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1. Windy NBL (steady state, homogeneous)

3. NBL over complex terrain (evolutive, heterogeneous)

4. Small scale motions (random, but not really)




Equations of the atmosphere for any variable (x): Basic equations

Local change + advection= forcing terms + turbulence

5% ) ou'y’
R N
ot Jx; x;

(Local Change + Advection= Forcing Terms + Turbulence)

Forcing Terms for Momentum: Coriolis, pressure, viscosity
Forcing terms for Temperature: Radiation, Phase Changes,
thermal diffusivity

*Dimensionality of the problem: 1D vs 3D; time and length scales
*Hydrostatic: w =0

*Spatial Homogeneity: (ﬁ = % =0) = %‘?';“ = Fi— r_JEz
[ = . [ II j
*Stationarity: (% =0) = 0=F - d‘;;

*Free atmosphere: equilibrium between Coriolis and pressure
forces: Geostrophic wind
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The Ekman layer

In the BL, writing wy = —K, 5% i ol
aw'u’ aw'v’ F :
0="Ff(v—vg)—— e 0= —f(u—ug)—— =

T — du — — _f .
If wo = —Kn 52, Ky constant, v, = 0), a= e

u = ug(l— exp(—az)cos(az))

v = ugexp(—az)sin(az)

The stably stratified case - Garratt (1992)
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(Nieuwstadt 1985)
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And a theoretical relation between external factors and the heat
flux exists (Derbyshire 1990)

fwen — —V2fRF/V3 (9)
0

Given Rf, the upper limit of the heat flux depends only on external
factors Vy and f
For V; = 10m/s, f = 1074 Rf = 0.2, w'#

= —40W /m?
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Figure 2. Mean values for G =8ms~' as the surface cooling increases. (a) Potential

perature, (b) Wind speed, (c¢) Brunt—Viisild frequency, (d) Flux Richardson number.
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(kz/uw0)OU/0z = ¢pm(€)
(kz/8vx0)08y [0z = dp(E)

Qf}M IC'}HI ].—,-‘35; I.lﬂ"h‘:«’5

Surface Layer

(a)

Unstable

Stable

(b)

= 0.74 + 4.

Unstable

interpolation formulas. After Businger, et al. (1971).

(a) Range of dimensionless wind shear observations in the surface
layer, plotted with interpolation formulas. (b) Range of dimensionless
temperature gradient observations in the surface layer, plotted with




Height of the NBL

3 options:
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Fig. 6.11 Sample @ profiles under clear sky, night-time conditions from the WANGARA
(left) and VOVES (right) experiments. Arrows indicate the respective heights of the
surface inversion (k;), low-level wind maximum (A,) and NBL (k). After André and
Mahrt (1982), Journal of Atmospheric Sciences, American Meteorological Society.

* Height of the surface inversion (hi):
can rise 20 m/h and reach several hundred meters
* Location of the wind maximum (hu):
near-top of the Ekman like spiral
* Depth of the turbulent layer (h):
layer with sustained turbulence generated by wind shear




A composite profile Ri = -BP/DP

= <w'T’> (6T/oz)
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Intermittency regime

g ) No jet considered

éw Nonoscllatng benavio = Budget equations in the surface layer
/\ Ct pressure gradient and h

£ : Radiation

Oscillating
behavior %

1 5 3 4 s s 7 8 9 1Y

Pressure gradient|j1fpdp.’dx)[10'4m 5'2] Van de Wiel et aI (2002)

FiG. 4. Contour plot showing the dependence of the dimensionless intermittency parameter
IT on the isothermal net radiation and on the pressure gradient. The critical level I1 = 1
is given in a single contour line. For convenience, the cloud cover corresponding to the
isothermal net radiation values is given on the right axis.
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NBL Spectra: waves and turbulence

i, 0z

Ngy = \/5@“ g = 6,/ Ngy (100-200 m for weakly stable, Im

for strongly stable)
Time scales: g = h/0.01u, order of several to more than 10 hours
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Locally flat, mountains far away
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Inertial oscillations

Undamped
du ov
3 = f(v—vg); i —f(u— ug)
oV, ) ; :
Vog = V — Vg, mg = —ifVag; Vag = Vi exp(—ift)
Damped
In the turbulent NBL (if ug.ne.0, vg=0)
% = —if(V — ug) — 10/ph

Taking 79 = pksV' , and v, =0
L if

" ks/h+ if

VY = u, + AYexp(—ift)

ug + Alexp[—(if + ks/h)t]

(Thorpe and Guymer 77)

t= m2lf]

Governed by the inertial period T = 2 /f = 7 /Qsing = 12h/siny;
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For o = 40° , maximum wind occurs for 7/2 < ft < 7 ( 6h)
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A classical windy NBL night
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Fig. 5 Time series (using 5-min averaged data) of (a) horizontal mean wind, (b) wind direction, (¢) tem-
perature, (d) local stability parameter z/ A, (e) vertical heat flux and (f) turbulence kinetic energy, at several Fig.5 continued
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A strongly stratified night
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Figure 2. Proportion of each stability type, for the period 14-20 September 1998 during the

SABLES 98 campaign, at a height of 5.8 m.
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TABLE II

Z/A

(a) Percentages at which the measurement of turbulence kinematic heat flux (—w'f) is lar-
ger for every recording height. (b) Same as (a) except for turbulence kinetic energy.

(a) Maximum wind at:

Maximum kinematic heat flux (—w/@) is at height of*

5.6m 19.6 m 49.6 m 96.6 m
346 m 66.6 18.2 6.1 9.1
496 m 49 4 438 0.0 6.8
74.6 m 48.4 32.2 9.7 9.7
(b) Maximum wind at: Maximum TKE is at height of:

5.6 m 19.6 m 49.6 m 96.6 m
346 m 33.3 21.2 18.2 27.3
496 m 21.3 38.2 9.0 31.5
74.6 m 38.7 9.7 129 38.7

30-min average data were used. from the 100-m CIBA tower during the period September 2002

to June 2003, when a wind maximum at 34.6 m, 49.6 m or 74.6 m was detected.
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Fii. 2. Half-hourly averaged LES outputs at 1 h (thick continuous line) and 4 h (thick dashed line) and some
soundings (thin lines) for (a) wind speed; (b) potential temperature; (c) Brunt—Viii
Richardson number. In (c). (d) only the 0130 UTC sounding is plotted and the y axis is normalized by the LLJ
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FiG. 8. Averaged scalar concentrations of (a) §; and (b) S, after 1 h (solid lines) and after 4 h (dotted lines
from the beginning of the run. The y axis is normalized by the LLJ height (/;; ;) obtained for each case.
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Baroclinity

Ve . z2 — .
5y = %RX?hT = Vg2 — Vg1 = .[zl (%RX?;TT)&E

Bild 10.5 Zur Hohenabhéngigkeit der geostrophischen Windrichtung. Es gelte vg; =
vg(z1) und vgo = vg(zg) mit 21 < zp. Im linken Bildteil ist eine Warmluftadvektion
dargestellt, die zu einer Rechtsdrehung des geostrophischen Windes mit der Héhe fiihrt.
Bei Kaltluftadvektion (rechtes Bild) dreht v, dagegen nach links.

Warm advection: turns vg to right with height
Cold advection: to the left

Terrain-induced baroclinity =>

Given

Fig. 12.17  Diurnal oscillation of the low level jet due to thermal wind (T.W.)
forcings over sloping terrain.
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Pressure Gradient 5%

925 mb

Nighttime

FIG. 2.2. Illustration of the thermal forcing of valley-plain pressure
gradients leading to the development of an along-valley wind system.

(Adapted from Hawkes 1947.)
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Basin Heterogeneity

(Martinez et al 10)
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Fig. 4 (a) Mean nocturnal temperature Ty (x) for the Duero basin derived from Meteosat-7
(without the snow area). (b) Total cooling from the beginning of the night (1730 UTC) to
just before sunrise (0730 UTC). Only points with a total cooling equal or higher than 4 K
are represented. In both plots, surface elevation contours are plotted every 100 m within the
range 500 - 2100 m ASL. The locations of the AWS from AEMET are displayed with dots.
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weak/moderate/strong/

Table 1 Percentage of the cases (19430 in total) for the classification of the points at 0000
UTC according to the wind maxima (up to 100 m) and the temperature gradient (up to 10
m where A8 = M0 5 — #1 5m ). The jet category is counted when the wind above the jet is,
at least, 0.5 m s~ ! smaller than in the Jjet height.

- ks 1

Weak/moderate/Strong st.

A < OK | 0= A8 < 2K | 2= A0 <4 K | A8 =4 K Total
weal jet 0.04 18.08 G.85 1.02 25,00

(0.5 < windmax < 2m s 1)
moderate jet 0.0z 21.08 217 0.25 24.42

(2 = windmar < 4ms—1)
strong jet 0.00 2.30 0.07 0.00 .87

(windmae > 4m s~ 1)

no jet-wealk 0.08 12.10 8.32 2.05 22.65

(windpeiowioom < 2 m s 1)
no jet-moderate 0.1z 20.45 3.29 =1 24.67

(windsetowioom = 2 m s~ 1)

| total | 0.26 74.91 | 20.70 4.13 | 100.00 |

(Martinez et al 10)



averaged profiles
for each

classified category
(Martinez et al 10)
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Fig. 1 The scale dependence of the horizontal kinetic energy for the entire turbulence and submeso range of
time scales composited over all of the nocturnal records for the Iowa network. The vertical line designates the
I-min time scale used to pragmatically separate turbulence and submeso motions for all of the networks. This
study concentrates on submeso scales to the right of the vertical line
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Radiation + Soil Flux = Turbulence exchange (heat and moisture)
Rno + Go = Ho + AEg

It should close, it does not!

From Foken (2008): imbalances above 30% over bare soil, short
grass, agricultural land, down to 10% over more homogeneous
surfaces like irrigated cotton fields or wheat fields.

For a particular experiment over grass, Foken attributes the errors
mainly to measuring processes

Fig. 3.34. Schematic view of the measuring area of the different terms of the energy bal-
ance equation
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Fig. 6 The diurnal composite of the surface energy balance for EBEX from all sites over the entire
measurement period. Shown are the “Major Terms™ described in Sect. 5
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Fig. 9 The diurnal composite of the minor surface energy balance terms, along with the residuum
found from the major terms for EBEX from all sites over the entire measurement period
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Fig.1 Profiles of potential temperature at hourly and subsequently two-hourly intervals. a With a linear height
scale. b With a logarithmic height scale, showing the difference from the surface temperature
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Fig. 2 Profiles of the radiative heating rates at hourly and subsequently two-hourly intervals. a Actual radi-
ative heating rates on a linear height scale. b On a logarithmic height scale, showing actual radiative heating
rates (solid), minus the conductive heating rates (dotted) and the portion of the radiative cooling rate due to
direct cooling to the surface (dot-dashed)
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Summary

Nocturnal turbulence needs wind (except for compact fog)
Circulations develop when pressure gradient exist (all scales)

LLJ seem to be everywhere and generate turbulence, either
continuous or sporadic

Runaway cooling may not be happening because of radiation,
condensation and small scale motions near the ground

Open: waves, surface layer, anisotropic turbulence theory (?),
interaction with other processes (phase changes, radiation),
surface heterogeneity (including topography)
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Temperature curvature

Radiation dominates
Negative curvature (convex)

Turbulence prevails
Positive curvature (concave)
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Comparison with observations (SABLES 98)
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Figure 8. Comparison to observations: normalized vertical kinematic heat flux and Reynolds
shear stress for 0 < z/L < 0.03 ((a) and (c)) and 0.25 < z/L < 0.40 ((b) and (d)). Symbols as in
Figure 7.




*Air near the surface cools and becomes denser that environment
air at the same level: primary forcing

* Downslope flows are established, maximum winds between 1 and
6 m/s at heights below 40 m depending on the scale of the slope.
* Motions can be pulsating as the flow relaxes the difference of
temperatures

* Flow can be decoupled from the surface and from air above

* Long slope flows are also affected by basin baroclinity or even
Coriolis force

* Turbulence may occur close to the ground or elevated: episodic
mixing,/ thermal belt

* Organized return circulations not obvious.
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(a) Percentages at which the measurement of turbulence kinematic heat flux (—w'@) is lar-
ger for every recording height. (b) Same as (a) except for turbulence kinetic energy.

(a) Maximum wind at:

Maximum kinematic heat flux (—w'0') is at height of:

56m 19.6 m 49.6 m 96.6 m
346 m 66.6 18.2 6.1 9.1
49.6 m 49.4 438 0.0 6.8
74.6 m 48.4 32.2 9.7 9.7
(b) Maximum wind at: Maximum TKE is at height of:

5.6 m 19.6 m 49.6 m 96.6 m
346 m 33.3 21.2 18.2 27.3
49.6 m 21.3 38.2 9.0 31.5
74.6 m 38.7 9.7 12.9 38.7

30-min average data were used, from the 100-m CIBA tower during the period September 2002
to June 2003, when a wind maximum at 34.6 m, 49.6 m or 74.6 m was detected.
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Hills, cliffs, holes...

Fr = 0.1
very statically
stable)

Fr = 1.0

Fr =1.7

Fr = o
(neutral)

Fig. 14.14

(a) Some air blocked upwind.
Remaining air flows around
sides of the hill

(b) Some air flows over.
Some air flows around.

Lee wave separation

Resonance
(c) (most intense

(d) Boundary
layer separation

(e) Turbulent wake
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Idealized flow over an isolated hill. The Froude number (Fr)

compares the natural wavelength of the air to the width of the
hill (Wy).

Wavelength of an internal oscillation: 27V /Npy

Length or height of the obstacle L, wavelength 2L

Ratio: Froude Number: Fr = 'V /Ngy L (also described as the
ratio between buoyant and inertial forces)
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Figure 2.28 Examples of flow separation
(@) Separation at a cliff top (§), joining at J. A ‘bolster’ eddy resulting from flow
divergence is shown at the base of the steep windward slope; (b) Separation on a lee
slope with a valley eddy. The upper flow is unaffected; (c) Separation with a small lee
slope eddy. A deep broad valley may cause the air to sink resulting in cloud dissipation
above it.
Source From Scorer 1978
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Fig. 3.6. Profiles of the mean wind velocity, the friction velocity and the standard
deviations of the horizontal and vertical wind velocity normalized with their val-
ues at the canopy height according to different authors (Kaimal and Finnigan

1994)
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Fig. 3.7. Generation of internal boundary layers above an inhomogeneous surface (Stull
1988)
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