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Abstract 14 

Uncertainty in the bias adjustments applied to historical sea surface temperature (SST) 15 

measurements made using buckets are thought to make the largest contribution to uncertainty 16 

in global surface temperature trends. Measurements of the change in temperature of water 17 

samples in wooden and canvas buckets used before World War 2 are compared with the 18 

predictions of models that have been used to estimate bias adjustments applied in widely-used 19 

gridded analyses of SST. The results show that the models are broadly able to predict the 20 

dependence of the temperature change of the water over time on the thermal forcing and the 21 

bucket characteristics: volume and geometry; structure and material. However, assumptions 22 

inherent in the derivation of the models are likely to affect their applicability. We observed 23 

that the water sample needed to be fairly vigorously stirred to agree with results from the 24 

model, which assumes well-mixed conditions. There were inconsistences between the model 25 

results and previous measurements made in a wind tunnel in 1951. The model assumes non-26 

turbulent incident flow and consequently predicts an approximately square-root dependence 27 

on airflow speed. The wind tunnel measurements, taken over a wide range of airflows, 28 

showed a much stronger dependence. In the presence of turbulence the heat transfer will 29 
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increase with the turbulent intensity: for measurements made on ships the incident airflow is 30 

likely to be turbulent and the intensity of the turbulence is always unknown. Taken together 31 

these uncertainties are expected to be substantial and may represent the limiting factor for the 32 

direct application of these models to adjust historical SST observations. However, both the 33 

models and the observations indicate that the most important parameter driving temperature 34 

biases in historical bucket measurements is the difference between the water temperature and 35 

the wet-bulb temperature. Solar radiation is also important, but not examined in this paper. 36 
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 3 

1. Introduction 37 

Global average surface temperature is the primary metric used to summarise the changing 38 

climate and underpins international policy to reduce carbon emissions (Rockström et al., 39 

2009; UNFCC, 2015). It is well-understood that to quantify, mitigate, and adapt to the many 40 

impacts of climate change, a range of measures of environmental change is needed (Briggs et 41 

al., 2015). However, the long observational record of surface temperature remains an 42 

indispensible indicator of climate change, and a measure of direct relevance to societal 43 

interests via temperature impacts on health, food production and economies. Moreover, the 44 

ability of climate models to reproduce observed changes enables evaluation of climate model 45 

predictions: surface temperature, covering the past ca. 150 years, is the longest available 46 

observational record for such assessments (IPCC, 2013). Global Surface Temperature (GST) 47 

is usually constructed from near surface air temperature over land and sea surface temperature 48 

(SST) for the ocean (Kent et al., 2016). Historical SST provides a lower boundary condition 49 

for reanalyses of past dynamics of the atmospheric circulation: centennial reanalyses such as 50 

the 20th Century Reanalysis (Compo et al., 2011), and ERA-20C (Poli et al., 2016), provide 51 

valuable resources for climate research and understanding the impacts of weather variability 52 

and climate change on the biosphere and human societies. 53 

The greatest source of uncertainty in the long-term evolution in global average surface 54 

temperature arises from uncertainty in the bias adjustments applied to SST (Jones, 2016). 55 

Observations of SST show characteristic biases that depend on measurement method (Kent 56 

and Taylor, 2006; Kent and Kaplan, 2006; Kennedy et al., 2011; Kent et al., 2016). Changes 57 

in the observing system therefore lead to changing biases in SST regionally, and over time 58 

(Kennedy, 2014). 59 
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 4 

To construct accurate climate records of SST from observations in archives such as the 60 

International Comprehensive Ocean-Atmosphere Data Set (ICOADS, Freeman et al., 2016), 61 

it is necessary to estimate these biases, make adjustments, and estimate the uncertainty in 62 

those adjustments (Kennedy et al., 2011; Hirahara et al., 2014; Huang et al., 2015). The 63 

approaches taken vary, but there is agreement that the largest biases, and the largest 64 

uncertainties in the bias adjustments, are found in observations made from ships of the 65 

temperature of seawater samples taken with buckets (Kent et al., 2016). The overall bias 66 

adjustment required in historic SST datasets therefore evolves as the proportion of 67 

observations made using buckets changes over time. Errors in both the bias adjustments and 68 

our knowledge of the mix of observations materially affect estimates of decadal scale 69 

variability through the historic record. The proportion of ships making bucket observations 70 

has decreased over time with the introduction of engine room intake and hull sensor 71 

measurements. The design, and therefore thermal properties, of the buckets used have also 72 

evolved. Broadly, the evolution over time of the type of buckets used to measure SST on 73 

ships was from wooden buckets (partly insulated), to canvas (uninsulated), and then to rubber 74 

or plastic buckets (typically well insulated) (Kent et al., 2010).  75 

The most-used historical SST gridded products make these adjustments for bucket bias in two 76 

different ways (Kent et al., 2016). HadISST (Rayner et al., 2003), HadSST3 (Kennedy et al., 77 

2011) and COBE-SST2 (Hirahara et al., 2014) construct bias adjustments from weighted 78 

climatological monthly fields of estimates of bucket bias based on a physical model (Folland 79 

and Parker, 1995). ERSSTv4 (Huang et al., 2015) makes bias adjustments to all ship 80 

observations based on night-time marine air temperature (NMAT) from the HadNMAT2 81 

dataset (Kent et al., 2013).  82 
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The factors affecting bucket measurements of SST are reasonably well-known (Kent et al., 83 

2016) and have been estimated using physical models developed by Folland and Parker 84 

(1995, hereafter FP95). The FP95 models, used in HadISST, HadSST3 and COBE-SST2, 85 

simulate the evaporative, direct, and radiative heat exchanges experienced by samples of 86 

water in buckets as a function of the bucket's structural and thermal characteristics 87 

(dimensions and material) as well as the airflow around the bucket. The contribution of each 88 

term in the model is expected to vary for different bucket types, and FP95 presents two 89 

different formulations designed to estimate heat exchange from wooden and canvas buckets. 90 

The FP95 models were coded in BASIC and have been converted to FORTRAN by Kent et 91 

al. (in prep). 92 

There were few measurements available to FP95 to provide supporting validation for their 93 

models. Ashford (1948) compared temperature changes of water samples in 7 different types 94 

of bucket measured in a wind tunnel at a single wind speed. One of these buckets (the Met. 95 

Office Mark II) was a canvas bucket of the same type as that represented in FP95, the others 96 

were better-insulated buckets of various designs. FP95 concluded that their model could 97 

reproduce the temperature change of the Met Office Mark II canvas bucket with reasonable 98 

accuracy. However, in order to predict the measured temperature change, FP95 adjusted their 99 

canvas model, assuming free evaporation from the base and sides only. Moreover, Ashford 100 

(1948) only reported the rate of change of water temperature in the first minute, while it may 101 

have taken historical thermometers several minutes to equilibrate (FP95).  Ashford (1948) did 102 

not make measurements with a wooden bucket. Roll (1951) made measurements in a wind 103 

tunnel of the characteristics of a single bucket type, the German scoop thermometer, at a wide 104 

range of wind speeds. FP95 did not develop versions of their model based on this type of 105 

bucket.  106 
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FP95 also described a comparison of their model output with the results of measurements 107 

made at sea of temperature change of water samples in canvas buckets, and again concluded 108 

that their model showed reasonable agreement.  109 

The amount of data available to test the canvas FP95 bucket model was limited, and there 110 

were no measurements for temperature change for wooden buckets. In this paper we therefore 111 

compare measurements made in the laboratory of heat exchange from replicas of historical 112 

wooden and canvas buckets with the output of the FP95 model. The experimental setup and 113 

the implementation of the FP95 model are described in Section 2. The measurements are 114 

compared to the model predictions in Section 3 and, with insight from these comparisons, we 115 

review the wind tunnel results presented by Ashford (1948) and Roll (1951). Section 4 116 

discusses the results and draws conclusions about the wider applicability of our measurements 117 

and the FP95 model. 118 

2. Materials and methods 119 

2.1 Description of the experimental setup 120 

The buckets used in this study (Figure 1) are replicas of the Mk II Met Office canvas bucket 121 

and a 19th century wooden bucket similar to that modelled by FP95. Their structural 122 

characteristics are listed in Table I. The two buckets are of similar size (wood: 21.8 cm 123 

average inner diameter by 17.6 cm deep (up to a set water level), wider at top than at the 124 

bottom and a volumetric capacity ~ 6.6 l; canvas: 17.8 cm inner diameter by 19.4 cm deep (up 125 

to a set water level) and volumetric capacity ~ 4.8 l). The wooden bucket is made of oak 16 126 

mm thick reinforced around the outside by two stainless steel bands. Only the sides of the 127 

canvas bucket are canvas: the base is wooden with a metal weight inside; the top is wooden 128 

with a metal spring-closing lid; the canvas is stitched and the top and base held in place with 129 
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 7 

leather bands and metal pins.  The masses of the wooden and canvas buckets when wet are ~ 130 

3.3 kg and ~ 2.9 kg respectively.  131 

Figure 2 illustrates the experimental setup. The experiments were performed in the National 132 

Oceanography Centre (Southampton, UK) Calibration Laboratory. This is kept at a roughly 133 

constant temperature of 20˚C, but the humidity is not controlled.  A precision F250 134 

thermometer was used to measure the water temperature (t) and a Vaisala probe was used to 135 

monitor the ambient air temperature (ta) and the relative humidity (R). Data from the probes 136 

were logged every 2-3 s (alternate readings). The water temperature probe when not in use 137 

was left in a plastic container filled with water approximately in equilibrium with the ambient 138 

air temperature. A plastic bin was used to soak the buckets (the soaking time was about 4 139 

min), which were then hung in front of a fan with three different speed settings (Table II). The 140 

centre of the fan was positioned about 0.5 m from the bucket. 141 

The largest uncertainty in the ambient conditions comes from the airflow around the bucket. 142 

Because the bucket was fairly close to the fan relative to the bucket dimensions, the speed 143 

was not uniform around the bucket. The airflow was measured using a WindMaster ultrasonic 144 

anemometer (Gill Instruments Ltd.) for 30 s at each of six different positions: five positions in 145 

the vertical plane where the bucket would hang (centre of the bucket position and 0.5 m 146 

above, below, left and right) and at 0.35 m upwind from the centre of the bucket location. The 147 

airflow used in the implementation of the FP95 model was that measured where the centre of 148 

the bucket would be, with uncertainty derived from the standard deviation of measurements 149 

made in these surrounding locations. 150 

Because the FP95 models assume the water sample is stirred, the water was mixed at all times 151 

using an automatic stirrer, connected to a power generator. The wooden bucket is open at the 152 

top (Figure 1). The top of the canvas bucket is a thick wooden disc with a hole for a metal lid, 153 
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 8 

This lid was pushed inside the bucket by the plastic support of the stirrer during the 154 

measurements. The edge of the lid was in the water, but this is not expected to substantially 155 

affect the heat exchange as the metal lid was attached to the wooden top, limiting heat 156 

exchange by conduction. A ‘weak stirring’ regime, characterized by a mild but noticeable 157 

stirring, was created adopting an L-shaped metal piece as the stirrer; a ‘strong stirring’ regime 158 

was also implemented, where some tape was added to produce a sail-shaped stirrer. A 159 

hanging scale with precision of 0.01 kg was used to measure the mass of the filled bucket; the 160 

water level was also set and marked for each bucket and the bucket filled up to the level 161 

indicator. Finally, (clean) fresh water was used instead of salty water. The effect of salinity on 162 

latent heat of evaporation is well-known, and the vapour pressure over saline seawater is 163 

typically reduced by 2% compared to freshwater (Zeng et al., 1998). 164 

Figure 3 shows thermal pictures of a replica Mk II Met Office canvas bucket (the type used 165 

by the UK Meteorological Office in the 1930s and 1940s (Ashford, 1948)), filled with water 166 

warmer than the ambient air temperature. The bucket is unstirred and the lid is shut. It is clear 167 

that the water in the bucket is cooling over time, with the cooling proceeding faster in the area 168 

facing the fan (located to the right of the bucket in these pictures). Initially the whole of the 169 

bucket is much warmer than the environment having been soaked in the warm water before 170 

exposure to the air. The structure of the bucket (rope handle, leather bands at top and bottom, 171 

stitched seam) can just be seen as cooler than the canvas body of the bucket containing the 172 

water. After 5 minutes the body of water can clearly be seen at higher temperature than the 173 

rest of the bucket, which is now colder than ambient temperature having cooled by 174 

evaporation. These images suggest that the non-canvas parts of the bucket are insulating and 175 

probably do not contribute strongly to the heat exchange which occurs almost exclusively 176 

through the canvas walls of the bucket.  177 
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2.2 Description of the model – experimental comparison procedure 178 

In order to test FP95 heat exchange models we measured both the time and airflow 179 

dependence of the temperature of water in the buckets and compared the results with the 180 

model predictions. The FP95 model used is the laboratory version described by Kent et al. (in 181 

prep.). This laboratory version is similar to the full version used by FP95, although does not 182 

differentiate between the different ambient conditions expected during hauling and on-deck 183 

phases of measurement (for more information see Kent et al., in prep.). Moreover, it sets the 184 

solar term to zero, as our measurements were taken indoors and away from windows. We 185 

have also excluded the salinity effect on the estimate of saturation vapour pressure, as we 186 

used fresh water. The bucket is modelled by FP95 as a cylinder in an incident airflow that is 187 

assumed to be non-turbulent. It is further assumed that the water in the bucket is well mixed 188 

(at temperature t [˚C]) and the bucket has been immersed in the sea for long enough to reach 189 

equilibrium.  Inputs to the models are the airflow around the bucket for each fan speed, the 190 

ambient air temperature and humidity as measured, and the initial air-water temperature 191 

difference. For the canvas bucket, the rate of change of temperature as modelled by FP95 can 192 

be represented as 193 

  
dt

dτ
=

A

cµ
fr hr ta − t( ) + ftht ta − t( ) + fehe ea − e( ){ }    (1)

 
194 

where the ambient air temperature is ta [˚C], the ambient vapour pressure is ea and e is the 195 

saturation vapour pressure at t [both in hPa]. The transfer coefficients are hr for longwave 196 

radiation, ht for direct heat transfer and he for evaporative heat transfer [all in W m-2 K-1]. he is 197 

1.7hr. A [m
2] represents the total surface area of the bucket. The fraction of the surface area 198 

affected by longwave heat exchange, fr, represents the sides and base. For the direct (ft) and 199 

evaporative heat (fe) exchange, the fraction is the same for both components, but is allowed to 200 

vary: the sides always contribute (up to the fill level) but the contribution of the top and base 201 
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may be excluded, or included as required. Each of the transfer coefficients ht and he depend 202 

on wind speed and the bucket geometry: slightly different values are used for the base and 203 

sides. FP95 explore different choices of ft and fe: heat exchange from the base, the top and the 204 

sides; heat exchange from the sides only; and heat exchange from the sides and the base (or 205 

the top), which is the final choice for FP95 as it gave the best agreement with Ashford (1948) 206 

results. c is the specific heat capacity [J kg-1 K-1] and m is the effective mass [kg] of the 207 

bucket. In FP95 m is the combined mass of the bucket material and the water sample. The 208 

wooden bucket model is similar to that for the canvas bucket, but the thermal forcing 209 

experienced by the outside of the bucket walls acts to conduct heat through the wooden sides 210 

and base. The open top evaporates freely, but is assumed to experience a lower airflow as the 211 

water level is below the top of the bucket. More details can be found in FP95 and Kent et al. 212 

(in prep.). 213 

Although FP95 have assumed little heat exchange from the top of the canvas bucket because 214 

of the lid, our experimental setup shows that for the water sample to be properly mixed, and 215 

for the measurement to be made, it requires the lid open (pushed down), permitting heat 216 

exchange from the upper water surface. On the other hand, the thermal images shown in 217 

Figure 3 suggest that most of the contribution to the overall heat loss is from the sides of the 218 

canvas bucket. The thick wooden base is not expected to make much contribution to the heat 219 

loss. However, if the top was open (it is not in these images) then exchange of heat from the 220 

open top is expected, although the airflow within the bucket would be rather small, limiting 221 

this effect. Therefore, when implementing the FP95 canvas bucket model in this study we 222 

have run the model assuming heat exchange from either the top and sides or from the sides 223 

only, with each included in the ensemble from which the model uncertainty range is 224 

calculated. In our implementation of FP95 we assume no contribution from the bucket 225 
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material to the effective mass and heat capacity of the canvas bucket. This seems justified by 226 

Figure 3, as the images show that the temperature change largely affects only the water 227 

sample: the non-canvas parts of the bucket quickly reach ambient temperature, suggesting that 228 

the temperature change for the wooden and leather parts is superficial. The choice of the 229 

effective mass, which sets the heat capacity, will scale the temperature change but will not 230 

affect its functional dependence.  231 

The models were initialized with measured ambient conditions (summarised in Table A1 in 232 

the Appendix) and the appropriate bucket dimensions (Table I, other bucket properties are set 233 

by the choice of the wooden or canvas model). The probe used to measure the water 234 

temperature has a finite response time and typically took between 30 seconds and 1 minute to 235 

reach equilibrium, less when the air and water temperatures were similar. Each experiment 236 

was considered to start when the recorded water temperature reached a local maximum or 237 

minimum (depending on whether the water was warmer or colder than the air). Uncertainty in 238 

the equilibration temperature was estimated to be around 0.01˚C (much smaller than, for 239 

example, the variation in the air temperature over each experiment) so the estimated 240 

uncertainty is not sensitive to the value chosen. For each experiment, the uncertainties in the 241 

model outcomes were expressed as an ensemble of 100 realisations. Each realisation was 242 

randomly generated by forcing the model with samples of the measured ambient air 243 

temperature, relative humidity, wind speed (mean and standard deviation as measured), of the 244 

water temperature at time = 0 min (mean as measured, standard deviation of 0.01˚C) and of 245 

the bucket diameter and water level. For the canvas bucket model the uncertainty in the 246 

bucket geometry (mean as measured, standard deviation of 0.5 cm) was included to account 247 

for the small variations in the initial mass of the water sample (for both buckets the standard 248 

deviation over all the measurements of the mass of the water sample was about 0.05 kg). For 249 
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the canvas bucket, the uncertain contribution of evaporation from the bucket top is also 250 

included in the overall model uncertainty. For the wooden bucket model, the uncertainty in 251 

the geometry of the bucket mainly arises because of the uncertainty in the contribution of the 252 

bucket mass to the heat exchange of the water sample. In order to include also this 253 

component, the uncertainties in the bucket radius and water level were included in each 254 

realization (mean as measured at the half point of the bucket walls, standard deviation equal 255 

to the thickness of the bucket walls). For the wooden bucket, the uncertainty in the factor that 256 

accounts for the sheltering of water by the sides of the bucket from the effects of airflow 257 

(Kent et al., in prep.) is also included (to reproduce the range assumed by FP95 we assumed a 258 

mean of 0.875 and a standard deviation of 0.125 with upper limit of 1). The bucket was fairly 259 

full, the water level was about 2 cm below the top, so only a modest sheltering of the airflow 260 

would be expected. Finally, for the wooden bucket model, the uncertain thermal conductivity 261 

of wet oak is also included in the overall model uncertainty (mean of 0.3 W m-1 C-1 as 262 

assumed in FP95, standard deviation of 0.2 W m-1 C-1 with upper and lower limit defined by 263 

the thermal conductivity of dry oak (0.17 W m-1 C-1) and water (0.6 W m-1 C-1) respectively). 264 

Leakage, determined by the change in mass, was largest for the canvas bucket, and decreased 265 

over time (0 - 3 minutes: ~ 0.05 kg min-1, 4 - 20 minutes: ~ 0.04 kg min-1 and 20 minutes 266 

onwards ~ 0.03 kg min-1). No significant leakage was measured for the wooden bucket. We 267 

included the changing mass in the canvas bucket model, but, as noted by Kent et al. (in prep.), 268 

the leakage makes very little difference as decreases in the surface area subject to heat 269 

exchange affect a decreasing volume of water, with little overall effect as long as the bucket 270 

remains fairly full. 271 

Firstly, the evolution of the bucket temperature over time was measured for a set of 272 

experiments varying the temperature of the water in the plastic bin used for soaking the 273 
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bucket and from which the water sample is taken. The experiments were performed using the 274 

two different stirring regimes (‘strong’ and ‘weak’) to test how different mixing conditions 275 

may affect the heat exchange from the water sample (dt1 to dt3 in Table II). For each bucket, 276 

the water temperature was measured for 15 min for three air-water temperature regimes and 277 

each of these measurements was repeated three times.  In the first set of experiments (dt1) the 278 

initial water temperature (t0) was warmer than the air temperature (ta): t0 - ta ~ 5 ˚C. The 279 

second set (dt2) has t0 slightly colder than ta: t0 - ta ~ -1 ˚C. In the third set (dt3) the water 280 

temperature was colder again: t0 - ta ~ -5 ˚C. The fan was at its fastest setting, about 3.5 m s
-1, 281 

7 knots  (u3 see Table II), for all six experiments (three temperatures and two stirring 282 

regimes).  283 

Secondly, we measured the water temperature for 15 min for each of the four available 284 

different airflows (u0 through to u4 in Table II) for an initial warm-water bucket temperature 285 

difference of t0 - ta ~ 5˚C  and under the strong stirring regime. Again, each set of 286 

measurements was repeated three times.   287 

3. Results and discussion 288 

In this section we describe the results of the comparison of temperature change measured in 289 

the laboratory and predicted by the models (3.1) for different degrees of mixing of the water 290 

sample (3.1.1 and 3.1.2) and for different airflows (3.1.3). Also we present here the results of 291 

the comparison with historical measurements in wind tunnels (3.2) made by Ashford (1948) 292 

and by Roll (1951). 293 

3.1 Comparison of temperature change measured in the laboratory and predicted by the 294 

models. 295 

3.1.1 Evolution of water temperature under strong stirring 296 
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Figure 4 shows the measured and modelled water temperature as a function of time for both 297 

the wooden and canvas buckets, for the range of three different initial water temperatures and 298 

also for the strong and weak stirring regimes (R Development Core Team, 2016). When the 299 

initial water temperature is warmer than ambient air temperature (set of experiments dt1) the 300 

water is cooled both directly and by evaporation. When the initial water temperature is 301 

slightly colder than the air temperature (set of experiments dt2) the water is warmed directly 302 

and cooled by evaporation. For these conditions the evaporation dominates and the water 303 

sample cools. When the water is significantly colder than ambient air (set of experiments dt3), 304 

the water is again being warmed directly and cooled by evaporation, this time with a net 305 

warming overall. As expected, the canvas bucket cools much more rapidly than the wooden 306 

bucket, despite their similar volumes. This feature is well reproduced in the model 307 

simulations. For both buckets the contribution of the uncertainty in the airflow (fan) speed 308 

explains a large portion of the overall model uncertainty: this is shown for each air-309 

temperature regime by the error bars on the right of the plot, which represent the 95% 310 

confidence level uncertainty at time = 15 min computed from the ensemble generated 311 

accounting for the wind uncertainty only. For the canvas bucket, the remaining uncertainty is 312 

mostly due to the variations in the ambient relative humidity and air temperature; on the other 313 

hand, for the wooden bucket the biggest contribution to the remaining model uncertainty is 314 

represented by the uncertainty in the thermal conductivity of the bucket walls. The model 315 

estimates for the wooden bucket underestimate the observed temperature change for the 316 

strong stirring regime (Figure 4a), although the experimental results are close to the limits of 317 

the estimated model uncertainty. However, the rate of temperature change increases over the 318 

first few minutes of the 15-minute sampling period in both the measurements and the model 319 

(shown for the model in the inset in Figure 4a). A simple picture of temperature change 320 
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would show a decreasing rate of temperature change over time as the water sample 321 

approaches equilibrium with its surroundings (as seen for the canvas bucket in Figure 4b). 322 

The model reproduces the measured behaviour well, and shows that the initial slow rate of 323 

temperature change is caused by the timescale for the conduction of heat through the walls of 324 

the wooden bucket. The water inside the bucket does not respond to the thermal forcing on 325 

the outside of the bucket until the temperature gradient within the bucket walls is established: 326 

once this occurs the temperature change of the water increases. In the 15-minute sampling 327 

period this effect dominates over the reduction in thermal forcing over time as the bucket 328 

sample reaches its equilibrium temperature. 329 

In contrast the canvas bucket with strong stirring (Figure 4b) shows the expected decrease in 330 

the rate of temperature change over time, as already noted, and again the measurements and 331 

the model show the same general behaviour, with the modelled and measured temperature 332 

change agreeing at the 95% confidence level, although close to the limit of the estimated 333 

uncertainty in our experimental setup. As noted by FP95 and Farmer et al. (1989) the 334 

temperature in the canvas bucket will eventually asymptotically reach an “effective wet-bulb 335 

temperature” when the evaporative cooling is balanced by the warming from the atmosphere 336 

(Folland, 1991). 337 

3.1.2 Evolution of water temperature under weak stirring 338 

The effects of weaker stirring are explored in Figures 4c and 4d. If the water is not well-339 

mixed the largest temperature changes will be expected near the water surface and the bucket 340 

walls. The temperature is measured in the centre of the bucket where a smaller temperature 341 

change would be expected, and this is what is observed. The observed temperature change 342 

under weak stirring is lower than under strong stirring and the measured temperature change 343 

for the wooden bucket remains in agreement with the model predictions under both low (set 344 
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of experiments dt2 and dt3) and high thermal forcing (set of experiments dt1: warm initial 345 

water temperature), although the model assumes well-mixed conditions. The time evolution 346 

of the temperature change is unsteady compared with the better-mixed case (compare Figure 347 

4a and 4c). For the canvas bucket, the difference due to reduced stirring is particularly 348 

noticeable for the high forcing case (dt1): here, an initial lower rate of temperature change is 349 

very obvious, similar to that observed for the wooden bucket and predicted by the wooden 350 

bucket model. This can again be explained by an initial setting up of temperature gradients in 351 

the water, in a similar way to the gradients established in the wooden bucket walls. As for the 352 

wooden bucket measurements, the weak stirring temperature change is unsteady. 353 

3.1.3 Effect of airflow 354 

The model heat exchange coefficients ht and he depend approximately on the square root of 355 

the airflow, since the incident flow is assumed to be non-turbulent. Figure 5 shows the 356 

observed bucket temperature (grey dots) at time = 5 min for the various air (fan) speeds and 357 

the values predicted by the model (shading) for the wooden (Figure 5a) and the canvas (5b) 358 

bucket for water ~ 5 ˚C warmer than air temperature. When the fan was turned on (u1- u3), 359 

for each bucket, the observed dependence on airflow is similar to that assumed in the model, 360 

although for the wooden bucket the observed temperature change is either close to or, for 361 

some experiments, lies outside the limits of the estimated uncertainty range, as in Figure 4a 362 

for dt1. On the other hand, when the fan was turned off (u0), for both buckets the modelled 363 

and the observed temperature change do not agree within the range of the estimated 364 

uncertainty (Figure 5). FP95 models assume a Reynolds number always larger than one: this 365 

means that the situation when there is no airflow around the bucket is very uncertain but the 366 

temperature change will be small in these conditions. Finally, our experimental setup means 367 
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that we cannot increase the speed of the airflow around the bucket beyond ~ 3.5 m s-1, and the 368 

uncertainty in the speed is large.  369 

 370 

3.2 Comparison with historical measurements in wind tunnels (Ashford 1948, Roll 1951). 371 

3.2.1 Ashford (1948) 372 

Measurements in a stronger airflow regime, about 9 m s-1, were made by Ashford (1948, 373 

hereafter Ashford) for 7 different buckets. The results were presented as the rate of change of 374 

water temperature in the first minute plotted as a function of the water temperature minus wet-375 

bulb temperature (∆twb). Plotted in this way buckets that evaporate strongly will show a 376 

curved relationship of temperature change with ∆twb due to the Clausius-Claperyon 377 

relationship. When the water temperature is varied at the same ambient air temperature, as is 378 

the case for all the measurements we consider here, the wet-bulb temperature will be constant 379 

and ea and ta (Equation 1) are also constant. ∆twb therefore varies linearly with variations in t, 380 

as does the direct heat exchange. However variations in e are non-linear and the relationship 381 

between temperature change and ∆twb will be non-linear if the effects of evaporation are 382 

important. In contrast, buckets where the direct heat exchange dominates over evaporation, or 383 

under conditions where the air is close to saturation, will show a close to linear relationship 384 

when plotted in this way. Figure 6 shows measured values (from runs dt1 to dt3 in Table II) 385 

obtained with strong stirring as a function of ∆twb (with wet-bulb temperature computed 386 

following the approach of Stull, 2011). The change of water temperature over the first minute 387 

exhibits different characteristic relationships with the ∆twb according to the bucket thermal 388 

capacity. Both the wooden bucket (Figure 6a) and the uninsulated canvas bucket (Figure 6b) 389 

are characterized by a non-linear relationship in the model, because of evaporation (through 390 

the top for the wooden bucket and through the sides for the canvas bucket). In the first minute 391 
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the measurements are nosier than our estimates of uncertainty, especially for the wooden 392 

bucket (Figure 6a). The measurements are fairly consistent with the model results for each 393 

bucket type but the non-linear relationship cannot be confirmed because of the noise. Also 394 

plotted in Figure 6b are the results from measurements with the same type of bucket by 395 

Ashford. The increased temperature change in the Ashford results is modest, despite the much 396 

greater airflow (~ 9 m s-1 cf. ~ 3.5 m s-1), and the measurements agree well with the model. 397 

These results extend the range of airflows over which the canvas bucket model has been 398 

tested, and suggest that the wind speed dependence in these experiments is reasonably 399 

predicted by the model. We note that the Ashford measurements for the canvas bucket were 400 

used by FP95 as validation, but that here we have assumed a smaller heat capacity for the 401 

bucket (by excluding the contribution of the bucket itself, based on Figure 3 as discussed in 402 

Section 2.1). However, the modelled rate of temperature change at one minute as a function of 403 

∆twb for each of these different choices of the effective mass remains consistent with the 404 

Ashford measurements under either assumption. 405 

The results presented by Ashford allow a comparison of the characteristics of a range of 406 

different bucket types and Figure 7 shows a selection of measurements reproduced from his 407 

Figure 2. Two types of bucket showed much greater temperature changes than the others: the 408 

canvas bucket as tested in the present study (Met Office Mk II) and the German scoop 409 

thermometer. A modern version of the German scoop is shown in Figure 1. The version tested 410 

by Roll (1951), and Ashford, is likely to be similar to this modern bucket. The capacity of the 411 

scoop is small (Table I) and it is mostly made of metal. A rubber buffer with an air cushion 412 

covers the sides. Older versions had a leather cover with felt filling, but we do not know 413 

which type was used by either Ashford or Roll (1951). The base is double-walled with cork 414 

insulation between. An integral thermometer, mechanically isolated to avoid breakage during 415 

Page 18 of 39Quarterly Journal of the Royal Meteorological Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

 19

use, means that the reading can be made immediately after hauling. Also plotted in Figure 7 416 

are results from the new bucket design in versions with, and without, a lid. These new buckets 417 

were designed to minimise temperature change and show much lower rates of temperature 418 

change for a given water - wet-bulb temperature difference. Ashford describes the new bucket 419 

as canvas, but it has a copper vessel inside, which makes it partially insulated. The curvature 420 

of the lines becomes much less apparent for these buckets that show progressively smaller 421 

temperature change. This would be expected if the new designs were particularly effective at 422 

reducing heat loss by evaporation. Ashford reports that the temperature change was little 423 

affected if the outside of the bucket was wet or dry (note the Mk II canvas bucket cannot be 424 

kept dry). However, it may be that the curvature is simply not visible over the noise in the 425 

measurements for buckets with small rates of temperature change.   426 

3.2.2 Roll (1951) 427 

The German scoop thermometer was also studied in a wind tunnel at a range of wind speeds 428 

by Roll (1951, hereafter Roll). The measurements of temperature change after 1 minute 429 

(∆t|1min) are presented in terms of a wind speed-dependent coefficient (β) and an equivalent air 430 

(θa) and water temperature (θb): 431 

∆t
1min

= β θa −θb( )
 (2) 

432 

θ is defined following Rössler (1948): 433 

θ = t + α e

p  (3) 
434 

to give: 435 

∆t
1min

= β ta − t( ) +
α
p

ea − e( )









 (4) 

436 

Page 19 of 39 Quarterly Journal of the Royal Meteorological Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

 20

where p is the atmospheric pressure [hPa] and α = 1560 [K]. Equation (4) is of similar form 437 

to Equation (1), if the small term for longwave radiation is neglected in the latter. We can 438 

then interpret the term β as a heat transfer coefficient. Figure 8a (measurements read from 439 

hand drawn Figure 2 in Roll) shows the wind speed dependence of β for the scoop, from 2 m 440 

s-1 to 19 m s-1. Roll's results show a much stronger airflow dependence of β, (a power greater 441 

than 1), than that shown by the FP95 model (an approximate square-root dependence) which 442 

is tentatively confirmed for the canvas bucket by our measurements and those of Ashford 443 

(Figure 6b). Either an FP95-type model is not appropriate for the interpretation of Roll's 444 

measurements, or these measurements taken at higher wind speeds are indicating a stronger 445 

airflow dependence than the model, and also the canvas bucket measurements (both those of 446 

Ashford and our laboratory measurements). 447 

The time evolution of the water temperature measured by Roll over the first 10 minutes is 448 

shown in Figure 8b for each of 8 different wind speeds and an air-water temperature 449 

difference of -10˚C. The values plotted were read from Figure 1 in Roll: the original graph 450 

consists of hand drawn lines. Unfortunately Roll does not provide much information about the 451 

conditions under which the measurements were made. A small increase in the rate of 452 

temperature change over time is apparent at lower airflow speeds (2-8 m s-1), as was seen with 453 

the wooden bucket, which might indicate that the behaviour of the scoop is comparable to the 454 

wooden bucket. There also seems to be some separation between the measurements taken at 455 

lower airflow speeds and those at higher speeds (10-19 m s-1), which might indicate that 456 

conditions had changed over the course of the experiment. 457 

One explanation for the stronger wind speed dependence might have been due to β   having 458 

been estimated from measurements taken after one minute. At the start of exposure to the 459 

atmosphere, partly-insulated buckets take time to establish temperature gradients within the 460 
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bucket walls (see Figure 4a) and if the timescale for this process depends on the airflow, 461 

which seems reasonable, then aliasing of this signal might cause an apparent increase in 462 

β  with airflow. This was investigated (noting that the ambient environmental conditions are 463 

uncertain) but β as estimated from Figure 8b shows strong wind speed dependence throughout 464 

the first 10 minutes. 465 

Despite the uncertainties around the Roll measurements it seems clear that the airflow 466 

dependence of temperature change measured in the wind tunnel is greater than that predicted 467 

by the FP95 model, which predicts an approximate square-root dependence (Kent et al., in 468 

prep.). Whilst the dimensions, design and thermal properties of the scoop are rather different 469 

than those of the wooden bucket, all of these differences could be accounted for, and the wind 470 

speed functional dependence would remain similar.  471 

FP95 assume that the incident flow is laminar. They note that turbulence in the incident flow 472 

would increase the heat transfer coefficient, and further note that turbulent incident flow was 473 

likely for measurements made on a ship. It is also likely for our measurements in the lab, and 474 

for the two sets of wind tunnel results, but the intensity of turbulence for each of these sets of 475 

measurements is unknown. At the higher wind speeds measured by Roll the incident flow 476 

would certainly have been turbulent and his stronger speed dependence could potentially be 477 

explained by an increasing intensity of turbulence with wind speed giving an increased heat 478 

transfer coefficient (Lowery and Vachon, 1975). This means that comparing measurements 479 

made in different wind tunnels, and even at different flow speeds within the same wind tunnel 480 

is difficult, and will reduce the confidence with which any derived heat exchange 481 

characteristics can be applied to measurements at sea where the intensity of the turbulence is 482 

always unknown. 483 

4. Summary and Conclusions 484 
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Tests in the laboratory show that the FP95-type models used to estimate the biases in bucket-485 

derived SST measurements work well, when conditions are similar to those assumed in the 486 

models. At the range of airflows tested (a maximum of ~ 3.5 m s-1), the model for the canvas 487 

bucket predicted a temperature change within the estimated experimental uncertainty for a 488 

range of air-water temperature differences (Figure 4) and airflow speeds (Figure 5). For the 489 

wooden bucket, although close to the limit of the estimated uncertainty, the model slightly 490 

underestimates the observed temperature change. We conclude that the models are able to 491 

reasonably reproduce the temperature change measured for the two buckets. The model 492 

simulations helped us to understand an observed initial period of reduced temperature change 493 

for the wooden buckets (Figure 4a). This was caused by the time taken for heat to be 494 

conducted through the bucket walls, an effect included in the wooden bucket model. 495 

However, the assumptions made in the model derivation may in practice be rather limiting. 496 

Our measurements showed that if the sample is not vigorously stirred, then the temperature 497 

change will be much lower than when the water is well-mixed, particularly when the rate of 498 

temperature change is large. This was particularly obvious for the canvas bucket filled with 499 

water substantially warmer than the ambient air temperature (Figure 4d). 500 

However, the assumptions made in the model derivation may in practice be rather limiting. 501 

Our measurements showed that if the sample is not vigorously stirred, then the temperature 502 

change will be lower than for well-mixed conditions as assumed by the models, particularly 503 

when the rate of temperature change is large. This was particularly obvious for the canvas 504 

bucket filled with water substantially warmer than the ambient air temperature (Figure 4d).  505 

We reviewed the results of some previous measurements of temperature change for a range of 506 

different bucket types taken in wind tunnels (Ashford 1948; Roll 1951). Ashford made 507 

measurements using the same canvas bucket used in this study, but at a substantially higher 508 
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airflow speed (~ 9 m s-1). The temperature change for a given thermal forcing (defined as the 509 

water temperature minus wet-bulb temperature, ∆twb) was only slightly larger than that 510 

measured in the lab at ~ 3.5 m s-1 (Figure 5b), suggesting that the approximate square-root 511 

dependence of the heat transfer on airflow speed used by FP95 was reasonable. This modest 512 

airflow dependence was however not supported by the results of Roll, who made 513 

measurements for a single bucket type (the German scoop, Figure 1) at a wide range of wind 514 

speeds. Roll's results showed a much larger increase in heat transfer with airflow, a 515 

dependence stronger than linear. A possible reason for such inconsistency in the airflow 516 

dependence of heat exchange was suggested by FP95: they note that any turbulence in the 517 

incident flow will act to increase their heat exchange coefficient. The strong increase in 518 

temperature change observed by Roll with increasing airflow could reasonably be explained 519 

by an increase in the turbulent intensity of the incident flow with airflow. This explanation 520 

however leads to the problematic conclusion that any estimates of heat transfer coefficients 521 

will be affected by the particular circumstances of the experimental, or shipboard, conditions. 522 

Ashford took measurements of temperature change in a range of different bucket types. His 523 

results clearly showed a wide range of different heat exchange characteristics (Figure 7), as 524 

did our measurements for wooden and canvas buckets (Figure 6). The heat exchange 525 

characteristics are broadly predictable for each bucket type and depend on the geometry, size 526 

and degree of insulation.  527 

The FP95 formulation is fairly straightforward to adapt for different bucket types. The 528 

cylindrical bucket geometry can be specified, as can the degree of insulation of the bucket 529 

walls. Modern buckets for which the outer surface would not remain wet could be modelled 530 

by setting  fe < ft in Equation 1. The heat transfer coefficients he and ht are formulated based 531 

on a Nusselt number. There are empirical formulations for the Nusselt number that are likely 532 
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to be applicable in a wider range of conditions (e.g. Churchill and Bernstein, 1977). However 533 

the problem of unknown intensity of turbulence in the incident flow, and how that turbulence 534 

might depend on local obstacles for any particular measurement, remains. Despite this, the 535 

models might be expected to be effective at estimating the relative rates of temperature 536 

change for different types of bucket. 537 

We need to consider the impact of our conclusions on the FP95-derived bias adjustments used 538 

in HadISST, HadSST3 and COBE-SST2. FP95 were well aware of the difficulties associated 539 

with quantifying biases in historical SSTs and attempted to design their bias adjustment 540 

methodology to be robust to the uncertainties they identified. FP95 conclude that their bias 541 

adjustment fields are "fairly insensitive to uncertainties such as the size of the bucket or the 542 

details of its exposure on deck". This is because the parameters assumed to be characterized 543 

by the largest uncertainty in the model (i.e. the mix of bucket types and the assumed exposure 544 

time for uninsulated canvas buckets) are estimated such that the internal consistency of the 545 

observations is improved. The mix of bucket types (wooden or canvas) is calculated to 546 

improve the agreement between the adjusted SST and NMAT anomalies in the Tropics 547 

(FP95) and the exposure time for canvas buckets is adjusted to give more similar seasonal 548 

cycles before and after World War 2. The resulting adjustment fields are only weakly 549 

dependent on the highly uncertain airflow around the bucket, and show a much stronger 550 

dependence on the water temperature minus wet-bulb temperature (Kent et al., in prep.). 551 

Constraining the uncertain parameters in FP95 models to improve the internal consistency of 552 

the data leads to reasonable large-scale estimates of the biases in historical SST bucket 553 

observations (Kent et al., 2016).  554 

We conclude therefore that new measurements of temperature change of water samples in 555 

buckets made onboard ships at sea would be more valuable than additional measurements 556 
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made, for example, in wind tunnels. However, it would be challenging to make enough 557 

measurements with different types of buckets, in different environmental conditions, and in 558 

differently-exposed locations on different types of ships to fully explore the dependencies. 559 

None of the measurements discussed in this paper consider the effects of solar radiation, but 560 

we note that the effect of solar radiation on bucket measurements made at sea is detectable 561 

and can be used to distinguish between observations made using buckets and those from other 562 

methods such as engine-room intakes (Carella et al., in prep). 563 

A good approach to estimating bias adjustments for historical bucket measurements would be 564 

to directly estimate the adjustments from the observations themselves, guided by the 565 

dependencies shown by the physically-based models. From our results, and those of Ashford, 566 

Roll, and Kent et al. (in prep.) we conclude that the adjustments are likely to be strongly 567 

dependent on (∆twb), as are the FP95-derived fields used by HadISST, HadSST3 and COBE-568 

SST2. The relationship between temperature change and ∆twb will be scaled depending on 569 

bucket type and will vary with measurement protocols (relating to the way the measurement 570 

was made - including how quickly - and whether the bucket was sheltered from the sun or the 571 

wind and whether the sample was well-mixed). On a secondary level, the temperature change 572 

will also depend on ambient conditions not related to ∆twb (including airflow speed, the 573 

intensity of turbulence in incident flow, and solar radiation). Such approaches have not been 574 

explored in the past but are now possible because of a much increased number of observations 575 

(Freeman et al., 2016), improved metadata (Carella et al., 2015) and increased computer 576 

capacity. 577 
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Tables 679 

 680 

Bucket 
type 

 Bucket 
material 

 Water  
level [m] 

 Diameter 
(inner) [m] 

 
Thickness 
[mm] 

 
Bucket 

volume [l] 
 Bucket mass  

(wet & empty) [kg] 

Wooden   Oak  0.176  0.218  16  6.6 
 3.30 

Mk II 
canvas  

 
Mixed  0.194  0.178 

 
- 

 
4.8 

 
2.91 

German 
scoop 

 
Mixed 

 
0.116 

 
0.097 

 
13 

 
0.9 

 
3.35 

Table I. Structural characteristics of the buckets discussed in this study. 681 

Experiment 
type 

 Bucket type  Stirring type  t 0 − t a[˚C]  Fan speed [m s-1] 

dt 1  Wooden & Canvas  Strong &Weak  ~ 5   3.53 ± 0.49 

dt 2  Wooden & Canvas  Strong & Weak  ~ -1  3.53 ± 0.49 

dt 3  Wooden & Canvas  Strong & Weak  ~ -5  3.53 ± 0.49 

u 0  Wooden & Canvas  Strong  ~ 5  0.05 ± 0.02 

u 1  Wooden & Canvas  Strong  ~ 5  2.17 ± 0.37 

u 2  Wooden & Canvas  Strong  ~ 5  2.88 ± 0.44 

u 3  Wooden & Canvas  Strong  ~ 5  3.53 ± 0.49 

Table II. Summary of each experiment. The table reports the bucket type, the stirring type, 682 

the approximate water temperature at time = 0 min minus the ambient air temperature t0 – ta 683 

[˚C] and the fan speed [m s-1] for each experiment. The uncertainty in the fan speed is 684 

reported at one standard deviation. For model simulations when the fan was turned off (u0) a 685 

small airflow speed (0.05 m s-1) was assumed to be consistent with the measured fluctuations 686 

(standard deviation 0.02 m s-1). For an extended summary see Table A1 in the Appendix.  687 
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Appendix 688 

Experiment 

type  
 
Bucket 
type 

 
Stirring 
type 

 R  [%]  t a [˚C]  t 0 [˚C]  t 0 − t a [˚C] 

dt 1  Wooden  Strong  60.1 ± 0.1  20.77 ± 0.07  25.09 ± 0.20  4.32 ± 0.21 

dt 2  Wooden  Strong  71.9 ± 0.2  20.95 ± 0.07  19.38 ± 0.04  -1.57± 0.08 

dt 3  Wooden  Strong  71.1 ± 2.1  21.01 ± 0.15  15.63 ± 0.13  -5.38 ± 0.20 

dt 1  Wooden  Weak  59.0 ± 0.9  20.85 ± 0.13  25.27 ± 0.14  4.42 ± 0.20 

dt 2  Wooden  Weak  72.0 ± 0.9  21.14 ± 0.25  19.39 ± 0.00  -1.75 ± 0.25 

dt 3  Wooden  Weak  72.7 ± 0.3  21.04 ± 0.07  15.69 ± 0.15  -5.35 ± 0.17 

u 0  Wooden  Strong  56.9 ± 0.4  22.15 ± 0.15  25.04 ± 0.09  2.89 ± 0.18 

u 1   Wooden  Strong  61.7 ± 0.9  21.07 ± 0.18  25.04 ± 0.05  3.97 ± 0.19 

u 2  Wooden  Strong  70.9 ± 0.3  20.65 ± 0.12  25.05 ± 0.07  4.40 ± 0.14 

u 3  Wooden  Strong  60.1 ± 0.1  20.77 ± 0.07  25.09 ± 0.20  4.32 ± 0.21 

dt 1  Canvas  Strong  69.5 ± 0.9  20.96 ± 0.17  25.00 ± 0.13  4.04 ± 0.22 

dt 2  Canvas  Strong  64.3 ± 0.6  20.70 ± 0.08  19.27 ± 0.10  -1.43 ± 0.13 

dt 3  Canvas  Strong  63.5 ± 0.6  20.93 ± 0.21  15.67 ± 0.07  -5.26 ± 0.22 

dt 1  Canvas  Weak  60.2 ± 0.0  20.75 ± 0.07  25.01 ± 0.05  4.26 ± 0.09 

dt 2  Canvas  Weak  64.9 ± 0.4  20.77 ± 0.22  19.34 ± 0.07  -1.43 ± 0.23 

dt 3  Canvas  Weak  64.2 ± 0.6  20.84 ± 0.05  15.56 ± 0.14  -5.28 ± 0.15 

u 0  Canvas  Strong  68.0 ± 1.3  22.10 ± 0.12  25.08 ± 0.11  2.98 ± 0.17 

u 1  Canvas  Strong  70.6 ± 0.6  21.31 ± 0.21  24.83 ± 0.11  3.52 ± 0.24 

u 2  Canvas  Strong  71.1 ± 0.3  20.93 ± 0.08  24.95 ± 0.09  4.02 ± 0.12 

u 3  Canvas  Strong  69.5 ± 0.9  20.96 ± 0.17  25.00 ± 0.13  4.04 ± 0.22 

Table A1. Extended summary of each experiment. R: relative humidity [%], ta : ambient air 689 

temperature, t0 : water temperature at time = 0 min [˚C]. The experiment corresponding to 690 

each row in the table was repeated three times and was run for 15 min: the relative humidity 691 

and the ambient air temperature represents the mean over 15 min and all the repetitions; the 692 

water temperature at time = 0 represents the mean over all the repetitions. The uncertainty in 693 

each variable is reported at one standard deviation. 694 

695 
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Figures 696 

 697 

Figure 1 (a) wooden bucket; (b) canvas bucket; (c) German scoop (modern version). 698 
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 699 

Figure 2. Illustration of the experimental setup: (a) precision thermometer (F250); (b) air 700 

temperature and relative humidity probe (Vaisala); (c) PC used for logging; (d) plastic bin 701 

(containing clean, freshwater) used to soak the buckets; (e) fan; (f) automatic stirrer; (g) 702 

power generator for the automatic stirrer; (h) hanging scale. 703 
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 704 

Figure 3. Thermal pictures taken at 5-minute intervals of the Met Office Mk II canvas bucket 705 

(Figure 1) filled with warm water hung in front of a fan positioned to the right in these 706 

images. The bucket is not stirred and the lid is shut. 707 
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 708 

Figure 4. Measured (black lines) and modelled (pink shading) evolution of the water 709 

temperature over time. Shaded regions represent model uncertainty at 95% confidence level. 710 

Also shown is the wind speed only contribution to the model uncertainty at time = 15 min 711 

(red bars). Each panel shows three sets of measurements with different initial water 712 

temperatures. dt1: water ~ 5˚C warmer than ambient air temperature; dt2:  water ~ 1˚C colder 713 

than ambient air temperature; dt3: water ~ 5˚C colder than ambient air temperature. (a) time 714 

evolution of water temperature – initial water temperature for wooden bucket, strong stirring. 715 

Inset shows expansion of first 3 minutes for dt1; (b): as (a) but for canvas bucket, strong 716 

stirring; (c) as (a) but for weak stirring; (d): as (b) but for weak stirring.  Fan speed of ~ 3.5 m 717 

s-1 throughout. 718 
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 719 

Figure 5. Measured (dots) and modelled (dotted line and red shading) water temperature at 720 

time = 5 min as a function of the air (fan) speed for t0 - ta ~ 5˚C. Lines represent the median of 721 

the model output; shaded regions represent uncertainty at 95% confidence level in the model 722 

output. (a) wooden bucket, strong stirring; (b) canvas bucket, strong stirring.  Note change to 723 

y-axis scales. 724 
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 725 

Figure 6. Measured (dots) and modelled (dotted line and red shading) rate of change of water 726 

temperature at time = 1 min as a function of the water temperature minus wet-bulb 727 

temperature difference. Also shown is the measured (stars) and modelled (solid line and blue 728 

shading) rate of change for the Ashford (1948) results with the Mk II Met Office bucket. 729 

Lines represent the median of the model output; shaded regions represent uncertainty at 95% 730 

confidence level in the model output. (a) wooden bucket, strong stirring; (b) canvas bucket, 731 

strong stirring. Fan speed of ~ 3.5 m s-1 throughout. Note change to y-axis scales. 732 
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 733 

Figure 7. Reproduction of Ashford (1948) results, values have been read from Figure 2 in 734 

Ashford (1948). The plot shows the rate of change of water temperature at the first minute as 735 

a function of the initial water temperature minus the wet-bulb temperature for the German 736 

scoop (red squares), the Mk II Met Office canvas bucket (blue stars), the new canvas bucket 737 

(pink diamonds) and the new canvas bucket without the lid (dark blue triangles). Here the 738 

lines represent polynomial fit to the data, while in the original figure the lines were hand 739 

drawn. 740 
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 741 

 742 

Figure 8. Reproduction of Roll (1951) results, values have been read from Figure 1 and 2 in 743 

Roll (1951). (a): β, Equation (2) as a function of airflow speed. (b): temperature change over 744 

10 minutes at 8 different airflow speeds (as annotated for each line, m s-1). Values were read 745 

from the original figures every minute.  746 
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