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a b s t r a c t

Using daily station observations over the period 1951–2013 in a region of south-east Australia, we sys-
tematically compare how the horizontal resolution, interpolation method and order of operation in
generating gridded data sets affect estimates of annual extreme indices of temperature and precipitation
maxima (hottest and wettest days). Three interpolation methods (natural neighbors, cubic spline and
angular distance weighting) are used to calculate grids at five different horizontal gridded resolutions
ranging from 0.25° to 2.5°. In each case the order of operation in which the grid values of the hottest and
wettest day are calculated is varied: either they are estimated from daily grids or from station points and
then gridded. We find that the grid resolution-despite showing more regional detail at high resolution –

has relatively limited effect when considering regional averages. However, the interpolation method and
the order of operation can substantially influence the actual gridded values. And while the difference due
to the order of operation is not substantial when using natural neighbor and cubic spline interpolation, it
is particularly apparent for indices calculated from daily gridded estimates using the angular distance
weighting method. As expected given the high spatial variability of precipitation fields, precipitation
extremes are most sensitive to method, but temperature extremes also exhibit substantial differences.
For the annual maximum values averaged over the study area, the differences may be up to 2.8 °C for
temperature and 60 mm (about a factor 2) for precipitation. Differences are seen most prominently in
return period estimates where a 1 in 100 year return value calculated using the angular distance
weighting daily gridded method is equivalent to about a 1 in 5 year return value in most of the other
methods. Despite substantial differences in the actual values of gridded extremes, analyses suggest that
the impact on long-term trends and inter-annual variability is small.

& 2015 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Changes in the mean climate state are often used as indicators
of a changing climate, but the impacts of climate change are par-
ticularly experienced through climate extremes (such as floods,
droughts and heat waves). Indices of temperature and precipita-
tion extremes, such as the hottest or wettest days of the year, can

be used to monitor when changes in climate extremes occur (e.g.,
Kiktev et al., 2003; Alexander et al., 2006; Donat et al., 2013a) as
well as to examine changes in the present and future climate and
its impacts (e.g., Sillmann and Roeckner, 2008; Alexander and
Arblaster, 2009; Orlowsky and Seneviratne, 2011; Sillmann et al.,
2013).

The need to distinguish extreme behavior on the basis of the
space and time scales involved becomes paramount when com-
parison between observed and modeled extremes is performed,
often in order to assess the processes driving extremes or to in-
vestigate future changes. To adequately compare observations and
models, observations generally have to be ‘gridded’ (i.e., converted
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from point observations to values on a latitude–longitude grid) or
climate models have to be ‘downscaled’ (i.e., data values relevant
for observation sites have to be inferred from gridded values).
Thus, care must be taken to distinguish between gridded products
whose values may either represent regularly spaced, point loca-
tions or area averages.

At the core of the problem is the fundamental mismatch be-
tween the spatial representativeness of in situ observations on the
one hand, which are necessarily collected at observation sites
(points), and that of gridded climate model output which re-
presents area mean values, on the other hand. In general, global
observational datasets of climate extremes (e.g. Alexander et al.,
2006; Donat et al., 2013a) are constructed by calculating indices at
observation sites and then interpolating them to produce grids of
similar dimension to global climate models. This makes them
structurally different from the climate model simulated fields of
the same indices which are usually calculated from daily gridded
fields, creating an ‘issue of scale’ when comparing the observed
and modeled datasets (Alexander and Tebaldi, 2012). Scale mis-
match, often referred to as the ‘problem of a change in support’ by
statisticians, more importantly affects phenomena such as pre-
cipitation whose spatial features are discontinuous, or extremes
calculated from daily or sub-daily data. In addition, the current
spatial resolution of global climate models is generally insufficient
to easily provide detail on extremes at local and regional levels.
Being aware of these scaling issues is important to avoid the
misinterpretation of the results when comparing observed and
modeled extremes.

While it may be difficult at present to produce observational
datasets that are fully comparable with model output, previous
studies which have tried to address at least some aspects of these
issues of scale (e.g. Chen and Knutson, 2008, Yin et al., 2014, Donat
et al., 2013b) suggest that they are important when it comes to
understanding and assessing changes in extremes.

To date, however, relatively little work has been done in sys-
tematically assessing these scaling issues with respect to their
impacts on the estimation of extremes of climate variables. Studies
which have discussed its effects, such as those on extreme tem-
peratures globally (e.g. Donat et al., 2014), have been limited by
the issue that the station networks used for calculating the daily
and annual extremes grids have not been identical. And although
previous studies that assess aspects of the sensitivity of daily ex-
tremes to interpolation method and station network density do
exist (e.g. Hofstra et al., 2010), we are not aware of previous stu-
dies investigating scaling issues related to grids of precipitation
and temperature extremes based on identical station networks.
We therefore assess how these scaling issues impact various sta-
tistics of extremes, and in particular how much the order of op-
eration in which extremes are calculated matters (i.e., extremes
calculated from daily grids, as would be the case when calculating
extremes from climate model data, versus gridded point-based
extremes, as is the case for many gridded observational datasets of
extremes). Focusing on a small region with relatively good ob-
servational coverage, we explore the sensitivity of typical appli-
cations when analyzing extremes as a function of grid resolution,
interpolation method and order of operation when calculating
grids of annual extremes. These applications include representa-
tion of long-term changes, inter-annual variability, spatial pat-
terns, and extreme value analysis. It should be noted, however that
the purpose of this study is not to find the ‘best’ method for
gridding extremes data but rather to show how large interpolation
and scaling errors could be when using a range of techniques that
are commonly used in climate science. Our hope is that the
magnitude of the errors displayed here can be used to inform
detection and attribution and model evaluation studies.

2. Data and methods

For this study we focus on extremes with potentially significant
impacts i.e. the hottest and wettest days of the year: termed TXx
(unit: °C) and Rx1day (unit: mm) respectively (Zhang et al., 2011),
two of the 27 core indices recommended by the Expert Team on
Climate Change Detection and Indices (ETCCDI). To investigate
systematic changes related to scaling issues we calculate grids for
a 15°x15° region in south-east Australia spanning 139 °E to 154 °E
longitude and 24°S to 39°S latitude, a region with a reasonably
high density of station data for the period 1951 to 2013 (Fig. 1a and
1b). Data were obtained from the Global Historical Climatology
Network (GHCN)-Daily dataset (Menne et al., 2012) and the sta-
tions chosen were those used in the GHCNDEX dataset (Donat
et al., 2013b) for TXx and Rx1day. Stations within 2° around the
chosen domain were also used to ensure that there is sufficient
support to calculate grid values in the cells at the edges of the
domain. There is maximum of 129 stations available with tem-
perature data while the number of stations with precipitation data
was as high as 2173. However, the actual number of available
station data could be substantially lower than these for certain
time periods for both temperature and precipitation indices, par-
ticularly prior to 1960 and after 2000 (Fig. 1c and 1d), due to
stations opening or closing or not having made enough mea-
surements throughout the year to calculate values for TXx or
Rx1day. Despite the changes in the number of available stations,
we make use of the full dataset in our analysis as we are less
concerned with the uncertainty related to network density but
rather with the uncertainty related to issues of scale and the
structural uncertainty related to methodological framework. Note
that, as we are using an identical set of input stations for all grids,
changes in the station network density would affect all of the
gridded fields and therefore do not affect the comparisons dis-
cussed in this study.

Note also that the station data have not been homogenized for
this study. We aimed to investigate the methodological un-
certainties related to the order of operation using the densest
possible station network and using only homogeneous stations
would have substantially reduced the number of stations we could
work with. Furthermore, as we use exactly the same input stations
for all methods, any potential inhomogeneities will affect all of the
constructed grids and therefore would not affect our conclusions.

Statistical methods used to assess our results throughout the
paper are as follows. When calculating differences we calculate
significance at the 10% level using the Student t-test. Linear trends
are calculated using Sen's trend estimator (Sen, 1968) and trend
significance is estimated at the 5% level using the Mann–Kendall
test (Mann, 1945; Kendall, 1975). Correlations with the El Niño-
Southern Oscillation (ENSO) index are calculated using the
Spearman rank-order method. Calculations of the pattern corre-
lation were centered (i.e. the mean over the study area is removed
prior to comparison of two patterns). Applied methods of extreme
value analysis and considered interpolation methods, grid re-
solutions and aggregation methods used are outlined in the fol-
lowing sections.

2.1. Grid size and order of operation

To determine the sensitivity to horizontal resolution, the sta-
tion data were interpolated at five different resolutions (latitude
by longitude): 0.25°x0.25°, 0.5°x0.5°, 1.0°x1.0°, 1.5°x1.5° and
2.5°�2.5° (Fig. 1a and b).

To determine how the order of calculation affected the esti-
mates of TXx and Rx1day, two approaches for calculating the
gridded annual extremes were implemented. The first approach
involved calculating the annual extremes of the indices from the
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