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Abstract

Guidelines in the Guide to Meteorological Instruments and Methods of Obser-
vation (the CIMO guide) of the World Meteorological Organization (WMO,
published 2014, updated 2017, section 2.1.3.3, Response times of thermometers)
recommend that the 63% response time r for an air temperature sensor be 20,
although - as airflow speed influences response time — the minimum airflow
speed at which this applies should also be specified in the document. A 63%
response time 743 = 20 s implies that 95% of a step change be registered within
3763 or 60s, the WMO recommended averaging interval for air temperature:
rapid air temperature changes on this time-scale are not uncommon, often asso-
ciated with convective squalls, frontal systems or sea breeze circulations. An
alternative way of expressing the effect of the time constant is that in air whose
temperature is changing at 0.1 K-min~! the thermometer would lag by approxi-
mately 0.03 K.

To assess whether this response time specification was realistic, we have
undertaken an experimental and theoretical study of the time constants of
meteorological thermometers. Laboratory wind tunnel tests were undertaken to
quantify 63% and 95% response times of 25 commercial 100 Q platinum resis-
tance thermometers (PRTs) of various sizes (length and sheath diameter) from
five manufacturers. The test results revealed a fourfold difference in response
times between different sensors: none of the PRTs tested met the CIMO response
time guideline at a ventilation speed of 1 m-s~! assumed typical of passively
ventilated thermometer shields such as Stevenson-type thermometer screens. A
theoretical model of the sensors was devised which matched the experimental
behaviour with regard to the most important contributing factors, namely ven-
tilation rate and sensor diameter. Finally, suggestions and recommendations for
operational air temperature sensor adoption and future sensor development are
included.
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1 | BACKGROUND AND
MOTIVATION
1.1 | Meteorological relevance

Although the relative “sensitivity” of meteorological
thermometry was first experimentally examined almost
150 years ago (Symons, 1875), it is perhaps surprising how
little recent attention has been paid within the meteo-
rological community to determining and optimising the
response times of air temperature sensors. This is despite
acknowledged recognition of the importance of sensor
response time on meteorological temperature measure-
ments, particularly maximum and minimum air temper-
atures, and the implications of differing sensor response
times within a heterogeneous meteorological network are
significant. A study by Lin and Hubbard (2008) noted
instrumental biases in daily maximum and minimum
air temperatures and diurnal temperature range result-
ing from variations in sampling rates, averaging algo-
rithms and sensor time constants (implying degradation in
between-site comparisons, whether in real-time or within
long-term records), and recommended that such varia-
tions be reduced as far as possible to minimise result-
ing uncertainties in climatological datasets. More recently,
Thorne et al. (2016) have included an extensive discus-
sion of inhomogeneities in records of diurnal temperature
range, noting that individual Tyax and TN data sets
were more sensitive to inhomogeneities than their average.
This observation highlights the significance of document-
ing changes in observational practice (including changes
in sensor type or construction) when determining extreme
temperatures.

Recent work by the Australian Bureau of Meteorol-
ogy has quantified differing response times of “traditional”
liquid-in-glass thermometry compared to faster-reacting
electronic sensors (Benbow et al., 2018) to assess pos-
sible lack of record consistency, particularly as “man-
ual” observing sites transition to automatic weather sta-
tion sensors (see also Box 1). Much of the (rather scant)
literature on mercury-in-glass or PRT response times
concerns industrial or biomedical temperature sensors,
some of which require a much wider or much nar-
rower range of operating temperatures than meteoro-
logical applications, lower precision and/or much less
demanding requirements in terms of long-term cali-
bration stability (years to decades): examples include
Chohan and Hashemian (1989), Mackowiak and Wor-
den (1994), Khorshid et al. (2005), Kyriacou (2010) and
Niven et al. (2015).

Response times in stirred liquids (often water) are
more frequently quoted than response times in gases:
the relevant British Standards Institution Standard BS

EN 60751:2008! (British Standards Institution, 2008) spec-
ifies that PRT response times to 50% response should
be measured in flowing water (at 0.2 m-s~!) and flow-
ing air (at 3 m-s7!), although mandatory performance
compliance levels are not set out. Incompletely consid-
ered changes in meteorological networks, particularly the
wholesale substitution of sensors whose response rate or
measuring/sample times differ significantly from histor-
ical methods of determination of air temperatures (usu-
ally liquid-in-glass thermometry) run the risk of introduc-
ing significant inhomogeneities into long-term tempera-
ture records: US examples have been given by Hubbard
etal. (2001;2004), and Doesken (2005). In Europe, Hannak
et al. (2020) examined the variable impact of site automa-
tion using parallel daily mean temperature series. In addi-
tion, the bringing together of meteorology and metrology
groups within Europe to work on areas of common impor-
tance within recent years has, and continues to bring, both
clarity and benefits to meteorological metrology (Merlone
et al., 2015) and a forensic examination of environmental
extremes (Merlone et al., 2019).

Of course, the pursuit of shorter and shorter time con-
stants to enhance sensor responsiveness in meteorological
measurements of air temperatures is desirable only up to
a point. Unlike wind speeds, for example, there is little
benefit in sampling air temperature every second out-
side of specific research applications, such as turbulence
or eddy-correlation measurements. Very fast-reacting sen-
sors could result in higher fluctuations, increased thermal
noise and relatively greater impacts from other environ-
mental factors, such as rapid changes in wind speed or
solar radiation. Rapid changes in external conditions in
passively ventilated screens or radiation shields fitted with
very “fast” sensors would most likely lead to slightly higher
maximum and slightly lower minimum air temperatures
than those recorded by conventional instruments in other-
wise identical exposures, for no reason other than differ-
ences in instrumental responsiveness (see also Burt (2012),
Chapter 5, Measuring the temperature of the air, for a
longer discussion regarding operational perspectives). It
is for this reason that WMO recommend (WMO, 2014,
section 2.1.3.3 and Annex 1E) sampling air temperature
every 5-10 s where feasible to do so, and averaging these
samples to derive 60s running means; and further that
the highest and lowest (respectively) of the 60s running
average samples be logged as the day's maximum and min-
imum air temperatures. A consistent approach to sensor
time constant and averaging time would improve consis-
tency within and between station networks, as previously
noted by Lin and Hubbard (2008), and would over time

I This is identical to European Standard EN 60751 of the European
Committee for Electrotechnical Standardization, CENELEC.
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BOX1 PRT response times compared to liquid-in-glass thermometers

In a similar recent laboratory study, Benbow et al. (2018) compared the response times for the three most com-
monly used Australian Bureau of Meteorology standard liquid-in-glass thermometers with a 4 mm diameter PRT

as follows (data taken from their appendix A):

Average response time to 63%,
with standard deviation: seconds

Sensor type Samples At 0 m-s~! airflow At 3 m-s7! airflow
Thermometer, mercury-in-glass “ordinary” pattern 9 147 £9s 55+4s
Thermometer, mercury-in-glass “maximum” pattern 9 211 £44 69 =10
Thermometer, alcohol-in-glass “minimum” pattern 10 277 £12 81+3

PRT, 4 mm diameter 10 95+17 35£5

benefit the consistency of long-term climatological records
of maximum and minimum temperatures and diurnal
temperature range (Thorne et al., 2016) — albeit at the risk
of introducing some inhomogeneity at changeover unless
both “old” and “new” records were maintained in paral-
lel for an overlap period. To evaluate their suitability for
meteorological air temperature records, measurements of
the time constants of representative commercial sensors
were determined by laboratory experiment and the results
compared with a theoretical model.

1.2 | Response time theory

For a sensor with heat capacity C in thermal contact with
air at temperature Ty, through an effective thermal resis-
tance Ry, the rate of change with time ¢ of the thermometer
temperature T is given by:

?;TT — (Talr - T)’ (1)
t Ry, C
where Ry, C is known as the time constant, z.

Following an instantaneous step change in the air tem-
perature from Ty to T1, a thermometer will respond to the
change according to:

T() = To + (T1 — To)[1 — exp[—t/7]]. ()

For ¢t> 7 the exponential term will diminish and the
sensor's temperature T will approach 77, When ¢ = 7, the
sensor will have registered 63% of the incremental change
(Ty - Ty), while after 3z, it will have registered 95% of the
change. The time constant for a sensor response quoted by
manufacturers may be quite different (e.g. time to reach
50% of a step change) and so for clarity we will henceforth
refer to this exponential time constant as z¢;.

Step changes are unusual in meteorological air tem-
perature measurements; instead the effect of the finite
sensor time-constant is to cause the sensor to lag behind
the actual air temperature by:

T() = Turt) — 753 20 3)
dt

Thus for a sensor which meets the Commission for

Instruments and Methods of Observation (CIMO) guide-

line of 743=20's, a change of air temperature at 0.1 K-min~!

would result in a temperature error of approximately

0.03 K; this would be considered acceptable in most meteo-

rological applications (see Box 2). But for longer time con-

stants and more rapid changes, errors could easily exceed

0.1 K. For a more detailed treatment, see Harrison (2014),
section 2.2.

2 | EXPERIMENTAL METHOD

Twenty-five PRTs varying in diameter and length from
five suppliers were tested. Three samples of each sen-
sor (all rated to IEC60751 Class A specification) were
investigated to assess the extent of manufacturing vari-
ability. Measurements were also made on a single 2 mm
bead thermistor which was expected to have a very
short time constant, although in its “bare” form such
devices are insufficiently robust for routine operational
use. Each PRT was a four-wire sensor (thereby com-
pensating for varying lead lengths and thus resistance)
contained within a steel sheath; in one unit the sheath
had ventilation holes at its tip, in all others the sheath
was continuous. The sheath provides mechanical and
chemical protection to the temperature-sensitive element,
usually a thin-film chip (platinum deposited on an alu-
mina substrate) typically 2mm square fixed within the



2792

Quarterly Journal of the
Royal Meteorological Society

BURT AND DE PODESTA

BOX 2 Observed rates of air temperature change

How frequently does the air temperature change by more than 0.1K in 1minute? There are few published
accounts of the rate of change of air temperature over the short intervals considered here, and thus the 2019
records from Stratfield Mortimer Observatory, located 10 km southwest of Reading in southern England, were
examined to assess this. The site is an open exposure typical of a midlatitude temperate climate. The observa-
tory logs three closely co-located and carefully calibrated measurements of air temperature - made within a
Stevenson screen, an automatic weather station (AWS) “multiplate” radiation shield and a permanently-aspirated
shield - using identical PRT sensors. These are polled at 0.1 Hz and the average of the previous six 0.1 Hz val-
ues logged every minute, per WMO CIMO recommendations. In laboratory tests, the 74; time constants of the
3 x 50 mm commercial PRT sensors in use averaged 26.4s at 1 m-s~! airflow (more typical of the passively ven-
tilated sensors) and 16.0 s at 3 m-s~! airflow (relevant to the aspirated sensor, and complying with WMO CIMO
specification), averaged across 20 samples.

For each of the three screen types, the frequency of temperature changes of magnitude |AT| (K) from 1 minute
to the next within given ranges over a period of 11 months during 2019 were as follows (>99.9% data availability):

Percentage of records within limits for air temperature change (AT, K) between consecutive
1 minute logged records: Stratfield Mortimer Observatory, Berkshire, January to November 2019

Exposure
Magnitude of 1 minute temperature change |[AT| Stevenson screen = AWS multiplate shield Aspirated shield
|AT|<+0.1K 87.9% 84.6% 65.8%
0.1K<|AT|<0.25K 10.3 13.0 23.6
0.25K < |AT| <0.5K 1.7 2.2 8.7
|AT|>0.5K 0.1 0.1 1.9
Min. and max. AT, K —1.53, +0.97 —1.45, +0.89 —1.81, +1.57
Total observations 492,162 492,170 492,101

Of course, the measurements from the Stevenson screen and AWS multiplate shield must be expected to be an
underestimate of the truth, owing to a combination of response time, averaging time and screen lag factors. The
results from the aspirated shield can be expected to be closer to the truth, owing to the shorter sensor response time
at aspirated airflow speeds and the lack of screen lag. Although these results strongly suggest that air temperature
changes from minute to minute are more likely within 0.1 K than outside it - at least at this single midlatitude
reference site, and of course other sites/climates may differ — there are clear indications that rapid temperature
changes occur considerably more frequently than conventional (i.e. screen-based, relatively slow 743 sensors)
meteorological records would suggest. Thus with a 20 s time constant, even the aspirated sensor may be in error
by ~0.16 K around 1.9% of the time.

sheath by resin (thermal paste or other “potting com-
pound”) - illustrated schematically in Figure 1. The mea-
sured response time will be the “lumped” response time of
all the components.

Two PRTs at a time were connected to a Campbell Sci-
entific CR1000 logger using a four-wire configuration and
their resistances found, from which their temperature was
derived, which was then logged at 2 Hz. Both PRTs were
then fitted into dry close-fitting holes drilled within a 2 kg
block of aluminium and warmed to 35-40°C by placing

the aluminium block within a beaker of warm water, and
allowed to attain a constant temperature.

Time response evaluations were conducted in the cool-
ing phase using a small laboratory wind tunnel (Figure 2)
in which the ventilation provided by an integral axial
fan could be adjusted to provide steady airflow at speeds
between 0.5 and 3.0m-s~!. Ventilation speed was mea-
sured by a compact thermal anemometer (Testo model
425) located centrally within the wind tunnel, and was
held constant for each test within +£5%. The wind tunnel
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Schematic of typical commercial PRT. The internal diameter of the cylinder, b, is the external diameter d less twice the

thickness of the steel sheath. Inset: Typical PRT sensor chip detail - based upon MN222 datasheet from Heraeus sensor technology GmbH,

www.heraeus-sensor-technology.com

instrumentation also included a reference PRT (to monitor
changes in ambient temperature) and a relative humidity
(RH) sensor. No measurements were made of background
irradiance levels, which are likely to have slightly affected
the observed temperatures (de Podesta et al., 2018); the
occasional cycling of room heating within the laboratory
was probably a greater source of error, although both are
small in comparison with the 15-20 K cooling cycles used.

FIGURE 2
apparatus used to determine PRT

Experimental

response times: University of
Reading, Department of Meteorology
main laboratory. The desktop wind
tunnel (Perspex) is shown nearest
the wall; airflow is controlled by the
fan at the left, and ventilation is from
left to right. Sensors mounted within
the tunnel airflow are (from left to
right) a relative humidity (RH)
sensor, the two PRTs under
evaluation, a reference PRT and the
compact thermal anemometer, all
mounted within insulated fittings.
The three displays on the desktop
foreground are, left to right, RH,
reference temperature and
ventilation speed; the Campbell
scientific CR1000 logger appears at
left with PRTs connected. The logger
is connected to a laptop computer
displaying real-time graphical output
of temperature from the two PRTs
under test (not shown)

In this technique, the time constant deduced from the data
is insensitive to key uncertainties affecting the inference of
the temperature from the resistance measurement. In par-
ticular, the time constant is independent of any resistance
offsets or linear calibration errors. Additionally, changes
in the starting or finishing temperature are of little con-
sequence as the time constant is derived from a fixed
fraction of the temperature difference between the two,
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once the rate of temperature fall has slowed to very close
to zero.

After ensuring that the wind tunnel was at or very
close to room temperature (~20°C), the airflow speed
was adjusted to the desired level and allowed to settle
for 1-2 minutes. At that point both PRTs were quickly
removed from the aluminium block and inserted into the
airflow of the wind tunnel, held in place by insulated
mounting blocks. The temperature of each PRT was then
logged until it fell close to the ambient laboratory tem-
perature, after which it was returned to the aluminium
block to warm up once more. This process was repeated
for a minimum of four “runs” at each airflow veloc-
ity, initially at 0.5m-s™! increments from 0.5 to 3.0m-s™*
(later streamlined to 0.5, 1.0 and 3.0 m-s~!, with interme-
diate results linearly interpolated) for each PRT. From the
logged output, the time to reach 63% and 95% of the dif-
ference between the start temperature and steady-state
room temperature was objectively evaluated for each sen-
sor to within 0.25 s, and the mean and standard deviation
from each set of runs calculated. In all, 502 individual
evaluations were performed.

3 | MODELLINGTHE TIME
CONSTANT
3.1 | Overview

The time constant 743 depends on the product of the sen-
sor heat capacity C and the thermal resistance between the
sensor and the air Ry, (Equation (1)).

If the sensor construction was homogenous, then we
would expect the heat capacity to vary with the sensor
volume that is, to vary with diameter and length as d?L.
However, the sensors have two main components: a stain-
less steel outer sheath, and an internal insulating filler. The
heat capacity can thus be modelled as the sum of two com-
ponents and the total heat capacity of the sensor C can be
expressed as:

C= ”(dz - bz)Lpsteeleteel + ”bZLPfillercﬁller’ 4)

where p is the density and c is the specific heat capacity of
the material.

In these experiments the specific heat capacity of the
two components, and the relative amounts of each com-
ponent in the sensor, are unknown but can be plausibly
estimated. However, if the specific heat capacities of the
two components are similar then we would still expect the
heat capacity to scale roughly as ~d>L.

The thermal resistance between the sensor and the air
is more difficult to estimate. A simple approach might

assume that the heat transfer was proportional to the
exposed area of the cylinder zdL and the rate at which air
which flowed past the sensor, v. However, as discussed in
de Podesta et al. (2018), the air which flows past a cylin-
der forms a boundary layer that reduces the effectiveness
of heat transfer per unit area for larger cylinders. The full
expression for Ry, taken from de Podesta et al. (2018) is:

(5

1 .1/
Nugy = 0.3 + 0.62 Re /2 Pr l ( Re

282000) ] » (©

where Re is the Reynolds number describing the flow and
Pr is the Prandtl number describing the air. The Reynolds
number is given by:

pvd

Re = —, 7
u

where p is the air density and u is the air viscosity. The
Prandtl number is given by:
v HOp
Pr=—-=—, 8
Pl ©))
where « is the air thermal diffusivity and c, is the spe-
cific heat capacity of the air. Equation (6) parametrizes an

extremely complex process, but over a limited range of air
speeds, the thermal resistance Ry, is expected to vary as:

1

. 9)
Ly/dv

Rth X

Combining our understanding of the way in which Ry,
and C scale with sensor size, we expect 7¢; to vary roughly
as:

1.5
xdr =92

1
Ly/dv Vv

From this result we expect 743 to be independent of
length, increase faster than linearly with diameter, and
vary inversely as the square root of the air speed. A
spreadsheet which encodes these formulae is download-
able from Figshare at https://tinyurl.com/Burt-dePodesta-
spreadsheet.

(10)

Te3 = Rthc X

3.2 | Model parameters

There are considerable uncertainties in the estimation of
both Ry, and C from first principles. Although there are
no adjustable parameters in the estimation of Ry, from
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FIGURE 3
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Ventilation speed, m s

Equation (5), Cengel and Ghajar (2015) indicate that the
uncertainty in Equation (9) is large - roughly 30%. The
uncertainty in our estimation of the heat capacity of the
sensors arises because we do not know their construction
and composition.

We can estimate the overall heat capacity C by mak-
ing reasonable assumptions about the sensor construction.
We can make rough estimates by considering the sensor
as a combination of an “inner cylinder” (containing the
PRT chip, connecting leads and potting compound) and an
“outer cylinder” (the exterior steel sheath) as illustrated in
Figure 1. For a 6 mm diameter sensor 100 mm long, vary-
ing the thickness of the steel case from 0.5 to 1 mm, and
varying the composition of the inner cylinder from alu-
mina powder to epoxy resin, results in estimates of the
sensor heat capacity which vary from 4 to 7.5J-K~! that is,
a variation of £30% around the mean value. These results
strongly suggest that differences in internal filling/pot-
ting compound formulation between manufacturers, and
perhaps between individual sensors, exert a considerable
influence on resulting sensor response times.

Given the large uncertainties in estimates of both Ry,
and C we should not expect our first-principles estimates
of 7¢3 to be accurate to better than roughly +40%. However,
we would expect 743 to scale with sensor diameter d and
length L in the manner expected from Equation (10).

4 | EXPERIMENTAL RESULTS
AND DISCUSSION

Derived time constants by ventilation speed are shown
for individual sensors in Figure 3, and results aggregated

~~®--PRT243x 50 mm
~~A--PRT253x 50 mm

by PRT form factor in Table 1. Manufacturers have been
anonymised. For brevity, only the 63% response times z¢;
are shown because 95% response times were, as expected,
close to 3 X t43in all cases.

4.1 | Effect of ventilation

As expected (Harrison, 2014; de Podesta et al, 2018)
greater airflow speed resulted in increased advective
heat transfer and consequently shorter response times.
Of particular concern to the meteorological commu-
nity was the result that the shortest individual z¢; at
1 m-s~! ventilation rate of all sensors tested was 23.6 +1.9s
(PRT7, 3x100mm, average of five samples), still some
way outside the WMO CIMO recommendation. Venti-
lation of 1ms™! is the reference value assumed in ISO
17714, Meteorology — Air temperature measurements — Test
methods for comparing the performance of thermome-
ter shields/screens and defining important characteristics
(ISO, 2007). Although there are as yet very few actual mea-
surements of in-screen ventilation with which to compare,
this air flow rate approximates to that believed to occur
within a Stevenson-type radiation screen with an external
wind speed of >2m-s~.

Figure 4 shows experimental response times for var-
ious sensor diameters plotted versus the inverse square
root of the ventilation speed. If the data are described by
Equation 10, then we would expect the data to conform
to a straight line through the origin, such as the fitted
dotted lines. The fitted lines conform reasonably well to
the data for the 3 and 5 mm diameter sensors, but do not
describe the ventilation speed dependence of the larger
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TABLE 1 PRT response times, grouped by sensor size and manufacturer
Sensor type, size and Mfr No. of No. of 763 (s) for airflow v, m-s™
sample unit IDs anonymised units samples 0.5 1.0 2.0 3.0
Thermistor 2 mm bead A 1 10 Mean 7.6 6.7 5.2 4.6
SD 0.2 0.3 0.3 0.2
Max 7.8 7.3 5.8 4.8
Min 7.3 6.3 4.5 4.3
PRT 3 X 50 mm B 1 5 Mean 32.8 30.9 24.9 22.0
PRT3 SD 1.3 0.6 0.5
Max 34.3 31.5 22.3
Min 31.0 29.8 21.0
PRT 3 X 50 mm A 3 20 Mean 42.7 31.9 24.8 214
PRT21, 23, 24, 25 SD 0.6 0.5 0.8
Max 44.5 29.0 24.3
Min 41.3 23.8 19.8
PRT 3 x50 mm C 3 20 Mean 36.7 26.4 19.6 16.0
PRT4, 5, 6 SD 1.7 1.0 1.1 0.5
Max 40.5 29.0 22.5 22.3
Min 28.8 23.8 18.5 14.5
PRT 3 X100 mm C 3 15 Mean 32.7 24.1 18.5 15.7
PRT7, 8, 9 SD 1.0 14 0.6
Max 353 27.3 17.8
Min 30.8 20.8 14.8
PRT 4 X 75mm D 3 15 Mean 60.6 47.3 36.3 30.9
PRT17, 18, 19 SD 1.8 1.2 1.5
Max 66.8 52.8 34.3
Min 54.5 41.8 26.8
PRT 5 X100 mm E 1 5 Mean 63.0 39.2 29.2 24.4
PRT22, ventilated SD 2.4 1.7 1.6
Max 65.3 42.0 26.8
Min 58.5 37.5 22.0
PRT 6 X 50 mm C 3 15 Mean 100.6 78.7 58.5 48.6
PRTI10, 11, 12 SD 1.9 1.6 1.5
Max 107.3 81.8 53.3
Min 94.3 75.3 43.0
PRT 6 X100 mm C 3 15 Mean 103.5 81.0 60.6 50.5
PRT13, 14, 15 SD 2.4 1.7 0.8
Max 108.3 86.8 54.3
Min 99.3 74.8 46.8
PRT 6 X 100 mm B 4 25 Mean 113.2 93.0 75.6 67.4
PRT1, 2, 16, 20 SD 2.4 2.7 2.1 1.8
Max 125.8 107.3 85.0 77.3
Min 88.3 70.3 53.0 50.8

Note: Average PRT response times (seconds) for 63% change 74; by sensor size (sheath diameter d x length L, mm) and for different ventilation rates v,
ms~!, aggregated by sensor size and (anonymised) manufacturer. (Figure 3 shows results by individual PRT; this table shows sensor form factor averages).
The sensor reference is per Figure 3, the number of sensors and number of samples for each ventilation rate are also shown. Results in italic are
interpolated. Only the results shown in bold meet WMO CIMO specifications for meteorological air temperature sensors.
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FIGURE 4
laboratory measurements (average by form factor and

Mean sensor response times z¢; (s) from

manufacturer) plotted versus the inverse square root of the
ventilation speed 1/ \/v. Manufacturers are indicated by letters A to
E and by colour, sensor diameter shown by plotted shape (6 mm
diameter as a circle, 5 mm diamond, 4 mm square, 3 mm triangle).
If the data conform to the expected behaviour (Equation (10)), they
should fall on straight lines through the origin shown by pale grey
dotted lines for 3, 5 and 6 mm sensors. The CIMO response time 743
guideline 20 s is shown by the dashed green line

diameter sensors. The reason for this behaviour is not
understood.

The slowest individual sensor response time at 1 m-s~
was 100.9 £+ 2.8 s (PRT2, 6 X 100 mm, four samples), more
than five times the CIMO recommended specification.
Average 763 for this particular PRT (PRT2) ranged from
119.5sat0.5m-s"! to 74.2sat 3 m-s~!. The measured 7gs at
0.5m-s~! for this sensor of 292 s + 14 s (average of five sam-
ples) implies that this particular device would be incapable
of registering 95% of a step change in air temperature in
under 5 minutes in light wind conditions. Alternatively, if
the temperature was changing at 0.1 K per minute, the sen-
sor would be in error by approximately 0.2 K. Clearly such
a sensor would be better suited to applications where speed
of response is secondary to sensor protection, for example
in measurement of soil temperatures.

At 2m-s7! ventilation, only 20% of the samples (all
small sensor diameter), were able to meet the WMO CIMO
763 20 s response time specification. Increasing ventilation
to 3m-s~! did not increase this ratio, although one addi-
tional sensor lay just outside the specification. A 3m-s™*
airflow is more typical of the minimum ventilation rate
in permanently aspirated systems. This low level of com-
pliance with WMO CIMO guideline specifications clearly
implies that the majority of the commercial sensors tested
would be unsuitable for air temperature measurements in
either Stevenson-type thermometer screens or aspirated
systems if compliance with WMO CIMO requirements
were to become mandatory.
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FIGURE 5
re-plotted to include only 3 and 6 mm diameter sensors which have

This shows the same data as in Figure 4 but

been lumped together as two datasets grouped by sensor diameter

4.2 | Effect of sensor size

Figure 5 shows the data from Figure 4 re-plotted to include
only the 3 and 6 mm sensors now grouped together by
diameter. The 743 values for the sensors in the test are
clearly grouped by diameter, rather than length or man-
ufacturer. The ratio of the fitted slopes of the ventilation
speed dependence is 81.3/27.6 = 2.94. This can be com-
pared with the expected difference based on the doubling
of the sensor diameter of 215 = 2.83.

Informal discussions with suppliers suggested that
the deviations from the trend are probably due to dif-
ferences in the composition between the smaller- and
larger-diameter thermometers. A typical sensor chip is
only about 2mm square, fitting snugly within a 3 mm
sheath but insulated by a greater thickness of resin within
a larger-diameter sheath (Figure 1).

4.3 | Rule of thumb
Analysing the data at a ventilation speed of 1 m-s~! only,
it was found that within a standard deviation of approx-
imately 10%, the time constant of all the non-ventilated
cylindrical sensors could be approximated as 73 ~ 5.6 d E
seconds, where d is expressed in millimetres. The time con-
stant is expected to scale inversely as the square root of the
ventilation speed so as a rule-of-thumb, the time constant
in seconds for conventionally constructed PRT sensors can
be therefore estimated as:
3
Tez R~ 5.6d1—/2, 11)
'/

where d is expressed in millimetres and v is expressed
in metres per second. The data are re-plotted in this
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FIGURE 6 Comparison of experimental data with

rule-of-thumb in Equation (11). The measured values of 743 have
been divided by d*2 and plotted versus 1/ W The data lie roughly
within £20% of the rule of thumb value

way in Figure 6. The rule-of-thumb describes most of
the data within roughly +20%, but it is clear that it has
not quite described the wind-speed dependence. The data
indicate that at higher ventilation speeds the time con-
stants are longer than would be expected based on the
low-ventilation speed values of 74;.

5 | SUMMARY AND CONCLUSIONS
This series of laboratory tests showed large variations in
response times of commercial PRTs used for meteorologi-
cal air temperature measurements. Numerical models of a
cylinder cooled in horizontal airflow at various ventilation
rates provided reasonable approximations to the experi-
mental results and permitted examination of some of the
variables affecting sensor performance.

The two most important factors were found to be venti-
lation rate and sensor diameter, the combination account-
ing for more than an order of magnitude difference in
Te3. It was particularly surprising to find that none of the
PRTs tested met the WMO CIMO 743 20s response time
specification at a ventilation speed of 1 m-s~! assumed typ-
ical of passively ventilated thermometer shields such as
Stevenson-type thermometer screens, where sensor air-
flow depends nonlinearly upon ambient wind speed. It was
found by experiment, and confirmed by modelling, that
sub-20 s 743 response times were attainable only with small
diameter (<3 mm) PRT probes ventilated at >2m-s~!, an
airflow rate more typical of permanently aspirated sys-
tems. To attain sub-20 s 743 response times at a ventilation
speed of 1 m-s~! would require sensors with diameter less

than 3mm. Although smaller PRTs are available, many
commercially available PRTs use a sensor chip which is
itselfa little over 2 mm in diameter (Figure 1), enclosed in a
0.5 mm thick steel sheath necessary to provide operational
robustness and to protect the sensor chip from moisture,
dust and atmospheric pollution.

Based upon these findings, the following recommen-
dations are suggested:

1. For meteorological air temperature measurements, in
order to meet WMO CIMO guidelines, PRTs no larger
than 3mm diameter should be specified in procure-
ment tenders, particularly where the intended use
is within passively ventilated thermometer screens
(Stevenson-type or similar, or AWS “multi-plate” radi-
ation shelters). Sensor length is less critical, but should
be as short as operationally convenient to minimise
sensor mass and unit costs: 25-50 mm for example.

2. Manufacturers and component suppliers should be
expected to measure and specify both sensor diame-
ter and 743 response times at 1 m-s~! ventilation in air
in product specifications and in tender documents for
all PRTs intended for meteorological air temperature
measurements.

3. Manufacturers should be encouraged to optimise exist-
ing PRT design and assembly processes with a view to
meeting or exceeding WMO CIMO sub-20s 743 PRT
response time at a ventilation rate of 1 m-s~! where this
can be achieved without detriment to sensor robust-
ness, calibration stability and conformity to IEC60751.
Helpful changes could include changes to sensor place-
ment within the sheath (as near the tip of the sheath as
possible), optimising thermal contact between sensor
and sheath (and hence with the external environment),
and reducing the heat capacity of the potting compound
as far as possible. Additionally, polishing or silvering
the exterior surface of the sensor will reduce the sensi-
tivity to radiation.

4. Provided they can be mass-produced at similar costs

and levels of operational robustness for periods of
use lasting a decade or more, smaller PRTs (1-2mm
diameter) should be developed and trialled for future
meteorological air temperature measurements. The
day-to-day handling requirements for such sensors,
once installed, should be negligible, in contrast to frag-
ile conventional liquid-in-glass thermometry.

5. The purpose of the WMO CIMO guide is to ensure that
measurements made around the world are ultimately
comparable with low uncertainty. We thus recommend
updated guidance on response times and sensor selec-
tion be included in future revisions of the WMO CIMO
guide.
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