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Abstract
The vertical structure of the observed stable boundary layer often deviates substantially from
textbook profiles. Even over flat homogeneous surfaces, the turbulencemay not be completely
related to the surface conditions and instead generated by elevated sources of turbulence such
as low-level jets and transient modes. In stable conditions, evenmodest surface heterogeneity
can alter the vertical structure of the stable boundary layer. With clear skies and low wind
speeds, cold-air drainage is sometimes generated by veryweak slopes and induces a variety of
different vertical structures. Our study examines the vertical structure of the boundary layer
at three contrasting tower sites.We emphasize lowwind speeds with strong stratification. At a
given site, the vertical structure may be sensitive to the surface wind direction. Classification
of vertical structures is posed primarily in terms of the profile of the heat flux. The nocturnal
boundary layer assumes a variety of vertical structures, which can often be roughly viewed
as layering of the heat-flux divergence (convergence). The correlation coefficient between
the temperature and vertical velocity fluctuations provides valuable additional information
for classification of the vertical structure.

Keywords Cold-air drainage · Nocturnal boundary layer · Stratified turbulence · Stable
boundary layer · Vertical structure

1 Introduction

Professor Zilitinkevich organized the study of the stable boundary layer in terms of non-
dimensional parameters including the gradient and flux Richardson numbers, and the Prandtl
number, using a variety of sets of budget equations at different levels of complexity. This
approach was generalized through incorporation of the total turbulence energy that includes
fluctuations of potential energy (Zilitinkevich et al. 2007). Scaling variables were chosen to
describe profiles across the boundary layer (Zilitinkevich and Esau 2007). Zilitinkevich et al.
(2009) modified the similarity theory to include the impact of internal gravity waves. These
studies culminated in Zilitinkevich et al. (2013) where different levels of complexity are sys-
tematically considered. Kleeorin et al. (2021) extended the analysis to transport of passive
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scalars. These studies, and citations therein, established the basic framework for the dynam-
ics of the stable boundary layer and its vertical structure. Many subsequent observational
studies were launched by different investigators to explore complications in geophysical sta-
ble boundary layers, such as surface heterogeneity, topography, generation of turbulence by
low-level jets, wind-directional shear, and non-stationarity.

Our study concentrates on complexities of the vertical structure of the atmospheric bound-
ary layer posed mainly in terms of the heat-flux profile. In simple boundary layers, the
downward heat flux decreases monotonically with height, as examined by Grant (1997); see
also citations within. Deviations from monotonic decrease of the downward heat flux with
height may be a consequence of a variety of causes, such as turbulence generation aloft and
topography. Even over homogenous surfaces, deeper “top-down” or “upside-down” bound-
ary layers may develop where the turbulence and downward heat flux increase with height
above the surface. Such turbulence can be generated by shear on the underside of the low-level
jet (Banta et al. 2002; Lundquist and Mirocha 2008; Sun et al. 2012; Williams et al. 2013;
Stefanello et al. 2020), shear instability induced by two-dimensional stratified “turbulence”
(Högström et al. 1999), and gravity-wave breaking (Forrer and Rotach 1998; Strang and Fer-
nando 2001; Sun et al. 2015). This top-down scenario is often associated with intermittent
downward bursts of turbulence toward the surface (Nappo 1991; Roy et al. 2021), correspond-
ing to heat-flux convergence. The magnitude of the fluxes can be a minimum at the jet-wind
maximum where shear generation is weak, as observed by Conangla and Cuxart (2006) and
Cuxart (2008). The heat-flux convergence below the windmaximum leads to warming unless
balanced by cold-air advection, in which case the heat-flux convergence is related to non-
local processes. Heat-flux convergence might be temporarily part of a non-stationary mode
and may occur over a relatively deep layer (Forrer and Rotach 1998).

Downward turbulence bursting associated with low-level jets often induces significant
variability of the flow near the surface (Cava et al. 2019b) and may trigger changes between
boundary-layer regimes (Yus-Díez et al. 2019). Even if the mean vertical structure is not top-
down, and on average the turbulence decreases with height, top-down processes may still
be operating as a secondary contribution. On the other hand, Mahrt et al. (2013) found that
profiles of the vertical velocity fluctuations overestimate the top-down process in the stable
boundary layer because the fluctuations become increasingly non-turbulent with increasing
height.

Other complex vertical structures occur over topography. Even very gentle uniform slopes,
significantly less than 1%, sometimes induce drainage flows (Caughey et al. 1979). Pardyjak
et al. (2009) found that the onset of drainage flows can be abrupt with multiple drainage
flows from different slopes arriving at different times. Internal gravity waves are sometimes
observed above the wind maximum (Viana et al. 2010). Drainage flows often generate tur-
bulence both below and above the wind maximum. In some cases, the downward heat flux is
a minimum at the wind maximum (Grachev et al. 2016), corresponding to vertical heat-flux
convergence above the wind maximum. We view this layer of heat flux convergence as a
transition layer. The downward heat flux reaches a maximum at the top of the transition layer
and then decreases with height in an overlying regional boundary layer.

Cuxart et al. (2007) examined horizontal convergence of katabatic flows into a valley
cold pool, which then descended down the valley, and subsequently over the sea as a land
breeze. Mortarini et al. (2018) detailed the potential complexity of nocturnal boundary layers
in terms of the interaction between the turbulence, multiple circulations driven by surface
heterogeneity, and low-level jets where the downward heat flux often reaches a maximum at
some level above the surface with heat convergence below this maximum. These complex
scenarios are common but not well understood.

123



Types of Vertical Structure of the Nocturnal Boundary Layer 143

Complex vertical structure is also associatedwith flowover variable surface roughness and
variable surface temperature, possibly leading to internal boundary layers (Garratt 1990;Bou-
Zeid et al. 2020). Internal boundary layers induce a variety of different vertical structures that
depend on the exact position downwind from the surface discontinuity. Even weak surface
heterogeneity becomes important with low wind speeds and significant stratification. An
internal boundary layer in flow over a decrease of surface roughness or decrease of surface
temperature might induce weak near-surface turbulence. This surface-based layer evolves
downwind into an “equilibrium layer”, which has adjusted to the new surface. We expect an
overlying transition layer to extend to the top of the new internal boundary layer. Above the
transition layer a regional boundary layer, that is influenced by the upwind rougher surface,
flows over the new internal boundary layer. Stoll and Porté-Agel (2008) show that flow from a
cold surface to a warmer surface leads to heat-flux convergence near the surface (their Fig. 4)
and increasing temperature in the downwind direction, while flow from a warmer surface to
a cold surface can lead to heat-flux divergence and decreasing temperature in the downwind
direction. Grachev et al. (2018) analyzed flux data from multiple levels on multiple towers to
study the impact of surface heterogeneity of the coastal zone on the turbulence relationships
and their vertical structure. Some of the observations could be framed in terms of stable or
unstable internal boundary layers and the variation of the flux footprint with measurement
height. Grachev et al. (2021) showed time series of fluxes of the heat flux at four levels in an
irregular coastal zone that revealed complex vertical structure of the heat flux that sometimes
underwent major transitions during the night.

Theoretically, the bottom of the regional boundary layer could be related to the blending
height above which horizontal variations of the fluxes occur only on large horizontal scales.
In practice, assessment of horizontal variation of fluxes at various levels are difficult in the
stable boundary layer because aircraft are unable to fly close to the surface except for a
brief period in the early morning. Decreasing horizontal variability might be inferred from
the vertical structure of time variability at a fixed point, as in Fig. 12 of Medeiros and
Fitzjarrald (2014). Fromamore general point of view, any height dependence of the horizontal
pressure gradient or advection of temperature can distort the vertical structure of the boundary
layer. For example, Medeiros et al. (2021) examined a multi-layer regime where the surface
boundary layer is a thin nocturnal boundary layer sometimes identified as a land breeze with
an overlying layer of marine air remaining from the previous day’s sea breeze, capped by
larger scale flow (their Fig. 14).

Our study focuses on common non-traditional vertical structures of the nocturnal bound-
ary layer. We do not explicitly consider changes of vertical structure and character of the
turbulence due to frequent non-stationary submeso modes (Sun et al. 2004; Kang et al.
2015; Mortarini et al. 2016; Vercauteren et al. 2019; Cava et al. 2019a; Boyko and Ver-
cauteren 2021). Such motions are often important and can lead to transitions between weak
turbulence and more significant turbulence and can modulate even the sign of the heat-flux
divergence on a variety of time scales, as shown for example in Fig. 7 of Arrillaga et al.
(2019). Non-stationarity can also strongly modify the thickness of surface-based boundary
layers (Acevedo et al. 2019).

We investigate different vertical structures of the nocturnal boundary layer primarily in
terms of the heat flux. The profile of the momentum flux is often more complex and is
not considered herein. Although the momentum and heat flux profiles are not independent,
incorporating the structure of the momentum flux is sometimes a complex study in itself
that requires extensive evaluation. Our analysis will emphasize the structure of the heat flux
in terms of subclasses based on wind speed, stratification, and sometimes wind direction. A
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Fig. 1 The towers for the FLOSSII site and the Santa Maria site are located with an “X”. The FLOSSII map
uses a larger horizontal and vertical scale to accommodate the larger-scale topography at the FLOSSII site

given subclass of vertical structure does not imply unique physics, but is useful for organizing
the analysis of the measurements. In the next section, we introduce the three tower datasets.

2 Sites

We now summarize the basic characteristics of the tower sites. Sonic anemometer measure-
ments were collected in the North Park Basin, Colorado, USA, during winter 2002–2003
in the Fluxes Over a Snow Surface II field program (FLOSSII, http://www.eol.ucar.edu/isf/
projects/FLOSSII/). The FLOSSII site is modestly heterogeneous and includes grass close
to the tower and scattered brush a few hundred metres upwind, depending on the wind direc-
tion. The distribution of the brush is somewhat disorganized with a typical height on the
order of 0.1 m. Mahrt and Vickers (2005) provides a map of the spatial distribution of the
brush and additional description of the site. Slopes are locally weak but become more signif-
icant beginning a few kilometres from the site (Fig. 1). The FLOSSII dataset includes seven
levels of sonic anemometers (CSAT3, Campbell Scientific, Logan, Utah, USA) turbulence
measurements on a 30-m tower and is the longest dataset of the three sites (4 months).

Guerra et al. (2018) and Stefanello et al. (2020) have analyzed measurements from the
SantaMaria tower. The data analyzed were taken in the spring of 2021 using sonic anemome-
ters deployed at 12 levels: 1.5, 3, 5, 7, 9, 11, 14, 17, 20, 23, 26, and 30 m. Fifteen levels of
temperature measurements are interspersed at 0.5, 1, 2.25, 3, 4, 6, 8, 10, 12, 15.5, 18.5, 21.5,
24.5, 28, and 29.5 m. The tower was installed in an area near the University of Santa Maria,
generally used for research on cattle grazing. The grass is typically 30–50 cm high. A uniform
fetch of a few kilometers exists to the south-east of the tower. A suburban area begins about
500 m to the north of the tower with moderate hills of about 500 m height beginning about 5
km north of the tower. The topography at the Santa Maria site (Fig. 1) is less coherent com-
pared to that at the FLOSSII site and is perhaps more typical of surface landscapes around the
world. The tower is in a poorly defined valley characterized by a south-west–north-east axis.
The most common wind direction at this site is from the south-east. Such airflow appears to
be generated by cold-air drainage due to a range of low hills to the south-east of the tower.
South-easterly winds are also typical of postfrontal conditions.
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Table 1 Field program, surface type, duration (weeks), tower height (H(m)), height of primary wind obser-
vation (z), heights of two temperature observations for calculation of the near-surface stratification, averaging
time τ (min), and a citation with more information on the site

Site Surface Weeks H z z1, z2 τ Citation

SCP Grass* 8 20 1 0.5, 2 1 Mahrt et al. (2014)

FLOSSII Grass* 17 30 1 1, 5 1 Mahrt (2010)

Santa Maria grass 8 30 1.5 1, 4 1 Stefanello et al. (2020)

Grass* implies some short brush in the area with a height of generally 0.2 m or less

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 roughly 12 m deep and 270 m across. See Mahrt et al.
(2014) and Pfister et al. (2021) for maps and additional descriptions of the site. The width of
the valley floor averages about 5mwith an average down-valley slope of about 2%, increasing
to about 3% at the upper end of the valley. The side slopes of the valley are on the order of
10% or less. We analyze the 1-m sonic anemometer (CSAT3, Campbell Scientific, Logan
Utah, USA) observations from 19 stations and from 8 levels on the main 20-m tower. The
near-surface stratification is estimated from the National Center for Atmospheric Research
hygrothermometers deployed at the 0.5- and 2-m levels at 19 of the stations. The analysis in
our study includes only 20-mwind directions between 290◦ and 360◦, which is the prevailing
wind direction. Additional details of the sites are listed in Table 1.

2.1 Partitioning

The flow is decomposed as

φ = φ′ + φ, (1)

where φ is potential temperature or one of the velocity components, and φ is the average
over time interval τ ; φ′ is the deviation from a local time average and is ideally dominated by
turbulent fluctuations. The averaging time τ for each field program is 1 min. As an example,
the kinematic heat flux is written as w′θ ′.

The height dependence of the estimated heat flux can be contaminated by the omission of
larger scale flux lost by the 1-min averages at higher levels. We examined the multiresolution
cospectra of the heat flux as a function of height at the Santa Maria site, which includes the
largest number of flux levels amongst the three sites. On average, the flux loss near the top
of the tower created a 10% artificial decrease of the flux across the tower layer. This small
artificial height dependence of the flux does not justify the complications associated with
applying and interpreting a height-dependent averaging time. Unfortunately, the optimum
averaging period also varies with time at a fixed level.

The wind speed is calculated as

U ≡
√
u2 + v2. (2)

The data are partitioned into subclasses based on wind speed, stratification, and sometimes
wind direction. Compositing over classes of measurements is indicated with square brackets,
for example [w′θ ′]. The individual vertical structures within a given class can vary substan-
tially between profiles. In this sense, compositing hides significant physics. A future study of
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Fig. 2 Idealized vertical structures of the downward heat flux. Standard and top-down vertical structures are
on the left. The right panel depicts the three-layer structure where the surface-based boundary layer includes,
for example, cold-air drainage, a cold pool, or an equilibrium layer following a rough-to-smooth roughness
transition

individual events will emphasize the Santa Maria site which provides high vertical resolution
of the flux profiles and is still collecting data.

2.2 Idealized Layering

We now briefly summarize vertical structure based on the literature (See Introduction) that
will serve as a working hypothesis for our analyses. Actual vertical structures are often more
complex. The traditional nocturnal boundary layer is characterized bymonotonically decreas-
ing downward heat flux with height which becomes small at the boundary-layer top (Fig. 2,
left, solid). With the top-down structure, the primary generation of the turbulence is elevated
sometimes associated with shear on the underside of a low-level jet. Intermediate exam-
ples occur where both elevated and surface-based sources of turbulence are simultaneously
important.

The three-layer structure (Fig. 2, right) is more complex in that a surface-based boundary
layer and generation of turbulence at higher levels each dominate at their respective levelswith
a transition layer between. The three-layer structure results froma variety of different physical
mechanisms, but the layers are generally coupled. The surface boundary layer might be
associated, for example, with cold-air drainage or a cold pool, transient modes, or adjustment
of the flow to changes of surface conditions. Observed internal boundary layers are difficult
to categorize from tower observations because the vertical profiles evolve rapidly downwind
from the surface discontinuity. The drainage flow is most likely to survive if the regional
turbulence is sufficiently weak and the size of themain eddies remains smaller than the height
of the wind maximum of the drainage flow. The lower part of the surface boundary layer may
include a thin “surface layer” where surface similarity theory applies. This vertical structure
does not have a universal physical interpretation. For example, the three-layer structure of
the heat-flux profile observed in Pfister et al. (2019) (their Fig. 10, red line) occurred with
more significant winds.

The heat-flux convergence in the transition layer can be balanced by cold-air advection, or
it may lead to at least temporary warming. The overlying regional boundary layer responds to
a larger horizontal scale. The concept of a surface-based boundary layer that responds to the
local surface, and the concept of a regional boundary layer that interacts with the surface on
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a larger scale, assume that the surface variation can be approximated by two main horizontal
scales.

These idealized layers do not exhaust the different possibilities. Because the towers often
capture only a fraction of the boundary layer, the regional boundary layer or even the tran-
sition layer may not be captured. Layering revealed by the composited profiles below is
somewhat smoothed because the layer boundaries can vary significantly between individ-
ual observed samples. The layering provides a framework for organizing deviations from
traditional thinking, but does not provide a rigorous theory for the vertical structure.

2.3 Classification

Because the three sites are quite different and the instrumental deployments are different,
the analyses are tailored to each site, although certain analyses are common to all three sites.
We partition the observations into very stable boundary layers and weakly stable boundary
layers, using the wind speed at 1 m and the stratification near the surface. In addition,
we include a class with weak stratification and low wind speeds, typically occurring with
cloudy conditions. A more complete classification that includes downwelling radiation and
variability of downwelling radiation can be found in Pfister et al. (2019). We could use the
bulk Richardson number as a single parameter for classification, but the individual roles of
the stratification and wind speed are not fully captured by the value of the bulk Richardson
number (Fig. 5, Mahrt 2017). Because of the complexity of comparing results between sites,
we adopt a simpler approach.

The stratification is defined in terms of the difference of potential temperature between
two levels, δzθ . For the FLOSSII measurements, we define very stable cases to be U (1 m)
< 2 m s −1 and δzθ > 1 K, where δzθ is computed between the 1-m and 5-m levels. We
define weakly stable boundary layers to be U (1 m) > 2 m s −1 and δzθ < 1 K. We define a
third regime of weak stratification and low wind speeds as δzθ < 0.25 K andU (1 m) < 2 m
s −1. Basing the subclasses on the joint distribution of points (Fig. 3) is more flexible than
partitioning the flow in terms of the single parameter such as the bulk Richardson number.
The three classes defined in Fig. 3 are somewhat subjective but correspond to substantial
differences in vertical structure.

The Santa Maria site is characterized by lower wind speeds and smaller stratification, and
generallymore soilmoisture, humidity and cloud cover. In addition, the instrumentation levels
are different compared to FLOSSII. Therefore, universal partitioning of the distribution of
points inU–δzθ space is not possible. For the Santa Maria site (Sect. 4, Fig. 6), the threshold
wind speed U (1.5 m) that separates the weakly stable and very stable regimes is chosen
to be 1.5 m s −1 and the threshold value of δzθ is chosen to be 0.5 K. For the low-wind
small-stratification regime δzθ < 0.25 K and U (1.5 m) < 1.5 m s −1.

We follow a different approach to analyze the SCP measurements because the shallow
valley induces significant spatial variation of the local surface wind and temperature fields.
The fluxes on the tower may have surface footprints that span some of the surface variability.
We use U (20 m) at the top of the tower for the representative wind, which is above the
cold pool within the valley. We use the spatial average of δzθ computed from the 0.5 and 2
m temperatures at the 19 stations. The near-surface stratification estimated from the tower
would is often strongly influenced by the local vertical structure of the cold pool. The very
stable case is defined asU (20) < 3 m s −1 and 〈δzθ〉 > 1.5 K where the angle brackets define
spatial averaging over the 19 stations. The weakly stable boundary layer is defined asU (20)
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Fig. 3 The distribution of data points in δzθ—U (1 m) space for FLOSSII. VS casually identifies very stable
conditions, WS identifies weakly stable conditions, and C identifies low wind speed and small stratification
(generally cloudy conditions). The remaining unlabelled sections of data are not included in the analysis

> the 3 m s −1 and δzθ < 0.5 K. The gap in the thresholds values for δzθ leads to cleaner
vertical profiles of the heat flux.

We impose no conditions on the heat flux. Most cases of positive heat flux are eliminated
by the condition on minimum δzθ . Eliminating all cases with upward heat flux can convert
random error to systematic error because random variations that cause upward heat flux are
eliminated, but random variations that cause greater downward heat flux are retained. We
also do not impose conditions on the radiation although cases of net radiative warming at the
surface are largely removed by the conditions on the stratification. The standard error bars are
often small because of the large sample size. However, the standard error probably seriously
underestimates the error because the samples are not independent due to the non-stationarity
and the small 1-min averaging window. We show error bars only when they are large enough
to be easily visualized, which in the analyses below is possible for those plots where the very
stable class is divided into wind-direction sectors.

3 FLOSSII Vertical Structure

3.1 Classes of Vertical Structure

We now examine the vertical structure of the profiles of the potential temperature, the scaled
heat flux, and the correlation between the fluctuations of the vertical velocity and potential
temperature (Rwθ ) for the three classes at the FLOSSII site. For the windy weakly stable
case (black, Fig. 4b), the heat flux, scaled by the magnitude of the surface value, decreases
systematically with height, as is typical of weakly stable boundary layers, and represents
traditional boundary-layer structure. Upward linear extrapolation of the heat-flux profile to
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a

b

c

transition

surface boundary layer

Fig. 4 FLOSSII. Composited vertical profiles for very stable conditions (red),weakly stable conditions (black),
and low wind speed with small stratification (blue). Subclasses are quantitatively defined in Sect. 2.3. a [θ ]
relative to the 1-mpotential temperature,b the surface heat flux scaled by the surface value, and c the correlation
coefficient

zero heat-flux indicates a boundary-layer depth of roughly 40–50 m. The scaled heat-flux
profile for the regime of lowwind speed and weak stratification (blue, Fig. 4b) decreases with
height within the first few metres, suggesting a surface-based boundary layer that achieves
some degree of equilibrium with the local grass surface. The scaled heat flux increases
between the 5- and 15-m levels, corresponding to a transition layer. Above 15 m, the scaled
heat flux again decreases with height, as part of a regional boundary layer. The cause of
this three-layer structure is not clear, although it might be explained by the upwind rougher
surfaces and thus a rough-to-smooth internal boundary layer (Fig 1 in Mahrt and Vickers
2005). In this case, the “regional boundary layer” reflects the surrounding rougher surfaces.
The downward heat flux originating from the upwind rougher surface is not larger than the
surface downward heat flux apparently because the downward heat flux has already decayed
some after leaving the rougher surface.

For the very stable case (red, Fig. 4b), the scaled heat flux decreases rapidly with height
in the lowest 5 m, corresponding to a surface-based boundary layer. Between 5 and 15 m,
the heat flux is roughly constant with height such that the heat flux is augmented relative to
the traditional decrease of the downward heat flux with height. Because the dominant wind
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direction is from the south, the augmentation of the downward heat flux might be due to
advection of turbulence from the upwind brush-covered surface over the new local internal
boundary layer that develops over the grass surface. In addition, a smaller number of cases
of northerly flow are characterized by significant wind-direction shear above 10 m, which
might also increase the downward heat flux. Our analysis is organized in terms of surface
wind direction in Sect. 4.1.

For individual data points, the magnitude of the correlation coefficient, Rwθ , is bounded
by unity in contrast to the heat flux which includes outliers. Thus, compositing correlation
coefficients are sometimes better posed than compositing the heat flux. The correlation coef-
ficient [Rwθ ] for all three classes (Fig. 4c) decreases with height even when the vertical
structure of the heat flux is more complex. Thus, the relative contribution of the turbulence to
the fluctuations decreases with height so that the contributions of the non-turbulent motions
increase with height. The magnitude of the correlation coefficient [Rwθ ] for the very stable
regime (red, Fig. 4c) decreases rapidly with height within a thin surface boundary layer and
then decreases gradually above 5 m. The correlation coefficient for the regime of low wind
speed and weak stratification (blue) is modestly larger than that for the very stable case,
suggesting that the fluctuations are more turbulent in contrast to the very stable case where
w′ is partly due to wave-like motions. The structure of the heat flux and attendant correlation
coefficient only represent part of the boundary-layer structure.

3.2 Wind-Direction Shear

For low wind speeds at the FLOSSII site, directional shear can contribute significantly to the
generation of turbulence and fluxes. The wind direction for low wind speeds is characterized
by a bimodal frequency distribution with northerly surface flow or more common southerly
surface flow (not shown). We partition the very stable measurements (red, Fig. 4) into these
two wind-direction subgroups (Fig. 5).

We composite the vertical profiles for very stable conditions for the northerly surface
flow for the sector 310◦–030◦ (Fig. 5, cyan) with 2447 one-min records, and for southerly
surface flow for the sector 160◦–230◦ (magenta) with 5103 one-min records. The peak of the
surface wind-direction distribution is about 200◦. This south-south-westerly flow extends to
the top of the tower with very little directional shear (magenta, Fig. 5c). This profile would
be consistent with a deep drainage flow originating from upward sloping terrain south of the
site (Fig. 1). Based on fair weather daytime winds, the synoptic flow is typically 250◦. The
downward heat flux for the south-south-westerly nocturnal flow generally decreases with
height (magenta, Fig. 5a) in contrast to the very stable case with no partitioning based on
wind direction where the heat-flux profile is more erratic (Fig. 3b). Although the heat-flux
profile for southerly flow is somewhat noisy (Fig. 5a,magenta), it approximates the traditional
decrease of the downward heat flux with height.

Inspection of time series indicates that the surface flow often changes back and forth
between the two wind-direction groups. Mahrt (2010) identified this behaviour with fast-
moving deep waves when the surface wind is sufficiently weak to permit domination of the
surface wind direction by the wave-like motions. The change of the wind direction with
time is often abrupt in the form of microfronts embedded within the wave motion. Northerly
surface flow tends to be associated with cold microfronts, and southerly surface flow tends
to be associated with warm microfronts, but exceptions are common (Mahrt 2010).

For the subclass of very stable northerly surface flow, the wind direction changes from
about 345◦ at 10m to about 210◦ at 30m (cyan, Fig. 5c). The heat-flux profile for the northerly
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a

b

c

surface boundary layer

Fig. 5 FLOSSII. Composited vertical profiles for very stable conditions for the surface wind-direction groups
160◦–230◦ (magenta) and 310◦–030◦ (cyan)

surface flow may indicate a possible surface boundary layer in the lowest few metres (cyan).
In the overlying transition layer, the downward heat flux increases with height. This increase
is presumably due to the generation of turbulence by the substantial directional shear. This
directional shear is computed based on the compositedwind components and does not include
directional shear due to deviations of the wind from the composited wind components. The
downward heat flux above the wind-direction shear layer must reach a maximum above the
tower and then decrease with height in an inferred regional boundary layer.

Compared to the heat flux, the vertical profile of the correlation coefficient better identifies
surface boundary layers in the lowest 5 m and is less noisy (Fig. 5b). The error bars are too
small to be visualized. For the northerly surface flow, the correlation coefficient increases
slowlywith height within the transition layer ofwind-direction shear. For bothwind-direction
groups, the correlation coefficient decreases rapidly with height in the lowest 5 m, suggesting
that the turbulent character of the fluctuationsweakens rapidlywith height. The rapid decrease
of the correlation coefficient with height indicates that the fluctuations may become more
influenced by non-turbulent motions with increasing height.
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Fig. 6 The distribution of data points in δzθ—U (1 m) space for the Santa Maria site. VS casually identifies
very stable conditions, WS identifies weakly stable conditions, and C identifies low wind speed with weak
stratification (generally cloudy conditions). The remaining unlabelled sections of data are not included in the
analysis

4 SantaMaria

Compared to the FLOSSII and SCP sites, the SantaMaria site is characterized by smaller δzθ
for a given wind speed, evidently due to greater cloud cover and greater clear-air moisture
content. In addition, wind speeds at the Santa Maria site are substantially lower than at the
other two sites, which leads to a relatively small number of weakly stable cases. The SCP
and FLOSSII sites are dryer and at higher elevation. Figure 6 displays the distribution of the
points in δzθ – U space and designates the definitions of very stable, weakly stable and low
wind speed with weak stratification.

The weakly stable case includes only 1150 one-min records and is not analyzed. The
very stable case includes 17,260 one-min observations. The downward heat flux for the very
stable case at 1.5 m (Fig. 7a, red) is 40% greater than the heat flux at 3 m (Fig. 7a), and
[Rwθ ] at the 1-m level is almost twice that at the 3-m level. The 0.5-m temperature is more
than 1 K lower than the temperature at 1 m (red, right). The grass within a few metres of the
tower was mowed, and the tower is in a slight depression, which may have contributed to
lower temperatures very close to the surface. Thin cold-air drainage probably plays a role,
discussed further below. The downward heat flux is augmented at the 1.5-m level for very
stable conditions compared to higher levels, but not for the low-wind weak-stratification
regime where cold-air drainage is unexpected.

At 5 m and above, the downward heat flux for the very stable case is almost independent
of height. We evaluated δzw′θ ′, where δz identifies the difference between the 3-m and 26-m
levels for each sample. The standard deviation of δzw′θ ′ is about 20 times greater than the
magnitude of the composited value [δzw′θ ′]. Thus the composited profile of w′θ ′ is a small
difference between the cases of much larger heat-flux convergence and heat-flux divergence.

Eventually, the downward heat flux must decrease with height in an overlying regional
boundary layer. The source of the elevated turbulence and maximum downward heat flux is
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Fig. 7 The composited profiles for the Santa Maria site for the very stable class (red) and the class of low
wind speeds and weak stratification (black) for a the heat flux (left) and [θ ] relative to the 0.5-m value (right)
and for b the correlation coefficient Rwθ . The weakly stable boundary layer had inadequate sample size due
to a lack of surface wind speeds greater than 2 m s−1

not known although soundings indicated low-level jets ranging from150 to 800m. Section 4.1
indicates that wind-direction shear is probably an important source of turbulence generation.
The correlation coefficient [Rwθ ] at 3 m and above for the very stable case is relatively
constant with height (Fig. 7b, red). The values of [Rwθ ] are typically about 0.13 above the
thin surface layer and thus comparable to those values for the very stable case at the FLOSSII
and SCP sites.

As with the FLOSSII site, the heat flux is greater for the low-wind, weakly-stratified
case (5849 one-min records) than the low-wind, strongly stratified case. The fluctuations in
the more stratified case are probably significantly influenced by wave-like motions and other
non-turbulent motions. For example, [Rwθ ] for the subclass of greater stratification is roughly
0.13, whereas for the weak stratification, [Rwθ ] is approximately 0.37. From another point of
view, the mixing coefficients for heat, such as the eddy diffusivity, are larger with decreasing
stratification although the heat flux must eventually vanish with vanishing stratification. For
the low-wind weakly stratified case, the downward heat flux on the tower generally decreases
with height although this decrease becomes small at the top of the tower, suggesting a much
deeper boundary layer.

4.1 Wind-Direction Groups

The frequency distribution of the surface wind direction for very stable conditions (blue,
Fig. 8) shows a strong peak for easterly flow and smaller peak for south-westerly flow. The
winds at the top of the tower (yellow) show a peak for north-easterly flow and smaller peak for
north-westerly flow. The observations for very stable conditions are therefore divided into two
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Fig. 8 Frequency distribution of the wind direction at 1.5 m (blue) and 26m (yellow) for very stable conditions
for the Santa Maria site

subclasses of surface wind direction, 60◦–120◦ and 180◦–250◦. The subclass corresponding
to south-westerly surface flow contains only 2266 one-min records while the subclass of
easterly surface flow contains 8264 one-min records. Figure 9 indicates that both easterly
surface flow (magenta) and south-westerly surface flow (cyan) rotate with height toward
east-north-easterly flow near the top of the tower.

The easterly subclass of surface flow (magenta) includes cases of cold-air drainage, typ-
ically 3–5 m deep, which is currently under investigation using measurements that are still
being collected. Cold-air drainage is probably responsible for the shift of the wind direction
at 3 m, which aligns a little better with the local slope toward the low hills to the south-east.
The large downward heat flux at the 1.5-m level and the smaller heat flux at 3 m would be
consistent with increased turbulence underneath the maximum wind speed of the cold-air
drainage with weaker turbulence at the wind maximum where the shear is small.

For the subclass of south-westerly surface flow (Fig. 9, cyan), the wind components for
computing the wind direction at the top of the tower is vulnerable to uncertainty because the
wind direction becomes quite variable at the top of the tower and the sample size for this
subclass is relatively small. This point is not plotted. The apparent directional shear above
the south-westerly surface flow probably leads to the observed rapid increase of downward
heat flux with height (cyan), which corresponds to vertical convergence of the downward
heat flux. The heat flux w′θ ′ for the subclass of easterly surface flow is more independent
of height compared to that for the subclass of south-westerly surface flow. The downward
heat flux for both subclasses presumably begins to decrease with height above the tower in
a regional boundary layer.

5 The SCP Experiment Vertical Structure

The SCP field site is significantly different from the other two sites because the local topog-
raphy plays a major role, particularly in terms of sheltering and formation of cold pools on
the valley floor. As a result, the analysis strategy is different.

123



Types of Vertical Structure of the Nocturnal Boundary Layer 155

-7 -6 -5 -4 -3 -2 -1 0
10-3

0

5

10

15

20

25

30

0 50 100 150 200 250
0

5

10

15

20

25

30

a

b

(°)

Fig. 9 The composited profiles for the Santa Maria site for the east-south-easterly surface flow (magenta) and
south-westerly flow (cyan) for a the heat flux and b the wind direction

5.1 Heat-Flux Vertical Structure

For the SCP experiment, the very stable case is defined as 〈δzθ〉 > 1.5 K (Sect. 2.3) and U
(20 m)< 3 m s −1, where the angle brackets represent a spatial average of δzθ over all of the
stations based on the 0.5- and 2.0-m levels. We use the average of the stratification over all
of the stations instead of stratification at the base of the tower where the latter is determined
by the strength of the shallow cold pool in the valley. The spatial average of the stratification
over all of the 19 stations and U (20 m) are less dependent on the shallow cold pool and are
statistically more robust and possibly more representative of the footprint of the fluxes on
the tower above the shallow cold pool.

Figure 10 shows composited profiles of θ and w′θ ′ on the tower for the very stable cases
(red) and for the weakly stable cases (black); w′θ ′ is scaled by the surface heat flux. In spite
of the compositing, the heat-flux profile reveals distinct layers (red curve, Fig. 10a). A thin
surface boundary layer corresponds to vertical divergence of the heat flux acting to cool the
air in the lowest 2 m. The heat flux varies by about 20% in the lowest 2 m, implying that
assumptions for surface layer similarity are not met. The depth of the surface boundary layer
increases with decreasing 〈δzθ〉 and vice versa (not shown).

A transition layer from 2 to 5 m corresponds to heat-flux convergence which acts to warm
the air. The heat-flux convergence might be at least partially balanced by cold-air advection.
The downward heat flux reaches a local minimum at 10mwithin the vertical resolution of the
observations. The boundary between the transition layer and the overlying regional boundary
layer is a little obscure due to the crude vertical resolution above 5 m. The regional boundary
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Fig. 10 SCP: Vertical structure of the composited profiles for the very stable class (red) and the weakly stable
class (black) for a [θ ] relative to the 0.5-m value, b the heat flux scaled by the 0.5-m value, and c the correlation
coefficient [Rwθ ]. The definition of the classes are explained in Sect. 2.3

layer presumably interacts directly with hilltops and plateaus and perhaps the upper slopes
above the cold pool although this possibility cannot be shownwith certainty from the existing
observations. The value of σw is large within the regional boundary layer (not shown), but
the correlation [Rwθ ] is small. It is not known if de-correlation occurs whenever the regional
boundary layer detaches from the surface. In other terms,w′ is relatively large in the regional
boundary layer, but the efficiency of the transport is small (small [Rwθ ]) because σw is
dominated by non-turbulent motions. The direction of the composited flow rotates from
about 275◦ at the bottom of the tower at the 1-m level (wind direction roughly down-valley)
to about 325◦ at the 20-m top of the tower, consistent with the regional slope.

For weakly stable conditions (U (20 m) > 3 m s −1, 〈δzθ〉 < 0.5 K), the surface boundary
layer is eliminated, but heat-flux convergence remains well defined and extends from the
surface up to 5 m. The lowest 5 m could be considered as a thin top-down boundary layer.
The reduced heat flux near the surface, relative to the heat flux at 5 m, might be partly due
to sheltering by the valley sidewalls. The value of [Rwθ ] (black) is roughly constant with
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Fig. 11 Two examples of vertical structure with large stratification. The thicker part of the magenta curve
identifies a possible capping inversion, which is uncommon for the cold pools at the SCP site. The black curve
identifies a more typical structure with a sharp decrease of the stratification at about 3 m

height in the lowest 5 m in contrast to the very stable case where [Rwθ ] decreases rapidly
with height.

5.2 The Cold Pool “Top”

In contrast to typical schematics of cold pools, sharp capping inversions at the top of the cold
pool are not common in SCP. A capping inversion requires a local maximum of stratification
with weaker stratification below and above. The number of selected samples is generally
small but sensitive to the algorithm for identifying a maximum stratification. An example of
a strong capping inversion is the thick part of the cyan curve in Fig. 11.

The black curve in Fig. 11 shows more typical vertical structure with a significant sharp
decrease of stratification with height. This rapid change of stratification with height can be
included in the definition of a cold pool, that is a sharp decrease of stratification instead of
a sharp increase of temperature. The vertical temperature structure sometimes varies rapidly
over periods of only a few minutes (not shown), possibly indicating the influence of transient
submeso motions. The sharpness of the top of the cold pool sometimes appears to be partly
due to significant mixing above the cold pool.

Because the significant changes of θ or changes of stratification with height occur at a
variety of different levels, such vertical changes are partially obscured in the composited
profile (Fig. 10a, red). However, definition of the cold pool in terms of a surface boundary
layer is well defined in terms of the composited heat-flux profile (Fig. 10b, red). In contrast,
the temperature profile does not show layering and reflects the history of the heat-flux profile
in a way that is not completely known. It is not completely clear if microfronts observed on
the valley side slopes (Pfister et al. 2021) are sometimes part of a cold pool capping inversion
that intersects with the side slope.
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6 Brief Between-Site Comparisons

At the FLOSSII site for very stable conditions, a thin surface boundary layer of enhanced
downward heat flux is thought to be advected from an increase of upwind roughness although
adequate spatial observations were not available. However, partitioning the observations
according to a bimodal distribution of the local surface wind direction suggests that a
three-layer structure is defined when the surface flow is northerly underneath the prevail-
ing (regional) southerly flow at the top of the tower. Thus, the wind-directional shear is
important (Fig. 5).

The Santa Maria site for very stable conditions also has a bimodal distribution of wind
direction at the surface with a prevailing wind direction at the top of the tower. The subclass
with the strong directional shear corresponds to increasing downward heat flux with height
(Fig. 9) that presumably reaches a maximum above the tower layer. The other subclass is
more complex. The vertical structure is least understood at the Santa Maria site perhaps
because the terrain is sufficient to modify the very stable flow but not strong enough to totally
organize the vertical structure. Additional analysis is underway.

The prevailing regional flow for SCP is north-westerly while the down-valley flow is west-
north-westerly so that the directional shear is generally weak. For very stable conditions, the
valley cold pool leads to the three-layer structure where down-valley flow at the surface
transitions to regional flow in the upper part of the 20-m tower (Fig. 10). Even the weakly
stable case at the SCP site shows some impact of the shallow valley on the vertical structure.

7 Conclusions

As noted in the Introduction, non-traditional vertical structures of the nocturnal boundary
layer sometimes occur even at sites considered to be relatively flat and homogeneous. Top-
down boundary layers correspond to turbulence generated at higher levels and transported
downward toward the surface. The downward heat flux may increase with height, corre-
sponding to heat-flux convergence. The downward heat flux reaches an overlying maximum
and then decreases with height in a regional boundary layer.

We found three-layer structures with a transition layer of heat-flux convergence between a
local surface-based boundary layer and an overlying regional boundary layer. The transition
layer may contain significant wind-directional shear. Local surface-based boundary layers
include cold-air drainage, cold pools, and flow over surface heterogeneity. The correlation
between the temperature and vertical velocity fluctuations is a measure of the efficiency of
turbulent transport and provides additional support for interpretation of the vertical structure
of the heat flux.

A fraction of the composited profiles do not fit into one of the prototype structures.
Although the different non-traditional vertical structures of the heat flux are more likely to
occurwithweakwinds and large stratification, we did not attempt to formulate a theory for the
dependence of the vertical structure on stability, which is site dependent and wind-direction
dependent. The above concept of the layering is based primarily on the heat flux and is not
necessarily applicable to the momentum flux. The concept of layering provides a framework
for organizing the discussions but does not serve as a general theory for the vertical structure.

Compositing profiles filters out considerable information on the variability of the profiles
within a given subclass. Future case studies are planned. The amount of coupling between
layers and associated transfer coefficients require investigation. More progress would benefit

123



Types of Vertical Structure of the Nocturnal Boundary Layer 159

from longer datasets such as one year ormore. For example, after dividing the current data into
categories based on wind speed and stratification, and subsequently partitioning into wind-
direction sectors, the sample size can become marginal for establishing complex vertical
structure. Future work will also examine individual events at the Santa Maria tower where
flux data are still being collected with high vertical resolution.
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