, a more meaningful flux
divergence might be computed in a coordinate system that is fixed with height,
sometimes based on the direction of the surface wind (surface-based rotation)

where

w’ S’fc = w’u’sfC i—l—w’vfsfC 7. (5)

However, with small wind speed and significant stratification and resulting
partial decoupling in the vertical, the direction of the wind vector at higher
levels can become more chaotic in a surface-based coordinate system. In ad-
dition, the wind vector can systematically shift with height away from the
surface wind direction. As a result of compositing over flux components of

varying sign, [w'V’.] decreases rapidly with height in the surface-based co-

ordinate system (black, Fig. 1a) in contrast to [w’'V’] in the locally rotated

coordinate system (red line, Fig. 1a), which increases slowly with height.

Comparing [w'v'] (red dashed) with [w/V’] (red) indicates that the com-
posited cross-wind momentum flux is small for the FLOSSII site although it
can be large for individual profiles. Using 5-min averaging instead of 1-min
averaging has little effect on the composited wind and stress profiles (com-
pare cyan and red lines, Fig. 1a). The differences between the various profiles
become significantly smaller with higher wind speeds (Fig. 1b).

Compositing the friction velocity
e = (W + W) (6)

to obtain [u.] must be interpreted with caution. The contributions of the devi-
ations of the flux components from their composited values contribute signifi-
cantly to [u.] but do not contribute to [w/V’]. The contribution of random-like
variations of w/V’ can be interpreted as bias in the calculation of [u,] if [u.]

is interpreted as a measure of the systematic momentum flux. To construct

an exercise illustrating this process, we partition each flux component into the
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Fig. 1 Height dependence of the composited (bin-averaged) momentum flux at the FLOSSII
site for a) V < 2m s~! and b) V > 6 m s~1. Plotted are the composited stress magnitudes
based on Eq. 4 with the height-dependent rotated coordinate system (solid red, [w/V”’]), with
the height-dependent rotated coordinate system but with 5-min window averages (cyan),
with the along-wind flux component only (red dashed, [w/u/]), and with the coordinate
system rotated into the surface wind direction ([w’V”¢.], black line). The blue line is the
scalar composite [us]?.

composited momentum flux and a deviation from this value. Then each value

of u, can be written as

~

w, = (W) + w'a)? + (W) + w'o)?)°%, (7)

where the hat symbol above the overbar designates deviations from the com-
posited value that include random variations. To avoid the need for a complex

series expansion, we raise Eq. 7 to the fourth power to obtain

4 ~ 2 ~ ~ 2

ut = [w'u']? + 2[w’u’]w7u’ + w4 W)+ 2w 4w . (8)
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Compositing each side and noting that [[w/u/|w'v/] and [[w’v/]Jw/v’]= 0,

The terms [w'u/]? and [w7v’]2 augment [ul] but not [w'V’] and [w'u/]; [u.]

1/4

increases monotonically with increasing [uf]!/% in a way that depends on the

frequency distribution of [u.] not pursued here.

The augmentation of [u,] above [w/V’] and [w'w/] for the current data is
quantified in Fig. 1 (compare blue line with red solid and dashed lines). If
the square brackets represented a true ensemble average, the contributions of
[W]2 and [W]2 could be viewed as inadvertent conversion of random error
to systematic momentum flux. Although u, represents the magnitude of the
momentum flux for an individual averaging window, [u.] cannot be thought of
as a pure measure of the systematic momentum flux. Instead, the composited
friction velocity, [us], provides a measure of the intensity of the turbulence
that is based on the momentum flux. For the FLOSSII dataset, o, and u.
are linearly correlated with a ratio of about 1.4, within the range for stable
conditions summarized in Garratt (1994) and also in general agreement with
Fig. 4 in Pahlow et al. (2001) and Fig. 6 in Basu et al. (2006). However, in
our datasets, o,, is more likely to increase with height near the surface than
u, (not shown) noting that o, unavoidably includes some influence of non-
turbulent motions. On the other hand, Acevedo et al. (2009) advises against
using wu, as a scaling variable for low wind conditions because of its sensi-
tivity to mesoscale variability and recommends use of o, instead. For our

measurements, the vertical profile of u, lies between the profiles of o,, and the

along-wind momentum flux [w'v/].
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2.6 Vertical Structure

Section 3 examines the behaviour of vertical structure based on the traditional
scaling variable u, which is used as a measure of the intensity of the turbulence
based on the momentum flux. To avoid fitting complex individual profiles that
occur in very stable conditions, we compute the vertical difference based on

simple finite differencing defined as

O s = us(22) — us(21), (10)

where the operator 6, takes the difference of u, between the two levels. We
evaluate Eq. 10 as close to the surface as possible yet include sufficient layer
thickness to control the impact of observational errors on the computed vertical
differences. As a compromise, the heights z; and zy are chosen to be the 1-
and 5-m levels for the FLOSSII and SCP sites, the 0.8- and 7.5-m levels for
the BPP site and the 2- and 8-m levels for the SHEBA site. To reduce the
effect of the larger vertical interval, we multiply the differences by 0.6 for the
BPP site and 0.67 for the SHEBA site.

Section 4 examines the vertical structure of the along-wind momentum flux
[w'u’] to identify the behaviour of the systematic part of the momentum flux.
Because the crosswind momentum flux is of variable sign, the contribution of
crosswind momentum flux to the composited profiles is generally small except
for the SCP data where shallow drainage flows induce significant directional

shear.

3 Dependence of 6,u, on V and 660

3.1 Joint Distribution

We composite the distribution of §,u, with respect to joint intervals of §,0

and V at the FLOSSII site (Fig. 2); the advantages of joint distributions
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Fig. 2 Dependence of [§ u+] on V and 60 for the FLOSSII site where [6.u«] represents
compositing jointly over intervals of V' and §6. Upper left corresponds to more stable con-

ditions, and the lower right corresponds to near-neutral conditions. Red lines correspond to
Vs = 0.05, 0.1 and 0.15 m s~! (Eq. 13).

are discussed in Williams et al. (2013). On average, d,u, > 0 for small V,
particularly for small 66. Advection of larger turbulence intensity from the
rougher brush upwind from the site (Sect. 2.1) over the less turbulent air
above the grass surface probably contributes significantly to the increase of
u, with height ( [d,u.] > 0), discussed further in terms of the along-wind
momentum flux in Sect. 4.

[0 us] is < O with larger V' at the FLOSSII site (Fig. 2). Decreasing u.
with decreasing height is characteristic of traditional boundary layers. For a
given large magnitude of V, the magnitude of [d,u.] tends to increase with
increasing d,6. Larger 06 generally leads to smaller boundary-layer depth for a
given magnitude of V such as implied by the usual decrease of boundary-layer

depth with increasing bulk Richardson number. This argument assumes that
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.. is proportional to (u.)sfe/h where h is the stability-dependent boundary-
layer depth.

The joint distribution of d,u, for the SCP site (not shown) is similar to
that at the FLOSSII site in spite of the influence of the down-valley drainage
flow at the SCP site. However, the joint distribution for the heterogeneous
BPP site is less organized beyond a general increase of positive d,u, with
increasing V, in contrast to the FLOSSII and SCP sites, presumably due to
an increase of advection of turbulence from the rougher surface immediately
upwind from the BPP site (Sect. 2.1). The wind speed is generally confined to
small magnitudes at the BPP site, corresponding to a small subdomain of Fig.
2. The joint distribution for the SHEBA site, which includes predominantly
small stratification, is less organized. The turbulence and du, are smaller at
the SHEBA site compared to the other sites (Sect. 4) partly because of the

very small roughness length of the snow-covered ice.

3.2 Stability-Dependent Velocity Scales

We now consider two stability-dependent velocity scales based on the mean
flow that might better predict d,u, than predicted by V alone. For the first

velocity scale, we begin with the bulk Richardson number

gz00
ev?’

Rb = (11)

where g is the acceleration due to gravity and z is the height of the wind-speed
measurement above the ground (Sect. 2.1). A stability-dependent velocity scale

can be formulated from these variables as

VF = CFV/\/?’ (12)

so that Vg is proportional to the inverse square root of the bulk Richardson

number but has units of wind speed and thus formally allows a dimensionally



412

413

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

Near-Surface Vertical Flux Divergence in the Stable Boundary Layer 19

consistent examination of the variation of [0,u.]. The parameter Cr is chosen
to be 0.04 in order that Vp has roughly the same range as V to facilitate
comparison; [Vr] does not better explain the variation of [§,u.] than does [V]
(compare Fig. 3b with Fig. 3a). This result implies that the stability based on
the bulk Richardson number does not systematically describe the variation of

[0.u.]. Evidently, stability is not the greatest influence on [, u.].

The joint distribution (Fig. 2) motivates an alternative stability-dependent

velocity of the form

166
Vso = CsoV 5 (13)

The coefficient Csy is chosen to be 300 in order that Vsy has roughly the
same range as V. [0,u.] varies more systematically with [Vsg] (Fig. 3c) than
with [V] or [Vg] with the possible exception of the very complex BBP site.
In addition, [§,u.] for all four sites decreases with increasing [Vsg] whereas
[0, u.] may increase or decrease with increasing [V] or increasing [V]. Positive
[0, us], where the turbulence increases with height, occurs for small [Vsg] for all
of the sites. For a given magnitude of V', §,u, is more likely to be positive with
small §6 (smaller Vig). With larger 66, a shallow traditional boundary layer

can develop near the surface (Sect. 4), and 6,u, more likely becomes negative.

However, [,u.] at the very heterogeneous BPP site is more sensitive to
[V] than to [Vse]. In addition, use of Vsp did not categorically decrease the
within-bin standard deviations compared to use of V or Vg. Although Vg
generally better explains the variation of the stress divergence at a given site,
compared to V', progress toward a more universal relationship requires other
information such as surface roughness, heterogeneity and advection. Such a

relationship is beyond the scope of this investigation.
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Fig. 3 Dependence of [§.u«] on the velocity scales for the FLOSSII site (black), the SCP
site (red), the BPP site (cyan) and the SHEBA site (blue) for a) [V], b) [VF] and ¢) [Vse].
[Vse] is small for the SHEBA site because of the generally small magnitudes of §6.

4 Vertical Structure for High Wind Speeds

We examine the vertical structure of the fluxes separately for the high-speed
class (V(1 m) > 6 m s~ !) and the low speed class (V(1 m) < 2 m s7!) as

was done in Fig. 1. The low speed class corresponds to the low speed part of
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Fig. 4 a) Composited profiles of [w/u/] for V(1 m) >6 m s~! and b) composited [w'0’],
for the FLOSSII (black), SCP (red) and SHEBA (blue) sites. The thicker line identifies a
reversed vertical flux gradient (transition layer). The BPP site did not contain sufficient
data for the class V' > 6 m s~ 1.

the “hockey stick” dependence of u, on V (Sun et al., 2012), and the high
speed class includes only wind speeds substantially higher than the speed at
the hockey stick transition.

The low wind (high wind) cases account for 39% (9%) of the FLOSSII
records, 61% (2%) of the SCP records, 97% (0%) of the BPP records and 18%
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Fig. 5 Plausible example of the new boundary layer at the surface, an overlying transition
layer and regional boundary layer, based partly on evidence in the literature (Introduction)
and the results of our study. This terminology is more vague compared to that for internal
boundary layers (Garratt, 1990) in order to accommodate less-understood flow over complex
surface heterogeneity. The blending height partitions the regional boundary layer into a lower
layer of horizontal heterogeneity and an upper layer of horizontal homogeneity. In the limit of
a single sharp change from rough to smooth surfaces, the new boundary layer and transition
layer combine to form the internal boundary layer. In addition, elevated turbulence can be
generated by shear instability at higher levels as might occur on the underside of a low-level
wind maximum. The diagram on the right illustrates an idealized profile of the magnitude of
the downward momentum flux, which reaches a maximum value at the top of the transition
layer.

(15%) of the SHEBA records. We now composite the along-wind momentum
flux w’u’ and the heat flux for the high wind class (Fig. 4). The surface flow
at the SCP site is influenced by the local slopes and discussed separately in
Sect. 5.4.

For V > 6 m s~! at the FLOSSII site, the magnitudes of the downward
momentum and heat fluxes decrease systematically with height (black, Fig.
4) corresponding to traditional boundary-layer structure. Extrapolation of the
momentum flux and heat flux to zero both correspond to a boundary-layer

depth of roughly 60 m. For V > 6 m s~! at the SCP tower within a shallow

valley (red, Fig. 4a), the magnitude of [w’u/] increases significantly with height

up to 10 m where it reaches a maximum within the vertical resolution of the
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Fig. 6 Profiles of the composited (bin-averaged) stress [w/u’] for V< 2ms~! fora) 66 < 1 K
and b) 60 > 1 K and composited [w’§’] for ¢) 60 < 1 K and d) 60 > 1 K. Profiles are shown
for the FLOSSII (black), SCP (red), BPP (cyan) and SHEBA (blue) sites. Thicker lines
identify reversed vertical flux gradients (transition layer). The labels “new” and “trans” in
b) identify examples of the new boundary layer and the transition layer. The label “regional”
in d) identifies an example of a regional boundary layer, which is above the tower layer for
most of the other profiles.




456

457

458

459

460

461

462

463

464

24 L. Mahrt et al.

FLOSSIL: V < 2ms™!, 60 > 1K
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Fig. 7 Composited profiles at the FLOSSII site in the lowest 15 m for [w/v’] (black) and
[w’@'] (red) for V < 2 m s~! and 60 > 1 K. A shallow new boundary layer of roughly 5-m
depth, where the flux magnitudes decrease with height, evidently represents at least partial
adjustment to the local smaller roughness length.

data. Lee-generated turbulence contributes to this maximum in spite of the
small amplitude of the topography, about 12 m depth (Mahrt, 2017). At the
homogeneous SHEBA site (blue, Fig. 4), the magnitudes of the downward
momentum and heat flux are relatively independent of height with respect to
the estimated errors in u, of 0.015 m s~! (Persson et al., 2002). Generation
of turbulence on the underside of low-level jets may maintain the turbulence
fluxes at higher levels and prevent significant decrease of the magnitudes of
the downward fluxes with height within the tower layer (Persson and Vihma,

2017).
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5 Low Wind Speeds

We partition the vertical structure of [w'v/] and [w'#’] for small V into sub-
classes of smaller and larger §6. We first consider the two sites with complex
heterogeneity of surface vegetation. The flow response to such common less
organized changes of surface roughness is not understood, but the concept
of an internal boundary layer offers guidance. We organize our discussion of
low wind speeds over complex heterogeneity in terms of an idealized vertical
structure (Fig. 5). We use the purposely vague terms “new boundary layer”
and “regional boundary layer” and the transition between these two layers.
The flow in the new boundary layer is strongly influenced by the local surface
conditions but may not be accommodated by internal boundary-layer theory
that was developed for flow past a single discontinuity at the surface. Because
we are unable to assess the degree of adjustment of the new boundary layer to
the smoother surface, we do not use the term “equilibrium layer” as in internal
boundary-layer theory. We sequentially discuss the new boundary layer at the
surface, the transition layer and the overlying regional boundary layer at the
heterogeneous FLOSSII and BPP sites using the terminology defined in Fig. 5.
Because the upwind heterogeneity is complex, the interpretation of the results

must be considered somewhat speculative and incomplete.

5.1 New Boundary Layer

For V < 2 m s} and larger stratification (60 > 1 K) at the FLOSSII site,
the magnitudes of both the downward momentum and heat flux decrease with
height in the lowest 5 m (black, Fig. 6b, d and Fig. 7), suggestive of a shallow
new boundary layer that has adjusted, to some degree, to the small local
roughness (Sect. 2.1). For small stratification (660 < 1 K), a very shallow new

boundary layer might cause the observed decrease of the magnitudes of both
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the heat and momentum flux between 1 and 2 m (black, Fig. 6a, c) as in a
new boundary layer, but this inference is based on only the two lowest levels
and must be considered as speculation. The new boundary layer is apparently
too shallow to be resolved by the measurements at the BPP site for both
stratification categories (cyan, Fig. 6), probably because the upwind greater
roughness is close to the tower at the BPP site, only a few tens of metres

upwind for the prevailing wind directions.

5.2 Transition Layer

The flux magnitudes increase with height in the transition layer between the
new boundary layer and the overlying regional boundary layer (Fig. 6). For

00 < 1 K at the FLOSSII site, the magnitude of the downward momentum

flux [w'u/] increases only very slowly with height up to at least the top of the
tower layer (black, Fig. 6a) while the magnitude of the downward heat flux
increases more significantly with height but only up to 15 m where it reaches
a local maximum (black, Fig. 6c¢).

For 60 > 1 K at the FLOSSII site (black, Fig. 6b and Fig. 7), the magnitude
of the downward momentum flux increases more rapidly with height above 5 m
compared to the subclass of small stratification. This transition layer extends
upward to the top of the tower and presumably above. Because the magnitude
of the fluxes cannot increase indefinitely with height, a maximum of the flux
magnitude and an overlying regional boundary layer is inferred above the tower
layer.

A well-defined transition layer occupies the entire 12-m tower layer for the
BPP site for both 60 subclasses (Fig. 6, cyan). The magnitudes of both the
downward momentum and heat fluxes increase more rapidly with height at
the BPP site (cyan, Fig. 6a,b) compared to that at the FLOSSII site (black)

probably because the increase of the height of the upwind vegetation is greater
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and closer to the tower compared to the scattered upwind brush at the FLOS-
SII site. The magnitude of the downward heat flux at the BPP site for the low
wind class reaches a weak maximum at 8 m for both §6 subclasses (Fig. 6c-d),
indicating the bottom of an overlying regional boundary layer. The vertical
profile of the heat flux is again characterized by a smaller depth scale than
that for the momentum flux.

The different vertical structures for the heat and momentum flux under-
score the need for caution in making analogies with internal boundary layers.
The heat flux profile is directly influenced by the constraint of the surface
energy budget and also by the rapid decrease of the stratification with height
for very stable conditions. The momentum flux can be maintained at higher
levels due to shear on the underside of low-level jets. All four sites experience
low-level jets (not shown). Gravity waves appear to be better organized away

from the surface and may also effectively transport momentum.

5.3 Regional Boundary Layer

Maximum magnitudes of the fluxes at the top of the transition layer are ex-
plicitly observed for the heat flux at the FLOSSII site for small stratification
and to a lesser degree at the BPP site. A maximum in the magnitude of the
momentum flux is inferred at some unknown higher level because the flux mag-
nitude cannot increase indefinitely with height. At the FLOSSII site, elevated
turbulence can be generated by hills that rise up to 200 m above the tower
base, beginning 2-4 km upwind from the tower site with respect to the pre-
vailing wind direction. Higher mountains occur farther upwind. The elevated
turbulence is presumably advected over the tower site.

Elevated turbulence was observed from the Wyoming King Air aircraft dur-
ing FLOSSII (Cardon, 2007). The Wyoming King Air flew nine early morning
flights over the FLOSSII tower in February and March of 2003 at 30 m and
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60 m above the ground surface. On average, the 30-m aircraft-measured fluxes
agreed well with those measured at the top of the tower although the aircraft
fluxes were more variable (not shown) probably due to smaller sample size.
The magnitude of the momentum flux generally decreased between the 30-m
and 60-m levels even with low wind speeds when the flux magnitude tended
to increase with height across the tower layer. These observations are consis-
tent with a maximum of the downward momentum flux between 30 and 60
m although the aircraft measurements represent a small amount of data. The
magnitude of the aircraft-measured heat fluxes at 60 m were often near zero
within suspected observational error. Thus the depth scale for the vertical vari-
ation of the heat flux again appears to be smaller than that for the momentum
flux. The aircraft soundings showed transient elevated wind maxima but not

persistent low-level jets.

5.4 Three-Layer Structure over Gentle Topography

The flow at the SCP tower site for low wind speeds also includes a shallow
boundary layer associated with the local surface, a transition layer and a re-
gional boundary layer. However the generation of the flow is different compared
to the FLOSSII site. The flow near the surface for low wind speeds at the SCP
site is often down the slope of the valley floor. The magnitude of the downward
momentum flux at the SCP site decreases with height up to about 5 m for
both classes of 66 (red, Fig. 6a-b), defining a shallow new boundary layer at
the surface that is responding to the local slope that extends a few hundred
metres upwind for the tower. The increase of the magnitude of the downward
momentum flux with height between 5 and 10 m is due to generation of turbu-
lence by shear in the vertical transition between the underlying drainage flow
and an overlying regional flow (Mahrt et al., 2014), which sometimes leads to

significant directional shear.
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The magnitudes of the downward heat and momentum fluxes reach a maxi-
mum at 10 m for small stratification (red, Fig. 6a, b). For strong stratification,
the magnitude of the downward momentum flux reaches a relative maximum
at 10 m while the heat flux magnitude reaches a relative maximum at 3 m (red,
Fig. 6¢, d). These relative maxima define the bottom of the regional bound-
ary layer. Even gentle small-scale topography can lead to complex vertical

structure of the flux profile.

5.5 Homogeneous Case

For low wind speeds at the quasi-homogeneous SHEBA site, the magnitudes of
the fluxes still decrease significantly with height in the lowest 10 m, more so for
the heat flux than for the momentum flux (blue, Fig. 6). Although shallow, this
layer can still be referred to as a regional boundary layer although such termi-
nology serves only to make an analogy with the heterogeneous FLOSSII and
BPP sites. The shallow boundary layer at the SHEBA site is apparently asso-
ciated with the very small roughness length and establishment of an Ekman
boundary layer where the boundary layer reaches approximate equilibrium
during the polar night and the boundary-layer depth becomes constrained by
the Earth’s rotation (Grachev et al., 2005). The magnitude of the downward
momentum flux does not decrease further above 10 m (blue, Fig. 6) possibly
because of the influence of background turbulence, turbulence generated by
overlying jets, and the impact of cases of deeper boundary layers that are
also included in the composite. Grachev et al. (2005) identified several dif-
ferent types of boundary layers that contribute to the composited profiles of
our present study. The percentage decrease of the magnitude of the downward
heat flux with height is greater compared to that for the momentum flux for
both subclasses of d6. As a result, the relatively shallow boundary layer is

more clearly revealed by the heat flux profile than the momentum flux profile.
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6 Errors in the Surface Flux due to Flux Divergence

For low wind speeds, the lowest flux measurement level may not be sufficiently
close to the surface to estimate the surface fluxes. To assess potential flux
errors, we assume that the 1-m values of the momentum flux are a reasonable
approximation to the surface fluxes and examine the errors associated with
use of 5-m fluxes. For the different methods of compositing the momentum
flux and the different 66 classes in Figs. 6-7, the surface flux error using the
composited 5-m fluxes is typically 5%-20%. The estimated errors for the heat
flux are generally a little larger. Error estimates based on extrapolation of
linear regression of the fluxes to the surface are somewhat larger than those
based on the 1-m fluxes. The errors would be roughly twice the above values

with use of 10-m fluxes.

The problem becomes more complex with microscale heterogeneity because
the flux varies with height due to the increasing footprint with height. This
issue is not an instrumental problem but rather a problem of representative-
ness and intent of the flux calculation. Defining the surface flux to be at the
ground surface for use in the surface energy balance would correspond to a
vanishing footprint. Ideally the site is homogeneous on the microscale where
the increasing footprint with height close to the surface does not affect the
flux. The microscale heterogeneity appears to be small at our sites with the
possible exception of the SCP site. However, nearby flux stations in the net-
work on the valley floor showed, on average, minimal spatial variations of the
1-m momentum flux. At higher levels on the FLOSSII, SCP and BPP towers,
the flux footprint increases with height to the extent that it is capturing some
of the rougher surface upwind, and this defines the transition layer studied in

Sect. 5.
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The material above did not consider deviations between the stress, wind
and shear directions. Although such deviations can be large for individual
events, vector averaging the stress and wind directions over the datasets re-
vealed little systematic difference between the wind and stress directions ex-
cept at the SCP site. At this site for low wind speeds, the systematic differences
between the stress and wind directions based on composited wind and stress
components reach 60° in the transition layer between the shallow down-valley

flow at the surface and the overlying regional flow (not shown).

7 Conclusions

We examined turbulent flux measurements over four different surfaces where
the surface roughness is greater upwind of the observational sites but disor-
ganized. With low wind speeds, the vertical divergence of the momentum and
heat flux is often large such that measurements at standard observational lev-
els (2-10 m) are inadequate for estimation of the surface fluxes. For low wind
speeds at the four sites, the mean surface-flux error using 5-m measurements
was estimated to be 5%—-20%. Such errors lead to miscalibration of similarity
theory and contribute to errors in the surface energy budget.

With flow from complex rougher surfaces to smoother surfaces, the magni-
tudes of the downward momentum and heat fluxes close to the surface some-
times decreases rapidly with height in a shallow new boundary layer adjust-
ing to the new surface. The new boundary layer is analogous to an internal
boundary layer that develops with flow past a single sharp decrease of surface
roughness. Above the new boundary layer, the flux magnitudes increase with
height in a transition layer, reaching a maximum at the top of the transition
layer as idealized in Fig. 5. The flux magnitudes then decrease with height
in an overlying regional boundary layer. Such significant flux divergence (con-

vergence) can occur even with disorganized weak surface heterogeneity. Over
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the two sites with more significant surface heterogeneity, the depth scale of
the heat flux profile is smaller than that for momentum, suggesting that any
analogy with internal boundary layers is incomplete, although the cause of

this difference of depth scales was not isolated.

For the measurements of our study with low wind speeds, the magnitude of
the downward momentum and heat fluxes close to the surface decrease rapidly
with height in common shallow drainage flows and also in shallow polar Ekman
layers over flat ice/snow surfaces (5-m depth, Grachev et al. (2005)) where the
flow is relatively stationary and the surface roughness length is small. Elevated
generation of turbulence and fluxes, often associated with a low-level jet, can
also contribute to the increase of the flux magnitudes with height. With higher
wind speeds, the vertical divergence of the flux close to the surface is generally
less important in our study, except with flow over the gentle topography at the
SCP site where lee-generated turbulence sometimes leads to a rapid increase

of the flux magnitudes with height.

Because the behaviour of the flux divergence is site dependent, analysis of
more datasets is required. In addition, long datasets are required to partition
the analysis into different wind directions and into different regimes based
on stability, non-stationarity, low-level jets and so forth. The flux divergence
is more vulnerable to flux errors than the flux itself, discussed in Sect. 2.2.
Although it is not obvious how the flux errors could explain the systematic
height dependence of the flux, more investigation is required. To estimate
surface fluxes, measurements are required close to the surface, preferably at
1 m or lower, provided that the flux loss due to path-length averaging is not
important and the measurements are above the roughness sublayer. Smaller
path lengths or supplemental instrumentation such as hot film anemometers

would be potentially useful.
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