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Abstract A new spatially scanning TDLAS in situ
hygrometer based on a 2.7-um DFB diode laser was con-
structed and used to analyse the water vapour concentration
boundary layer structure at the surface of a single plant
leaf. Using an absorption length of only 5.4 cm, the
TDLAS hygrometer permits a H,O vapour concentration
resolution of 31 ppmv. This corresponds to a normalized
precision of 1.7 ppm m. In order to preserve and control
the H,O boundary layer on an individual leaf and to study
the boundary layer dependence on the wind speed to which
the leaf might be exposed in nature, we also constructed a
new, application specific, small-scale, wind tunnel for
individual plant leaves. The rectangular, closed-loop tunnel
has overall dimensions of 1.2 x 0.6 m and a measurement
chamber dimension of 40 x 54 mm (H x W). It allows to
generate a laminar flow with a precisely controlled wind
speed at the plant leaf surface. Combining honeycombs and
a miniaturized compression orifice, we could generate and
control stable wind speeds from 0.1 to 0.9 m/s, and a
highly laminar and homogeneous flow with an excellent
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relative spatial homogeneity of 0.969 + 0.03. Combining
the spectrometer and the wind tunnel, we analysed (for the
first time) non-invasively the wind speed-dependent verti-
cal structure of the H,O vapour distribution within the
boundary layer of a single plant leaf. Using our time-lag-
free data acquisition procedure for phase locked signal
averaging, we achieved a temporal resolution of 0.2 s for
an individual spatial point, while a complete vertical spatial
scan at a spatial resolution of 0.18 mm took 77 s. The
boundary layer thickness was found to decrease from 6.7
to 3.6 mm at increasing wind speeds of 0.1-0.9 m/s.
According to our knowledge, this is the first experimental
quantification of wind speed-dependent H,O vapour
boundary layer concentration profiles of single plant
leaves.

1 Introduction

The earth’s vegetation constitutes the functional interface
between the atmosphere and the earth surface and greatly
determines land-atmosphere gas exchange processes.
Atmospheric water vapour emissions from plants are large
and greatly dependent on the functional status of the veg-
etation. In the global water cycle, plant transpiration
accounts for 64 % of the global precipitation recycling
back to the atmosphere [1]. As water vapour is one of the
most prominent greenhouse gases, it is important to
understand the vapour fluxes from plants on different
scales, from the single leaf to the global vegetation. In
particular, the spatio-temporal variability of the water
vapour exchange rates and the corresponding fluxes
between phytosphere and atmosphere represent key ele-
ments for a reliable modelling of the weather and climate
processes [2, 3]. Despite their high importance, transport
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processes from a leaf through the boundary layer to the
atmosphere are far from being completely understood on
the various spatial scales and often have to rely on theo-
retical relations, which could not be verified so far. On the
surface of plant leaves, the so-called stomata represent the
microscopic pores with a size ranging between 10 and
30 um [4]. The stomata can be considered as “gates”
between the atmosphere and the leaf’s interior. Ultimately,
stomata regulate the gas fluxes of CO, into and H,O out of
the leaf. Gas fluxes are measured with various measure-
ment techniques across the various spatial scales. Gas
exchange measurements on the ecosystem level can be
performed with eddy covariance approaches [5] which
provide bulk gas exchange fluxes but do not allow mech-
anistic studies of the governing processes. Chlorophyll
fluorescence measurements, providing quantification of
photosynthetic efficiency and an indirect indicator of gas
fluxes, can be performed on different scales from leaf [6] to
canopy [7, 8] and ecosystem scale [9]. Direct analysis of
gas exchange can be performed with dedicated techniques
on plants and leaves [10] or even at the level of single
stomata [11]; however, these measurements can often only
be performed under very artificial conditions. A better
knowledge about stomatal control mechanisms is the key to
model water vapour and CO, fluxes [12]. Validation
experiments which mimic environmental conditions as
closely as possible are therefore urgently needed to
enhance the understanding of plant environment
interaction.

A more detailed look on the transpiration of single plant
leaves reveals that the gas exchange processes on the leaf
surface are often spatially heterogeneous and highly
dynamic [13] even under spatially homogeneous experi-
mental conditions. In addition to the lateral heterogeneities
of the gas exchange along the leaf surface, water vapour
emission by the leaf also causes the formation of a vertical
H,O vapour concentration gradient perpendicular to the
leaf surface, i.e. a boundary layer structure enriched with
water vapour. This concentration boundary layer (CBL)
determines the physical properties of the interface between
the external free gas space and the air-filled intercellular
spaces inside the leaf. According to Fick’s law, the CBL
actuates the diffusional transport resistance and thus limits
the flux of gaseous compounds into the atmosphere. While
experimental data on the wind speed within the boundary
layer are available [14], there is no direct measurement of
the water vapour concentration profile within the boundary
layer of a single leaf. Thus, the understanding of the
boundary layer gas exchange processes is only based on
theoretical descriptions of the H,O vapour boundary layer
thickness caused by single stomata [15] and on hydrody-
namically based models on the estimation of the boundary
layer thickness of perfectly flat plant leaves [4, 16]. This
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altogether leads to a demand for applied analytical tech-
niques to investigate the boundary layer structures and their
dynamics.

Available extractive gas sampling techniques destroy the
spatial structure of the CBL and are therefore not suited to
resolve the small scales of the spatial heterogeneity. Fur-
ther, as stomata opening reacts on changes of the air
humidity [17], gas sampling inevitably leads to systematic
errors and may cause non-quantifiable feedback on the
transpiration patterns of the biological system. In addition,
extractive techniques do not provide the required temporal
resolution defined by the reaction time of the plant leaf [18].
As the estimated boundary layer thickness of <15 mm
under static conditions is too small for the available mea-
surement techniques [19], a wind speed-dependent inves-
tigation of the H,O CBL structure was out of reach for state-
of-the-art extractive measurement techniques. These con-
straints necessitate a non-intrusive H,O vapour measure-
ment technique with high temporal and spatial resolution.

A laser-based, optical in situ gas analysis technique
called Tunable Diode Laser Absorption Spectroscopy
(TDLAS) is a promising alternative which could provide
sufficient spatial and temporal resolution needed for a
dynamic, spatially resolved investigation of the thin water
vapour boundary layer of a plant leaf.

Recently, we developed set-ups to enable 1D spatially
resolved studies of the transpiration of single plant leaves
using fibre-coupled multichannel TDLAS at 1.4 um [20].
These set-ups were based on static, simultaneously mea-
suring, multichannel laser-detector arrangements. These
were designed for the investigation of the dynamics of
spatial transpiration structures and their dependence on
variations in light-shadow conditions [21] in a plane par-
allel to the leaf surface. The vertical structure of the water
vapour boundary layer was not studied so far with suffi-
cient spatial resolution.

With the development of GalnAsSb-/GaSb-based DFB
diode lasers emitting in the wavelength region up to
2.84 um [22], strong ro-vibrational H,O transitions in the
fundamental v, and v; vibration bands became accessible
for high-sensitivity TDLAS-based gas analysis. These 2.7-
pum band lines are up to 20-fold stronger than the strongest
transitions in the commonly used 2vy, 2v3, v; + v; com-
bination and overtone bands. This feature has already been
used to develop very compact spectrometers for H,O
vapour detection and temperature measurements in com-
bustion processes [23], atmospheric H,O concentration
measurements for planetary missions [24-26] and promise
high signal-to-noise ratios for enhanced concentration
resolution on very short absorption paths, necessary for
spatially resolved measurements.

In contrast to previous work on 2.7 um TDLAS, where
solely static spectrometers without spatial resolution were
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constructed, we present in this work the first spatially
resolving 2.7 pm TDLAS spectrometer based on a single
DFB diode laser and only one stationary InAs detector.
Further, we describe our new laminar wind tunnel for
single leaves. Combining both, we investigated the
dynamics of the H,O boundary layer structure of single
plant leaves and its dependence on the wind speed to
provide more insight to these important gas exchange
processes.

The importance of understanding the dynamic inter-
action of stomata with the environment has been
expressed by numerous authors, and stomata play a key
role in controlling terrestrial environment, e.g. see review
by Berry et al. [27]. There is a dynamic coupling of leaf
physiology with aerodynamics, probably a good example
demonstrating this relation is the Ball-Berry equation [28]
which links stomatal conductance and assimilation rate to
the humidity on the leaf surface, i.e. directly within the
boundary layer. While there are several models used to
predict stomatal conductance, usually the Ball-Berry
approach has been included as a submodel to estimate the
interaction of plants with the environment from a leaf to
ecosystem and global scale, e.g. it is used in daily
weather prediction and to simulate future climate [29].
The Ball-Berry model is used because of its simplicity
and rather reliable predictive value. However, it lacks
mechanistic understanding. Stomata may be strongly
affected by their closest environment which is determined
by the leaf interior and the boundary layer [12]. To test
this hypothesis, measurements within the boundary layer
are required. Furthermore, despite the physiological con-
trol of gas exchange of leaves favoured by biologist,
meteorologists usually neglect stomatal control mecha-
nisms in particular with respect to rates of transpiration.
The assumption is that when under a certain rate of
transpiration, the stomata open transpiration transiently
increases transporting humidity into the boundary layer
which in turn reduces the vapour gradient between the
leaf and boundary layer so that transpiration comes back
to the initial value [30].

Solving the problem of the level control of gas exchange
of leaves by stomata is a seminal future work needed to
improve the prediction of the interaction of vegetation with
the environment [31]. Quantitative measurement of
exchange processes within the boundary layer will thus
provide the necessary tools, and the presented work is an
important step to enable measurement of water vapour
within the boundary layer. In particular, the close cooper-
ation between physicists, biologists and meteorologists will
provide the possibility to test existing models and improve
them with experimental in situ measurements within the
boundary layer.

2 Experimental set-up

Our measurements on the dynamics of the H,O boundary
layer structures on single plant leaves require a rapidly
sequentially scanning in situ TDLAS spectrometer with
optimized spectroscopic and mechano-optic characteristics
(i.e. an optimized absorption line selection), as well as a
matching electronics set-up, i.e. a high-speed data acqui-
sition procedure and a dedicated optical scanning set-up,
with controlled beam quality, alignment and displacement.
Furthermore, the atmospheric boundary conditions around
the leaf have to be controlled precisely, i.e. controlled air
and leaf temperature, air humidity and gas flow close to the
leaf surface. Finally, all building blocks had to be com-
bined into one set-up.

2.1 TDLAS detection of water vapour at 2.7 pum

The gas analysis technique of TDLAS is based on the
absorption of narrowband, single-mode laser light by gas-
eous absorbers and described by the extended Lambert—
Beer law

I(v(2)) = lo - Tr(1) - exp(=S(T) - ¢(v(1) = wo) -nL) (1)

Here, I (v(t)) denotes the intensity of incident laser light
and I(v(7)) the light intensity after the passage through the
measurement volume of length L, containing absorber
molecules at an absorber density n. For a given transition,
S(T) is the line strength of the ro-vibrational transition at
the gas temperature 7. The line-shape function ¢(v(£)—vy) is
normalized to a surface area of 1 and depends on the col-
lision model [32-34] to describe the spectral line profile
around the absorption line centre at vq [em™']. Tr()
accounts for potential broadband transmission changes in
the measurement volume, whereas E(f) is the time-varying
background radiation reaching the detector. By resolving
the Lambert—Beer law [Eq. (1)] with respect to n and
spectrally integrating over the absorption line profile, the
absorber concentration density can be calculated by

! 1(v(1)) — E(1) ) 0v(t)
S(T) ’L/ (Io(v(t))~Tr(t)) ot dr (2)

Eq. (2) indicates that the number density n can be calcu-
lated without any need of signal calibration. Thus, for an
absolute concentration measurement, we only need a pre-
cise knowledge of the line strength S(7), the experimental
boundary conditions L [m], T [K] and p [mbar] as well as
Tr(r) and E(f), which can be determined from the raw
signal. The absorption line area is derived from a spectral
scan over the absorption line by modulating the laser cur-
rent using a triangular-shaped current ramp provided by a
function generator with a fixed modulation frequency

n —=—
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Fig. 1 Line strengths of H,O
molecule in the NIR range from
1 =3 pm (296 K), based on the
HITRANO4 database. The paper
focuses on the v;, v3 absorption
band at 2.7 pm
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Table 1 HITRANO4 data of
the absorption lines used to
calculate the H,O concentration
in the leaf’s boundary layer

Central
wavelength
Vo

[em™']

$(293 K)

Line strength

[cm™ I/(molec-cnfz]

Ground state
energy
E” [em™]

Pressure
broadening
[1/(cm-atm)]

Air pressure
broadening
[1/(cm-atm)]

8.351-107%°
2.142.107%
6.011-107%

3,619.611
3,619.91609
3,620.04076

446.5107
37.1371
414.1681

0.0862
0.1126
0.0820

0.4291
0.1200
0.4815

around the average laser current. The additional parameter
in Eq. (2) describes the laser tuning coefficient, i.e.
dynamic change of laser wavelength upon rapid variations
of the laser operating current.

Diode laser-based water vapour measurements have
been demonstrated frequently in the NIR wavelength
region around 1.4 um, where fibre-coupled, telecommuni-
cation DFB diode lasers and low-noise detectors are
available for reasonable costs. With the advent of room-
temperature, DFB diode lasers working at wavelengths up
to 2.9 um [22] the much stronger absorption lines in the vy,
vy fundamental vibrational band became accessible
(Fig. 1). These stronger absorption features promise
increased signal-to-noise ratio, i.e. concentration resolu-
tion, under the assumption that the optical noise charac-
teristics remain comparable to 1.4 pm spectrometers.

Typical double extended InGaAs photodetectors show a
steep sensitivity cut-off around 2.55 pm, so that the choice
of the absorption line and the detector characteristics may
strongly influence the spectrometer performance and thus
have to be carefully balanced. For this important but
tedious task, we developed a semi-automatic line selection
software [35] which performs spectral simulations using
HITRAN line data [36] to select an optimal absorption line
by taking into account the experimental boundary condi-
tions. Particularly, important for this application was a
minimized temperature coefficient S(T)/T of the absorption
line of 0.1 %/K [19]. Based on the given experimental
conditions, i.e. sufficient absorption at short absorption
paths, low-temperature coefficient at standard pressure and
temperature in the measurement volume, the 523 — 422
(001 — 000) transition at a central wavelength of
3,619.611 cm™! was found to be the most suitable
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Fig. 2 Simulated absorption spectrum using the HITRANO4 database
with ambient concentrations of 10000 ppm H,O and 380 ppm CO,
(296 K, 1 atm, 5.4 cm path length)

absorption line for H,O boundary layer measurements [37]
and a corresponding DFB laser (Nanoplus GmbH, Ger-
many) was selected.

For the concentration measurements, the main absorp-
tion line, as well as two adjacent H,O absorption lines, was
taken into account for the data evaluation (Table 1).

Assuming an ambient H,O vapour concentration of
10.000 ppm in direct vicinity of the plant leaf, the selected
transition shows an absorption of 33 % (4.03 x 107! OD)
at an absorption path length of only 5.4 cm (Fig. 2).

The selected 2.76 um DFB laser emits under standard
conditions an optical power of 5.2 mW and exhibits side
mode suppression ratio of —28 dB [38], which was mea-
sured using an FTIR spectrometer and which is sufficient
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for TDLAS concentration measurements under atmo-
spheric conditions.

Another important parameter to be determined is the
dynamic tuning coefficient (described in Eq. 2), which can
be highly nonlinear and which depends on the laser
working point, i.e. the laser temperature, average current
and modulation frequency [38—40]. Absolute TDLAS
measurements require a precise characterization of the
spectral properties of the 2.7 um laser, including the
dynamic tuning coefficient [19] and its dependence on the
modulation frequency.

Nonlinear internal relaxation effects cause different
functional dependencies of the dynamic tuning coefficient
as a function of relative driving current (Fig. 3), thus
leading to different modulation depths. We measured the
modulation frequency-dependent tuning coefficients using
a Ge etalon (L = 2.54 cm) and a semi-automated fringe
fitting software. At a modulation frequency of 500 Hz and
current amplitude of 56 mA, the laser is able to scan a
spectral range of ~1.2 cm™' which is sufficient for prob-
ing the selected ro-vibrational H,O absorption line under
ambient pressure and temperature conditions.

2.2 Optical and electronical set-up

The electronic part of the spectrometer set-up consists of a
function generator providing a continuous, periodic, trian-
gular voltage signal at a modulation frequency of 500 Hz
to the laser driver, resulting in a £56 mA laser current
ramp around the average laser current of 100 mA. The
open laser chip, which is placed on a TOs mount with a
built-in Peltier element-based temperature control, was
stabilized at a laser operating temperature of 28.5 °C.

24 -

Dynamic tuning coefficient [1 O'3cm'1/mA]

-60 -40 20 0 20 40 60
Relative laser current [mA]

Fig. 3 Measured frequency-dependent, dynamic tuning coefficients
as a function of the injection current, around an average current of
110 mA for modulation frequencies from 50 up to 500 Hz

The optical set-up (Fig. 4) starts with an AR-coated
plano-aspheric lens [f = 3.05 mm, d = 6.5 mm, material
BD-2 (Ge,gSb;,Sego)] which was used to focus the laser
beam to the centre of a planar galvanometric scanner
mirror. The successive off-axis parabolic (OAP) mirror,
OAP1 (f= 76 mm, 90°, d = 3”’), (Fig. 4), picks up this
divergent beam, collimates it to a 1-mm-diameter (1/e full
width) beam and directs it through the leaf chamber which
allows an absorption length of 54 mm directly beneath the
leaf. The absorption path inside the wind tunnel is sepa-
rated from the outside air masses via two 100-pm-thin
polyethylene foils serving as side “windows” of the leaf
chamber. Behind the leaf chamber, the light is picked up by
an identical OAP 2, which then focussed the collected laser
radiation onto a room-temperature InAs photodetector with
1 mm active diameter.

This combination of a galvanometric scanner and two
OAP mirrors allowed to convert the angular excursion of
the galvanometric scanner into a parallel transverse dis-
placement of the laser beam, which was used to sense the
vertical 1D water vapour profile beneath the leaf. This
parallel traversing mechanism takes advantage of the
optical properties of the OAP mirror pair and ensures a
parallel laser scanning hygrometer suitable for the project
task. The vertical step size of the laser beam was set to
0.18 mm and a vertical scan range of 14 mm beneath the
leaf was achieved. A full vertical scan of the leaf vicinity
took 15.5 s.

The resulting photodetector current was amplified and
converted into a voltage signal by a low-noise transim-
pedance amplifier and digitized with a 500kSamples/s
18-bit A/D-converter. Because the data collection clock
and the laser scan clock were not synchronized, the average
of direct-absorption data from multiple scans required the
adjustment (%1 pixel) to align the absorption features. The
H,0 concentrations were calculated for each mirror posi-
tion using our LabView-based fitting routine [41].

To minimize the effect of unwanted parasitic H,O
absorption along the laser path outside the measurement
zone under the leaf, the whole optical set-up was placed in a
sealed environment and constantly purged with dry air with
a dew point of —70 °C (2.6 ppm, 0.009 % relative humid-
ity). Nevertheless, due to water adsorption on the wall of the
sealed volume or leaks in the containment, the minimum
H,O concentration within the purged volume was deter-
mined to be approximately 293 + 5 ppm, which corre-
sponds to a dew point of —32 °C and a relative humidity of
1.1 % at 23 °C. This “background” H,O concentration was
achieved after a 2-h purging time and was found to be
constant throughout the whole duration time of the mea-
surements. For the analysis of the vertical concentration
gradients, this absorption signal was taken to be constant
and subtracted from all resulting H>O concentration data.
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Fig. 4 Top view of the complete experimental set-up for HO boundary layer measurements consisting of closed wind tunnel, purged laser

optics, electronics and data acquisition system

2.3 Wind tunnel set-up

As the leaf transpiration rate, stomatal opening and the
corresponding H,O fluxes are greatly influenced by H,O
concentration of the ambient air surrounding the leaf, the
gas composition inside the measurement chamber has to be
kept constant. This is even more important as naturally
occurring temporal fluctuations in ambient water vapour
concentrations can mask or falsify the measured H,O
vertical structure. In addition, the flow field under the leaf
surface has to be spatially homogeneous and laminar with
an adjustable wind speed. This task was solved via the
construction of a novel wind tunnel for leaf transpiration
studies, i.e. a closed-loop aluminium wind tunnel, sealed
from ambient air (Fig. 4). The whole wind tunnel is table
top mounted with an overall dimension of 0.72 m?
(1.2 m x 0.6 m) and a weight of 25 kg.

To maintain constant wind speeds, an axial fan was
placed inside the wind tunnel, capable of generating con-
stant but adjustable wind speeds from 0.1 to 6 m/s. The
propelled air was guided through a specially designed,
peltier-cooled cold trap to extract excess water vapour
emitted by the leaf and to keep the background H,O con-
centration within the wind tunnel at a constant level.
Laminarization of the flow and homogenization of flow
speed were achieved by a sequential arrangement of
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aluminium honeycombs (I = 6 cm, d = 3.2 mm) and a
specially designed flow compressing orifice directly
upstream the leaf measurement chamber. The honeycombs
created a laminar flow for air speeds up to 4 m/s and fil-
tered out large-scale turbulence. We removed the typical
parabolic wind speed profile close to the wind tunnel walls
by continuous reduction in the rectangular tunnel cross
section from an innertube cross-sectional area of
72 x 72 mm (5,184 mm?) to 54 x 40 mm (2,160 mm?)
and an associated compression of the air flow. In addition,
this set-up assures minimized small-scale turbulence by
dissipation of the small-scale turbulence downstream of the
honeycomb section [42].

The 2D flow field in the measurement section was
characterized for different wind speeds with a spatial res-
olution of 1 mm in vertical and horizontal direction using a
heat wire anemometer (probe diameter 1 mm, measure-
ment frequency 4 Hz) mounted on a traversing stage and
was found to be quite homogeneous (Fig. 6, left).

The temporal fluctuations at several locations inside the
chamber were found to be less than the anemometer’s
instrumental resolution of 3 cm/s. An analysis of the rel-
ative frequencies distribution of the flow speeds, ex-
emplarily, is shown in Fig. 5 for a selected wind speed,
with an adjusted binning interval of 0.031 m/s [43]
revealed an average velocity of 0.42 m/s and a total flow
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Fig. 5 Exemplary 2D velocity field inside the measurement chamber. Inside the measurement volume (white frame), an average wind speed of
0.42 m/s with a total current distribution width of only 0.13 m/s is generated
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Fig. 6 Bottom side (stomatous side) view of the leaf fixing on top of
the measurement chamber. This set-up prevented leaf fluttering and
provided a flat leaf surface. The grey area shows the bottom side of
the metallic clamp with a thickness of 0.1 mm. The leaf area in the
clamp was sealed with water-free varnish to prevent parasitic water
vapour evaporation

speed fluctuation of 0.13 m/s (lo). Despite the apparent
high current fluctuation in the chamber, the frequency
distribution of the velocities showed a sharp peak with a
full width of only 0.13 m/s, containing 51 % of the cur-
rent velocities, whereas the fraction of the lower velocities
originated from friction effects caused by the inner walls
of the wind tunnel (Fig. 5, right). Further, we validated the

quality of the flow field by calculating the homogeneity
[44] and found a constant relative homogeneity for all
investigated flow fields around 0.969 £ 0.03 (maximum
homogeneity equals 1). This high homogeneity in addition
with the prominent peaks in the velocity histogram is a
strong evidence for negligible spatial velocity gradients
and thus for a good laminarity on the resolved scale of
1 mm.

The air temperature in the measurement chamber was
measured by a calibrated Type-E Class 1 thermocouple
within an absolute accuracy of 0.1 K, which was mounted
5 mm beneath the leaf surface on the lee side of the laser
beam position to avoid turbulence formation in the light
path. During our experiments, the ambient temperature was
set to a constant level of 22.9 £ 0.4 °C. Pressure was
monitored by a pressure transducer with an absolute
accuracy of £0.3 hPa at the bottom of the measurement
chamber.

The optical measurement area with an internal rectan-
gular cross section of 44 x 52 mm (h x L,,s) could be
accessed through a window and allowed a maximum ver-
tical scanning range of 26 mm beneath the plant leaf. The
leaf, which was always kept alive and attached to the plant,
was carefully clamped in a thin metal frame, resulting in an
evaporative area of 3744 mm? (72 mm x 52 mm) (Fig. 6).

By mounting the frame on top of the open measurement
volume with a horizontal surface orientation and the sto-
matous side pointing downward, the wind tunnel was
sealed from ambient air and only H,O vapour from the leaf
could be emitted into the measurement volume. This frame
also prevented the leaf from fluttering in the airstream to
achieve a laminar flow structure close to the surface as
possible and to keep the leaf surface area at a fixed posi-
tion. This construction enabled distortion-free H,O con-
centration measurements for the first time as close as
0.7 mm to the leaf surface.
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To trigger photosynthetic activity, the upper side of the
leaf (plant: Epipremnum pinnatum var. Golden Pothos) was
illuminated with an LED light source which was placed
12 cm above the leaf. This special, circular LED-array
emitted photosynthetic actinic light with two intensity
maxima in the photosynthetic active wavelength regions of
the chlorophyll molecule around 425-500 and 630-700 nm
to activate photosynthesis processes, which initiate stomata
opening and transpiration. While the reduced thermal
radiation of an LED-based illumination minimized thermal
influences, the distance of 12 cm was a compromise
between photon flux density and homogeneous light con-
ditions on the leaf’s surface. This set-up minimized the
thermal effects which could otherwise influence gas tem-
perature in the measurement volume (causing spectral
problems) as well as the leaf temperature (influencing the
transpiration).

In previous works [20], it was found that even dark
neighbouring parts of the illuminated leaf areas show
transpiration. To prevent the concentration measurements
from uncontrollable and parasitic evaporation, the unillu-
minated leaf parts were sealed with water-free varnish.

2.4 Evaluation of the 2.7 um TDLAS spectrometer

In order to process the TDLAS raw scans, they had to be
transformed from the time regime into the wavenumber
regime, which is done by inverting the dynamic wave-
length tuning data. Removal of the base line of the raw
signal was achieved by dividing the detector signal by a
polynomial baseline using a nonlinear Levenberg—Marqu-
ardt-fitting algorithm to yield the absorption line profile on
an OD scale. Here, we used a second-order baseline
polynomial in combination with a Voigt absorption line-
shape model with calculated Doppler width, derived from
the measured gas temperature and molecular mass. This
procedure then revealed the line-of-sight averaged H,O
vapour concentration (Fig. 7). By fitting the absorption line
profile using HITRANO4 parameters for line strength, self
and foreign broadening and applying the ideal gas law with
measured values for pressure, temperature and absorption
path length, we extracted the absolute H,O concentration
according to Eq. (2).

By applying a mulit-line Voigt fit including the
422 — 523 transition and the two adjacent H,O transitions
000 — 111,331 — 422, aline-of-sight average of the H,O
concentration was derived. This average included the
sealed and N,-purged optics containment where 1,140 ppm
was measured. Correcting for this parasitic absorption, we
determined a H,O concentration of 14,670 ppm in the
measurement chamber. The residual structure of the fit, i.e.
the difference between measured line profile data and the
line-shape model, was used to estimate the spectrometer

@ Springer

S/N= 465
0.8 1ac=1.7 ppm-m

O Measurement
— Voigt fit

Optical density
o o
H [e>)

o
N}
.

0.79 OD
c= 1140 ppm

00 :

—

©
V

o
=
0
Q
(14

3619.3 36194 36195 3619.6 3619.7 3619.8 3619.9
Wavelength [cm]

Fig. 7 Typical processed absorption signal and residual structure
during a measurement at a wind speed of 0.1 m-s~'. Concentrations
are obtained by fitting the main absorption line structure (422 — 523)
and two neighbouring absorption lines (000 — 111, 331 — 422)
around a central wave number of 3,619.61 cm ™!

resolution. During the vertical shift of the laser beam, the
standard deviation (1¢) of the global residual structure was
found to be at a constant level of 1.7 x 107>, At a peak
absorption of 0.79 OD, the signal-to-noise of 465 gave a
normalized concentration resolution of 1.7 ppm-m,
respectively, 31 ppm for 5.4 cm absorption length. As the
low-frequency part of the residual structure remained sta-
ble at all spatial positions, we could apply our background
reduction procedure [38] and identify the noise dominated
residual level to be 3.1 x 10™*, giving a signal-to-noise
ratio of 2,500. Using this SNR, we compute a H,O preci-
sion of 6 ppm based on the absorption path length inside
the leaf chamber, which converts into a normalized con-
centration resolution of 314 ppb-m.

2.5 Evaluation of the leaf chamber

In order to validate the experimental set-up with regard to
the measured vertical H;O concentration gradients and
concentration profiles, we analysed the spectrometer
characteristics with a dark-adapted plant leaf at zero wind
speed. Therefore, we mounted the leaf on top of the mea-
surement chamber in darkness and under ambient envi-
ronmental conditions. To avoid photosynthetic activity of
the leaf and to ensure that stomatal opening was minimal,
the whole set-up, including the complete plant, was placed
in darkness 3 h before start of the measurement procedure.
The optical set-up outside the leaf chamber was purged
with dry air 3 h before concentration measurements in
order to obtain a stable background concentration level
outside the measurement volume. Complete mixing of the
air volume within the wind tunnel with a completely dark-
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Fig. 8 Vertical H,O concentration profile with a dark-adapted leaf
under static conditions inside the measurement chamber

adapted leaf was achieved with a low air flow
(Vair = 0.2 mfs « V,/t = 432 cm’/s"). To ensure static
conditions, the air flow was stopped 2 min before the
vertical concentration profile measurements were started.

Four consecutively sampled vertical H,O concentration
profiles under a fully dark-adapted leaf were averaged
during completely static air conditions in the tunnel. Sub-
traction of the stable background concentration yielded
within the error bars a homogenous, vertical H,O profile
with an average concentration of 702 4+ 4 ppm. This
accounts for a vertically mixed H,O concentration field
inside the measurement chamber of 9,070 & 50 ppm. The
relative standard deviation at each measurement point of
the vertical profile is only 1.4 % during four vertical scans
(Fig. 8). Subsequently, performed measurements at a
maximum air velocity of 0.9 ms~' and identical envi-
ronmental conditions revealed slight temporal changes in
the measured concentration profiles with a line-of-sight
integrated fluctuation of £11 ppm, which resulted in con-
centration fluctuations of only 140 ppm inside the mea-
surement chamber during the overall sampling time of
64 s.

3 Measurements and results

As stomatal opening and water vapour emission rates fol-
low photosynthetic activity with a time lag of approxi-
mately 20 min in E. pinnatum [45], a constant CBL
structure cannot be measured before reaching a steady state
of evaporation. These variations before the steady state
clearly show the dynamic functional adjusting of stomatal
opening to the experimental light conditions. After reach-
ing steady-state conditions (1 h after start of illumination),
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Fig. 9 Wind speed dependence of the vertical H,O vapour boundary
layer structure of the photosynthetic active plant leaf

we could scan the vertical concentration profiles of water
vapour beneath the leaves (Fig. 10).

For each selected wind speed, the H,O vapour concen-
tration profiles were determined by averaging four con-
secutive vertical profiles. To cope with the problem of the
slowly increasing water vapour background, caused by the
continuous transpiration of the leaf into the closed-loop
wind tunnel, each averaged vertical profile was normalized
to the point of lowermost concentration, i.e. the smallest
concentration value was subtracted from the corresponding
profile.

This yields to a better direct comparison of the wind
speed influence to the spatial structure of the CBL.
Choosing ten different wind speeds in the range from 0.1 to
0.9 m/s, the influence of the wind speed to the profile
structure could be clearly detected (Fig.9). Between
changes of the wind speed, a time of 2 min was set to reach
a new steady stats conditions. Compared to our previous
profile measurements at zero wind speed [38], the now
achieved temporal resolution increased by a factor of 20 at
a comparable spatial resolution and at much better con-
trolled boundary conditions.

With increasing wind speeds, the H,O vapour concen-
tration at the surface decreases. We assign this concentra-
tion change to a reaction of the leaf evaporation on the
changed wind speed. All vertical profiles show two sepa-
rated nearly linear parts with different concentration gra-
dients. While for slow wind speeds up to 0.3 m/s, the
transition between the leaf’s nearby gradients and far-out
gradients tend to be smooth, the differences are far more
evident for wind speeds exceeding 0.3 m/s. For those wind
speeds, still nonzero concentration gradients in the nearby
region are present; the water vapour concentrations in the
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Fig. 10 Wind speed-dependent H,O vapour boundary layer thickness
compared with a linear decreasing fit model

far-out are constant within the measurement accuracy. Due
to the horizontal laminar flow in the measurement cham-
ber, vertical H,O vapour transport is governed by diffusion
processes. According to [46], the thickness of the CBL can
be determined by Nernst’s method.

As the dimensions of the nonzero gradient parts close to
leaf surface decline with increasing wind speed, the
boundary layer thickness also decreases (Fig. 10). We
could extract boundary layer thicknesses for wind speeds
up to 0.9 m/s. The boundary layer thickness in our wind
tunnel measurements is 6.5 = 0.5 mm for very low wind
speeds of 0.1 m/s and thus in good accordance with the
result measured previously under static conditions
(6.7 £ 0.5 mm) [38]. This boundary layer thickness drops
linearly down to 3.5 mm with increasing wind speed. For
higher wind speeds, the boundary layer structure was not
resolvable within the spectrometer’s resolution and only a
mixed gas column was detected (Fig. 9).

4 Conclusion

Applying the principles of wind tunnel design on a small
scale in combination and combining it with a new, spatially
scanning, open-path TDLAS hygrometer at 2.7 pm, we
achieved to investigate the spatially resolved boundary
layer dynamics of a single transpiring plant leaf. The new
system is based on a 2.7-um DFB diode laser. To cope with
the dynamic properties of the leaf’s boundary layer struc-
ture, we developed a laser-detector set-up that uses gal-
vanometric scanner mirrors to allow (within a time of 16 s)
a vertical laser beam displacement (scanning range) of
13 mm at a spatial resolution (step size of the vertical laser
beam displacement) of 0.18 mm. This set-up thus permits a
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spatially resolved high-speed concentration measurement
with only one stationary mounted detector. The TDLAS
hygrometer with an absorption path length of only 5.4 cm
showed a concentration resolution of 315 ppbV-m, which
we used to measure H,O concentration gradients down to
120 ppmV/mm, as well as the dependence of the boundary
layer shape on different wind speeds in the range
0.1-0.9 m/s. The smallest boundary layer thickness mea-
sured was 3.5 mm at our highest wind speeds.

The developed scanning approach can be easily modi-
fied for applications where water vapour concentration
gradients have to be resolved perpendicular to laser beam
axis. Moreover, it may (using a second galvo scanner) also
be extended to the measurement of two-dimensional water
vapour concentration fields or may be combined with
spatially resolved thermography and/or chlorophyll fluo-
rescence methods for a more detailed understanding of
water vapour evaporation from leafs and the linked pho-
tosynthetic processes.
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