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Abstract. The Bowen ratio surface energy balance method
is a relatively simple method to determine the latent heat
flux and the actual land surface evaporation. The Bowen ratio
method is based on the measurement of air temperature and
vapour pressure gradients. If these measurements are per-
formed at only two heights, correctness of data becomes crit-
ical. In this paper we present the concept of a new measure-
ment method to estimate the Bowen ratio based on vertical
dry and wet bulb temperature profiles with high spatial reso-
lution. A short field experiment with distributed temperature
sensing (DTS) in a fibre optic cable with 13 measurement
points in the vertical was undertaken. A dry and a wetted
section of a fibre optic cable were suspended on a 6 m high
tower installed over a sugar beet trial plot near Pietermar-
itzburg (South Africa). Using the DTS cable as a psychrom-
eter, a near continuous observation of vapour pressure and
air temperature at 0.20 m intervals was established. These
data allowed the computation of the Bowen ratio with a high
spatial and temporal precision. The daytime latent and sensi-
ble heat fluxes were estimated by combining the Bowen ratio
values from the DTS-based system with independent mea-
surements of net radiation and soil heat flux. The sensible
heat flux, which is the relevant term to evaluate, derived from
the DTS-based Bowen ratio (BR-DTS) was compared with
that derived from co-located eddy covariance (R2 = 0.91),
surface layer scintillometer (R2 = 0.81) and surface renewal
(R2 = 0.86) systems. By using multiple measurement points
instead of two, more confidence in the derived Bowen ratio
values is obtained.

1 Introduction

Evaporation is – after rainfall – the most important term
of the hydrological water balance (Gleick, 1993). Evapora-
tion is also a major term of the land surface energy balance,
i.e. the latent heat flux. Knowledge on the consumptive use
of water is key for water scarce areas, where consumptive use
mainly consists of evaporation (Perry, 2007). An accurate es-
timation of the actual evaporation can be used for hydrologi-
cal studies, environmental studies, irrigation studies, climate
change studies, water accounting studies and solving interna-
tional conflicts on the verification of water use. It is often dif-
ficult and costly to estimate the actual evaporation above land
surfaces accurately. Therefore, actual evaporation is often
estimated using numerical simulations of hydrological pro-
cesses (e.g.Schoups et al., 2008; Uhlenbrook et al., 2004),
soil–vegetation–atmosphere-transfer processes (e.g.Sellers
et al., 1986; Wipfler et al., 2011) and remote sensing algo-
rithms (e.g.Bastiaanssen et al., 2012; Courault et al., 2005;
Kalma et al., 2008). Models, however, often require ground
measurements for calibration (Xing et al., 2008).

Conventional techniques for ground measurements of
evaporation differ in aspects such as complexity, applicabil-
ity, accuracy and costs. Review papers on lysimeters, soil wa-
ter balances, the Bowen ratio method, eddy co-variance sys-
tems, scintillometers and surface renewal techniques are pro-
vided byBurt et al.(2005), Dugas et al.(1991), Malek and
Bingham(1993), Mauder et al.(2013), Rana and Katerjib
(2000) andTeixeira and Bastiaanssen(2011). We provide a
new method that one can select when contemplating all these
aspects. In addition, this method provides high-resolution
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information about temperature and vapour pressure profiles
in the air.

The conventional Bowen ratio surface energy balance
method (BR method) is a relatively simple technique that in-
tegrates net available energy with the ratio of the sensible and
latent heat flux. The Bowen ratio can be determined by mul-
tiplying the psychrometric constant by the ratio of the tem-
perature and vapour pressure gradients (Bowen, 1926). Com-
bining the Bowen ratio with net radiation (Rn) and soil heat
flux (G) makes it possible to determine the latent heat flux.
Many studies have investigated the use of the BR method
to estimate the sensible and latent heat fluxes (Aston, 1985;
Black and McNaughton, 1971; Jara et al., 1998; Peacock and
Hess, 2004; Savage et al., 2009; Teixeira et al., 2007). The
BR method is usually derived from two-level air temperature
and water vapour pressure sensors. A drawback of this is that
the two sensors need to accurately agree with each other, in
order to observe small differences of temperature and vapour
pressure at two heights (Angus and Watts, 1984; Fritschen
and Qian, 1990; Fuchs and Tanner, 1970). Some suppliers of
the equipment overcome this issue by mechanically alternat-
ing the position of the sensors.

This paper presents an alternative method that overcomes
the need to install separate sensors. This method, referred
to as the BR-DTS method, determines the temperature and
vapour pressure gradients using a distributed temperature
sensing (DTS) method. With the DTS technique (Selker
et al., 2006; Tyler et al., 2009) temperature measurements
with a high temporal and spatial resolution are obtained us-
ing one sensor, a fibre optic cable. Vertical high-resolution air
temperature and vapour pressure profiles are obtained with
sampling resolution of 0.2 m across a total height of 4.5 m.
This eliminates the major shortcoming of the conventional
BR method with separate sensors on two levels. By having
the vertical gradients from multiple levels obtained with the
same sensor, it is expected that the Bowen ratio can be de-
termined with more confidence than for the situation where
separate sensors on two levels are used.

The price of laser analysing equipment has decreased
rapidly over the last few years and we expect to see a re-
duction in the cost of DTS equipment in the near future as
well. This reduced cost together with the improved sampling
resolution of up to 0.2 m demonstrates the developments and
interest in the technique. The DTS technique is increasingly
applied in different research fields, thus, showing the poten-
tial of the technique (Blume et al., 2013; Krzeminska et al.,
2011; Steele-Dunne et al., 2010; Westhoff et al., 2010; Hoes
et al., 2009).

The aim of this study is to test the usefulness of the BR-
DTS method with respect to reference techniques and the
conventional BR method. An effective measurement period
of 5 days has been selected to undertake a first investigation.
The results are compared with conventional in situ measure-
ment techniques. The advantages and disadvantages of this
new BR-DTS technique are discussed.

150m

N
Namibia Botswana

South Africa

Figure 1. Location of the Ukulinga research farm. The blue dot in-
dicates the location of the experimental setup for the BR-DTS, eddy
covariance and surface renewal measurement systems. The blue tri-
angles indicate the position of the transmitter and receiver of the
surface layer scintillometer.

2 Materials and methods

2.1 Study area

The field measurements were carried out on a sugar beet
field located at the Ukulinga research farm of the Univer-
sity of KwaZulu-Natal, Pietermaritzburg (South Africa). The
field is located at 29◦40′22′′ S, and 30◦24′25′′ E and the land
has a gentle slope (< 5 %) (Fig. 1). The size of the plot is
80 m× 80 m and the elevation is 780 m a.m.s.l. (above mean
sea level). The crop height of the sugar beet during the ex-
periment was about 0.5 m and the crops were irrigated with
drip irrigation once a week. This site was selected because
of an on-going micro-meteorological field experiment of the
University of KwaZulu-Natal in the same field.

2.2 BR-DTS method

2.2.1 Theory

The BR method relies on several assumptions (Angus and
Watts, 1984; Fritschen and Simpson, 1989; Gavilán and
Berengena, 2007; Spittlehouse and Black, 1980). One ba-
sic assumption is that the fluxes are one-dimensional only,
with no horizontal gradients, and that measurement sensors
are located within the equilibrium sub-layer, where fluxes
are constant with height (e.g.Dyer and Hicks, 1970). It is
further assumed that the land surface is homogeneous with
respect to sources and sinks of heat, water vapour and mo-
mentum. The turbulent exchange coefficients for heat and
water vapour fluxes are assumed to be equal, resulting in
equal surface roughness lengths for heat and water vapour,
and identical correction functions for buoyancy (Todd et al.,
2000). Under these prevailing conditions, the Bowen ratio
can be determined from differences in actual air temperature
(1Ta) and actual vapour pressure (1ea) over a vertical air
column (Bowen, 1926). The Bowen ratio also describes the
ratio between the latent and sensible heat fluxes (Eq.1).
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β =
H

ρ λE
= γ

1Ta

1ea
, (1)

whereγ is the psychrometric constant (kPa◦C−1), H is the
sensible heat flux (W m−2) andρ λE is the latent heat flux
(W m−2).

The actual vapour pressure can be determined from dry
and wet bulb temperature measurements applying the princi-
ple of a psychrometer (Allen et al., 1998). The equation for
actual vapour pressure is

ea = es − γ (Ta − Tw) , (2)

whereTa is the air temperature (◦C), Tw is the temperature
of a wetted and vented surface (e.g. sphere), often referred
to as the wet bulb temperature (◦C), es the saturated vapour
pressure (kPa), andea is the actual vapour pressure (kPa).
The saturated vapour pressurees in Eq. (2) is based onTw
and can be calculated with Eq. (3) (Allen et al., 1998):

es = 0.61e
17.3Tw

237+Tw . (3)

The psychrometric constant used in Eqs. (1) and (2) depends
on the ventilation rate of the psychrometer. In this study, the
ventilation rate is determined by the wind speed and can-
not be considered constant during the entire experiment. The
wind speed dependency is described byFrtischen and Gay
(1979) and by Allen et al. (1998). Wind speed was only
measured at one height, so only the variability in time was
accounted for. Two different values forγ have been used:
γ = 0.059 kPa◦C−1 for u > 3 ms−1 and γ = 0.071 kPa◦C−1

for u < 3 ms−1. These values are corrected for the elevation
of the experimental field (780 m a.m.s.l.).

The combination of Eqs. (1) and (2) and application to a
vertical air column with observations at two heights referred
to in the subscripts with 1 and 2, after rewriting, yields

β = γ
Ta,2− Ta,1(

es,2− es,1
)
− γ

(
Ta,2− Ta,1

)
+ γ

(
Tw,2 − Tw,1

) . (4)

Or in general

β = γ
1Ta

1es − γ 1Ta + γ 1Tw
. (5)

Equation (5) shows that the difference of air temperature is
important for an accurate determination of the Bowen ratio,
and that the absolute values are less important. Therefore,
the difference between multiple sensors should be accurate.
This remark does not hold true for1es, because the satura-
tion vapour pressure is derived from the wet bulb tempera-
tures (Eq.5), and the relation between the wet bulb temper-
ature and corresponding saturation vapour pressure (Eq.3)
is non-linear. The consequence of this non-linearity is that,
when the wet bulb temperatures at the two measurement lev-
els are equally off,1Tw remains the same, but1es can be
erroneous.

The Bowen ratio, orH/ρ λE flux, can be combined with
measurements forRn andG in the energy balance equation.
From the energy balance equation the latent and sensible heat
fluxes (Eqs.6 and8, respectively) can be calculated (e.g.As-
ton, 1985; Fritschen, 1965; Perez et al., 1999). To fully assess
the effect of more accurate Bowen ratio values on latent and
sensible heat fluxes, the error propagation for these terms is
spelled out. The relative error for both the latent and sensible
heat fluxes is shown in Eqs. (7) and (9).

ρ λE =
Rn − G

1 + β
, (6)

r2
ρλE =

σ 2
Rn

+ σ 2
G

(Rn − G)2
+

σ 2
β

(1 + β)2
, (7)

H =
β (Rn − G)

1 + β
, (8)

r2
H =

σ 2
Rn

+ σ 2
G

(Rn − G)2
+

σ 2
β

(1 + β)2
+

σ 2
β

β2
, (9)

whereρ λE is the latent heat flux (W m−2), Rn is the net
radiation (W m−2), H is the sensible heat flux (W m−2), G

is the soil heat flux (W m−2), ri is the relative error of termi
andσ 2

i is the variance of termi.

2.2.2 DTS experimental setup

The temperature distribution along a fibre optic cable is mea-
sured with the DTS technique. The DTS measurement device
consists of two main elements: (1) a computer equipped with
a laser transmitter and receiver and (2) a fibre optic cable.
The computer transmits short laser pulses and receives the
reflected frequencies. From the amplitude ratios between the
reflected frequencies, the temperature can be derived (Selker
et al., 2006). From the travel time of laser light in the fibre
optic cable, the origin (i.e. position along the cable) of the
reflected signal can be deduced. The observed temperature is
an average over a cable segment. The segment length, and
therefore the sampling resolution, depends on the interval
time of the laser pulse.

For this field campaign the ORYX laser pulse of Sensornet
was used in single-ended mode, with a sampling resolution
of 1 m along the cable (Sensornet, 2009). For the measure-
ments a data collection time of 5 min was used resulting in a
precision higher than 0.05◦C (Sensornet, 2009). For the sake
of comparison with the other flux measurement devices, the
data were averaged over 30 min. More background informa-
tion on the DTS technology can be found inSelker et al.
(2006) andTyler et al.(2009).

The temperature measurements along the cable are sub-
jected to a calibration process (Selker et al., 2006). Both a
slope and an offset can occur in the measurements along the
cable, both slope and offset can be dependent on tempera-
ture. Therefore, a continuous calibration in time was per-
formed: two segments of the cable with a certain distance
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Figure 2. Experimental setup for BR-DTS at the Ukulinga re-
search farm. Top panel: picture of setup in the field. Bottom panel:
schematic overview of the setup.

apart were placed in the same water-filled calibration tank
for the total duration of the measuring period. The tempera-
ture of the water in the tank was measured continuously with
four TMC6-HD temperature probes attached to a U-12 data
logger (HOBO, onset). The accuracy of the individual tem-
perature measurements was±0.25◦C, with a precision of
0.03◦C. The temperature of the water showed diurnal varia-
tions around 20◦C; slope and offset coefficients for the cali-
bration were determined every 5 min.

The BR-DTS system (Fig.2) was installed on a lattice
mast situated so that the longest fetch over the sugar beet cor-
responded to the dominant wind direction, which was from
the south-west. By wind from the south-west, the fetch runs
over 80 m of sugar beet; by wind from the north-west, the
fetch over the sugar beet is shortest, namely 20 m. In all di-
rections, the distance to the trees is more than 200 m.

Two parts of the same fibre optic cable were suspended
from this 6 m high mast. These parts of the cable were spi-
ralled to obtain a vertical sampling resolution of 0.2 m of
temperature observation along the axis of the spiral. One of
the spirals was dry and the other was kept wet with a cotton
cloth wrapped around the cable. Water was supplied contin-
uously to the wet cable at two locations (at the top of the

spiral and half way) (see Fig.2). The water supply rate was
not measured, but it is estimated to be roughly 100 L d−1.
With an average latent heat flux of 100 W m−2 the supplied
water is about 0.5 % of the derived evaporation from an
area of 80 m× 80 m. To diminish possible influences of the
wet cable on the other measurements, the dry cable and the
equipment of the reference techniques were installed upwind
of the wet cable for the dominant wind direction.

From the 235 m fibre optic cable, the largest part ran over
the ground to the setup in the middle of the field. At the setup,
a distance of 15 m of cable was permanently placed in the
calibration tank, ahead of the 30 m dry spiralled cable that
ran from the bottom to the top of the mast. From the top, 30 m
of wetted spiralled cable went down again. The last 15 m of
the cable remained in the same calibration tank. To determine
the exact position of the bottom of each spiralled cable, parts
of the cable at the bottom were temporarily (30 min at the
beginning of the measurement campaign) immersed into an
ice bath.

2.2.3 Data processing

The difference in air temperature (1Ta (◦C)), was derived
from the temperature of the dry spiral. Although a white ca-
ble was used, the temperature of the dry spiralled cable might
deviate from the actual air temperature due to exposure to
direct sunlight. However, this is acceptable for determining
Bowen ratio values as long as the gradients do not deviate
from the real gradients (see Sect.2.2.1).

The wet bulb temperature is derived from the temperature
of the wetted cable. Not all measurement points on the wet-
ted cable were used for data analysis. The reasons for ex-
cluding certain measurement points were if measurements
were influenced by the supporting mechanism, if measure-
ments were influenced by the (warmer) water supply or if
measurements were located within the crop canopy instead
of above the crop canopy. Figure3 shows the points which
were excluded from the data analysis and the specific reasons
for exclusion.

The observed temperature profiles for the wetted cable
in Fig. 3 clearly show the locations where water was re-
leased for permanent saturation of the cotton. Theoretically,
the measurement points are located on a logarithmic profile.
To determine which points should be excluded, a logarith-
mic profile (dotted line in Fig.3) is fitted on two points on
which the influence of the support or water supply system
is assumed to be limited (red circles in Fig.3). Fitting the
logarithmic profile on two or multiple other points can lead
to slight deviations in the profile; however, the number of
excluded points is conservative, so it is not expected that fit-
ting on other points would result in a difference in excluded
points. In addition, this logarithmic profile is only used to ex-
clude certain data points and not for determining temperature
and vapour pressure gradients.
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Figure 3.Temperature profiles measured with the dry and wet cable
on 17 November 2011 at 12:00 h (for the period 11:45–12:15 LT).
The grey bars indicate excluded data points (“+” for wet cable,
“•”for dry cable). The dotted lines show a logarithmic profile, which
is fitted to the data points indicated with a red circle.

The wet bulb temperature is used to determine the actual
vapour pressure; the relation between these two variables is
non-linear (Eq.3). In theory, therefore, one needs the actual
wet bulb temperatures, as a correct difference in wet bulb
temperature is not sufficient to obtain the correct difference
in actual vapour pressure as well. To obtain a correct wet bulb
temperature, it is important that the amount of supplied water
is not too much and not too little. Too little water causes the
wet cable to dry, resulting in “wet bulb” temperatures that
are too high. This was not the case during the experiment,
as there was always some surplus water found along the ca-
ble. Too much water increases the adjustment length along
the cable before the actual wet bulb temperature is reached.
Therefore, 3–5 measurement points below each water supply
location are excluded from the analysis (Fig.3). From labo-
ratory experiments under similar conditions, adjustment dis-
tances of 0.5–1.0 m were found. These distances were found
by supplying water from the top to a hanging cotton-wrapped
cable and measuring the distance beyond which the temper-
ature did no longer decrease.

The Bowen ratio for BR-DTS and the corresponding cor-
relation coefficient were determined through a linear regres-
sion between the measured dry cable temperature and the cal-
culated actual vapour pressure, every 30 min for the same
7 and 13 data points (Fig.4). Two sets with a different
number of data points were used: one with 7 points (1.1–
2.3 m) and one with 13 points (1.1–2.3 and 3.3–4.5 m). The
reason is that the reference techniques were measuring be-
tween 1 and 2 m above the ground, meaning that the fetch
for the reference techniques is more comparable with DTS
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Figure 4. Example of calculation of a Bowen ratio: each dot rep-
resents a measurement in the vertical for 17 November 2011 at
12:00 h (for the period 11:45–12:15 LT); only the data points de-
rived in Fig.3 are used in this figure. The Bowen ratio was calcu-
lated by multiplying the slope of the trend line by the psychrometric
constant, as described by Eq. (1).

measurements from 1.1–2.3 m than DTS measurements from
1.1–4.5 m.

2.3 Reference techniques

The latent and sensible heat fluxes estimated from the BR-
DTS system were compared with the flux estimates from
three conventional techniques. These techniques are eddy
covariance (EC), surface layer scintillometer (SLS) and sur-
face renewal (SR). The EC and SR setup were positioned
within 15 m of the DTS tower, to ensure that all point mea-
surement methods had the same upwind area. The eddy co-
variance measures both latent and sensible heat fluxes as
point measurement. With the surface renewal technique sen-
sible heat flux is derived as point measurement. The sur-
face layer scintillometer measures the area-integrated sensi-
ble heat flux across a transect (e.g.Meijninger and de Bruin,
2000). As the frequency of measurement for all the afore-
mentioned techniques was different, all data were converted
to 30 min intervals for comparison.

2.3.1 Eddy covariance (EC)

A Campbell Scientific EC150 system was installed to ob-
tain fluxes of water vapour and sensible heat flux above the
sugar beet canopy. The system was mounted on a lattice mast
at 2.0 m above the ground surface. The EC150 system con-
sisted of a CR3000 data logger, a CSAT3 three-dimensional
sonic anemometer (Campbell Scientific Inc., Logan, Utah,
USA), an EC150 open path gas analyser and a HMP45C
temperature and humidity probe. All necessary corrections
were done for the EC data: correction of the sonic tempera-
ture for the effect of moisture, the Webb, Pearman and Leun-
ing (WPL) correction to the water vapour flux for air density
effects (Webb et al., 1980), and coordinate rotation.
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2.3.2 Surface layer scintillometer (SLS)

A dual-beam surface layer scintillometer (Scintec model
SLS40-A) was used to measure the sensible heat flux den-
sity every 2 min. The scintillometer’s transmitter and receiver
were positioned at a height of 1.5 m above the soil surface
and the path length between the receiver and transmitter units
was 90 m. The SLS operates at a wavelength of 670 nm. The
SLS40-A employs a diode laser source with an output wave-
length of 670 nm and 1 mW (2 mW peak) mean output power.
The beam displacement and detector separation distances are
2.5 mm each with a detector diameter of 2.7 mm. Measure-
ments are obtained with a frequency of 1 kHz and several
subsequent micro-meteorological parameters are calculated,
among others the sensible heat flux.

2.3.3 Surface renewal (SR)

For the surface renewal method, one unshielded type-E fine-
wire thermocouple (75 µm diameter) was used to measure air
temperature fluctuations. It was placed at a height of 1.0 m
above the soil surface. The thermocouple measurement was
done differentially and air temperature data was sampled at a
frequency of 10 Hz. Time lags of 0.40 and 0.80 s were used
for the surface renewal analysis before forming the second,
third and fifth order of air temperature structure function val-
ues as required by theAtta (1977) approach. The calibration
factorα was determined by plotting the SR sensible heat flux
against eddy covariance EC estimates with a linear fit forced
through the origin. The calibration factorα = 1 was obtained
for the sugar beet canopy with the coefficient of determina-
tion of 0.90. Data were averaged every two minutes.

2.4 Net radiation and soil heat flux

The application of the BR-DTS method requires the mea-
surement of net radiation and soil heat flux. Net radiation
was measured at two locations approximately 10 m apart us-
ing a NR-LITE net radiometer (Kipp and Zonen, Delft, the
Netherlands). Both were located at 1 m above the ground sur-
face and situated within a 20 m radius of the BR-DTS exper-
imental set up. For the data processing, the average of both
sensors was used.

The soil heat flux was measured using two sets of soil
heat flux plates (HFT-S, REBS, Seattle, WA) which were
placed at a depth of 80 mm below the soil surface. One set
was placed close to the BR-DTS setup in between two rows
of crops and the other set was placed in the middle of the
field between the sugar beet plants. Above the soil heat flux
plates, soil temperature (using a system of parallel thermo-
couple soil-temperature-averaging probes at depths of 20 and
60 mm) and soil moisture (using CS615 and CS616 time
domain reflectometers) were measured. The records of soil
moisture were used to determine the specific heat capacity of
the soil which was central for heat storage calculations above

the soil heat flux plates. The data from both measuring po-
sitions were processed and averaged for the energy balance
calculations.

2.5 Comparison of techniques

The results of all techniques are compared based on 30 min
averaged data. To compare all techniques, the slope and off-
set of the linear regression was used as a measure of bias,
and theR2 of the linear regression as a measure of variance.
For the BR-DTS with 7 and with 13 data points, also the
respective Bowen ratios are compared in time. In addition,
the effect of wind direction on the BR-DTS results is inves-
tigated with a scatter plot. The advantage of using multiple
data points compared to two data points is studied with scat-
ter plots of the sensible heat fluxes as well.

A footprint analysis, based on the EC measurements, was
undertaken to observe the relative contribution of upwind
surface sources to the measured downwind sensible heat and
latent energy fluxes, because the fetch over the sugar beet
was limited. The footprint model developed byHsieh et al.
(2000), corrected and modified for a surface with a dis-
placement heightd and surface roughness lengthz0 (Sav-
age et al., 2004), was used to estimate relative contributions
from areas at various upwind distancesx. The ratio between
the measured fluxF and the surface source fluxS0 at a
measurement heightzm was calculated using Eq. (10) for 3
days: 10 November (cloudy), 16 November (cloudless), and
17 November (partly cloudy) for unstable conditions during
the peak hours of the measured fluxes (13:00 LT).

F (x, zm − d)

S0
= exp

(
−1

κ2x
DzP

u |L0|
1−P

)
, (10)

whereκ (= 0.4) is von Karman’s constant,x the downwind
fetch distance,L0 the Obukhov length andD and P sim-
ilarity constants, obtained byHsieh et al.(2000) and ex-
pressed for different atmospheric stability conditions. The
length scalezu expressed byHsieh et al.(2000), and ex-
tended for a surface with a displacement heightd and surface
roughness lengthz0 (Savage et al., 2004), which is only valid
for zm > d + z0 , is defined as

zu=(zm−d)
zm−d

zm−(d+z0)

(
ln

zm−d

z0
−1+

z0

zm−d

)
. (11)

3 Results and discussion

3.1 Meteorological conditions

In the 5-day measurement period, different meteorologi-
cal conditions occurred. There were cloudless sunny days
(9 and 16 November), a full day with overcast conditions
(10 November) and partly cloudy days (17 and 18 Novem-
ber). Net radiation around noon varied between 100 and
700 W m−2. Wind direction varied during all days, but was
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Figure 5. Meteorological conditions and energy fluxes for the days
used in the data analysis. Top panel: wind speed. Middle panel:
wind direction. Bottom panel: net radiation, soil heat flux and air
temperature at 2 m height (green: net radiation, red: soil heat flux,
black: temperature).

mainly between south and south-west. Wind speed varied
between 0 and 4 ms−1 during the measurement period, with
wind speed being the highest during the afternoon for most
of the days. The lowest daytime averaged temperature was
measured on 10 November and was 16◦C. The highest day-
time averaged temperature was measured on 16 November
and was 24◦C (Fig.5).

Figure6 shows the results of the footprint analysis, which
was performed for 10, 16 and 17 November. This was based
on the ratio between the measured fluxF and surface source
flux S0 (Eq. 10). For all days, at least 75 % of the measured
flux is obtained from the area spanned by the shortest fetch
(20 m) over the sugar beet field and at least 93 % is obtained
from the area spanned by the longest fetch (80 m) over the
sugar beet field. Although the fetch over the sugar beet field
is not constant in time, it is approximately equal for each
technique, as they are located in close proximity.

3.2 Performance of BR-DTS

Figure 7 shows the calculated Bowen ratio values for the
experimental days, together with the correlation coefficients
(R2) at each 30 min interval derived from determining the
Bowen ratio value based on the 7 and 13 measurement points
(as explained in Sect.2.2.3). High R2 values indicate a lin-
ear relation for temperature and vapour pressure over the air
column. TheR2 values were mostly high during the day with
occasional low values. Differences between Bowen ratio val-
ues andR2 values for the 7 and 13 points are probably caused
by a longer fetch for the case with 13 points.

Both the sensible and latent heat flux were estimated from
BR-DTS, using net radiation and ground heat flux. For the
EC setup both terms are measured directly. However, from

Table 1.Daily average contribution of different fluxes to the energy
balance.

Rn − G (W m−2) H + ρ λE (W m−2)

9 Nov No EC data No EC data
10 Nov 19.1 41.5
16 Nov 170.0 139.3
17 Nov 59.3 26.5
18 Nov 56.0 46.6
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Figure 6. The ratio betweenF and S0 against horizontal distance
from measurement setup.

the SLS and SR only the sensible heat flux can be derived
without measurements of net radiation and ground heat flux.
Therefore, in Fig.8 the latent heat flux from BR-DTS is com-
pared with the latent heat flux from EC (left panel) and the
sensible heat flux from BR-DTS is compared with the sensi-
ble heat flux from all reference techniques (right panel).

As shown in Fig.8 the latent heat flux estimates derived
using the direct EC method were lower than those derived
with the BR-DTS method. To investigate the difference be-
tween the two techniques an energy balance closure analy-
sis was performed for the EC measurements. The daily av-
erage contributions of the different fluxes to the energy bal-
ance are presented in Table1; at none of the measurement
days was the energy balance closed. A lack of energy bal-
ance closures from EC measurements have been reported in
the literature, which can be due to several reasons: erroneous
measurements of the turbulent fluxes or the ground energy
storage, or the occurrence of advection or heterogeneity of
the field (Foken, 2008). Several studies of the energy balance
terms failed to achieve closure, and the lack of energy bal-
ance closure has been found over all types of surfaces from
bare soil to forests (Oncley et al., 2007). Therefore, the mea-
sured fluxes should be corrected or adjusted or the uncertain-
ties in the measured fluxes should be accepted (Twine et al.,
2000).

As the energy balance did not close, the values for the
obtained latent heat flux are likely to be uncertain, which
is a reason not to compare the latent heat flux of EC with
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Figure 8. Results for BR-DTS compared with reference techniques. Left panel: latent heat flux from EC and BR-DTS (measurements from
1.1 to 2.3 m). Right panel: sensible heat flux from EC, SLS, SR and BR-DTS (measurements from 1.1 to 2.3 m). Measurements are shown
for the days presented in Fig.5, except for moments with north-eastern winds.

that of BR-DTS. For the sensible heat flux, three different
techniques were used, which show similar results (Fig.8, Ta-
ble2). Therefore, the assessment of the BR-DTS method was
based on a comparison with the sensible heat fluxes from EC,
SLS and SR.

The right-hand side panel in Fig.8 shows a scatter plot
for BR-DTS (7 points) against the reference techniques for
the sensible heat flux. It can be seen that the difference for
larger sensible heat values is smallest for the EC. BR-DTS
shows an underestimation with respect to SR and SLS until
sensible heat fluxes of approximately 150 W m−2 and for
fluxes larger than 150 W m−2 an overestimation.

An overall over- or underestimation is further investigated
by calculating a linear regression; the results are shown in
Table2. The presented slope and zero offset, can be regarded
as a measure of bias between the methods. For EC, the zero

offset is smallest, the slope is among the highest and the
R2 is the highest. For SLS and SR the offset is larger than
for EC, which indicates in particular an underestimation by
BR-DTS for the smaller values measured. Further, Table2
shows that the linear regression between BR-DTS and the
reference techniques is comparable with the linear regression
among the reference techniques.

The slope of the linear regression between sensible heat
flux of BR-DTS and the average of all other techniques (EC,
SLS, SR) is 0.93 for 7 data points and 0.87 for 13 data points.
The better agreement with 7 data points was expected, as the
reference techniques also measure in the same region above
the ground (1–2 m). The 13 data points include the 7 points,
but measure over a longer fetch and, therefore the results de-
viate more from the reference techniques.
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Table 2.Linear regression results between sensible heat flux of all different methods. The first number shows the slope, the number below,
in italics, is the zero offset (W m−2) and the number in square brackets shows theR2 value. The linear regression is determined with a free
offset and the methods in the first column were located on thex axis. The linear regression is based on data from the days presented in Fig.5,
with exclusion of moments with north-eastern winds.

BR-DTS (7 pts) BR-DTS (13 pts) EC SLS SR average EC, SLS, SR

BR-DTS (7 pts)
1; [1] 1.03; [0.97] 0.94; [0.91] 0.92; [0.81] 0.95; [0.86] 0.93; [0.88]
0 −0.2 2.6 7.9 4.5 4.7

BR-DTS (13 pts)
1; [1] 0.85; [0.92] 0.86; [0.77] 0.87; [0.80] 0.87; [0.82]
0 3.0 8.9 5.5 5.6

EC
1; [1] 0.99; [0.75] 1.04; [0.95]

n/a
0 7.5 2.6

SLS
1 [1] 0.93; [0.86]

n/a
0 0.1

SR
1 [1]

n/a
0
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Figure 9. Comparison of the sensible heat flux of BR-DTS with
sensible heat flux estimates from the eddy covariance from 9 to
18 November. Only the lower points of the DTS are used. North-
eastern winds are winds from 345 to 50◦.

For the comparison with the reference techniques only
the sensible heat flux is used, while the latent heat flux is
mainly interesting for evaporation research. The latent heat
flux from BR-DTS, however, can be determined with the
calculated Bowen ratio and the already derived sensible heat
flux (Eq. 1). Therefore, a reliable estimate for the sensible
heat flux, will likely lead to a reliable estimate for the latent
heat flux as well.

Figure 8 only shows the data for periods without wind
interferences. Data was excluded for cases where the wind
is coming from north-eastern direction (u > 0.75 ms−1 and
from 345 to 50◦). Under these conditions, the dry cable was
located downwind from the wet cable and therefore, was wet-
ted as well. Figure9 shows that for the total measuring period
the most outliers are indeed caused by these wind conditions.
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Figure 10.Derivation of Bowen ratio values based on two and seven
data points in the vertical, 10 November, 14:00 LT (red crosses show
the temperature and vapour pressure at 1.1 and 2.1 m).

3.3 Comparison of Bowen ratio for two versus multiple
data points

To assess the benefits of using BR-DTS above the conven-
tional BR method, where the BR method is calculated based
on only two points, a comparison was made between measur-
ing at two levels and measuring at multiple (7 or 13) levels.
The measurements at the two and multiple levels are derived
from one sensor, the fibre optic cable. It should be realised
that in the conventional BR setup independent sensors are
used, which can introduce additional errors. This compari-
son consists of two parts: first the difference in the deter-
mined Bowen ratio and second the difference in the derived
sensible heat flux.

A disadvantage of only using two measurement points is
that it is not possible to assess how reliable the Bowen ra-
tio values are. In contrast, this is possible by using multi-
ple measurement points in a vertical. In Fig.10 an example
is provided of the derivation of a Bowen ratio value based
on seven points and a Bowen ratio value based on measure-
ment results at 1.1 m and 2.1 m heights. It can be seen that
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Figure 11. Sensible heat flux for the BR method with two points and with multiple points. Left panel: 2 points (1.1 and 2.1 m) compared
with 7 points (1.1–2.3 m). Right panel: 2 points (1.1 and 4.3 m) compared with 13 points (1.1–2.3 and 3.5–4.5 m) (daytime 07:00–17:00 LT,
dawn 04:00–07:00 LT, dusk 17:00–20:00 LT, night-time 20:00–04:00 LT).

the Bowen ratio for two points is three times higher than for
seven points. It is only possible to determine specific outliers
when using multiple points. Therefore, multiple measure-
ments give more insight into the measured profiles and lead
to more verifiable results. It should be noted that the exam-
ple provided has a lowR2 value for the regression between
Ta andea, while this is not the case for most of the measure-
ments. However, this example is especially selected because
with a lowR2 value the availability of multiple points is very
important.

Although Bowen ratio values can be obtained with more
confidence by using multiple measurement points, the effect
of the improvement does not fully propagate into the derived
latent and sensible heat fluxes. Equations (7) and (9) show
that the relative error in latent and sensible heat flux comprise
a termσ 2

β/(1 + β)2. As a consequence, withβ in the range
from −0.3 to 0.7 for this study, the contribution of a relative
error of β into the relative error for the latent and sensible
heat fluxes is reduced. This explains that the sensible heat
fluxes derived from 2 data points and those derived from 7 or
13 data points do not deviate largely (Fig.11).

3.4 Advantages and disadvantages of BR-DTS

DTS provides an option for high-spatial-resolution temper-
ature profiles; to determine these profiles with multiple in-
dividual sensors, numerous accurate sensors and extensive
calibration efforts are required. The DTS requires proper cal-
ibration as well, but the literature shows significant progress
in standardising calibration procedures (e.g.Hausner et al.,
2011; van de Giesen et al., 2012).

By using multiple measurements, more information is ob-
tained about temperature and vapour pressure profiles over
the air column, which gives more insight into the processes in
the air column. For example, it can help to determine whether

the logarithmic profile is developed and thus how reliable the
results are. Furthermore, the effect of measuring at differ-
ent heights can be investigated and therefore the influence of
different fetch lengths on the measurement results can be as-
sessed. More information about the profiles can also be of
particular use when the distribution of latent or sensible heat
fluxes in the vertical is investigated, for example comparing
evaporation under and above the canopy.

From an operational point of view a number of points
should be noted. The wetness of the cotton-wrapped cable
needs to be maintained in order to obtain the actual “wet
bulb” temperature but at the same time not influence the
measurements of the dry cable. During the measurements re-
ported in this paper, higher wind speeds exacerbated the pos-
sible wetting of the dry cable. The water supplied to the wet-
ted cable was from a high-pressure irrigation system making
fine tuning of the flow rate difficult. A more accurate control
of the required water flow rate would be beneficial in reduc-
ing the risk of wetting the dry cable. In addition, a larger
distance between the dry and wet cables and keeping the dry
cable upwind of the wetted cable would be practical solutions
to this problem.

It should be realised that the setup as applied in this study
needs daily attention, e.g. electricity and water supply, and is
at this stage mainly suitable for research purposes.

4 Conclusions and recommendations

This paper investigates the usefulness of the BR-DTS method
for estimating Bowen ratio values. This was achieved by
(1) comparing the results of sensible heat flux from the BR-
DTS against a number of well-established reference tech-
niques (eddy covariance, scintillometer and surface renewal)
and (2) by discussing the benefits of multi-level Bowen ratio
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measurements offered by the BR-DTS technique over the
typical two-level approach.

The first comparison showed especially a good correla-
tion between the sensible heat flux of the BR-DTS for seven
data points and sensible heat flux of the reference techniques
(slope of 0.93, zero offset of 4.7 W m−2 andR2 of 0.88). The
second comparison showed that the difference between two
and multiple level measurements were mainly visible in the
Bowen ratio values and not so much in the resulting latent
and sensible heat fluxes. However, measuring at multiple lev-
els gives more insight into the temperature and vapour pres-
sure profiles in the air column. This can be useful to assess
the quality of the measurements and to investigate changes
in fluxes within the vertical.

The study showed that BR-DTS is a method that can
be considered for measurements of actual evaporation. The
method produces values comparable to those from other
techniques, produces Bowen ratio values with more con-
fidence, as they are based on multiple data points, and
gives more insight into the temperature and vapour pressure
profiles.
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