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ABSTRACT

Two sources of systematic errors are considered for estimating air temperature. The first source is
ambiguity of the definition of the standardized measurement height over vegetated surfaces of varying
heights. Without such a standardization, evaluation of the horizontal air temperature gradient is contami-
nated by the vertical variation of air temperature. This error is generally small in daytime unstable condi-
tions, but increases with increasing stability at night. In an attempt to reduce such error, the use of the
zero-plane displacement height for standardizing the measurement height is proposed.

The second source of systematic errors is radiative forcing on the sensor—shield systems. A series of
experiments is performed over a grass field to investigate the radiatively induced error in the air tem-
perature estimate by the Onset HOBO Pro thermistor in a naturally ventilated multiplate shield. The
magnitude of this error is estimated by comparing air temperature measurements by a platinum resistance
temperature detector (RTD) sensor in a mechanically aspirated shield. In contrast to the errors resulting
from the first source, the radiatively induced error increases with increasing instability. An empirical model
is developed for correcting the radiatively induced temperature error using information on wind speed and

net or shortwave radiation. The robustness of the model is examined with independent data.

1. Introduction

With advancement in technology, both temperature
sensors and dataloggers have become less expensive,
less power consuming, portable, robust, and reliable for
long-term field deployment. To minimize the influence
of shortwave radiation and longwave radiative ex-
change, a temperature sensor needs to be enclosed in a
radiation shield. While an ideal radiation shield would
be mechanically aspirated, the cost and power require-
ments of such systems remain prohibitively high for
most long-term network deployments.

A mechanically aspirated radiation shield is often re-
placed by a naturally ventilated radiation shield in such
observational networks. When radiative forcing on the
radiation shield is large and the ambient wind is weak,
ventilation becomes inadequate to avoid significant ra-
diatively induced air temperature errors (e.g., Tanner
et al. 1996; Anderson and Baumgartner 1998; Richard-
son et al. 1999; Lin et al. 2001b; Erell et al. 2005). These
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errors need to be assessed for correctly interpreting air
temperature data collected in a naturally ventilated
shield. For example, if sensor—shield systems within a
network of air temperature measurements experience
different radiative forcing because of variable cloudi-
ness or exposure differences, the horizontal tempera-
ture gradient may be incorrectly estimated because of
the spatial variation of errors. In addition, when air
temperature measurements are used to evaluate the
sensible heat flux from the surface with the bulk trans-
fer method, radiatively induced errors could cause sig-
nificant errors in the predicted sensible heat flux and
even the wrong sign (Anderson and Baumgartner 1998;
Arck and Scherer 2001).

The HOBO Pro datalogger (Onset Computer Cor-
poration model H08-031-08) and its external thermis-
tor (Whiteman et al. 2000), which is enclosed in a natu-
rally ventilated multiplate radiation shield, is one of the
practical and economical systems for long-term air tem-
perature monitoring. The HOBO logger and thermistor
are durable for the outdoor environments, require
minimal power, and operate with relatively high accu-
racy. In this study, the radiatively induced error of air
temperature measurements (radiative error, hereafter)
by this thermistor in a multiplate shield is investigated
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and a correction formula is constructed. Before exam-
ining the radiative error, we first investigate ambiguity
of the definition of the standard measurement height
over vegetation of varying height as a source of system-
atic errors on air temperature.

2. Standardizing the height of air temperature
measurements

Even with perfect instrumentation, air temperature
measurements are often characterized by a certain de-
gree of ambiguity because of the uncertain interpreta-
tion of the influence of the upwind heterogeneity of the
surface on the temperature measurement and by the
uncertain choice of measurement height above veg-
etated surfaces. We examine the ambiguity of air tem-
perature measurements of the latter kind. A standard
measurement height may be defined without ambiguity
over flat terrain with bare soil or very short uniform
vegetation. However, when the ground surface is cov-
ered by nonuniform vegetation, such as grass, shrubs,
and trees, the definition of the standard height may
become ambiguous. For example, it is not meaningful
to compare air temperature at 1 m above the bare
ground with a second air temperature at 1 m above the
ground surface, but only slightly above the top of the
vegetation.

A representative measurement of air temperature is
best made in the surface layer above the influence of
horizontal variation of mean temperature on the hori-
zontal scale of the roughness elements, that is, above
the roughness sublayer (e.g., Kaimal and Finnigan
1994). Within the surface layer, the height dependence
of air temperature is governed by turbulent momentum
and heat fluxes according to the Monin-Obukhov simi-
larity theory, such that (Brutsaert 1982)

Z— d(, = du
(=) -] o

where z, 0, 0,, w'0', o, k, u*, d,, z,,, U, and L are the
measurement height above the ground surface, the
mean potential air temperature at height z, the aerody-
namic surface temperature, sensible turbulent heat flux,
the ratio of the eddy diffusivity for heat to that for
momentum (taken to be unity for this study), the von
Karman constant, the friction velocity, the zero-plane
displacement height, the roughness length for sensible
heat, a stability function for sensible heat transfer, and
the Obukhov length, respectively. The friction velocity
is defined as (Stull 1988)
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where u'w’ and v'w’ indicate the vertical turbulent mo-
mentum flux in the along- and crosswind directions.
The Obukhov length is defined as

kgw'0!’

L=- ©)
We use the i stability function in Brutsaert (1982).

We propose the standard measurement height to be
a fixed height above the displacement height d,, not
above the ground surface, in order that the relative
vertical variations of the mean temperature do not con-
taminate the estimation of the horizontal variations.
The variable height of the sensor above the ground
surface is

z=272+d,, 4)

where Z is the prescribed fixed height of the sensor
above the variable displacement height. The displace-
ment height d, depends, in part, on the way the drag
force is distributed through foliage (Kaimal and Finni-
gan 1994). The displacement height has been related to
the roughness density (Raupach 1994). At the same
time, prediction of the displacement height d,, based
only on the canopy architecture, remains uncertain
(Monteith and Unsworth 1990). As a rule of thumb, for
uniform vegetation, one might use 2/3-3/4 of the veg-
etation height (Parlange and Brutsaert 1989; Jones
1992), although much smaller values may be more suit-
able for sparse canopies. In practice, the displacement
height d, must be estimated from profiles and/or eddy
correlation measurements (e.g., De Bruin and Moore
1985). However, even with such measurements, there is
no general agreement on the precise method for esti-
mating the displacement height. In many studies, nei-
ther the profiles nor eddy correlation data are avail-
able. The estimated displacement height d,, .qimatea AN
be expressed as

d —

o estimated

d,+d )

where d,, ..., denotes the uncertainty in the estimated
displacement height, including the failure to account
for growing vegetation. The temperature sensor is de-
ployed at

O error?’

<= do estimated +7Z= do +Z+d (6)

Thus, the error in the displacement height d,, ..., di-
rectly translates into deviation of the measured tem-
perature from the required temperature at the standard
height Z above the true displacement height d,, (Fig. 1).

Using Eq. (1), the error in the estimated air tempera-
ture measurement for the standard height Z can be
written as

o error*
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FiG. 1. Illustration of an unstable vertical temperature profile in the atmospheric surface
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To illustrate the influence of an inappropriately esti-
mated zero-plane displacement height on the measured
air temperature, a heuristic exercise is performed with
sonic anemometer data from the Flux Over Snow Sur-
face II (FLOSS II; Mahrt and Vickers 2005). We ana-
lyze eddy correlation data collected at 2 m above the
ground surface where the average height of the sparse
brush is 4,,, = 0.3 m, although the actual height of the
brush varies between 0.2 and 0.6 m. The data were
collected at 20 Hz at 2 m above the ground surface (z =
2 m). Turbulent heat and momentum fluxes are com-
puted with an averaging window of 150 s. The flux data
are averaged over 1 h to reduce random flux sampling
errors. No data are analyzed for the transition periods
(0700-1000, 1500-1800 LST) to avoid the influence of
nonstationarity. The thermal roughness length (z,,) is

(7)

set equal to the momentum roughness length (z,,, =
0.039 m), where the latter is determined in near-neutral
conditions. As with most datasets, we cannot confi-
dently estimate the displacement height, but can only
show sensitivity of the measured air temperature at Z +
d,, to the estimated displacement height d,, .qimatea- AS
an instructive example, we consider d,, = %2h,,, = 0.15
m as a plausible displacement height for a sensitivity
calculation.

The air temperature error for a measurement height
of Z=185m (Z + d, = z =2 m) is simulated with Eq.
(7) for a range of errors in the estimated displacement
height (Fig. 2). For this sensitivity exercise, the maxi-
mum positive value of the estimated displacement
height is 2/3 of the maximum vegetation height of A,
= 0.6 m. This range of the estimated displacement
heights changes the temperature measurement as much
as 0.2°C in stable conditions, but is much less for un-
stable conditions. This temperature error can, for ex-
ample, lead to large errors in the horizontal advection
computed over small distances (Ha and Mahrt 2003) or
in the surface sensible heat flux computed with the bulk
transfer method. The air temperature measurement er-
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FIG. 2. Simulated bin-averaged error in estimated temperature
forz =272+d, + d, ... due to nonzero d, as a function of
stability for various errors in the displacement height; Z is set to
1.85 m. The bin width in (z — d,)/L is 0.25. The vertical bars
indicate the standard error within each bin. The true displacement
height d,, is 0.15 m in this exercise. Solid line: d,, .;;o, = —0.15 m
(d, + d, ciror = 0 m), dashed line: d,, ..., = 0.05 m (d, + d, crror
= 2/3h,,, = 0.2 m), dashed—dotted line: d, oo, = 0.2 m (d, +

avg
d = 23h,,,, = 0.45 m).

o error

o0 error

ror can become even larger if the plausible range of the
displacement height estimate increases because of an
increase in the range of vegetation height. Because the
vertical gradients increase toward the “surface,” the
problem of the incorrectly estimated displacement
height becomes more serious for measurements closer
to the surface.

The air temperature errors resulting from the height
uncertainty limit the advantage of expensive aspirated
sensor—shield systems. Thus, an accurate estimate of
the displacement height for a vegetated surface is im-
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portant, which suggests a need for an improved meth-
odology to estimate the displacement height, particu-
larly over nonuniform vegetation.

3. Instrumentation and data

The details of instrumentation used in our field ex-
periments are summarized in Table 1. The HOBO Pro
datalogger (model HO8-031-08) is a two-channel log-
ger, equipped with two thermistors—an internal therm-
istor and an external thermistor connected by the log-
ger unit with a 1.7-m cable. The manufacturer’s speci-
fication states that the HOBO logger with a replaceable
small lithium battery is able to operate continuously for
up to 3 yr unless operated at very low temperatures. In
this study, we use only the external thermistor (the
HOBO thermistor hereafter). Our indoor experiments
determined the time constant of the HOBO thermistor
in still air to be 180 s, between that reported by the
manufacturer’s specification (270 s) and that by White-
man et al. 2000 (112 s). With a mechanical aspiration of
3-7 ms !, however, the time constant of the HOBO
thermistor improves to approximately 26 s. The present
study investigates radiative errors in the mean air tem-
perature over 30-min periods estimated by the HOBO
thermistor, operating in a high-resolution mode in an
outdoor field situation. The thermistor is enclosed in
the naturally ventilated multiplate shield manufactured
by Davis Instruments (model 7714). This multiplate
shield is also known as the solar radiation shield RS1 of
Onset Computer Corporation (Fig. 3). A sampling in-
terval of 300 s is selected for the HOBO thermistor,
which allows the logger to collect data for 3—4 months.

Data were collected above a flat grassland (latitude:
44°38'N, longitude: 123°12'W) in the spring and sum-
mer of 2002 and in the summer of 2003. As basic

TABLE 1. Summary of the instrumentation.

Manufacturer

Sensors and model

Manufacturer’s specification

Thermistor and logger Onset, 08-031-08

Thermistor dimension: 5 mm (diameter), 30 mm (height); time constant:

270 s; accuracy: =0.2 °C; logger time drift 100 s per week at 20°C

Plantinum RTD RM Young, 43347

Dimension: 3.2 mm (diameter), 57 mm (height); time constant: 42 s;

aspiration accuracy: +=0.1°C

Aspirated radiation shield RM Young, 43408

Airflow rate 3-7 m s~', depending on sensor size; radiation error:

<0.2°C at 1100 W m 2

Vaisala, WS425
Kipp and Zonen, CNR1

2D sonic anemometer
Net radiometer

Silicon pyranometers Licor, Li-200S

Resolution: 0.1 m s™%; accuracy: +0.135 ms™
Response time: 18 s; spectral response: 305-2800 nm (pyranometer),

5000-50 000 nm (pyrgeometer); pyranometer error: <25 W m
Response time: 10us; spectral response: 400-1100 nm; error in natural

1

-2

daylight: 3%

Infrared transducers
Type-E thermocouple

Apogee, URTS-P5
Campbell, FW3

Response time: <1 s; accuracy: =0.2°C
0.076 mm; response time: a few ms
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F1G. 8. Bin-averaged HOBO radiative errors for 30-min mean air temperature as a function of (a) wind speed,
(b) shortwave or net radiation, and (c) nondimensional radiative forcing X [Eq. (11)] for (left) daytime and (right)
nighttime. For display, the radiation forcing in the horizontal axes has been multiplied by 10* and 10* for day and
night, respectively. Gray and black HOBO errors indicate those before and after corrections [Eq. (12)], respec-
tively. The vertical bars indicate the standard error within each bin.
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TABLE 4. Statistics of the HOBO errors before and after
correction for the radiative error with Eq. (12) for 2002.

Root-mean-square

Mean (°C) error (°C)
Day Original 0.39 0.39
Corrected 0.008 0.11
Night Original —0.002 0.054
Corrected 0.0006 0.047

shortwave radiation inside the shield originates from
shortwave radiation reflected from the ground surface.
Thus, radiatively induced temperature errors probably
increase with increasing surface albedo. The magnitude
of the deviation of the shield surface temperature from
the air temperature usually becomes larger during the
daytime with shortwave forcing than during the night-
time. With this effect, and shortwave radiation reaching
inside the shield during the daytime, the radiative error
of the air temperature measurement by the sensor—
shield system becomes more significant during the day-
time than during the nighttime. This diurnal trend is the
opposite to that of the error resulting from inad-
equately evaluated zero-plane displacement heights.
The daytime radiative error becomes large, especially
in conditions of weak wind and significant shortwave
radiation. The radiative error decreases rapidly with
increasing wind speed, which ventilates the sensor—
shield system.

An empirical correction is proposed based on a non-
dimensional number that is proportional to the daytime
shortwave or nocturnal net radiation and is inversely
proportional to the wind speed, both of which are mea-
sured outside of the multiplate shield. Application of
the model substantially reduces both the mean and
root-mean-square of the radiative errors of the sensor—
shield system, particularly for daytime unstable condi-
tions. Radiative errors for the nighttime stable condi-
tions are much smaller than those for daytime and are
likely smaller than the errors resulting from height se-
lection over variable vegetation. The robustness of the
radiative error-correction model is confirmed from in-
dependent data.

TABLE 5. Statistics of the HOBO error before and after correction
for the radiative error with Eq. (12) for summer 2003.

Root-mean-square

Mean (°C) error (°C)
Day Original 0.29 0.29
Corrected —0.08 0.13
Night Original —0.03 0.05
Corrected —0.02 0.04
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