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Abstract

Turbulent vertical fluxes are important components of aphesic energy and substance budgets and they
play a dominant role in the surface-atmosphere exchangartApm high-resolution in situ measurements
it is difficult to determine them. This paper, which is dedéchto Prof. Dr. Michael Hantel who recently re-
tired, gives a short overview over existing inverse methodgperimental and numerical — to derive vertical
profiles of turbulent fluxes in the atmospheric boundary dared throughout the free atmosphere. Exper-
imental methods comprise direct techniques and indirerpetric techniques, both using surface-based
remote sensing devices. The numerical method is the budetéoeh founded on the integration of the budget
equation for the transported substance or property. Thisrlenethod has been considerably enhanced by
Michael Hantel in the last 30 years; especially by develg@in independent error measure. From such inte-
gration the calculation of vertical turbulent flux profilesas well possible as the determination of aggregated
surface fluxes over horizontally inhomogeneous terraire &kperimental method is most suitable for the
local scale; the numerical method is more suitable for tg@ral and larger scales. Finally a short example
for the determination of aggregated surface emission flakesethane from an agricultural area in Southern
Germany on an intermediate scale between the local anddianes scale using a budget method combined
with surface-based remote sensing of the mixing-layertiegpresented.

Zusammenfassung

Turbulente vertikale Fliisse sind eine wichtige Komponairtgospharischer Energie- und Stoffhaushalte, und
sie spielen eine dominierende Rolle in den Austauschvgeydiwischen Erdoberflache und Atmosphére.
AuBer durch hoch aufgel6ste in-situ Messungen sind sie iscigizu bestimmen. Dieser Artikel, der dem
kiirzlich in den Ruhestand getretenen Prof. Dr. Michael Elagéwidmet ist, gibt einen kurzen Uberblick
Uber existierende inverse Methoden — sowohl messtechisid numerische — um vertikale Profile von
turbulenten Flissen in der Grenzschicht und in der gesafrgiem Atmosphére abzuleiten. Die messtechni-
schen Methoden umfassen direkte und indirekte paranesgisie Verfahren, die beide auf bodengesttitzten
Fernmessungen beruhen. Die numerische Methode ist diehBlisgrsethode, die auf der Integration der
Haushaltsgleichung fur die transportierte Substanz o@grischaft basiert. Diese letztere Methode ist durch
Michael Hantel in den letzten 30 Jahren entscheidend esvv@ibrden, insbesondere durch die Moglichkeit
der Bestimmung eines unabhéangigen Fehlermalies. Mittklsesdntegrationen sind sowohl die Berech-
nung vertikaler Flussprofile wie auch die Bestimmung raamgemittelter Oberflachenflisse tber horizon-
tal inhomogenem Gelande moglich. Die messtechnische Metaignet sich am besten fur kleinskalige An-
wendungen wahrend die numerische Methode fir Anwendungferegionalen und gréf3eren Skalen besser
ist. AbschlieBend wird ein kurzes Beispiel fir die Bestinmgeines raumlich gemittelten Methanemission-
flusses aus einem landwirtschaftlich genutzten Gebiet &itddhlands vorgestellt. Dieser wird auf einer
intermediaren Skala zwischen der kleinen und der regior@kala unter Benutzung einer Kombination aus
Haushaltsmethode und bodengestitzten Fernmessungensdduligsschichththe bestimmt

1 Introduction a minor correction to the mean. This is probably true
for most physical variables, but not for vertical fluxes in
This paper is dedicated to Prof. Dr. Michael Hantelthe shallow Earth’s atmosphere. Mean vertical fluxes on

Chief-Editor of Meteorologische Zeitschrift from 2000the global scale are limited because here the flatness and
2006, who recently retired from the chair of Meteorolog§p€ overall static stability of the atmosphere are essen-
at Vienna University. tial. Vertical fluxes in the atmospheric boundary layer
The differentiation of an atmospheric property in are limited due to the prOlelty of the SOIld surface. In
mean and a fluctuation usually implies that the me&9th cases, turbulent vertical fluxes driven by shear and

describes the main part and that the fluctuation is orfignvection are dominating over mean vertical fluxes.
On synoptic scales up to global scales these turbulent
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Let e be an atmospheric property afidhe vector equator 1500 to 5000 huge “hot tower” (i.e. giant cumu-
of the three-dimensional motion, and let us denote tt@imbus clouds) must be active in order to maintain this
mean quantity by an overb@y and the deviation from turbulent heat flux. This appears to be the first time that
this mean by a prime (). ThemVv is the mean flux of the the turbulent heat flux had been determined from large-

propertye ande’ V' the turbulent (sub-synoptic) flux ofScale data as a residual. The consideration of this idea is
this property. The actual flux of the property e therefo@ntinued later in section 3 of this paper.

is the sum out of two parts: Following the direct approach as expressed by
Eq. (1.1), the determination of a vertical turbulent flux
eV =6V + eV’ (1.1) implies the measurements of both the vertical velocity

fluctuations and the density fluctuations of the property

Thus, in areas where mean vertical motions are ndg-duestion with equally high temporal resolution. To-
ligible vertical transports of any property are complete§ay this is no problem for point or in-situ measurements
governed by turbulent fluxes of this property. WellD€ar the ground where high-resolution instruments can
known examples are the vertical energy fluxes aw?? operate_d. But how can these fluxes be determlned
from the Earth’s surface which close the energy balanéelayers higher above the ground where the operation
of this surface. These fluxes are pure turbulent fluxé¥.in situ-instruments is not routinely possible? So far,
Thus any complete study of the surface energy budgﬁ‘é@ Iog_lstlc and fmanm_al reasons, aircraft operations are
requires the determination of turbulent fluxes. The sarfiet suitable for operational measurements. And a second
applies to the global energetics where sub-synoptic vRPortant question arises: how can horizontally varying
tical fluxes play an important role (see e.gORENZ turbulent fluxes be aggregated for larger areas up to the
(1967) and HAIMBERGER and HANTEL (2000)). global scale for global energy budgets? _

The consideration and determination of turbulent This paper addresses some developments in deter-
fluxes is now about 100 years oldaYLOR (1915) firstly Mining turbulent vert!cal fluxes in the atmosphere in the_
treated the problem of turbulent heat transport in th&cent decades. While measurements of fluxes are suit-
atmosphere. He introduced an eddy conductivity bable forlocal scales they cannot be employed for the de-
cause it appeared to him that heat is transported upwai@fgnination of fluxes and their profiles on regional and
through the atmosphere by means of eddies in the sa@f@er scales up to the global scale. Therefore two major
way as heat is transmitted in a solid body with a giveifies will be presented. Both of them are indirect meth-
conductivity. SSHMIDT (1921), however, postulated thafds because they involve some sort of an inversion pro-
the turbulent heat flux is directed downwards. He cofédure. One way of determining vertical flux profiles,
sidered fluctuations of the vertical wind that are zefitable for the local scale, is the usage of remote sens-
in the mean and adiabatic temperature changes of ig# techniques. Remote sensing is thereby an indirect
parcels which are forced through a fixed horizontal suRethod like nearly all other in situ measurement tech-
face by these fluctuations. The parcels had no tempgidues except simple length, weight, and time measure-
ature deviation from the mean stratification before bBents. The other approach, suitable for the regional and
ing moved by the vertical wind fluctuations. Only if theny larger scale, is to compute them as residuals from
stratification is unstable it is possible to transport he@ Otherwise complete large-scale budget of the prop-
upward by turbulent motion this way. This incomplet8'ty in questlon_. In both lines remarkable qlevelopments
view of the turbulent flux only considers mechanical tup@ve occurred in the last forty years. We will start with a
bulence. It was not before 1942 that the theoretical mefl0rt overview on remote sensing techniques and then
orologist Ertel (for an English translation of the mostimrn to the residual techniques. Finally we will show
portant pieces of his impressing work SeeH&/BERT et hc_>w a modification of the residual 'Fechnlque together
al., 2004) finally showed that the turbulent flux must b#ith the employment of remote sensing instruments can
directed upward in the mean. He argued that frequenBl§ used also to determine horizontally aggregated sur-
heat fluctuations are responsible for vertical wind fluct{@ce fluxes on an intermediate scale between the local
ations (thermally-induced or convective turbulence) adid the regional scale.
therefore rising particles are already warmer and sinking
particles are already colder than their environment. 2 The remote sensing technique

RIEHL and MaLKUS (1958) introduced a new view
on this issue. They looked at the heat budget of the iRemote sensing delivers the measured variables only af-
ner tropical convergence zone and concluded that thé&ge an inversion procedure has been applied to the re-
must be an upward directed turbulent heat flux, becauwsgved signal. In this inversion the received information
the flux due to the mean mass circulation does not traigs to be converted using the modifications in frequency,
port as much heat upward as is transported to the polegnsity, and polarisation between the emitted radiation
aloft. They estimated that in a 3@vide belt along the and the one received by the remote sensing instrument.
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A recent review on the abilities of active remote sengange of the DIAL) and 700 m (upper range of the
ing in measuring turbulent fluxes of heat and momenturmdar-RASS) above ground. WFMEYER (1999b) fur-
has been published byNGELBART et al. (2007). Two ther advanced this by development and application of
principal methods for the determination of fluxes from DIAL system with lower noise and systematic er-
remote sensing can be imagined. The first one, calleds (WULFMEYER 1998; WULFMEYER, 1999a). They
'direct method’, determines the wind fluctuations anachieved an improvement by about a factor of 4 in accu-
the fluctuations of the transported property simultangacy.
ously in the same volume of air. This method is ‘direct’ Giez et al. (1999) used a DIAL and a Doppler-lidar
in the sense that it tries to determine the fluctuatiots obtain turbulent latent heat fluxes between 500 and
needed in (1.1) separately although it remains an ind200 m above ground. The Doppler-lidar used a,CO
rect measurement method due to the inherent naturepafsed gas laser emitting at a wavelength of 1Q/59.
nearly any measurement technique as mentioned aboMee backscatter was mainly from aerosol particles with
The second method, the 'parametric method’, measueesadius of 1 to um. These aerosol particles are small
mean wind and property profiles and then derives teaough to follow the turbulent fluctuations of the wind
turbulent fluxes from a parameterisatiorm(%L (1988) field. If weather conditions are favorable, the range of
with further references). Airborne and space-based this technique can be extended up to 2000 m above
mote sensing methods to determine surface fluxes ayjrdund (LNNE et al., 2007). They used two DIAL sys-
methods using scintillometers will not be considered tiems, one based on a Alexandrite laser(MWMEYER,
this paper, because it will concentrate on the use of bukB98) and one based on a Ti:sapphire laserT¢,
get methods, the main subject of Michael Hantel's worR004), and a Doppler-lidar with heterodyne detection
at 1120 nm. Additionally, they made a comparison be-
2.1 Direct methods tween their technique and the technique using a DIAL
%r?ltd a radar-RASS and they found comparable results
. thin the height range in which both techniques were
dar .(GLMAN et al, 1946, BTERS 1_991)’ wind- operating. The employment of a Doppler-lidar seems to
profiling radar (GDSS.ARD 1990), and I|d_ar (Focco be the more convenient approach compared to a radar-
and 34ULLIN, 1963) IS able to measure dlr_ectly the.tugFASS because this technique permits the detection of
_bulent fluxes of sensible or latent h_eat W'th ON€ SINYFea |atent heat flux profile throughout the whole bound-
instrument. Therefore qlways two different ms_trumenrt%‘s{%y layer even in the daytime convective boundary layer.
have to be operated_;lmultaneousl_y. In particular, t A third approach was made bysR et al. (2002).
measurement of humidity fluxes (Wh'Ch was not coverelq]ey tried the combination of a Raman lidar and a sodar
in ENGELBART et al. (2007)) requires the lidar techy, yhe getermination of the vertical latent heat flux pro-
nique for the detectl_on .Of moisture fluctuations ‘T’md_ﬂe. They only reached a few hundred metres above the
seconq remote sensing instrument for_the determinat ¥dund and the error in the fluxes was at least 50 % so
of vertical wind fluctuations (see section 2.1.1 below; at they could only derive some qualitative information

Attempts to use just one coherent DIAL to measure bofly yhee fluxes in shallow nocturnal boundary layers.
the moisture and the wind fluctuations were not suc-

cessful because it was not possible to reach meaning-

ful signal-to-noise ratios for the wind fluctuations and

the moisture fluctuations simultaneouslyY8ENBERG 2 1 2 Sensible heat fluxes
2005). However, with a RASS (MRSHALL et al., 1972)

it is possible to measure sensible heat fluxes with one _ _
single instrument (see section 2.1.2 below). A remote sensing method of a direct measurement of

vertical heat flux profiles was at first suggested & P
TERSet al. (1985) using a sodar/RASS. The heightrange
is limited by the RASS component of the instrument
A first attempt to measure remotely the moisture fllend is the order of 500 to 800 m. Early applications
with surface-based instrumentation was described virere performed by AGEVINE et al. (1993a, b). Re-
SENFF et al. (1994). They used a differential absorpent measurements were documented NGELBART

tion lidar (DIAL) to measure the water vapour flucand BANGE (2002) and \OGT and ENGELBART (2002).
tuations from the water vapour absorption line arourithe first of these two papers also introduces the theoret-
729 nm and a radar-based radio-acoustic sounding sigad background. The trial to design a momentum flux
tem (radar-RASS) with a centre frequency of 1235 MHneasurement method for a single device by using the
to measure the vertical wind fluctuations. From a corspaced-antenna drift (SAD) method has not yielded the
bined evaluation of both datasets the turbulent vertiadsired success yet (RscH, 2002). Further details can
moisture flux was determined between 400 m (lowée found in ENGELBART et al. (2007).

None of the remote sensing techniques such as

2.1.1 Moisture fluxes
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2.2 Parametric methods clearly above the noise level it can be interpreted quanti-

. atively and reliably. An objective error estimate is there-
The preceding two subchapters have shown that % y y J

L : _ e mandatory for any serious residual method.
availability of direct methods for the remote sensing o Basis of all residual techniques is the continuity
tu_rbul_e_nt fluxes is I|m|_ted. Therefore studies on the aBEquation for an atmospheric property e that has sources
plicability of parametric methods have been made. B
sically, turbulent fluxeg®'w’ are derived from the mean

vertical profiles of the property e invoking (often empir- . 54

é'and/or sinks R in the volume of interest V.

ical) flux-gradient relationships: v - / Dev-dV + / Q.dv— / R-dV (3.1)
- v v v v
g =-K oe (2.1)
- )2 ) By the virtue of the Gauss theorem the first volume

. . ) integral on the right-hand side of (3.1) can be replaced
The difficult task is now shifted from the measuremergjty an integral over the surface S surrounding this vol-

of the fluctuations of the property e to the determinatiqijy,e {m is the velocity component perpendicular to this
of the exchange coefficieht. surface).

As an example for this difficulty, the turbulent ex-
change coefficient for momentulg, could formally be /DeV~ dVv = /e\41 -dS (3.2)
estimated from the ratio of the turbulent momentum flux v 5
and the mean vertical wind speed gradient by inverting
the flux-gradient relationship (2.1). But often only th
mean wind gradient is easily available. About the u
known turbulent momentum flux it is only known tha
it is in some way (S$uLL, 1988) related to the variance

Following (1.1) we can rewrite the right-hand side of
23.2). Hereby we imply that the spatial dimensions over

hich the integrals are computed are much larger than
he spatial scale designed by the overbar.

of the vertical velocity component. Thus, using surface- o _
based remote sensiri: could be derived from sodar /e\h-dS: /e-Vn'dS+/e’V’n'd5 (3.3)
data which deliver mean wind profiles and mean pro- [ [ s

files of the variance of the vertical wind component. )

EMEIS (2004) has compared vertical profiles of the tur- Putting (3.1) to (3.3) together we can solve for the
bulent exchange coefficient over mountainous and figfegral over the turbulent fluxess, through the surface
terrain using a height-dependent ratio between moméiclosing the volume of interest:

tum flux and the variance from literature datar (&L,

1988). KouzNETSOV et al. (2007) investigated the ra- ge’ivﬁ'dsz
tio between momentum flux and variance in more detail _ [ %4V — [&.9,-dS
and derived an empirical function for this ratio which g o g (3.4)
depends on the flux Richardson number. +[Q-dV— [R-dV
Another example for attempts to measure the ver- v Y

tical turbulent latent heat flux employing the para- _ _ _

metric method is described in IKMLE et al. (1997) Neglecting horizontal turbulent fluxes, which are
and WULFMEYER (1999b). They operated airborne andsually much smaller than their respective mean fluxes,
ground-based DIAL systems, respectively, to derive t€noting the vertical wind component by w and intro-

flux from measured mixing ratio gradients and varianéiicing a surface flugw;,, ; and an unknown terrimb
profiles. (called imbalance), which contains all measurement er-

rors, we get for the vertical turbulent flux through the
horizontal surfacé&, at the top of the volum¥’;

3 The residual technique

The other possibility to estimate vertical turbulent (or Sle-dS:

subsynoptic) fluxes, is to follow the idea ofeL and de _ ——

MALKUS (1958) and to analyse their effects on the _Jﬁdv_gé'V”'dS_g[de'dS (3.5)
larger (e.g. the synoptic) scale. This method is proba- o

bly the only advisable method for regional and larger +JQ-dV—JR-dV—_[|mb-dV

scales. This requires reliable data in order to avoid that

the signal is blurred by noise due to measurement andWe will now apply (3.5) in two different ways. One
subsequent analysis errors. In employing such a residH be the derivation of vertical flux profiles, the other
ual method it is important that the order of magnitudaill be the aggregation of horizontally inhomogeneous
of the errors can be determined; only when the signalsarface fluxes.
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Figure 1: left: Typical vertical profiles of turbulent (subsynoptic) heag Ty moisture (Lq), and rain (LP) fluxes in Whbetween the
Earth’s surface and the top of the atmosphere. Vertical resolutiorhR@0(adapted fromMeE1s, 1986). Right: Vertical profiles of turbulent
fluxes of latent heat, sensible heat, and precipitation for 168 colummn&avepe (from BEIS, 1986).

3.1 Determination of vertical flux profiles linearly decreasing values and the flux vanished at about
100 hPa.

Applying (3.5) for several layers one above the other and The application of (3.5) for the vertical turbulent
starting with a known or prescribed surface flux value imoist static energy flux with a consideration of the im-
the lowest layer allows the derivation of vertical profileBalancémbwas first made by BNTEL (1976). The ver-
of the turbulent flux. Please note thatin (3%andS;,¢ tical integral over a whole atmospheric column of (3.5)
denote the upper and the lower surfaces of V wherdagndependent of the vertical turbulent flux within this
S comprises all, horizontal and vertical, surfaces of tig@lumn. In a first step, this allows the specification of
volume V. imb from observed large-scale data once a value or at
PALMEN (1966) gave a first vertical profile of the turdeast a first guess for the surface flux is available. The re-
bulent heat flux for the whole troposphere north ofi82 sulting imbalance was then redistributed equally within
and speculated which process would be dominating, t vertical in order to calculate the vertical profile of
synoptic-scale or the small-scale turbulence. The profilee turbulent flux. Calculated vertical fluxes divergences
was estimated from given horizontal heat fluxes &t\82 were only considered to be significant when they were
(second term on the right-hand side of (3.5)) along witarger than the imbalance.
vertical distributions of the radiation flux divergence and In HANTEL (1976), the atmosphere was divided in
condensation (fourth and fifth term on the right-hani@ur latitudinal belts each of which was divided into four
side of (3.5)), and a surface flux (third term on the righslices in the vertical. By using constant intervals of the
hand side of (3.5)). He ended up with about 40 W?m sine of latitude as horizontal coordinate and of pressure
at the ground. An imbalance was not considered by hiag vertical coordinate 16 volumes of equal atmospheric
so that all errors were contained in the vertical flux. THBass were defined. This procedure delivered four verti-
flux he found became smaller with height and vanishé&@! profiles of vertical turbulent flux of moist static en-
at the tropopause. Palmén’s method was also usedégy. HACKER (1981) refined the scheme by dividing
YANAI et al. (1973) in order to determine the procességch latitude belt into 12 sections and computed sea-
in tropical cloud clusters. For a®- 10! m? wide area sonal means of the 48 vertical profiles of moist static
over the Marshall Islands they determined vertical prénergy and the apparent moisture source.
files for the vertical turbulent fluxes of dncfT+gz,  Later Emeis (&EIS and HANTEL, 1984; HANTEL
cp: specific heat for constant pressure, T: temperatudfd EVEIS, 1985; EMEIS, 1985, 1986) further enhanced
g: gravity acceleration, and z: height above sea levéile scheme and left the hemispheric approach. In these
and moist static energg{T+gz+Lq, L: heat of conden- papers, a system of 16 by 16 columns over Europe was
sation, g: absolute moisture) and for the apparent hé@nsidered. Each of the about 150 by 150 km wide
and moisture sources (principally the sum over the firg@lumns was divided in the vertical into five 200 hPa
and second term on the right-hand side of (3.5)). Thégep boxes. In this system, the vertical turbulent (sub-
found the maximum flux at about 700 hPa (200 W4y,  synoptic) fluxes of enthalpy cpT, moisture Lq, and pre-
a slight minimum around 900 hPa (180 W ) and a cipitation LP, (P: rate of precipitation) were calculated
surface value of 189 W nf. Above 700 hPa they foundfrom synoptic data. The column imbalance for moisture
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2100 vanishes and the choice gfin this height becomes very
important. Several choices Bfprofiles are possible and
20001 reasonable, a final decision can only be made from sep-
J\ arate measurements of the fluxes w(z) and f(z). This pa-

1900 +

per concludes a thirty year period within which Hantel
: Wﬂ\\/ and his co-workers, which had been inspired by him,
1300—/J\J have developed a powerful and reliable diagnostic tool

] for regional-scale vertical energy flux profiles out of a
1700 - global energy budget scheme.

methane concentration (ppb)

1600

3.2 Determination of spatially aggregated

- S surface fluxes

Figure 2: Variation of the near-surface concentration of methane (Equation (3.5) can be evaluated in a different way, too
ppb) in a rural area west of Munich during the week from May 20 t(DENMEAD etal., 1996, 2000). Imagine an atmospheric
May 26, 2003. boundary layer over an area with inhomogeneous land
use patterns, which is covered by a thermal inversion
’ o that suppresses all turbulent motions at the height of
_ ‘ the inversion. In this case, the left-hand side of (3.5)
sool 0T l _ 1l would be zero. If we further assume that horizontal ad-
‘ _ 1 i + | vection can be neglected, then the second term on the
' ! | right-hand side of (3.5) vanishes, too. The same applies
| W to the fourth and the fifth term on the right-hand side if
a0 | . we stipulate the absence of any sources and sinks within
i | J LT i .J_ ’ | L the boundary-layer air. We then get:
20 I 11} ;] ey ]
IR

/W.dsz— ‘;edV—/imb.dv (3.6)
0 Z’ 0 I 2’1 I 2’2 I £3 ' 2’4 ' 2‘5 2‘5 % urf \V t
days in May 2003

Figure 3: As Fig. 2, but for the mixing-layer height derived from  This means that a spatially aggregated surface flux of
surface-based acoustic remote sensing (in m). a propertye into the atmospheric boundary layer can be

determined from the increase of the densityeafithin

the boundary-layer air in a volumé = St - z if the
was re-distributed in the vertical in accordance to thmundary layer is horizontally homogeneous in the re-
mean moisture content in each box while the enthalgpect that horizontal advection is negligible and if it is
imbalance was re-distributed equally as in the aforemawvered by an inversion in a known height z. Unfor-
tioned studies. Main results of this study were that thenately, the simple way to estimate the imbalance as
imbalance for the computation of the vertical turbuleritt has been available for Eq. (3.5) (an integration over
enthalpy fluxes was less than those for the vertical turlthe whole column from the ground to the top of the at-
lent fluxes of dry static energy, and that the vertical fluxosphere) is not feasible here. The imbalance in Eq.
profiles showed a clear relationship to the synoptic sit(8.6) is given by the measurement errors for the den-
ation (see Fig. 1). An even further refinement into 24 Isjty of the property e and the height of the volume z, and
24 by 10 boxes (100 km by 100 km by 100 hPa) wdke correctness of the assumption of negligible horizon-
performed by KANTEL (1987). Finally the successfultal advection.
scheme became known as the analyse scheme DIAMODAN example for the application of (3.6) is given in
(HANTEL et al., 2001). The computation of separate efigures 2 to 4. It is taken from data from a measurement
thalpy (w(z)) and moisture fluxes (f(z)) in DIAMOD re-campaign from 13 to 30 May 2003 which took place
quires as a closure the specification of a vertical profileest of Munich, Germany. In contrast toERMEAD et
of the Bowen ratio3(z) = w(z)/f(z). The sum of w(z) al. (1996, 2000), in the dataset used here the most im-
and f(z) is the convective flux c(z). c(z) often vanishes pbrtant parameter in (3.6), the mixing-layer height, is
the top of the atmospheric boundary layer. known continuously at one location from surface-based

In a final paper, ANTEL and STEINHEIMER (2006) acoustic remote sensing with a sodar (for details of the

analysed the vertical profiles of c(z), w(z), and f(anixing-layer height algorithm seeMEls and TURK,
within the atmospheric boundary layer and the posgi004). Fig. 2 shows a part of the time series of the near
ble problems which could arise within DIAMOD if ¢c(z) surface concentration of methane measured at Maisach

1000 o I

600-l

e

height above ground in m
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700

with this boundary-layer budget scheme are representa-
tive for an area of about 15 by 15 Km

The emission rate of 0.1 to fg/(n? s) can be com-
pared to the total methane emissions in the Federal
Republic of Germany which is.2- 10'8 ug per year
(UBA, 2007). Normalized to the area of5¥- 10 m?
wweim's)  this results in an average German methane emission rate
of 0.2 ug/(m? s). Two thirds of these emissions (UBA,
wwims|  2007) are supposed to be from the agricultural sector
S0t (1€, 0.13 ug/(m? s)). Since the measurements above
0 : , : . 2 10wl have been made in a predominantly agricultural area,
g 2 e 40 Al 28 200 %% values a bit higher than the national average agricultural

emission rate, as displayed in Fig. 4, can be regarded as
Figure 4: Correlation between the nocturnal increase of the negeglistic.

surface methane concentration (x axis, in ppb) and the nocturnal

mean mixing-layer height (y-axis, in m) in a rural area west of Mu-

nich for 18 nights between May 13 and May 30, 2003 (dots). Curvds Conclusions and outlook
give mean emission rates for constant conditions over about eight

hours.
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In-situ measurements of turbulent quantities and fluxes
in the free atmosphere are difficult. Therefore other
methods had to be developed to monitor the turbulent
west of Munich. It is remarkable in this time series thdluxes of energy, moisture, momentum, and trace sub-
the concentration always increased in the evening andstances throughout the whole height of the atmosphere.
the night and that it then decreased again during the nbbdturally, these methods are indirect ones based on
day. This nocturnal increase was largest in the nightssome sort of inversion algorithms. Here, a short look on
May 24 and May 25. Fig. 3 displays the variation of ththe status of surface-based remote sensing of turbulent
mixing layer height derived from sodar data (hourly vaknergy fluxes has been given in chapter 2, and two types
ues) for the same time period. The sodar was operatddesidual techniques (or budget methods) have been
only about two kilometres away from the site where tharesented in chapter 3. The remote sensing technique is
methane concentration was recorded. In the nightsnmst suitable for a local-scale flux determination. The
May 24 and 25 the mixing-layer heights took their lowresidual techniques are probably the only advisable tech-
est values and remained at these low values for six (Maigjue to derive these fluxes on regional and larger scales
25) to twelve (May 24) hours. up to the global scale.

If we now assume that the methane concentra- It is an important task in the future to merge these
tions are equally dispersed within the shallow noctutechniques, e.g. by the development and application of
nal boundary layer and that the measured mixing-laysranning remote sensing systems and by comparisons
height is representative for the region, we can use (3d)their results with residual techniques. The state of the
to convert the measured methane concentrations iarb of the presented inverse techniques let it seem pos-
spatially aggregated surface methane emission rat@ble that advantages could result from a combined use
The result is displayed in Fig. 4 for the whole measuref residual techniques and surface-based remote sens-
ment period of two weeks. A mean mixing-layer heighihg for scales between the local and the regional scale
for each night has been derived from the data shownviith a spatial resolution of about 10 to 20 km. For the
Fig. 3 and has been related to the mean nocturnal ratéagk of determining vertical profiles of turbulent fluxes
increase in the methane concentration. The array of hlgroughout the whole atmosphere surface-based remote
perbolae in Fig. 4 indicates emission rates which wouldeasurements of these fluxes within the atmospheric
explain the assumed correlation between the concentraundary-layer can complement profiles obtained for
tion increase and the mixing-layer height if the adoptetde whole depth of the atmosphere with budget schemes
conditions would last for about eight hours. It turns olike DIAMOD described in section 3.1. Likewise, re-
that most data points lie between 0.1 angd/(nm? s). mote sensing of the mixing-layer height can deliver the
If one assumes that vertical mixing takes place withimost important parameter which is needed to apply suc-
one hour (from the definition of the term mixing-layecessfully the nocturnal boundary-layer budget method
adopted in 8I1BERT et al. 2000) then moderate horizonaddressed in section 3.2.
tal winds of 3 to 5 m/s would lead to horizontal trans- Further, surface-based remote sensing could deliver
ports of 11 to 18 km during this hour. From this estiestimates of the fluxes of enthalpy and moisture which
mation it can be inferred that emission rates calculatace needed to derive the correct vertical profile of the
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Bowen ratio in the upper part of the atmospheric bounBeNnMEAD, O.T., R. LEUNING, D.W.T. GRIFFITH, |.M.

ary layer. As mentioned at the end of section 3.1 the soJAMIE, M.B. ESLER, L.A. HARPER, J.R. RENEY, 2000:
lution of the budget method is very sensitive to the se-Verifying inventory predictions of animal methane emis-
lection of the Bowen ratio profile in heights where tur- SI°NS with meteorological measurements. — Bound.-Layer

; : . Meteor.96, 187-209.
bulent enthalpy and moisture fluxes have different S'qzr?was, S., 1985: Subsynoptic Vertical heat fluxes in the at-
and nearly cancel each other.

) . . mosphere over Europe. — Bonner Meteor. AB®.106 pp.
This paper has looked back at a thirty year periad. 1986: Subsynoptic Vertical Energy Fluxes in Midlatitude

within which Hantel and his co-workers, which had beencyclones. — Meteorol. RundscB9, 161-172.

inspired by him, have developed a powerful and reli—, 2004: Parameterization of turbulent viscosity over erog

able diagnostic tool for regional-scale vertical energyraphy. —Meteorol. Z13, 33-38.

flux profiles out of a global energy budget scheme. AVEIS, S., M. HANTEL, 1984: ALPEX-Diagnostics: Sub-

scheme like DIAMOD can serve as an analysis tool toSynoptic Heat Fluxes. — Beitr. Phys. Atmés, 495-511.

observe and monitor turbulent vertical energy fluxes a Ei)'(?r’]gshéi'\é'mg;':éﬁ%?ﬁ';r':r;g;ef?g% ‘ggg&ué'%g?a‘)f_t&ee_
convection as well as it can serve as a verification tookg,.01" 7 13 361-367. '

for flux parameterisation schemes in regional-scale ngyge garT, D., J. BANGE, 2002: Determination of

merical weather and climate prediction models. boundary-layer parameters using wind profiler/RASS and
A good knowledge and a full understanding of the sodar/RASS in the frame of the LITFASS-project. — Theor.

vertical turbulent fluxes in the atmosphere is a prerequiAppl. Climatol. 73, 53—65.

site for the assessment of air-surface exchange andB¥GELBART, D., M. KALLISTRATOVA, R. KOUZNETSOV,

gional and global energy budgets. In future, both the de2007: Determination of the turbulent fluxes of heat and mo-

velopment of ground-based remote sensing and of budl'€"tuUM in the ABL by ground-based remote-sensing tech-

. . niques (a Review). — Meteorol. 26, 325-335.
get methods has to be continued in order to furth RTEL, H., 1942: Der vertikale Turbulenz-W&rmestrom in

aplvance reliable_ We;ather and climate prediction techyer Atmosphare. — Meteorol. B9, 250—253.
niques. A combination of both methods seems to lg&reL, K., 2004: Application and development of water va-
a promising approach on an intermediate spatial scalgor DIAL systems. — Dissertation, Univ. Hamburg, Ger-
which is within the range of application of both meth- many. (Available from: www.sub.uni-hamburg.de/opus/
ods. volltexte/2004/2027/)
Flocco, G., L.D. SVULLIN, 1963: Detection of Scattering
Layers in the Upper Atmosphere /60-140 km/ by Optical
GiEz, A., G. EHRET, R.L. ScHwiEsow, K.J. DaVIES,

) .D.H. LENScHow 1999: Water vapor flux measurements
The measurements west of Munich have been made ifom groundbased vertically pointed water vapor differen-

the project ICAROS NET (IST-2000-29264) within the tjal absorption and Doppler Lidars. — J. Atmos. Oceanic
5t Framework Programme of the European Union. TheTechnol.16, 237—250.

author gratefully acknowledges the suggestions and &leMAN,, G.W., H.B. QXHEAD, F.H. WiLLIS, 1946: Re-
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the editor in chief of this journal. Soc. Amer.18, 274-283. _
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