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Abstract 

Influence of NDBC Buoy Design on Sea Surface Temperature Trends in the Coastal 

United States 

Author: Alexander Keith Nickerson 

Advisor: George A. Maul, Ph. D. 

The sea surface temperature (SST) record is the one of the oldest climate records, 

stretching back to 1662.  Since that time, voluntary observing ships (VOSs) have been 

including these data in their ship‘s log.  Due to the sparseness of VOS data, moored buoys 

were created to provide data at regular intervals in order to provide a more continuous 

record with data collection unaffected by human error.  The SST sensor in National Data 

Buoy Center (NDBC) buoys is inside a hull and not in direct contact with the ocean.  Thus, 

the design of the buoy may subject them to additional biases from environmental 

influences.  There are over 100 moored buoys maintained by the NDBC but only the 15 

NDBC buoys with the most complete record were selected for analysis in comparison with 

VOS data within a 1°x1° box centered on the buoy.  The Hampel filter was used to smooth 

the outliers without losing degrees of statistical freedom.  Six of the VOS/buoy data pairs 

showed a statistically significant (p < 0.05) difference between the buoy and VOS records.  

Analysis of the SST record showed that there were many large (>= 10 days) gaps and non-

physical anomalies (e.g. a 5°C change between measurements) in the buoy SST record.  

Removing the affected data results in a data set that is too small to use in effective climate 

analysis.  In most of these boxes, the record will need another 10-15 years to be long 

enough for use in such studies, but in the more recently deployed buoys the wait will be 

much longer. 
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Chapter 1 

Introduction 

Historical background 

For centuries, ship‘s logs have included sea surface temperatures (SSTs).  In recent 

years, these accounts have proven to be a precious record of surface data for 

studying long-term SST trends across the globe.  Buoys began to be used as a 

more reliable method of collecting SSTs in the 1950s and have since become an 

important technique of data collection.  In 1981, the National Climatic Data Center 

(NCDC), National Center for Atmospheric Research (NCAR), National Oceanic 

and Atmospheric Administration (NOAA), and the Cooperative Institute for 

Research in Environmental Sciences (CIRES) began a group project to collect all 

sea surface data and package it in a public database, known as the Comprehensive 

Ocean-Atmosphere Data Set, or COADS (Slutz et al., 1985).  These data were 

available in 2
o
 latitude x 2

o
 longitude boxes for the period 1854-1979.  The 

database later expanded to make post-1960 data available in 1
o
 x 1

o
 boxes 

(Woodruff et al., 1998).  COADS is now known as ICOADS (the ‗I‘ stands for 

International) via the inclusion of data from other countries and continues to serve 

as a storehouse of sea surface data for scientific and public use. 

 

In the years since 1985, much research has been done using SST data.  Lazarus et 

al. (2007) used the SSTs measured by NDBC buoys to bias correct observations 

from Geostationary Operational Environmental Satellite (GOES)-East and the 

Moderate Resolution Imaging Spectroradiometer (MODIS).  Vose et al. (2012) did 
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a study to combine SSTs with land surface temperatures and gave buoy 

observations six times as much weight as coincident VOS reports to compensate 

for errors in measurement and location.  Maul and Sims (2007) combined 

COADS, tide gauge, and Historical Climatology Network data to quantify 

Florida‘s coastal sea and air temperature change, and could not reject the null 

hypothesis of no statistically significant trend.  SST anomalies were reconstructed 

by Smith and Reynolds (2004) with the requirement of at least three 2° x 2° 

superobservations (―defined as the average  of  all  input  data  over  a  given  grid  

box  for  a given  month‖) for a 10° x 10° box, and annual averages were 

computed as long as there were four monthly averages.   

 

The buoy record has consistently been the most commonly used SST record 

because of the high temporal resolution that these provide.  They can be deployed 

and left so long as they continue transmitting accurate readings and remain on their 

moorings.  With hundreds of these stations worldwide, the amount of data is 

invaluable.  There are various constructions used in these stations, but the 

construction of the NDBC buoys may be problematic.  The NDBC buoys have 

their thermistors inside a hull without direct exposure to the water.  Is such an 

indirect method of measurement not also subject to various biases from the 

construction of the buoy? 

Modern Context 

The problems that arise in the SST record are of a systematic nature: no one 

instrument measures the temperature with fine precision and accuracy.  Buoys, 

voluntary observing ship (VOS), and satellites alike have sources of error that can 

both arise from operator error as well as systematic error.  Among these are heat 

loss due to diffusion, flux from gradients between the water and the air, and 

improper equipment calibration.  These errors must be adjusted to create cohesive 
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and consistent data when studying trends.  Reynolds et al. (2002) used globally 

averaged data and from that found the VOS data had the highest error and thereby 

gave it less weight in compiling the Optimum Interpolation Sea Surface 

Temperature Version 2 (OISST.v2); this was to minimize the effects of the greater 

variance of the VOS data.  Kennedy et al. (2011) found that ship measurements 

taken with collocated buoy measurements at dawn had a mean difference of 

+0.12°C; this study attempted to resolve some of these biases, but the nature of the 

biasing makes understanding the sources of the bias difficult.  

 

 There are many sources of biasing, and these are dependent on various factors, 

including instrument design, implementation, and local factors (Kent et al., 2010), 

saying, ―Changes in buoy hull types, payloads, sensor types, and locations are not 

currently well documented for the historical record.  The availability of such 

metadata would improve the utility of the moored buoy SST record for climate 

change detection and research.‖  Reynolds and Chelton (2010) subtracted 0.148°C 

from the VOS SSTs to bring it to the same level as the buoy SSTs and allow for 

easier combination of the two datasets. 

Statement of the Problem 

The problematic assumption in all this is that of the accuracy of the buoy over the  

VOS, and it is found in studies that utilize VOS data.  Studies have been done to 

show the biases of various instruments, including bucket thermometers and buoys.  

Is the buoy record as accurate as it is claimed to be?  Is it incorrect to assume that 

SSTs can be rectified by correcting other instruments relative to the moored 

NDBC buoys?  Are there temporal or systematic biases associated with it?  The 

purpose of this study is to investigate the SST record and determine whether the 

biases in the buoy records may be affecting either the record of SST trends or even 

assumptions about ocean temperatures in general. 
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Chapter 2 

Instrumentation Design 

The buoys used by the NDBC range from 3 to 12 meters in diameter.  The buoys 

have a reported accuracy of ±1.0
o
C (Kohler, 2014), which is in contrast to 

statements by Reynolds et al. (2002) and Reynolds et al. (2007) that the buoy error 

is only ±0.5°C.  The SST thermistor is between 1-4 m away from the inside of the 

hull and not in direct contact with it.  Therefore, heat from the water must travel 

some distance in air to reach the temperature sensor (Figure 1).  The thermistor sits 

between 0.6 and 1.1 m below the waterline inside the buoy‘s hull (National Data 

Buoy Center, 2012).   

 

Many VOS bucket thermometers are accurate to ±0.05°C, though most are only 

reported at ±0.1°C (Tabata, 1978a).  Tabata (1978b) says that this error is slightly 

larger at ±0.15°C; this study further found errors of ±1.16°C for engine intake 

temperatures.  For buoys, tests showed they were accurate within ±0.2°C (Tabata, 

1978b), which also contradicts the NDBC‘s (2014) reported accuracy.  Folland and 

Parker (1995) studied the heat losses from the buckets such as those used by ships 

and concluded that the error is a geographic and temporal variable and created a 

bias correction for VOS data collected from 1900-1941.  In all this, it must be 

considered that this is merely the instrumentation error assuming proper and 

consistent methods for the instrument and that these methods are heavily affected 

by ambient weather conditions.  Nevertheless, the common assumption is that the 

buoy temperature is closest to the actual water temperature. 
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The bias in these instruments is a subjective matter with both VOS and moored 

buoys providing long term records that can be combined with other modern 

(satellite) or sparse (drift buoys) data sets.  This further necessitates an 

examination of the SST records in order to determine the sources of each bias and 

attempt to rectify the differences between VOS and buoy measurement methods.  

 

 

Figure 1 — Above: Left, example of NDBC moored 3-meter discus buoy with 

approximate location of thermistor circled (blue); right, enlarged image of 

instrumentation with thermistor circled (black).  Images credited to the 

NDBC.  Below: example of a bucket thermometer 
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Chapter 3 

Initial Analysis   

Data Collection 

The data collected for the buoys themselves were taken from the NDBC.  This was 

done for 108 buoys (plus several others) that had data quality issues discussed 

later.  Buoys had to have at least three complete years of data to be used (to be able 

to calculate standard deviation).  For each buoy, the latitude and longitudes were 

recorded.  The data for the SSTs came from the ICOADS database at the National 

Center for Atmospheric Research (NCAR).  The years selected were 1974 to the 

present in order to be consistent with the buoy record.   

 

All data were examined for errors (e.g. missing or corrupt data).  The first phase is 

to eliminate years of data that did not meet the threshold.  If there were 10+ 

consecutive days without valid data, the entire year of data was removed to rule 

out all possibilities of biasing the data in this regard.  The second phase was to 

rectify the data, mostly because the NDBC data sets (1) added extra measurements 

starting in 1999, and (2) to compensate for the addition of minutes to the time 

stamps beginning in 2005.  At this phase, all other invalid measurements (the 

system maximizes those to 999.0°C) were removed; these errors are typically the 

result of sensor failure.  The third phase was to compute the annual averages and 

total unweighted averages for the entire data record within that 1°x1° box. 

. 
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Slutz et al. (1985) say, ―Individual observations were retained in report form but 

flagged during this second quality control process if they fell outside 2.8 or 3.5 

(trimmed from statistics) estimated standard-deviations about the smoothed 

median applicable to their 2° latitude x 2° longitude box, month, and 56-, 40-, or 

30- year period (i.e., 1854-1909, 1910-1949, or 1950-1979).‖  This was changed to 

4.5 standard deviations by Woodruff et al. (1998) in response to findings by 

Wolter et al. (1989) and Wolter (1997), who found that the 3.5 standard deviation 

limits were too strict and trimmed much data from strong El Niño Southern 

Oscillation (ENSO) events .   

 

The 1°x1° degree boxes were created around the buoy with the box centered on the 

buoy, creating 110 boxes of SST data to complement the 110 boxes of buoy SST 

data; this contrasts the more common method of basing the boxes on lines of 

latitude and longitude.  In some boxes, there were only a small handful of 

measurements taken besides those from the buoy.  To compensate, years that had 

fewer than 150 measurements were removed from the record for that box due to 

the sparseness of the data.  The annual averages within the box were computed 

using weighted means (discussed in Chapter 5).   

 

Through these procedures, two data records in a similar format were created in 

ways that the same mathematical methods may be used on both data sets.  From 

here, the NDBC buoy data sets shall be referred to as ―buoy‖, and the ICOADS 

data of VOS observations and drift buoys will be forthwith referred to as ―VOS.‖ 

Overview 

Tropical Ocean-Global Atmosphere /Tropical Atmosphere Ocean (TOGA/TAO) 

buoy data were not used in this study.  While the data has been collected over a 

long enough period (since the early 1990s) at a high resolution (as high as 1 
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measurement/minute in some locations), the buoys do not have a similar 

construction to the NDBC buoys, although the TAO buoys are also managed by 

the NDBC.  The SST sensor on these is located approximately 1 m below the buoy 

along the anchor line; this sensor is exposed to the water. 

 

All data were put through several analyses.  The slopes, the standard error in the 

slope, the R², and the Y-intercept of the data were calculated on a box-by-box 

basis, and figures were made for each of the boxes, for both the buoy and VOS 

temperatures.  Figures were used to create a visual representation of the data. 

 

Figure 2 — Locations of buoys used in this study 

Buoy Number 41009 41010 42001 42003 42035 

Lat (°N),  
Lon (°W) 

28.522, 
80.188 

28.903, 
78.464 

25.888, 
89.658 

26.007, 
85.648 

29.232, 
94.413 

Buoy Number 44008 44009 44013 46005 46013 

Lat (°N),  
Lon (°W) 

40.503, 
69.248 

38.461, 
74.703 

42.346, 
70.651 

45.958,  
131.000 

38.242, 
123.301 

Buoy Number 46014 46025 46026 46028 46042 

Lat (°N),  
Lon (°W) 

39.235, 
123.974 

33.749, 
119.053 

37.755, 
122.839 

35.748, 
121.884 

36.791, 
122.452 

Table 1 — Coordinates of buoys used in this study 
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The number of complete years of data that passed the quality control was recorded, 

and the boxes with more than 20 years of complete records were set aside.  These 

15 boxes (see Figure 2 and Table 1) were to be put through several more analyses.  

The 15 boxes were graphed not only for the annual mean temperatures but also for 

the total temperature cycle for individual measurements; in addition, overlay charts 

were created with both data sets plotted together.  T-tests and significance tests 

were done on the data series to determine if there was a statistical relation between 

the set of VOS SST data from ICOADS and buoy SST data from the NDBC.  A 

simple flowchart of the steps followed can be seen in Figure 3. 

 

Figure 3 — Breakdown of steps followed in performing initial analysis 

The common years were set aside to reduce the potential biases that could result in 

the record.  The presence of a year with a strong anomaly (e.g. El Niño or La 

Niña) in one record without the corresponding year being present in the other 

could create errors in statistical analysis.  The increased accuracy in the 

calculations from this is restricted by the reduced degrees of freedom. 
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Chapter 4 

Analysis   

Initial steps 

The data needed to be separated in a way in order to eliminate any biasing arising 

from major differences in the data sets.  To meet this end, the ICOADS 1°x1° 

dataset was used, with the VOS data filtered to create boxes centered on the buoy.  

After the data refinement procedures, further restrictions were put in place, 

specifically that only the years that had both buoy and VOS data would be used.  

All these restrictions reduced temporal biasing and biasing from climatic features 

with longer time scales, such as the ENSO. 

 

The data, once organized by box and put through the QC, were analyzed 

statistically for the sample 15 boxes that had 15+ years of data in both the buoy 

and the VOS record.  The slope, Y-intercept, slope error, and R² were computed 

for both data sets, filtered and unfiltered.  T-tests were computed to compare all 15 

data pairs, and there was a statistically significant (p < 0.05) difference between 6 

of the pairs.  Six of the buoy trends and two of the VOS trends were negative; this 

is in contrast to three of the VOS trends for the unfiltered data sets.  In addition, in 

six of the boxes, the slopes of the trends had opposite signs.  In the VOS and buoy 

records, there were just 5 statistically significant (p<0.05) trends after filtering.  

This suggests that there are significant biasing factors beyond standard error in 

potentially both the data sets.  
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Filtering the Data 

The use of a median filter, of which the Hampel filter is but one type (Hampel, 

1974; Pearson et al., 2015), is also done by Smith and Reynolds (2003).  The 

Hampel filter works to remove local outliers by taking a local average (k) and 

number of standard deviations (t) based on chosen values (Hampel, 1974) and 

removing values outside the ±tσ (σ is the standard deviation) range relative to the 

local average and replacing it with the local average.  The selection k = 48 was 

made based on the diurnal cycle and that most buoys measure hourly; the standard 

deviation of t = 2.0 was chosen because increased strictness of the filter (Pearson 

et al., 2015) at 95%.  This filter works even in the case of data with gaps.  An 

example of the effects of filtering is shown in Figure 4.

 

Figure 4 — Buoy time series before (left) and after (right) filtering 

The filtering of the data is one of the most important considerations made in this 

study.  In evaluating the data, many values are clearly biased, whether from 

improper data entry or improper methods used in the measurement.  In many 

cases, there will be temperatures varying by more than 10°C in either (a) 
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measurements taken just a few hours apart, or (b) simultaneous measurements 

taken in close proximity to each other. 

Results 

The largest positive slope in the data set is 0.14°C/yr in VOS box 44013 

(42.346°N, 70.651°W), while the largest negative is -0.03°C/yr in VOS box 42035 

(29.232°N, 94.413°W).  Standard deviations among all VOS SST averages range 

from ±0.56°C to ±2.26°C; in the buoy record, the range is much smaller with a 

range of ±0.28°C to ±0.78°C.  Worthy of note is that the buoy measurements 

outnumber the VOS measurements (noting again here that the VOS record in this 

paper also includes drifting buoys) by a factor of greater than 8:1.  The 

NDBC41009 (28.522°N, 80.188°W) record alone has nearly as many 

measurements as the entire set of VOS data. 

 

Figure 5 — Plots of SST trends for box 41010 (left) and 46026 (right) 

As can be seen in Figure 5, the trends in the boxes can vary in multiple ways.  In 

box 41010 (left), the slopes are both positive, but the VOS slope is much steeper 

than the buoy slope.  In the case of box 46026 (right), the two trends have slopes 
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with opposite signs.  In the latter case, the trends were found to be statistically 

different.   

Biasing 

In the VOS record, small as it is relative to the buoy record, there are two main 

groups of observations, ship observations and drifting buoys.  The ship 

observations include the four most common methods: bucket thermometer, hull 

contact probes, and engine intake temperature (Kennedy et al., 2011).  There are a 

few errors associated with the engine intake method, particularly that the 

thermistor is subject to warping over time and that intake near the engine may be 

conductively heated (Kent et al., 2010; Reynolds et al., 2002).  SSTs measured by 

hull contact and engine intake are further affected by variations in depth, as the 

location of the probe and/or the intake inlet vary from vessel to vessel (Kent et al., 

2010).  Bucket thermometers are subject to loss or gain of heat between sample 

collection and temperature recording and losses and gains in heat from a sample 

taken from a shallow depth (Parker, 1985).  In addition, many older (mostly pre-

1970s) SSTs were recorded using canvas or wooden buckets, but there should be a 

small number of these due to the use of data only from 1974-2014.  Kent and 

Taylor (2006) also noted that there are warm biases in summer and cold biases in 

winter due to variations in the heat exchange processes associated with the 

differing atmospheric conditions.  In that same paper, the authors also noted that 

VOS observations have a tendency to be biased by ―reporter preferences,‖ which is 

when the reporter of the measurements tends to round off to either (a) the nearest 

whole degree, (b) the nearest half degree, or (c) the nearest even decimal degree.  

This can also occur during the digitization process (Xu and Ignatov, 2010). 

 

The buoy record is also subject to biasing, primarily due to design.  The NDBC 

buoy has a metallic hull surrounding the box containing the instrumentation 
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(Figure 1).  The thermistor‘s location in the center of all this puts it some distance 

from the water itself.  The heat from the water must radiate through the hull to 

reach the thermistor, but due to the variable location of the thermistor relative to 

the water surface, the distance from the thermistor to the hull is also a variable;  

the amount of this warming or cooling bias is uncertain.  The other major source of 

bias is absorption and release of heat through the hull from the diurnal cycle. 

 

Once the trends were determined, a scatter plot of the VOS trends against the buoy 

trends was made.  The results (Figure 6) showed an almost one-to-one relationship 

(slope β1 = 1.241 ± 0.445) with a weak correlation (R² = 0.3748).  The Y-intercept 

was 0.015, indicating that there is minor, if any, displacement between the two 

records with the VOS record being, on average, 0.016 ± 0.011°C/yr warmer than 

the buoy record.  Analysis showed that the slope was not statistically different 

from 1 (p<0.05), and the Y-intercept was not statistically different from 0 

(p<0.05).   

 

Figure 6 — Comparison of filtered buoy and filtered VOS SST trends 
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Figure 7 — Comparison of filtered buoy and filtered VOS SST means 

The means were also compared to each other in Figure 7.  Statistics show that the 

slope (β1 = 0.998 ± 0.031) is not statistically different from 1 (p < 0.05), while the 

y-intercept (β0 = 0.477 ± 0.562) is not statistically different from 0 (p < 0.05).  The 

non-difference from 0 is in contrast to the works of others [e.g. Huang et al. 

(2015); Folland and Parker (1995)], who found the need for correction factors to 

permit the combination of the VOS and buoy records.  



 

 

 

16 

 

 

Chapter 5 

Biases in the Data   

The data sets were broken down in order to examine the measurements for other 

forms of measurement bias.  Biases that exist in the data record itself must be 

differentiated from biases that may affect the individual measurements.  To do 

this, the individual data points must be analyzed. 

Diurnal bias 

The first of these analyzed was diurnal bias (example in Figure 8).  Immediately 

apparent is the large skew in measurements toward the 0000, 0600, 1200, and 

1800 (UTC) hours, with smaller peaks also evident at 0300, 0900, 1500, and 2100 

hours.  This is primarily a result of the VOS program requirements, which only 

require measurements at the 6 hour marks; some ships, nevertheless, elect to do 

measurements every 3 hours when at sea.  Such factors can make daily averages of 

SSTs dependent on the measurements taken at those hours.  This should be of 

minor concern in the tropical regions, where the seasonal variation in the length of 

days is small.  The farther away from the tropics the measurements are being 

taken, however, the greater the effect is when combined with a different effect: 

monthly biasing. 

Monthly biasing 

Monthly biasing is of a different nature from the rest that have been mentioned to 

this point.  Monthly biasing is not a result of a conscious decision made by the 
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recorder.  This is merely a result of the times ships are passing through a region.  

Nevertheless, this type of biasing can unintentionally (but strongly) skew statistics. 

 

Figure 8 — Hourly distribution of measurements in box 46013 

Figure 9 shows an example of the monthly distribution of the data in box 46013, 

which is 80 km from the mouth of San Francisco Bay.  It is immediately apparent 

that there are more measurements in the spring and summer months than there are 

in the fall and winter months.  This could create a multi-layered biasing effect.  

With longer days in summer, there are more measurements taken during daylight 

hours under solar heating.  Thus, two of the four 6-hour measurements and five of 

the eight 3-hour measurements are recorded during daylight hours.  In comparison, 

two of the four 6-hour measurements and only three of the eight 3-hour 

measurements are taken during daylight hours at minimum day length.  Overall, 

the total average is dominated by the 6-hour measurements, indicating that a 

compounding effect of monthly and hourly biases are only of consequences in 
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regions where the length of day/night exceeds 18 hours during local 

summer/winter months. 

 

 

Figure 9 — Monthly distribution of measurements in box 46013 

 

Figure 10 — Times series for 1990 in box 42001 
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The monthly bias can create a large skew in the annual means, which in turn skews 

the final means.  Weighted means skew the average temperature toward the 

month(s) with the largest portion of the measurements.  The correction for this is 

to use unweighted means, calculating the average temperature for the year by 

taking the mean of the average temperatures for each month.  This is dependent on 

having measurements in each of the twelve months to be fully effective.  This also 

applies to the monthly means and the daily means. 

 

Figure 11 — Examples of a dense (left) and a sparse (right) VOS record; note 

that the buoy data for these years has been filtered out 

The data records 

In the VOS record, there are many gaps in the data in the example (Figure 10); this 

means that the annual means will always have some element of biasing in them.  

The methods of rectifying this are typically either (a) interpolation or (b) 

substituting the means from the other years.  Kent and Challenor (2006) used 

interpolations in boxes with gaps greater than one month without noting that there 

might only be one or two measurements in a month, and Smith and Reynolds 

(2002) used optimal interpolation (OI) methods to smooth the data and fill in the 

gaps in their evaluation of VOS biases.  The danger in this is that the 



 

 

 

20 

 

 

interpolated/substituted values will have the statistical weight provided by the data 

used to make such a calculation.   

 

Figure 11 shows an example of how the data are both dense and sparse.  In 1974, 

there is a fairly dense packing of the data in the spring and summer months, with 

fewer in the fall months and only a handful in the winter months.  A weighted 

mean of this data would result in a warm bias, and an unweighted mean would be 

skewed by the sparseness of the data in the fall and winter.  The data for 2001 is 

extremely sparse.  Again, building weighted means would skew the data toward 

the extra measurements taken in June, and using unweighted means is impossible 

because of the lack of September data. 

 

Figure 12 — Example of a box skewed by reporter preference 

Figure 12 shows an example of the effects of reporter preference in 2012 in box 

42035.  In the months from January to May, the vast majority of the VOS 

measurements are measured to the nearest whole degree; in addition, the 
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temperatures range 12°C-24°C in February alone during this window while the 

buoy SSTs gradually increase from 14°C to 26°C.   

 

Figure 10 illustrates the problem of non-physical artifacts existing in the record as 

well, with large short-term changes in the SST in this location.  In the buoy data, 

there are many examples of daily SST changes of greater than 5°C and Tmax-Tmin > 

10°C within a few days or a month.  These variations are also much greater than 

are associated with low pressure systems (tropical and non-tropical) passing 

through a region (Mayer et al., 1981; Price, 1981; Black et al., 1988; Jacob et al., 

1999).  The decreases in SST associated with tropical systems were never greater 

than 4.5°C in a study by Dare and McBride (2011).  More than the correction 

factors prescribed by Karl et al. (2015) and Huang et al. (2015) are necessary to 

resolve these flaws in the data set.  Can the flaws in the SST record be resolved? 
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Chapter 6 

Overarching Problems in the SST Record  

A multi-layered process 

The single largest contributor to the error in the VOS record is not the 

instrumentation; but, rather, it is the sparseness of the data.  To resolve all of the 

problems that lie within the data set renders the data ineffective; the data would 

have too few years of data left to be able to create accurate trends and meaningful 

statistics.  The process for the buoy record would be as follows: 

1. Remove those years which have gaps in the data large enough to 

remove the option of calculating unweighted means 

2. Filter the data to smooth outliers 

3. Remove the non-physical artifacts, such as sudden temperature 

increased and decreases that can‘t be explained by physical means 

4. Repeat Step 1 

Applying the above procedure leaves fewer than 20 and no more than 12 years of 

buoy data in all but one of the boxes; box 46025 contains 23 years of data after 

refining (Table 2).  The same procedure applied to the VOS data would leave that 

box devoid of data to use.  Examples of the results can be found in Figure 12. 

 

Step 1 is a rather objective procedure: but a subjective definition must be supplied 

to it first.  Choosing a threshold such as the 10 days used in this study eliminates 

the biases that can arise when calculating the mean SSTs. Shearman and Lentz 
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(2010) used a similar approached, instead requiring at least 23 days of data in a 

month.  Upwelling/downwelling events, eddies, and low pressure systems can be 

missed on such a time scale, and these events contribute to oceanic warming and 

cooling. 

Buoy 41009 41010 42001 42003 42035 44008 44009 44013 

# yrs 13 14 16 12 19 17 18 18 

Buoy 46005 46013 46014 46025 46026 46028 46042  

# yrs 17 16 17 23 12 16 19  

Table 2 — Number of years of complete data in each box after filtering and 

removing non-physical anomalies 

 

Figure 13 — Refined time series for box 42001 (left) and 46025 (right) 

Step 2 is important because it reduces the amount of data that is removed in Step 3.  

The application of filters to signals is common in electrical engineering and 

chemistry, and the climate record is but a type of planetary signal.  Doing this 

helps reduce the associated error when calculating the means. 
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Step 3 is the most difficult part of the entire process because the definition of 

―non-physical artifact‖ is also entirely subjective.  In this study, non-physical 

artifacts were judged by two means: (1) those that could not be explained by major 

phenomena and (2) those that deviated strongly from the typical trend for the 

location and time of year.  To meet this, the procedure essentially calls for 

forecasting the expected temperature curve.   

 

Figure 12 — Daily mean sea surface temperatures for NDBC buoys 46014 

(left) and 42001 (right) 

The curves (Figure 13) can vary in smoothness, but the smaller temperature range 

in box 46014 (3.5°C) explains the seemingly noisy range.  The smaller 

temperature range in box 46014 (3.5°C) compared to box 42001 (7.0°C).  By 

comparing these curves to those seen on a year-by-year basis, it can be easily 

determined what is a non-physical anomaly in the buoy SST record as opposed to 

a physical one. 

A biased record 

The culmination of all this is a data set that cannot be effectively used for long-

term measurements.  Climate analyses using this data lack the element of accuracy 

necessary to create strong data trends.  The SST record has too many gaps and 
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non-physical anomalies to use as an indicator of global warming.  The VOS record 

should be used carefully and only in conjunction with the buoy record because it 

contains too many gaps, particularly in the past 20 years. 

 

The recent loss of NDBC buoys 41009 (to Hurricane Matthew), 41010, 44008, and 

44009 illustrates how easy it is for a year of data to be lost.  Buoys 41009 and 

41001 are tentatively scheduled to be replaced in spring of 2017.  This means that 

2016 and 2017 data for both buoys cannot be used in climate analysis. 

 

The SST record, however, is not to be entirely tossed aside.  The major problem is 

that there merely are not enough complete years of accurate data for such studies.  

Examination of the data shows that many of the complete years are the more 

recent ones.  As the technology gets more reliable and (more importantly) less 

resistant to equipment failures, the number of years in the buoy SST record will 

grow.  Thus, in most 1°x1° boxes, the data will be comprehensive enough for 

strong, accurate climate analysis within the next 10-15 years.  Most of the 110 

buoys, however, have not been around very long (having records short enough to 

be eliminated by the procedures used in this study), which means it will be longer 

until those records are complete enough for use in climate analyses. 
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Chapter 7 

Conclusions   

This study analyzed the SST record to determine if there are flaws in the design of 

NDBC buoys that could create biased temperatures.  The results showed that 

statistically significant differences between the buoy and VOS SST records only 

existed in six of the boxes.  This is inconclusive due to the flaws in the data set, 

and a more complete set is necessary to conduct accurate tests.  One method of this 

would be to conduct simultaneous measurements alongside all buoys over a tidal 

cycle; a CTD, a bucket thermometer, and other methods would measure the ocean 

temperature at the same intervals as the buoy is measuring. 

 

The Hampel filter was used to reduce the number of outliers in the data set without 

reducing the statistical degrees of freedom.  This procedure did not cause a 

significant change in the data, validating its use in smoothing of the climatological 

signal.  This means that outliers do not necessarily need to be removed from data 

sets while performing climate analyses. 

 

In-depth analysis of the SST record found many gaps and non-physical anomalies 

in the data set.  To calculate unweighted means requires the removal of all years 

that have gaps large enough to bias the mean (>10 days).  Likewise, removing all 

non-physical anomalies that are not removed by the Hampel filter creates new 

gaps in the data.  The new gaps are checked for the threshold of 10 days, and the 
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year is removed if necessary.  This process left few years in the SST record, 

eliminating the possibility of calculating climate trends from the data. 

 

The buoy SST record has shown to be more accurate and complete in recent years.  

Calculating accurate climate trends from the record will be possible in these boxes 

in the next 10-15 years.  However, this is only for those 15 boxes that had the most 

data; the other NDBC buoys will take much longer to create an equivalent record 

due to their comparably short mooring duration.  
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