
Introduction
HadCRUT4 [1-3] is one of the most widely used global temperature 

records and was originally adopted by the IPCC as their official 
measure of climate change. It is based only on direct measurements 
and avoids any extrapolation into un-sampled regions. Hadrcut4is 
based on two main sources. CRUTEM4 [4] covers land based weather  
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station data collected and processed by the Climate Research Unit 
(CRU) at the university of East Anglia, and the second source is the 
Sea Surface temperature data HadSST3 [5] processed by the Hadley 
Centre. An independent set of station data is also maintained by 
NOAA NCDC [6]. The latest set V3C has similarly been processed 
and combined with HadSST3 to compare results.

The algorithm used to calculate the HadCRUT4.5 global average 
temperature anomaly for each month uses a 5x5°grid in latitude 
and longitude. The baseline climatology used to derive temperature 
anomalies for each station are the 12 monthly average temperatures 
measured between 1961 and 1990. All such stations anomalies within 
the same 5x5°bin are then averaged together, as are SST values. The 
monthly global average is then the area weighted (cosθlat) average 
over all occupied 2592 bins. The yearly average is simply the 12 
month average.

In this study we look at alternative methods to calculate the global 
average, based only on using measured data without any interpolation. 
Two of the methods use the 3D spherical surface of the earth rather 
than the usual 2D latitude, longitude projection.  Direct triangulation 
methods have the advantage that they avoid any averaging and use 
each individual station data. Finally we compare the results of each 
method to the standard monthly and annual averages with those 
of HadCRUT4.5, and also to the interpolated (kriging) results of 
Cowtan& Way [3].

Method 1: 2D Triangulation of Measurements in 
(Lat, Lon)

The basic idea is to form a triangular mesh of all monthly 
measurements and then treat each triangle separately to avoid any 
binning.

IDL (Harris) is used to form a Delauney triangulation in (lat, 
ion) of all locations where there are measurements recorded in each 
month. The grid itself will vary from one month to the next because 
station data is not contiguous. 

The algorithm used to calculate the global average is the following

1. Each triangle contains one measurement at each vertex. We use 
Heron’s formula to calculate the area of the triangle.

2. Calculate the centroid position and assign this an anomaly equal to 
the average of all 3 vertex values. This centroid value is then used 
as the average anomaly for the whole triangular area.

3. Use a spatial weighting for each triangle in the integration equal 
to cos(lat)* area, where Lat is the latitude of the centroid of the 
triangle.

An example of such a triangulation grid is shown in Figure 1.

Method 2: 3D Spherical Triangulation
The second method extends triangulation to 3 dimensions. 

This has the advantage that it can now provide a full coverage of  
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Abstract

Deriving global temperatures anomalies involves the surface 
averaging of normalized ocean and station temperature data 
in homogeneously distributed in both space and time. Different 
groups have adopted different averaging schemes to deal with 
this problem. For example GISS use approximately 8000 equal 
area cells and interpolate near neighbor stations. Berkeley Earth 
fit a temperature distribution to a 1 degree grid, while HadCRUT4 
use regular binning on to a 5 degree grid. Cowtan and Way then 
attempt to correct HadCRUT4 for spatial bias by kriging results into 
sparse regions, guided by satellite data. In this paper we look at 
alternative methods based on averaging over the 3D spheroidal 
surface of the earth. It is shown that this approach alone removes 
any spatial bias, thereby avoiding direct interpolation. A spherical 
triangulation method is described which additionally has the benefit 
of avoiding binning completely by using each data point individually. 
Longer term 3D averaging is investigated by using an Icosahedral 
binning. New monthly and annual temperature series are presented 
for each method based on a) merging CRUTEM4 with HadCRUT3 
(HadCRUT4.5), and b) merging GHCN V3C with HadSST3.
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Polar Regions. This is an elegant method for spatial integration of 
irregular temperature data by using spherical triangulation over the  
earth’s surface. The method treats each measurement equally and 
covers the earth’s surface with a triangular mesh of station & SST 
nodes. Unlike linear 2D triangulation (described above) spherical 
triangulation also spans polar-regions because it uses a 3D model. 
Spherical triangulation returns the 3D Cartesian coordinates of each 
triangle vertex. The temperature of the triangular area is then set to 
the average of each vertex. The global average is the area weighted 
mean of all triangles. For the annual average we take the 12 monthly 
average of each global average. This is because the grid changes from 
one month to another. We investigate how to solve this in the third 
method (Figure 2).

Spherical Triangulation essentially also solves the coverage bias 
problem for HadCRUT4, without the need for interpolation or use of 
external satellite data. Figure 3 shows a comparison of the Spherical 
Triangulation data to the Cowtan & Way data [3]. The agreement 
between the two is remarkable. This means that HadCRUT4 can 
already describe full global coverage, if it is treated in 3 dimensions 
instead of 2.

Method 3: Icosahedral Grids
The last method addresses the problem of defining unbiased fixed 

spherical grids in 3D. All the major temperature series use latitude, 
longitude gridding to average spatial temperatures. Problems arise 
near the poles, because bin sizes reduce as cos(lat), and the pole 
itself is a singularity. Spherical triangulation of monthly global 
temperatures is the most direct way to present temperature data, but 
it has one drawback. You cannot make annual or decadal averages 
directly on the triangular mesh, because it is forever changing from 
one month to another. You can only average monthly global averages 
together. To make such local averages you really need a fixed grid. 
So does that mean that we have to give up and return to 2D fixed lat, 
ion grids such as those used by CRU, Berkeley, NOAA or NASA? 
The answer is no because there is a neat method of defining fixed 3D 
grids that maintain spherical symmetry. This is based on subdividing 
an Icosahedron [7].

We start with a 20-sided icosahedron, which is a 3-D object all 
of whose sides are equilateral triangles. We then divide each triangle 
into 4 equal triangles by connecting each midpoint edge. These points 
are then extended outwards from the centre to lie on the surface of 
a unit sphere. The process is repeated n-times to form a symmetric 
spherical mesh as shown in Figure 4. It can be shown that such a grid 
formed from an icosahedron is the most accurate representation of a 
sphere (ref).

A level-4 icosahedron with 2562 triangles provides the best match 
to the actual distribution of HadCRUT4 global temperature data. An  
 
 
 

The global average is then 

Figure 3: Excellent agreement between Spherical Triangulation method andCowtan 
and Way. 2017 is incomplete and can be ignored.

Figure 1: A (lat,lon) triangulation mesh using all V3C station data and HadSST3 data.

Figure 2: Spherical triangulation of CRUTEM4 & HadSST3 (HadCRUT4.5) tem-
perature data for January 2017.

Figure 4: Subdividing an Icosahedron to form a spherical grid.
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example of such a mesh, centered on the North Pole, is shown in 
figure 5.

The global anomaly is calculated by binning the data onto the grid 
in exactly the same way as is done for the 5x5 degree grid. A station 
lies within a given triangle if it is encircled exactly once. This is called 
the winding number. All stations within a given triangle and within 
a given time interval are then averaged. Such averages can be done 
monthly, annually or for each decade on the fixed grid. The global 
average is simply the numerical average over all bins, without any 
need for area weighting because they are all of the same area. Such 
grids allow annual and decadal averaging of temperature anomalies. 
Table 1 shows six successive decadal temperature averages calculated 
in this way using GHCNV3 and HadSST3, centered on Africa, while 
Table 2 shows the same decadal trends centered on the Arctic.

The results show a clear decadal warming trend after 1980 
especially in the Arctic. Spatial results can be viewed in 3D e.g. http://
clivebest.com/webgl/earth2016.html

1951-1960 1961-1970 1971-1980

           

1981-1990 1991-2000 2001-2010

           

1951-1960 1961-1970 1971-1980

           

1981-1990 1991-2000 2001-2010

           

Table 1: 10 year averages of temperature anomalies for GHCNV3+HadSST3 on an isocahedral grid normalized to a 1961-1990 baseline. 

Table 2: Decadal averages for Arctic regions.

Figure 5: Annual average (GHCN V3 & HadSST3) temperature anomalies for 2016. 
Note the equal area triangles covering the Arctic.
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Results
CRUTEM4 station data and HadSST3 SST data have been 

processed using the three methods described above. These global 
averages have then been compared to HadCRUT4.5 data. Of the 
7830 station data some 6857 have sufficient information to calculate 
anomalies and position them. A very small random perturbation has 
been added to the position of each SST data in order to triangulate 
them. This is because otherwise they would lie on exactly parallel 
latitude lines and the triangulation algorithm fails. Example 
triangulations are shown in figures 1 and 2. 

A comparison of the annual values calculated by all 3 methods to 
the quoted HadCRUT4.5 values is shown in Figure 6.

If instead of CRUTEM4 we use the NOAA GHCN V3C station 
data we get almost the same result. There are 300 more stations in 
V3C and although there is a large overlap, the homogenisation 
procedures are different. Figure 7 shows the comparison between the 
two plotted on the 1961-1990 baseline. 

In general the agreement between all three averaging methods is 
good. However there is a systematic difference after ~2000 between 
HadCRUT4.5 binning and the triangulation methods. This is due to 
the different processing procedures in Polar Regions. The spherical 
triangulation gives slightly higher net annual values than HadCRUT4.5 
(up to 0.05C) after 2000. The monthly comparison is shown in Figure 8, 
 
 
 

 
 
 
 
 
 
 

excluding the icosahedral binning. The agreement is good but the 
same systematic effects are observed for the same reasons. The most 
interesting result is that Spherical Triangulation reproduces almost 
exactly the Cowtan and Way result. This shows that triangulation alone 
resolves any HadCRUT4 coverage biases in an internally consistent 
manner, without the need to use interpolation or bin averaging.

Another advantage of triangulation is that land ocean borders 
are respected in a consistent way. There is always a problem when 
averaging across a grid cell containing both land and ocean data. 
Ideally the average should be weighted by the fraction of land/ocean 
within the cell. This problem is avoided in triangulation because all 
measurements contribute equally irrespective of location.

Conclusion
We propose that for monthly averages the spherical triangulation 

method is the most accurate, because it does the best job of covering 
the poles. This conclusion is supported by the observation that it 
reproduces Cowatn & Way’s result, without the need for satellite data 
or kriging. The drawback of triangulation is that the grid is forever 
changing with time making spatial averaging difficult. For this reason 
icosahedral grids are proposed as optimum for annual or decadal 
averaging, although differences are small compared to latitude, 
longitude gridding. The traditional HadCRUT4.5 5x5 degree lat,lon 
binning is the most direct method, but it does slightly underestimate 
recent trends, which are concentrated in the Arctic. This is also partly 
because (lat,lon) cells can never span the poles. 

All relevant software can be found at http://clivebest.com/data/t-
study 
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