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1 Introduction

1.1 Purpose of this document
This Product User Guide (PUG) is meant as a practical guide forthe data products of the EUSTACE project
(see section 1.2) and to facilitate (potential) usersin their exploitation of the datasets. It contains:

e descriptions of the datasets

e instructionsonhow to access and use the data,

e advice onwhat can and cannot (or should not) be done with the data,
e example use cases,

e linkstouseful tools, etc

e examplesof howtovisualizethe data, and process or extract data

For an overview of the methods used to produce the datasets, the interested user is referred to the
scientificuserguide (SUG) (under development).

This documentis structuredin such a way that you can easily navigate through itto the parts that are of
interestforyourspecificuse case, without having to scroll through the whole document. For this purpose
inmany places you will find links to go directly to the table of contents orto related content in other parts
ofthe document oreventothe scientificuserguide (SUG). The linksin the table of contents are clickable
and bringyoudirectly to the chapterorsection of interest. At the bottom of each page you can find alink

to take you back to the Table of contents.

A Quick Start Guide is provided in Chapter 3 of this Product User Guide. Thisis intendedtoactas a quick
reference guide to where to find all the information required to get started with access and making use
of the data. Experienced users of climate datasetsin NetCDF format may only need this and the specific
relevant product description in Chapter 4. However, we hope that this user guide also helps less
experienced users and even those with no experience at all with the NetCDF-format to profit from the
wealth of information in the EUSTACE datasets. To thisend we have added example use cases (Chapter
5) and useful information on tools for extracting and visualising the data (Annex 2 and the Step-by-step
guide for Climate4lmpact).
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https://www.eustaceproject.org/eustace/static/media/uploads/how_to_use_climate4impact.pdf
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1.2 The EUSTACE project

1.2.1 Aim

EUSTACE (EU Surface Temperature for All Corners of Earth) produced publicly available daily estimates of
surface air temperature since 1850 across the globe with consistent uncertainty estimates for the first
time by combining surface and satellite data using novel statistical techniques. It also produced many
otheruseful products along the way towards developing the global analysisand these are described here.

1.2.2 Why EUSTACE?
Day-to-day variationsin surface air temperature affect society in many ways:

o Healthand well-being: they can cause cold stress or heat stress.
Food security: thereisalinkbetween surface air temperatureand crop growth and animal health.
Energy: they influence the demand for heating or cooling; high temperatures compromise the
efficiency of solar panels.
Commerce: they affectthe sales of alarge variety of products.
Tourism: surface air temperature affects the attractiveness of aregion, and the risk of bushfires.
Infrastructure: extremes affect the functioning of bridges, railways.

However, daily surface air temperature measurements are not available everywhere. Satellite data can
be used to estimate temperatures at locations where no ground (or in situ) observations are available.
However, satellites measure surface skin temperatures and not surface airtemperatures. To estimate air
temperatures at locations where no air temperatures are measured, we need an understanding of the
relationships between traditional (land and marine) surface airtemperature measurements and satellite
measurements, i.e. land surface temperature, ice surfacetemperature, sea surface temperature and lake
surface water temperature. These relationships can be derived either empirically, or with the help of
physical understanding.
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Figure 1-1: Different surface temperature measurements used in EUSTACE. Skintemperature measurements from satellite are:
land surface temperature (LST); sea surface temperature (SST); ice surface temperature (IST); and lake surface water
temperature (LSWT). Near-surface air temperature measurements, measured in situ over land and ocean are: land surface air
temperature (LSAT) and marine air temperature (MAT). From Merchant et al., 2013 community paper and roadmap:
http://www.geosci-instrum-method-data-syst.net/2/305/2013/gi-2-305-2013.html

1.2.3 Howdoes EUSTACE achieve this?

The EUSTACE project used new statistical techniques to provide information on higher spatial and
temporal scales than have been available before, making optimum use of the information in data-rich
eras. The final and intermediate products from EUSTACE below could be used in manyapplications (Figure
1-2):

e Global land station daily air temperature measurements with non-climatic discontinuities
identified, for 1850-2015 (section 4.2)

e Europeanland station daily airtemperature measurements, homogenised (section 4)

e Gridded European surface air temperature based on homogenised land station records since
1950: datasetof daily airtemperatures from 1950 onwards (E-OBS, by interpolation; Section4.4)

e Global clear-skyland, ice, and seasurface temperatures from satellites with estimates of
uncertainty components (section 4.1)

e Globally gridded clear-sky daily air temperature estimates from satellites with uncertainty
estimatesforland, oceanandice, 1995-2016 (section 4.5)

e Information on the relationship between skin and air temperature over different domains and
different seasons (see the Scientific User Guide)

e Global dailyairtemperature combining surface and satellite data, with uncertainty estimates, for
1850-2015 (Section4.6)
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e Coincident daily air temperature estimates and reference measurements, for validation, 1850-
2015 (Section 4.7; Validation matchup database)
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Figure 1-2: Links between the different surface temperature measurements and EUSTACE products.
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The various stepsinthe EUSTACE processing chain are described brieflybelowand shownin Figure 1-2:

1

Break-point detection: dailyseries of measurementsof airtemperature (made in situ overland at
weather stations) have to be checked for discontinuities in time due to changes of instruments,
re-locations of stations, etc. (non-climaticfactors). Identification of these discontinuitiesor break

pointsis neededto make spatially and temporally consistent estimates of air temperatures (see
section 4.2). The data are also quality controlled and new information on the reliability of the
break-pointdetectionisincluded.

Homogenisation: With the help of the knowledge of break points, the airtemperaturetime series
can be homogenized. This means that the original timeseries are adjusted in such away that the
effect of the non-climatic factors is removed. This can result in an increase or decrease of
observed trends in temperature. This homogenization has been performed directly for the
European station air temperature time series (see Section 4.3), which is new in a pan-European
data set. For the rest of the globe thisisincludedinthe creation of the global gridsin step 6.
Create E-OBS grids: the homogenised station air temperature time series for Europe are
interpolated to create agridded datasetfor Europe, the homogenised E-OBS dataset (see Section
4.4)

Estimate uncertainties of the satellite skin temperatures: satellite skin temperatures (see section
2.1.1) contain various types of uncertainties, which need to be propagated through the air

temperature estimationinstep 5. In this step the uncertainties are estimated forall surfacesina
consistent way, breaking down those uncertainties into components arising from errors with
different structures (see section 4.1). This consistency across surfacesis new.

Relationship building: functionsare determined withwhich the airtemperature can be estimated
from the satellite skintemperature over different surfaces and during the various periods of the

year. Thisisdone with the help of aselection of the station airtemperature dataand the satellite
skintemperatures. Subsequently for all locations and days where satellite skin temperaturesare
available the airtemperatures are estimated (see section 4.5)

Create global daily grids: in this last step statistical methods are developed to fill in the gaps for
the days and locations where no satellite skin temperatures nor direct air temperature
measurements were available (partly due to clouds in the case of the satellite data) and to
estimate air temperatures more completely before the time period where satellite data are
available (see section 4.6). This combination of satellite dataand measurements made in situ, in
a daily analysis oversuchalong periodis new. Forvalidationof this final dataset, anindependent
match-up data base isused (see section 4.7).

More information on EUSTACE products and methodologies can be found in this Product User guide in
theindicated sections and inthe Scientific User guide.
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2 Product Overview

In Section 1.2.3 a list of EUSTACE products was given. In this chaptera short overviewis given of the data
in these EUSTACE products. Section 2.1 describes the types of temperatures that are provided in the
EUSTACE datasets, and also includes some definitions of other variables; someterms are used in different
ways in different projects or situations, and so to avoid confusion we explain which definitions we use
here (see also Glossaryof terms and acronyms). In Section 2.2 the datasets are described with references.
The methods used are described in the Scientific User Guide. Along with these datasets, EUSTACE also
produced other non-data products, such as the relationships between air and skin temperatures. These
are describedinSection 2.3.

2.1 Available temperature variables and related variables in the EUSTACE datasets

2.1.1 Temperaturevariables

Satellites measure skin temperatures. This is the temperature of the surface of the earth which can be
estimated (or “retrieved”) from the radiation given off by Earth and seen from space. This can be the
temperature of the top of the canopy of a forest or the soil surface in an area with bare soils. At
meteorological measuring stations, airtemperature ata height of about 2 meters (also called surface air
temperature), is measured by thermometers. The ultimate aim of EUSTACE is to construct a global data

set of daily surface air temperature, using satellite skin temperatures and surface air temperatures from
measuring stations.

Skin temperature Air temperature
measured by satellites At 2 m height

&

Figure 2-1: Schematic presentation of the difference between air temperature and skin temperature.

In EUSTACE some datasets mentioned below (under "Satellite skin temperatureretrievals") contain
surface skin temperatures. Abbreviations used for skin temperatures are (see Figure 1-1):
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e ST = Land Surface (skin) Temperature

e |ST = Ice Surface (skin) Temperature

e LSWT = Lake Surface (skin) Water Temperature

®  SSTgin and SSTyepn = Sea Surface (skin) Temperature! and Sea Surface Temperatureata depth of
about20 cm

Skin temperatures always represent an area average to some extent and are not point data, unlike
measurements made in situ at weather stations or by ships.

The other datasets mentioned in Section 2.2 contain daily surface airtemperature information. These use

the following definitions:

e minimum daily air temperature: lowest temperature measured during a day, often measured in
the early morningjust before sunrise.

e maximum daily airtemperature: highest temperature measured during a day, often measured in
the early afternoon.

e mean daily air temperature: this is defined in this project as the average of the minimum and
maximum daily temperature (over land) for the estimates in the final dataset based on satellite
and station data. In station datafiles often theaveragetemperature basedon hourlytemperature
datais presented. The average and mean temperatures may differ.

Minimum and maximum temperatures are only provided over land, and not for sea/ocean, large lakes
andice.
Abbreviations used forairtemperatures are (seeFigure 1-1):

e LSAT =Land Surface Air Temperature

e MAT =Marine AirTemperature
Air temperaturesin EUSTACE products can be eitherpoint data (from weather stations) or area average
data (estimated from satellite data or using statistical methods). The spatial resolution of the final global
gridded air temperature dataset based on satellite data and station data is 0.25 degrees in latitude and
longitude.

2.1.2 Relatedvariables

2.1.2.1 Uncertainty
The terms ‘error’ and ‘uncertainty’ are often confused. Careful usage (followinginternational standards;

VIM, 2012) brings clarity to thinking about uncertainty information. Terms with precise definitions that
need careful usage appearinitalicin the next paragraph.

LIn practice, here we use satellitesea surfacetemperature estimated at a depth of 20cm below the surface, rather
than the skintemperature. We do this to provide consistency with the longrecord of sea surfacetemperatures made
in situ, which we use to understand the relationship between surface temperature and air temperature over the
oceans.
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A measured value results from measurement of a target quantity, called the measurand. It is only an
estimate of the measurand, because various effects introduce errors into the process of measurement.
These errors are unknown, although their distributional properties may be able to be characterized.
Uncertainty information characterizes the distribution of values it is reasonable to attribute to the
measurand, giventhe measured value and our characterization of effects causing error.

In short, the erroris the ‘wrongness’ of the measured value. The uncertainty describes the ‘doubt’ we
have about the measurand’s value, given the measured value and our understanding of effects causing
errors.

Uncertainty arises from and propagates through every physical and data transformation involved in
creating a dataset.

For the purpose of estimating consistent uncertainties in skin temperature retrievals across all surfaces of
Earth in EUSTACE, uncertainty is modelled as three components?:

e “random” -- meaningerrors thatare both random and independent between all data

e “locally systematic” —meaningerrors that are highly correlated across short separationsin time
and distance; statisticians may referto this case as “structured random”

o “[large-scale] systematic” — meaning errors that have a structure that is persistentin time and
space; thisincludesbutis notlimited to “biases”

Thus, the components are distinguished by their error correlation length scales. In truth, the division
between locally systematic and systematic cases is somewhat artificial, and how best to decompose
effects with arange of types of correlationintothese components is a matter of judgement (see Merchant
et al 2015 for more detail). Information on the various uncertainty components is provided, but also a
measure of total uncertainty.

These components of uncertainty are propagated separately through the gridding process and through
the process of estimating air temperature from satellite skin temperature using the relationships
understoodto exist between skinand air temperature overthe different surfaces. As well as taking into
account uncertainties in the skin temperature used, this process propagates uncertainties in other
information such as fractional vegetation cover (over land) and the mask used to exclude retrievals
affected by the presence of clouds (overice).

The above uncertainty components are propagated, where possible, through the process of creating
global or European fields which have been completed using statistical methods of infilling. In this case,
uncertainty is communicated by provision of an ensemble of gridded fields for each day which are all
consistent with our understanding of uncertainties in the input data and the uncertainty in the infilling
processitself.In this way, the correlation structure of the uncertaintiesis encoded, where possible, in the
structure of the differences between the ensemble members and provides a convenient way forusersto

2 For some datasets the local systematic uncertaintyis subdivided into two
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explore the impact of the uncertainties on theirapplication of the EUSTACE data. Besides the ensemble,
a best-estimate of the daily airtemperature and ameasure of the total uncertaintyisalso provided.

2.1.2.2 Observation Influence

The observationinfluence is adimensionless quantity in the range 0-1 indicating the extent to which the
daily temperaturesin the analysis are influenced by observations. Where the valueis close to 0, there are
no nearby observations, or they are very uncertain, and the analysis is poorly constrained. The analysis
temperature will revert to be close to the climatological average. Where itis close to 1, the valueis well
constrained by observations. The ensemble spread will be large when the observation influence is zero
and small where the observation influence is one.

2.1.3 Localtime or UTC?

Aday can be definedin various ways, e.g. by localtime/time zone, or 00:00-24:00 UTC. Countries regularly
use different definitions for their observations (Van den Besselaar et al., 2012). The most appropriate
definition may differ pertype of user. In EUSTACE we use local time, since we assumethis makes it easier
for certain groups of potentially new usersto use our data (based on feedback from users). Experienced
users generally will know how to transform the local time into the Universal Time.

2.1.4 Daily time series and derived data

Some users, e.g. climate scientists, may want to use the dataset with the daily data, but others may want
to use derived data/information, such as climatologies, trends, etc. These derived products can be
calculated with the help of the produced daily time series. Additional to this Product User Guide some
examplesare given on how to process the EUSTACE datasets® into derived data using the Climate4lmpact
portal. Thisincludesprocessinginto derived data, butalso e.g.selecting dataforacertain region or period
(Step-by-step guide for Climate4lmpact).

2.2 Overview of datasets produced
The table below contains a summary of the final output products from the EUSTACE project which are
describedin more some more detail just below the table and in more detail in Chapter4.

3 The examples do not include EUSTACE datasets,sincethey weren’t availablewhen the -step-by-step guide was
made.
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Table 2-1: EUSTACE datasets with access links and details of any access constraints

Short name Descriptive Name Dataset Link Licence \
Satellite® skin temperatures
Global EUSTACE/ http://catalogue.ceda.ac.uk/uuid/0f1a958a Open
satelliteland  GlobTemperature: Global 130547febd40057f5ec1c837
surface clear-sky land surface
temperature, temperature from MODIS
v2.1 Aquaon the satellite swath
with estimates of
uncertainty components,
v2.1, 2002-2016
EUSTACE / http://catalogue.ceda.ac.uk/uuid/655866af  Open
GlobTemperature: Global 94cd4fabaf67809657b275¢3
clear-skyland surface
temperature from MODIS
Terra on the satellite swath
with estimates of
uncertainty components,
v2.1, 2000-2016
Global EUSTACE / AASTI: Global https://catalogue.ceda.ac.uk/uuid/60b820fa Open
satelliteice clear-skyice surface 10804fca9c3flddfa5efd2al
surface temperature fromthe
temperature, AVHRRseriesonthe
vlil satellite swath with
estimates of uncertainty
components, v1.1, 2000-
2009
Global EUSTACE / CCl: Global clear-  https://catalogue.ceda.ac.uk/uuid/b828596 Open
satellite sea sky sea surface temperature 9426a4e00b74814342
surface fromthe (A)ATSR series at
temperature, 0.25 degreeswith estimates
vl.2 of uncertainty components,
v1.2, 1991-2012
Surface air temperatures from stations or in-situ data
European EUSTACE/ECA&D: European  https://catalogue.ceda.ac.uk/uuid/81784e3 Non-
station land station daily air 642bd465aa69c7fd40ffe1lblb commerc
measure- temperature ial use
ments measurements, only
homogenised
Global Station EUSTACE: Global land http://catalogue.ceda.ac.uk/uuid/7925ded7 Non
Measure- station daily air 22d743fa8259a93acc7073f2 commerc
ments temperature measurements ial use
with non-climatic only
discontinuitiesidentified,
for 1850-2015

4 Skintemperature estimates based on different satellites areavailable.
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Validation EUSTACE: coincidentdaily https://catalogue.ceda.ac.uk/uuid/4b34a2c  Non-

match up air temperature estimates 6890f4e518cacc88911193354 commerc
database, and reference ial use
v1.0 measurements, for only

validation, 1850-2015, v1.0

E-OBS EUSTACE / E-OBS: Gridded https://catalogue.ceda.ac.uk/uuid/b2670fb  Non
European surface air 9d6e14733b303865c85¢2065d commerc
temperature based on ial use
homogenised land station only
records since 1950

Surface air temperature estimates from statistical analysis

Air EUSTACE: Globally gridded  https://catalogue.ceda.ac.uk/uuid/f883e197 Open

temperature  clear-skydailyair 594f4fbaaebedebafb3fddb3

estimates temperature estimates from

from satellite  satellites with uncertainty

estimatesforland, ocean
and ice, 1995-2016

Surface air temperature estimates from statistical analysis

Global air EUSTACE: Global daily air https://catalogue.ceda.ac.uk/uuid/468abcfl Open
temperature  temperature combining 8372425791a31d15241348d9

estimates, surface and satellitedata,

v1.0 with uncertainty estimates,

for 1850-2015, v1.0

Some further explanation of the above mentioned datasets isgiveninthe following text:

Satellite skin temperatures:

Satellite skin temperature retrievals: contains the skin temperatures for all surfaces of Earth as
obtainedin other projects (ESA DUE GlobTemperature, ESA Climate Change Initiative SSTand FP7
NACLIM), but with new, consistent total uncertainty estimates (and estimates of uncertainty
components splitaccording to their correlationstructure) across surfaces for cloudfree days. Skin
temperaturesare obtained from different satellites (section 4.1)

Surface air temperatures from stations or in-situ data:

European station measurements: This dataset contains homogenized and publicly available
station data on air temperaturesin Europe (minimum, average and maximum temperature). This
is a dataset that is updated regularly with new and more recent measurements (Figure 2-4;

section 4.3)

Global station measurements: This dataset contains all publicly available station data on air
temperatures withinhomogeneities identifiedwhere possible. It gives an indication in which year
there are breaks and it provides a likelihood measure of the identified breaks (Figure 2-2;Figure
2-3; Section 4.2).
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e Validation match up database: A surface airtemperature match up data base for validation of the
EUSTACE global gridded products (section 4.7).
e E-OBS: An in-filled analysis of European surface air temperature based on homogenised

meteorological station records since 1950. The datasetinterpolates the station data, taking into
account differences in altitudes. This dataset is produced as part of the European Climate
Assessment and Dataset project (ECA&D), and work undertaken during EUSTACE contributed to
updates to this dataset. From version 20 on the data set will contain the homogenized
temperature data. The dataset also contains an ensemble to describe the uncertainties (section
4.4).

Surface air temperature estimates

e Airtemperature estimates from satellite: Surface air temperature estimates (with estimates of

uncertainty) for all surfaces of Earth, derived from satellite surface skin temperature retrievals
(for days and periods where satellite skin temperatures are available, i.e. clear sky days; section
4.5).

e Global air temperature estimates: These contain daily analyses of surface air temperature (with

estimates of uncertainty) since 1850, based on combined information from satellite and in situ
data sources. This dataset also contains air temperature estimates for days with clouds and for

the period before satellite data were available (section 4.6).
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Figure 2-2: Overview of regional spread of available stations in the EUSTACE global data set of surface air temperature
measurements from meteorological stations. The size of the circles indicates the length of data available in a particular
location. (Brugnara et. al, 2019)
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Figure 2-3: Example of breakpoint detection in the EUSTACE global station dataset for Copenhagen. A breakpoint is a
point/year where the temperature changes for non-climatic reasons. This can be due to e.g. a change in location, change in
instrument or a change in environment . (Brugnara et. al, 2019).
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Figure 2-4: Change in trends in annual mean values of minimum temperatures after homogenization. Red circles indicate an
increase in trend after homogenisation and blue circles indicate a decrease in trend after homogenisation. The size of the
circles indicates the relative sizes of the changes in trend (Squintu et al, 2018).
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Table 2-2: Some characteristics of the datasets in the EUSTACE project

Short name

Further detail Surface Period

Spatial Tempo-
ral reso-

lution

resolu-
tion

Variables

Satellite® skin temperatures

surface
temperature, v1.2

Global satellite MODIS-Aqua Land 2002-2016 on on Tskin
land surface satellite satellite
temperature,v2.1 swath swath
MODIS Terra Land 2000-2016 on on Tskin
satellite satellite
swath swath
Global satelliteice AVHRR Ice 2000-2009 on on Tskin
surface satellite satellite
temperature,vl.1 swath swath
Global satellitesea ATSR-series Ocean 1991-2012 0.25 daily Tskin(depth)

Surface air temperatures from stations or in-situ data

European station Homogenized land 1850-2019 stations Daily Tn, Tx, Tg®.
measurements
Global Station With break- land 1850-2015 stations  daily Tmin, Tmax,
Measurements pointlocations Tmean
Gridded European Basedon land 1950-2018 0.25 & daily Tn, Tx, Tg®
station data homogenized 0.1

station data, degree

+100 member

ensemble
Validation match Selection Landand  1850-2015 stations daily Tmin, Tmax
up database, v1.0  stationsfor ocean

validation

Surface air temperature estimates from satellites
Air temperature Land, 1995-2016 0.25 Daily Tmin, Tmax,
estimates from ocean,ice Tmean
satellite, v1.0
Surface air temperature estimates from statistical analysis

Global air + 10 member Land, 1850-2015 0.25 daily Tmean,
temperature ensemble ocean,
estimates, v1.0 ice, lakes

> Skin temperature estimates based on different satellites areavailable.

6 Tn, Tx, Tg are used in these products for the daily minimum, daily maximum and daily averaged temperatures
respectively. The daily averaged temperature may be based on the average of the minimum and maximum
temperature, but it canalsobe based on e.g, the average of the hourlytemperatures. This has changed over time,
and differs between countries.
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2.3 Other EUSTACE products
In addition EUSTACE also produced the following products:

e Relationships between satellite surface skin temperature and surface air temperature
observations foroceans, land, seaice, ice sheets, and lakes. How these relationships are derived
and whichrelationships are usedis described in several articles;

¢ “Infilling” methods; The methods used are described in articles (in preparation);

e Codedandtested systemforproductgeneration;

e Userguidesforobtainingand usingthedataset (this document and theScientific User Guide).The
Scientific User Guide contains information about the methods used to produce the various
products. This document, the Product User Guide, gives more practical information about the
datasets.

2.4 Format ofthe EUSTACE data sets

Please see the sections of this Product User Guide (Chapter4) relevantto each EUSTACE productto find
a description of theirformat.

Page 22 of 144 Link to Table of Contents




3 Quick start guide

Thissection provides a quick reference section on obtainingand making use of the EUSTACE datasets. It
is intended to be read both in conjunction with the Product User Guide (PUG), and as an independent
reference guide for users starting to use the EUSTACE data; as such it contains pointers to the more
detailedinformation available elsewhereinthe EUSTACE product user guide.

3.1 General information on EUSTACE datasets
The final product of the EUSTACE projectis:

e Global dailyairtemperature combining surface and satellite data with uncertainty estimates, for
1850-2015.

Alongside thisalsootherrelated products are made available:

e global clear-skyland, ice and seasurface temperature from satellite with estimates of uncertainty
components;

e globally gridded clear-sky daily air temperature estimates from satellites with uncertainty
estimatesforland, oceanandice;

e global land station daily air temperature measurements with non-climatic discontinuities
identified;

e Europeanlandstation daily airtemperature measurements, homogenised;

e Gridded European surface air temperature based on homogenised land station records since
1950;

e coincidentdailyairtemperature estimates and reference measurements, forvalidation.

Where possible, thesedataare made freely availableto all users with no restriction. Due to limitations of
use on some of the station datasets used as input in EUSTACE, the EUSTACE land station surface
temperature products are only available fornon-commercial use (see Table 2-1 and Table 2-2 in Section
2.2 of the EUSTACE Product User Guide for licensing information and characteristics of individual
datasets).

3.2 How to obtain EUSTACE products

The EUSTACE datasets are archived and made available from the Centre for Environmental Data Analysis
(CEDA), with the exception of the European Station data and E-OBS dataset (see below). Links to the
source of the individual data products are givenin Section 2.2 and inthe relevant dataset sections of the
EUSTACE Product User Guide. They can also be found through the EUSTACE project page in the CEDA
catalogue at http://catalogue.ceda.ac.uk/uuid/a52b2cc065a847b8a77a93896880349f.
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Figure 3-1: An example of a EUSTACE data product that can be obtained via the CEDA catalogue. Further information on
the data product, licence and related documentation can be found under the ‘details’ tab. Data can be downloaded via the
‘Download’ link at the top of the page.

Data can be downloaded from CEDA viaa numberof methods as described below:

Web download from CEDA

e From theindividual dataset catalogue pagesfollow the ‘Get Data’ link at the top of the page.

e Individual files can be downloaded by clicking on the appropriate link, whilst multiple files can be
downloaded usingthe ‘Download multiple files’ option towards the top of the page. To download large
numbers of multiple files (amounting to more than 2-3GB in total), it is recommended to use the FTP
download optioninstead (see FTP section below).

e Asubsetof the datain thefilescan be downloaded usingthe ‘subset’ link onthe web page (see
OPeNDAP section below).
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Figure 3-2: Example of a screen where the various available data files for satellite skin temperatures from the EUSTACE
project can be downloaded.

FTP:
e Accessisavailable viathe CEDA ftpsite: ftp.ceda.ac.uk

e Notethat a CEDA useraccountisrequiredtoaccess data via ftp. Users can sign up for this at
www.ceda.ac.uk

OPeNDAP:
Data can be downloaded and subsetvia OPeNDAP. Forinformation on downloading datavia OPeNDAP
fromthe CEDA archive see https://help.ceda.ac.uk/article/4712-reading-netcdf-with-python-opendap

E-OBS and European station measurement data:

e E-OBS gridded data and European station data will also soon be available through ECA&D. Links
to both these products are also containedinthe relevant CEDA page.

Other data access methods: In the future, it may also be possible for some data products to be accessed
and visualised directlythrough some external portals (e.g. the climatedimpact portal). Fora step-by step
example see the Step-by-step guidefor Climate4impact.

3.3 Format and how to read the data products

The datais suppliedin NetCDF format and follows the CF-convention. It can be read in by any standard
NetCDF reading tools. The exact format for each product is described in more detail in the individual
product sectionslaterinthis document.
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Some suggested common toolsto browse NetCDF data are givenin Annex 2

3.4 Working with Uncertainty Estimates

Akey aim of EUSTACE is to provide consistent uncertainty estimatesacross all surfaces of the Earth. These
uncertainties can be expressed differently per producttype, and it is important to understand the types
of uncertainties described with the data and how to use them correctly. A brief summary is given in
Section 2.1.2.1 of the PUG, and for more information please see the relevant sections for the individual
products.

3.5 Things to be aware of when using the data (Assumptions and Do’s and Don’ts)
For a detailed description of each data product, we recommend that you read the individual product
descriptions (chapter 4). However, there are some general things to be aware of when using the data,
which are briefly summarised in this section.

e The station data products made available in our downloadable products only include those
stations which are publically available for non-commercial uses. In the processing of the
downstream datasets, a larger number of stations have been included in the analysis;
unfortunately, we are not able to redistribute some of these stations. Due to the original data
restrictions, the EUSTACE station data products are only made available for non-commercial use.

e For some products, data points are given in local solar time; in these cases the definition of a
EUSTACE 'day' is local mid-nightto mid-night. (Seesection 2.1.3)

e Ifaveragingdata, care needsto be taken to do this properly takinginto account the uncertainties
and any correlations between data points. For satellite data, averaging needs to account for
missing days.

e We would not recommend using the skin and air temperature products to study the skin/air
temperature difference, as their derivations are too interconnected. The relationship between
how the two variables are determined are described furtherin the ScientificUser Guide.

3.6 How to acknowledge / reference the data

If usingthis dataset please cite the data as detailed onthe relevant CEDA catalogue record, and givenin
the table in Chapter 7 of the Product User Guide. Please also cite the EUSTACE overview paper from
Rayneret al. (2019, in prep).

To referto articles/reports describing the methodology and datasets look in the scientificuser guideand
inthe list of references (Section 6).
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3.7 Where to go for help and further information
For further help on using EUSTACE products please go to sections per product in Chapter 4 where this
informationisgiven. Help canalso be obtained from the CEDA helpdesk at support@ceda.ac.uk.

For furtherdetails on the processing of the EUSTACE products please also see the EUSTACE Scientific
User Guide, and published EUSTACE papers.
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4 Sections for individual data products with further
information

The following sections provide more detailed information on the individual output products produced
by EUSTACE.

4.1 Satellite Skin Temperature Retrievals with added uncertainties

The satellite skintemperature retrievals forall surfaces of the Earth have been derivedinthe context of
other projects (e.g. GlobTemperature, CCl SST, FP7 NACLIM), but within EUSTACE, new consistent
uncertainty estimates across all surfaces have been added. The following sections describe the details of
each of these sub-products, with furtherscientificinformation also available in the Scientific User Guide.

4.1.1 Global clear-skyland surface temperature from MODIS on the satellite swath with
estimates of uncertainty components,v2.1,2002-2016

4.1.1.1 Summary

Land Surface Temperature data from the MODIS satellite instruments on NASA’s Terra (EOS-AM1) and
Aqua (EOS-PM1) satellites have beenproduced by the Universityof Leicester under EUSTACE and the ESA
DUE GlobTemperature project [http://www.globtemperature.info/] with support from the National
Centre for Earth Observation (NCEO) [https://www.nceo.ac.uk/].

The EUSTACE MODIS products provide retrieved Land Surface Temperature on the original satellite
measurementgrid (i.e. Level 2 products). The Aqua and Terra datasets are archived as two separate data
products, with each providing global coverage for the time periods from 04/07/2002 -31/12/2016 and
05/03/2000 —31/12/2016 respectively. Data is provided on the MODIS swath with a pixel resolution of
1km at nadir.

For furtherinformation on the derivation of this product see the EUSTACE Scientific User Guide.

4.1.1.2 Heritage of thedata product

The firstversion of the product (Version 2.0) was produced by the University of Leicesterand distributed
by the ESA DUE GlobTemperature project as the GlobTemperature GT_MYG_2P (Aqua) and GT_MOG_2P
(Terra) products. The LST retrieval algorithm was developed under the ESA DUE GlobTemperature with
support from the National Centre for Earth Observation (NCEOQ), whilst the method for estimating the
components of the LST uncertainty was developed under EUSTACE. In Version 2.0 the uncertainty
estimates are separated into three components based on correlation scales: a random component, a
component that is correlated on local length and time scales, and a large-scale correlated component.
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The EUSTACE dataset is Version 2.1 and further separates the locally correlated uncertainty into
atmosphere and surface components.
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Figure 4-1: An example of the MODIS LST from the Aqua instrument (top) and the associated LST uncertainty field
(below). Data plotted are from file GT_SSD-L2-MYGSV_LST_2-20110114_020500-CUOL-0.01X0.01-V2.1.nc
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In both versionsthe LST estimates are retrieved from MODIS Collection 6 radiances downloaded from
the NASA Level-1and Atmosphere Archive & Distribution System (LAADS) Distributed Active Archive
Center (DAAC) [https://ladsweb.modaps.eosdis.nasa.gov/]. Furtherinformation on the processingis
providedinthe EUSTACE Scientific User Guide.

4.1.1.3 Accessto Data
The dataare archived atthe Centre for Environmental Data Analysisand can be accessed and downloaded

as described in Section 3.2 above. Data are made freely available for use under the Open Government

Licence.

Table 4-1: Links to the EUSTACE/GlobTemperature global clear-sky land surface skin temperature data from MODIS with
estimates of uncertainty components.

Data Product CEDA catalogue record Download links

U e et http://catalogue.ceda.ac.uk/uuid/0fla9  http://data.ceda.ac.uk/neodc/eustace/data/sa
perature: Global 58a130547febd40057f5ec1c837 tellite skin temperature/UOL/land/MODIS Aq
clear-sky land ua/l2/GT MYG 2P/v2.1/

surface

temperature data ftp://ftp.ceda.ac.uk/neodc/eustace/data/satell
from MODIS Aqua ite skin_temperature/UOL/land/MODIS_Aqua

on the satellite [L2/GT_MYG 2P/v2.1/
swath with

estimates of

uncertainty

components, v2.1,

2002-2016

A0y yeFAell] g 8 http://catalogue.ceda.ac.uk/uuid/65586  http://data.ceda.ac.uk/neodc/eustace/data/sa
perature: Global 6af94cd4fa6af67809657b275¢3 tellite skin temperature/UOL/land/MODIS Te
clear-sky land rra/l2/GT_ MOG 2P/v2.1/

surface

temperature data ftp://ftp.ceda.ac.uk/neodc/eustace/data/satell
from MODIS Terra ite_ skin_temperature/UOL/land/MODIS Terra
on the satellite /L2/GT_MOG 2P/v2.1/

swath with

estimates of

uncertainty

components, v2.1,

2000-2016

The data are in NetCDF format and follow the NetCDF Climate and Forecast (CF)-convention
(http://cfconventions.org/). The detailed format specificationis givenin Section 4.1.1.6.
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http://data.ceda.ac.uk/neodc/eustace/data/satellite_skin_temperature/UOL/land/MODIS_Aqua/L2/GT_MYG_2P/v2.1/
ftp://ftp.ceda.ac.uk/neodc/eustace/data/satellite_skin_temperature/UOL/land/MODIS_Aqua/L2/GT_MYG_2P/v2.1/
ftp://ftp.ceda.ac.uk/neodc/eustace/data/satellite_skin_temperature/UOL/land/MODIS_Aqua/L2/GT_MYG_2P/v2.1/
ftp://ftp.ceda.ac.uk/neodc/eustace/data/satellite_skin_temperature/UOL/land/MODIS_Aqua/L2/GT_MYG_2P/v2.1/
http://catalogue.ceda.ac.uk/uuid/655866af94cd4fa6af67809657b275c3
http://catalogue.ceda.ac.uk/uuid/655866af94cd4fa6af67809657b275c3
http://data.ceda.ac.uk/neodc/eustace/data/satellite_skin_temperature/UOL/land/MODIS_Terra/L2/GT_MOG_2P/v2.1/
http://data.ceda.ac.uk/neodc/eustace/data/satellite_skin_temperature/UOL/land/MODIS_Terra/L2/GT_MOG_2P/v2.1/
http://data.ceda.ac.uk/neodc/eustace/data/satellite_skin_temperature/UOL/land/MODIS_Terra/L2/GT_MOG_2P/v2.1/
ftp://ftp.ceda.ac.uk/neodc/eustace/data/satellite_skin_temperature/UOL/land/MODIS_Terra/L2/GT_MOG_2P/v2.1/
ftp://ftp.ceda.ac.uk/neodc/eustace/data/satellite_skin_temperature/UOL/land/MODIS_Terra/L2/GT_MOG_2P/v2.1/
ftp://ftp.ceda.ac.uk/neodc/eustace/data/satellite_skin_temperature/UOL/land/MODIS_Terra/L2/GT_MOG_2P/v2.1/
http://cfconventions.org/

4.1.1.4 Workingwith the data
This dataset comprises Land Surface Temperature dataretrieved onthe satellite orbittrack. The datais
at Level 2 (i.e.itisnot gridded). There are two file types within the above directories:

1) ...LST... This contains the primary data product of LST and its associated total uncertainty
(examplefieldis plottedin Figure 4-1), along with geolocation, viewing geometry and qualityflag
information.

2) ...AUX..: This contains the more detailed breakdown of the LST uncertainty estimates into four
components (see below) as well as further auxiliary information that has been used in the LST
retrieval, such as surface emissivity.

The data is splitinto 5 minute granule files consistent with those provided for the MODIS operational
Level-1b and Level-2data.

Using the uncertainties

A pixel level uncertainty analysis is provided in each AUX file, which takes account of the expected
performance of the retrieval algorithm under varying surface and atmospheric conditions. These
uncertainties have been categorised into four components: random; locally correlated (atmosphere);
locally correlated (surface); and systematic (Figure 4-2).

Table 4-2: Uncertainty components in the global surface skin temperature data files from EUSTACE

Uncertainty component Definition Contributions

Random (LST_unc_ran) Uncorrelatedinspace and time. Radiometricnoise of the
instrumentand sub-pixel
variations inthe emissivity

Locally Correlated — surface Correlated within same land Pixel-to-pixel uncertaintyin
(LST_unc_loc_sfc) covertype but appearrandom emissivity across each
across differentland cover landcover class
types
Locally Correlated - Correlated on synopticscales, Uncertainty in atmospheric
E1 g o o TN B PRI R T 1709 ) Y but appearrandom on larger state (primarily watervapour)
scales
Systematic (LST_unc_sys) Fully correlated across space Uncertainty in the bias of the
and time satellite surface temperatures

relative to otherdatasources of
temperature once all known
residual biases have been
corrected for

A total uncertainty, accounting for all components, is available in the LSTfile and is simply, for each pixel,
the sum in quadrature of the uncertainty components assuming these are independent. Uncertainty
components are providedso thatthe user can take account of error covariances when averaging the data
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to coarser resolutions (temporal and/or spatial). Thus, the total uncertainty on a spatial or temporal
average (0,,,) overa sample of pixels of size N isgiven by:

1 K N N N-1
2 — 2
Th=ga ), | L2 ), ) R
k=1|i=1 i=j+1 i=1

Here, N isthe number of data points contributing to the average, gy is the k" uncertainty component on
the i pixeland R;ji is the coefficient of correlation of the k™ uncertainty componentatthe i and with
k'™ uncertainty componentat the j* pixel. Commonly, itis assumedthat R = 1 for pixel separations less
than some correlation scale and that R = 0 elsewhere. For the randomly correlated component the
correlationscaleiszeroand R = 0 for all pixel pairs. Forthe systematiccomponent the correlation scale
is assumed infinite and R = 1 for all pixel pairs. In the case of the locally correlated components the
correlation scales must be estimated. Itis likely that the errors inthe LST due to errors in estimating the
emissivity of a particular land cover type are correlated for pixels of the same land cover type although
this may not be the case for similarland cover types on different continents (for example, deciduous
woodland is likely to include different species of treesin different regions). Regarding LST errors due to
errors in atmospheric characterization, these are likely to be correlated with atmospheric water vapour
which has correlation scales of lessthan 10 km and lessthan 1 hour [Steinke etal., 2015; Vogelmann et
al., 2015].

0.40

LST toodty comebted waewiclaty = murtoce corsponent (K}
°
&
5T ramdenly carrwiated snsertdinty commpeaent (K)

aco

Figure 4-2: The surface locally correlated (left) and random (right) components of the LST uncertainty field shown in Figure
4-1

Quality Flags

The MODIS LST files contain a quality control variable (QC). This is a 4 byte integer with the bits
correspondingtothe following cases:
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Table 4-3: Explanation of the Quality control variable in the MODIS LST files

Bit Flag \

0 Day / Night flag(day =0, night=1)
e Nightisset where the solarzenithangleis ninety degrees or more

1 Consolidated cloudflag (0 =no cloud, 1 = cloud)
e The best estimate is where primary (bit6), secondary (bit7) and thincirrus (bit9)areset to 0

2 Consolidated confidenceflag (0 = good confidence, 1= low confidence)
e Thisis setwhere either of the inputsplit-window brightness temperatures have missing values
or aresuspect

3 Aerosol information available (1 =yes)
e Thisbitissetto 1sincethe informationis acquired bythe MODIS Cloud Product

4 Aerosol detected (1 =vyes)
e Informationacquired from MODIS Cloud Product

5 Spare bitfor potential future evolution

6 Primary cloud mask — definitely cloudy (from MODIS Cloud Product)

7 Secondary cloud mask — probably cloudy (from MODIS Cloud Product)
8
9

Tertiary cloud mask —possibly cloudy (from MODIS Cloud Product)
Thin cirrus cloud mask (from MODIS Cloud Product)

10 Shadow flag (from MODIS Cloud Product)

11 Sun glintflag (from MODIS Cloud Product)

12 Non-optimum confidenceflagwhere the pixel is produced but the quality may be suspect
13-31 Not used

To selectonly data of the best quality, itis recommendedto use those valuesindicated as cloud free by
the Consolidated Cloud Mask (QC Bit 1) and of good quality by the Consolidated Confidence Flag (QC bit
2). Thisaccounts forboththe best knowledge of cloud contamination and invalid MODIS radiance pixels.

Values where the total ‘LST uncertainty’ field is greater than 2.0K should also be treated with more
caution.

Known limitations of the data
When using the data, users should be aware of the following:

e Users shouldtake account of the quality flag (as described above).
e Theuncertaintyinthe LST due to failure of the cloud detection algorithmis notincludedin the
uncertainty budget.

For more information on the data quality and validation methods referto the ESA DUE GlobTemperature
Validation Report [Martin and Goettsche et al 2017].

4.1.1.5 File namingconvention
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Productfilenames follow the GlobTemperature file naming conventions (see GlobTemperature Product

User Guide available from http://www.globtemperature.info)

4.1.1.6 Data formatspecification
The data are providedin NetCDF-4format, and compliant with the CF-1.6 metadata convention. The
data follow the GlobTemperature harmonised data format (see the GlobTemperature Product User

Guide available from http://www.globtemperature.info/).

Two separate files are provided: the primary LSTfile and an auxiliaryfile.

1) The primary LST file holds those variables specified as essential by GlobTemperature, withthe size
keptto a minimum. Geolocation coordinates are specified to 4decimal places (Table 4-4).

Table 4-4: GlobTemperature primary LST harmonised format (from GlobTemperature PUG)

Dimensions Name

time

nj

ni

Variables Name Type Dimensions  Units Comment

jul_date double time days Reference time at
start of datafilein
Julian Days (days since
12h Jan1, 4713BC)

lat float nj,ni degrees_north Pixel centre latitudein
decimal degrees north

lon float nj,ni degrees_east  Pixel degrees
longitude indecimal
degreeseast

dtime int nj,ni seconds Time difference from
referencetimein
secondswithan
accuracy of 0.1s

LST short nj,ni K LST

LST uncertainty  short nj,ni K total LST uncertainty

QcC Int nj,ni unitless Quality control flags

satze short nj,ni degree Satellite zenith
viewingangle

sataz short nj,ni degree Satellite azimuth

viewingangle
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2) The auxiliary (AUX) file includes extravariables, outside of the mandatory GlobTemperature variables
(Table 4-5).

Table 4-5 Format of the auxiliary AUX files

Dimension Name
S

Channel

Nj

Ni

Systematic

ch_length

Variables Name Type Dimensions  Units Comments

LST unc_loc_atm short nj,ni K Uncertainty due to
locally correlated
atmospheric
effects

LST unc_loc_sfc short nj,ni K Uncertainty due to
locally correlated
surface effects

LST unc_ran short nj,ni K Uncertainty due to
random effects

LST_unc_sys short systematic K Uncertainty due to
systematiceffects

channel char channel, Unitless channel

ch_length description

elevation short nj,ni m Elevation of land
surface

emis short channel,nj,ni unitless Channel emissivity

lwm short nj,ni 1 Land water mask*

solaz short nj,ni degree Solarazimuth
angle

solze short nj,ni degree Solarzenithangle

tcwv short nj,ni kg m-2 Total column water
vapour

*Land water mask flagvalues and meanings:

(0) Shallow Ocean— ocean lessthan 5k from coast or more than 50m deep

(1) Land - notanything else

(2) Ocean Coastlines and Lake Shorelines

(3) Shallow Inland Water— inland water lessthan 5km from shore or more than 50m deep

(4) Ephemeral — intermittent water

(5) Deep Inland Water— inland water more than 5km from shoreline and more than 50m deep

(6) Moderate or Continental Ocean - ocean more than 5km from coast and more than 50m deep andless than 500m deep
(7) Deep Ocean— ocean more than 500m deep

4.1.1.7 Whereto go for further Information
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e Eustace ScientificUser Guide (under development)
e GlobTemperature [http://www.globtemperature.info/]

e GlobTemperature Product User Guide available from http://www.globtemperature.info/

Points of contact for further questions: Darren Ghent (djg20@Ie.ac.uk)and Karen Veal (klv3@le.ac.uk)

4.1.1.8 References for4.1.1

Ghent, D., I. Trigo, A. Pires, O. Sardou, J. Bruniquel, F. Gottsche, M. Martin, C. Prigent, and C. Jimenez
(2018), ESA DUE GlobTemperature Product User Guide, Rep. GlobT-WP3-DEL-11, University of Leicester.
[http://www.globtemperature.info/index.php/public-documentation/deliverables-1/108-
globtemperature-product-user-guide]

Steinke, S., Eikenberg, S., Lohnert, U., Dick, G., Klocke, D., Di Girolamo, P., & Crewell, S. (2015). Assessment
of small-scaleintegrated water vapour variability during HOPE. Atmospheric Chemistry and Physics, 15(5),
2675-2692. https://doi.org/10.5194/acp-15-2675-2015

Vogelmann, H., Sussmann, R., Trickl, T., & Reichert, A. 2015). Spatiotemporal variability of water vapor
investigated using lidar and FTIR vertical soundings above the Zugspitze. Atmospheric Chemistry and
Physics, 15(6), 3135-3148. https://doi.org/10.5194/acp-15-3135-2015

Martin, M., and Goettsche, F.M. (2017) GlobTemperature Satellite LST Validation Report (Reportto ESA:
GlobTemp_DEL-12_i3r0) [http://www.globtemperature.info/index.php/public-
documentation/deliverables-1/117-validation-report-del12 ]
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4.1.2 Global clear-sky sea surface temperature fromthe (A)ATSR seriesat0.25 degrees
with estimates of uncertainty components,v1.2,1991-2012

4.1.2.1 Summary
The datasetarchived here has been produced usingmethodsfrom the ESA Climate Change Initiative (CCl)

Sea Surface Temperature (SST) project; it is an experimental v1.2 (A)ATSR Level 3C data product, which
was made available to EUSTACE as representing the state of the art at the time of the project. However,
this was not made publically available via the ESA CCl, and has now been superseded by theirv2.0 product.
The EUSTACE dataset made available here, is provided primarily for traceability, and it is recommended
for scientificstudies to use the subsequent CCl products from http://cci.esa.int/data.

The files provided hereare Level 3Cfiles, wherethe data has been gridded daily onto aregular0.25degree
latitude/longitude grid.

4.1.2.2 Heritage of the Data Product
The dataset relates closely to others produced as part of the ESA Climate Change Initiative (CCl) Sea
Surface Temperature (SST) project (http://www.esa-sst-cci.org/).

This particular product comprises Level 3C gridded sea surface temperatures from the Along Track
Scanning Radiometer (ATSR) series of instruments (ATSR-1, ATSR-2, AATSR). The data has been gridded
to 0.25 degrees, and covers the period 1992-2012.

4.1.2.3 Accessto Data
The dataare archived at the Centre for Environmental Data Analysisand can be accessed and downloaded
as described in Section 3.2 above. Data are made freely available for use under the Open Govermment

Licence.

Table 4-6: Links to the EUSTACE/CCI global clear-sky sea surface temperature data from the (A)ATSR series at 0.25 degrees
with estimates of uncertainty components, v1.2,1991-2012.

Data Product CEDA catalogue record Download links

EUSTACE / CClI: https://catalogue.ceda.ac.uk/uuid/b828  http://data.ceda.ac.uk/neodc/eustace/data/sa
Global clear-sky 5969426a4e00b7481434291ad603 tellite_skin_temperature/UOR/ocean/ATSR/L3

sea surface C/v1.2/
temperature from

the (A)ATSR series
at 0.25 degrees
with estimates of
uncertainty
components, v1.2,
1991-2012

Page 37 of 144 Link to Table of Contents



http://cci.esa.int/data
http://www.esa-sst-cci.org/
http://www.nationalarchives.gov.uk/doc/open-government-licence/version/3/
http://www.nationalarchives.gov.uk/doc/open-government-licence/version/3/
https://catalogue.ceda.ac.uk/uuid/b8285969426a4e00b7481434291ad603
https://catalogue.ceda.ac.uk/uuid/b8285969426a4e00b7481434291ad603
http://data.ceda.ac.uk/neodc/eustace/data/satellite_skin_temperature/UOR/ocean/ATSR/L3C/v1.2/
http://data.ceda.ac.uk/neodc/eustace/data/satellite_skin_temperature/UOR/ocean/ATSR/L3C/v1.2/
http://data.ceda.ac.uk/neodc/eustace/data/satellite_skin_temperature/UOR/ocean/ATSR/L3C/v1.2/

The data are in NetCDF format and follow the NetCDF Climate and Forecast (CF)-convention
(http://cfconventions.org/). The detailed format specificationis givenin Section 4.1.2.5.

New versions of the CCl datasets are now available which supersede this product; it is provided here
primarily fortraceability but for scientific studieswe recommendusing the subsequent CCl products from
http://cci.esa.int/data.

4.1.2.4 File naming Convention
The file names have the format:

<Date><Time>-<RDAC>-<Level>_GHRSST-<Product>-<Dataset>-v02.0-fv01.0.nc

The variable components within braces: <component>are summarisedin Table 4-7and detailed in the
following sections. Note:

e <Dataset>and <Extra> correspond to the GHRSST <Additional Segregator>componentand are
therefore separated by an underscore (“_") ratherthan a dash (“-”).

e Thefixedversionstring “v02.0” indicates that the fileisa GDS 2.0 formatfile. The Climate Data
Recordversionisindicated by the <Dataset>string.
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Table 4-7: GDS 2.0 File naming convention components

Component Definition Description

<Date> YYYYMMDD The identifying date for this file in 1SO8601
basicformat

<Time> HHMMSS The identifyingtime forthis filein 1SO8601
basicformat

<RDAC> ESACCI The RDAC where the file was created

<Level> L3C The data processing level

<Product> GHRSST product stringe.g. Indicates the source datafor this product.
AATSR See Table 4-8 for full list

<Dataset> EXP1.2 Indicates thisisan experimental CCl

version (1.2)

Date
The identifying date for thisfile, using the 1SO8601 basicformat: YYYYMMDD.
Time

The identifying time for this filein UTC, using the ISO8601 basic format: HHMMSS. This correspondsto
the centre time of collation window (1200 for dailyfiles)

RDAC

GHRSST Regional Data Assembly Centre (RDAC)where the dataset was generated. Here this is
ESACCI:ESA Climate Change Initiative

Level
GHRSST Processinglevelforthis product = L3C.
Product

GHRSST Product stringindicating the source sensor forthis dataset:
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Table 4-8: GDS 2.0 Product strings

Name Description

AATSR Advanced Along Track Scanning Radiometer (AATSR) on Envisat satellite
ATSR<X> Along Track Scanning Radiometer (ATSR) on ERS-10r -2
Dataset

Indicates which (Interim) Climate Data Record thisfile belongs to = EXP1.2

NOTE —the <Dataset>element correspond to the GHRSST <Additional Segregator>componentand are
therefore separated by an underscore (“_”) ratherthan a dash (“-”).

4.1.2.5 Data format Specification
The data filesare in netCDF-4formatand are CF-compliant [D4], following the GDS [D1] SST-CCI [D2]
standards.

NetCDF variable Attributes
Variablesinthe netCDFfileswill include the standard metadata attributes listedin Table 4-9below. These

are recognised by mosttools and utilities for working with netCDF files.

Table 4-9: Standard variable attributes

_Fillvalue The number put into the data arrays where there are novalid
data (before applying the scale_factorand add_offset
attributes).

long_name A descriptive name forthe data

standard_name A unique descriptive name forthe data, taken fromthe CF
conventions [D4]

units The units of the data afterapplyingthe scale_factorand
add_offset conversion

add_offset Afterapplyingscale_factorbelow, add thisto obtain the datain
the units specifiedin the units attribute

scale_factor Multiply the data stored in the netCDF file by this number

valid_min The minimum valid value of the data (before applying

scale_factorand add_offset).

valid_max The maximum valid value of the data (before applying
scale_factorand add_offset).

Page 40 of 144 Link to Table of Contents




comment Miscellaneous information

references References that provide more information about the data
source A list of data sources used forthe data inthisvariable
depth The effective depth for SST data. Must be one of [skin,

depth_20, depth_100]. The default valueis ‘skin’

Coordinate Grids
The coordinate variables are listed in Table Table 4-10and discussed inthe following sections.

Table 4-10: Coordinate variables

lat Central latitude of each grid cell
lon Central longitude of each grid cell
time Reference time of SSTfile

Time coordinate

All SST files include time as a dimension and coordinate variable to represent the reference time of the
SST data array. The reference time for L3C files is the centre time of collation window (midday for daily
files)

Regular latitude/longitude grid
The files are stored on a global regular latitude/longitude grid and variables have the following
dimensions:

time: UNLIMITED (1)

lat: Number of latitude points (720)

lon:  Number of longitude points (1440)
The resolution used for the products is 0.25°. The time dimension is specified as unlimited,
allowing standard netCDF tools to easily concatenate and manipulate multiple files, but each file
is distributed with a single time slice (corresponding to a day).

SST Data Variables

The data files contain two SSTvariables:the primary satellite measurementis the temperature of the skin
at the time the satellite observes it; the adjusted SST is provided for a standard depth (0.2 m) and time
representative of the daily mean to allow comparison within situ measurementsand prevent aliasing the
diurnal cycle intothe data due to satellitedrift.
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Table 4-11: SST data variables

sea_surface_temperature Best estimate of SSTy;, as observed by the satellite

sea_surface_temperature_depth  Bestestimate of SST,, at standard time representing daily
mean

Quality Indicators

Each pixel has an associated quality level which indicates the general quality of that pixel —higher
values being better. Quantitative analyses should use the higher quality levels (4 or 5). Quality levels 2
and 3 may be useful for qualitative analyses, but the pixels have an increased change of being cloud
contaminated.

Table 4-12: Quality indicators

quality_level Quality level of the SST:

0 nodata
bad data
worst usable data
low quality
good quality
best quality

ua b W N B

Auxiliary variables and uncertainties
There are several auxiliary variables and SST uncertainties listed in Table 4-13below.

Table 4-13: Auxiliary variables and uncertainties

sses_standard_deviation Total uncertainty in SSTg,

sst_depth_total_uncertainty Total uncertaintyin SSTgom

large_scale_correlated_uncertainty Systematicuncertainty thatis highly correlated between pixels
overlarge scales

synoptically_correlated_uncertainty Systematicuncertainty thatis highly correlated between pixels
oversynopticscalesonly

uncorrelated_uncertainty Non-systematic uncertainty (uncorrelated or weakly correlated
between pixels)
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4.1.2.6 Whereto go for further information
See the ESA CCISST project pages at http://www.esa-sst-cci.org/

For accessto the latestversions of the cci data go to cci.esa.int/data.
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Global clear-sky ice surface temperature fromthe AVHRR series on the satellite
swath with estimates of uncertainty components,v1.0,2000-2009

4.1.3.1 Summary

Arctic and Antarcticice Surface Temperatures from thermal Infrared satellite sensors (AASTI), covering
high latitudes Seas, Sealce and Ice Cap surface temperatures based on satellite infrared measurements.
AASTIis a supplementto existing data sets, with lower resolution, but with longertemporal coverage.

The primary data input are the satellite radiometer infrared brightness temperature (Tb) data used to
calculate surface temperatures. These dataare derived from a 28-year Global Area Coverage — Advanced
Very High-Resolution Radiometer (GAC-AVHRR) data set. The areas of interest are the Polar Regions,

above and below latitudes 40 degree North and South, respectively. Data at mid and low latitudes are
masked out.

The AASTI temperature algorithm uses a suite of algorithms selected by surface temperature and sun-
elevation, where the primary choice of algorithm lies in the distinction between seaand ice surfaces.

Calibration of each infrared instrumentis done from simulated Top-Of-Atmosphere Tb's, calculated by a
radiative transfer model.

4.1.3.2 Heritage of the data product

The firstversion of the AASTI data was generated by Met Norway and DMI withinthe NORMAPP and the
NACLIM projects (Dybkjaer et al (2014)). The derivation of uncertainties in the three components was
subsequently done within EUSTACE (see Hgyer et al., 2018 for a description of this) and was added to
version 1.1. Nothing changed in the actual IST field from version 1 to 1.1, except the addition of
uncertainty components.

Since then, AASTI v2 has been produced, also including the uncertainty components developed within

EUSTACE. The operational OSI-SAF dataset Dybkjaer et al (2018) continues the processing forwards in
time.
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4.1.3.3 Accessto the data

The data are archived at the Centre for Environmental Data Analysis and can be accessed and
downloaded as described in Section 3.2above. Data are made freely available foruse underthe Open
Government Licence.

Table 4-14: Links to the EUSTACE/AASTI global clear-sky ice surface temperature data from the AVHRR series on the satellite
swath with estimates of uncertainty components, v1.1,2000-2009 1991-2012.

Data Product CEDA catalogue record Download links

EUSTACE / AASTI: https://catalogue.ceda.ac.uk/uuid/60b8  http://data.ceda.ac.uk/neodc/eustace/data/sa
(el [o[sE G CETES AT 20fa10804fca9c3flddfa5ef42al tellite skin_temperature/DMI/ice/AASTI/L2 /vl

surface ./
temperature from
the AVHRR series

on the satellite
swath with
estimates of
uncertainty
components, v1.1,
2000-2009

4.1.3.4 Workingwiththe data

This dataset comprises Sea Surface Temperature, Ice Surface Temperature and Marginal Ice Zone surface
temperatures on the satellite orbit track. The datais at Level 2 (i.e. itis not gridded). There is one file per
orbitfor each satellite, similarto the Level 1binput data from CLARA A1l.

Using the uncertainties

A pixel level uncertainty analysis is provided, which takes account of the expected performance of the
retrieval algorithm under varying surface and atmospheric conditions. These uncertainties have been
categorised into three components: random, locally correlated and systematic.

Table 4-15: Uncertainty components and their definitions

Uncertainty component Definition Contributions
Random (uncorrelated_uncertainty) Uncorrelated in space and Radiometric noise of the
time instrument and sub-pixel
variationsinthe emissivity
Locally Correlated: Correlated within synoptic Changes in emissivity and
(synoptically_correlated_uncertainty) scales, l.e. 500-1000 km uncertainty in atmospheric
spatial and 2-5 days state (primarily  water
vapour)
Systematic correlated across space and Uncertaintyin the bias of the
(large_scale_correlated_uncertainty) time satellite surface
temperatures relative to
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other data sources of
temperature once all known
residual biases have been
corrected for

The total uncertainty, accounting forall components, can be derived for each pixel, as the square root of
the sum in quadrature of the uncertainty components, assuming theseare independent.

4.1.3.5 Dataformatspecification
Variable description:

e lat: Latitude.

e lon: Longitude.

e mask: sea, icecap and land mask, from NOAA NESDIS.

e sea_ice_fraction; Seaice concentration, from OSISAF.

e surface_temperature: The integrated seaandice skintemperature.

e sea_surface_temperature: Seasurface skintemperature in 10-20 microns depth. Thisfieldisa
subsetof the surface temperature field, above, and identical tothe SSTfieldinthe GDS format
description (GDS) from the GHRSST community (GHRSST, 2014-9).

e st _dtime:a line-wisetime offsetin seconds, from the Indicative date/time (reference time). l.e.
“Indicative date/time +st_dtime” is the line-wise time of data acquisition.

o 12p_flags: A 2-BYTE bit-field including miscellaneous information. Bit no.0-5. Landmask — bit0,
algorithm bit 1-7, Cloudmask bit 8-15:

o 0.Lland: Land - fromthe input GACdata set
o 1. No_algorithm_applied: Algorithm check failed.

2. Sea_Surface_Temperature_day_algorithm

3. Sea_Surface_Temperature_night_algorithm

4. Sea_Surface_Temperature_twilight_algorithm

5. lce_Surface_Temperature_algorithm.

6. Marginal_lce_Zone_Temperature_algorithm_sstday_ist.

7. Marginal_lce_Zone_Temperature_algorithm_sstnight_ist.

8. Cloudmask_quality_high: Qualityindicator from PPS cloud mask software (PPScloud,

2014-09).

o 9. Cloudmask_not_processed: No cloud mask data or corrupted data (PPScloud, 2014-
09).

o 10. Cloud_free: nocontamination by snow/ice covered surface, no contamination by
clouds but contamination by thin dust/volcanicclouds not checked (PPScloud, 2014-09).

o 11. Cloud_contaminated: Partly cloudy or semitransparent. May also include dust clouds
or volcanicplumes (PPScloud, 2014-09).

o O O O O O O
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o 12. Cloud_filled: opaque clouds completely filling the FOV. May also include thick dust
clouds or volcanic plumes (PPScloud, 2014-09).
13. Snow_ice_contaminated: (PPScloud, 2014-09).
14. Undefined: Cloud Mask has been processed but not classified due to separability
problems (PPScloud, 2014-09).
o 15. Notin use.
e quality_level: A 1BYTE bitfield of relative quality indicators (GHRSST, 2007-09). Bit no.:
0. no_data
1. bad data
. worst_quality
.low_quality
. acceptable_quality
. best_quality
.hotinuse

o O O 0O O O ©O
o b~ wN

7.notin use

e sses_standard_deviation: Single Sensorerrorstatistics (GHRSST, 2007-09).

e sses_bias: Single Sensor bias statistics (GHRSST, 2007-09).

e satellite_zenith_angle: Also called view angle.

e probability_of_water: Baysian approach - will be implemented in AASTI version2
e probability_of_ice: Baysian approach - will be implemented in AASTI version2

e wind: ERA-INTERIMreanalysis (ERA_interim, 2014-09)

e t2m: 2m air Temperature from ERA-INTERIMreanalysis (ERA_interim, 2014-09)

e solar_zenith_angle: Also called Sun elevation angle.

4.1.3.6 Filenaming convention
The AASTIs file name convention follows the GDS file format description (GDS, 2014-09):

<Indicative Date><Indicative Time>-<RDAC>-<Processing Level> GHRSST-<SST Type>- <Product String>-
<Additional Segregator>-v<GDS Version>-fv<File Version>.<File Type>

Where:

¢ Indicative Date: The dataset, acquisition start date

e Indicative Time: The dataset, acquisition start date

e RDAC: Place of creation

e Processinglevel: Processing level code

e SST Type: Type of surface temperature

e ProductString: The data setidentification

e Additional Segregator: optional text —here describing the area of interest.
e GDSVersion:Version2

e FileVersion: The version of the output dataset
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e File Type:Type of outputfile.
An example of a AASTIs file name:

20070315092700-DMI_METNO-L2P_GHRSST-STskin-GAC_polar_SST_IST-noaal8 00000 10589-
v02.0-fv01.0.nc

4.1.3.7 Where to go for further information
Seereferences belowand the EUSTACE Scientific User Guide for furtherinformation.

4.1.3.8 References

Dybkjaeretal (2014) Report onthe documentation and description of the new ArcticOcean dataset
combining SSTand IST, NACLIM Deliverable D32.28, https://naclim.cen.uni-
hamburg.de/fileadmin/user upload/naclim/Archive/Deliverables/D32.28-SUBMITTED-2014-10 PU.docx

Heyer, J. L., E. Good, P. Nielsen-Englyst, K. S. Madsen, |. Woolway, J. Kennedy, 2018: Reporton the
relationship between satellite surface skin temperature and surface air temperature observations for
oceans, land, seaice and lakes, EUSTACE Deliverable 1.5,
https://www.eustaceproject.org/eustace/static/media/uploads/d1.5 revised.pdf

Dybkjaeretal (2018) Algorithm theoretical basis document for the OSISAF Sea and Sea Ice Surface
Temperature L2 processing chain, http://osisaf.met.no/docs/osisaf cdop3 ss2 atbd hl-I2-sst-
ist vip4.pdf
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4.2 Global land station daily air temperature measurements with non-climatic
discontinuities identified, for 1850-2015

42.1 Summary
The land station dataset s a global collection of daily maximum and minimum temperature series (Tmax

and Tmin, respectively) covering the period 1850-2015. The series available to the user were obtained
from publicdatabases (hence, there is nodatain this collection that cannot be found elsewhere).

The advantage overothersimilar collectionsis that the data have been “polished” by removing duplicates
and unreliable data sources, and they come with a large amount of additional information on quality,
homogeneity, and resolution.

The ideal user of this dataset is someone that is more concerned about the quality of the data than the
guantity. Nevertheless, users have more than 30 thousand pairs of maximum and minimum temperature
seriesto choose from (Figure 4-3).
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Figure 4-3 a) Maps of the stations included in the EUSTACE land station dataset, where the size and color of the points depend
on the length of the series. b) Temporal evolution of the total amount of data. Both public and non-public data are shown.
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4.2.2 Datasources
Thisdatasetis built on three pivotal publicdata collections:

e Global Historical Climatology Network (GHCN)-Daily (Menneetal., 2012)
e European Climate Assessment & Dataset (ECA&D) (Klein-Tank et al., 2002)
e International Surface Temperature Initiative (ISTI) (Rennie et al., 2014)

In addition, EUSTACEis among the first projects to include the DECADE dataset for the Central Plateauin
South America (Hunziker et al., 2017), as well as the surface observations digitised during the ERA-CLIM
project (Stickleretal., 2014).

4.2.3 Accessto data

The dataare archived at the Centre for Environmental Data Analysisand can be accessed and downloaded
as described in Section 3.2 above. It is made available for non-commercial purposes under the Non-
Commerical Government Licence, due to non-commercial restrictions on the inputin-situ datasets.

Table 4-16: Links to the EUSTACE: Global land station daily air temperature measurements with non-climatic discontinuities
identified, for 1850-2015.

Data Product CEDA catalogue record Download links
EUSTACE: Global http://catalogue.ceda.ac.uk/uuid/7925d  http://catalogue.ceda.ac.uk/uuid/7925ded722

land station daily ed722d743fa8259a93acc7073f2 d743fa8259a93acc7073f2
air temperature

measurements
with non-climatic
discontinuities
identified, for
1850-2015

4.2.4 Qualityassurance

All data seriesunderwentthe 14 quality tests that are applied operatively to the GHCN -Daily dataset, as
described in Durre et al. (2010). These include checks on basic integrity, outliers, as well as internal,
temporal and spatial consistency. If a certain observation fails one of the tests, a quality flag is assigned
to that observation (seetable insection 4.2.8).

In addition to these 14 flags (one for each test), two more flags indicate data obtained from the Global
Summary of the Day (GSOD) database and duplicates (see nextsection).

Geographical coordinates were verified semi-automatically by means of a Digital Elevation Model and a
land mask; more than 100 sets of coordinates were corrected.
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4.2.5 GSOD and duplicates

Global Summary of the Day constitutes an important source of GHCN -Daily. Dailydatain GSOD are derived
from synoptic/hourly observations, in some cases from only four synoptic observations per day. Hence,
they are not actual daily extremes, but they have the advantage of being publishedin nearreal time and
for countries thatdo not provide daily data. However, GSOD series are hampered by very large fractions
of missingvalues, particularly in the early years (the oldest series dates back to 1929). Figure 4-4 provides
an example of the difference between a GSOD minimumtemperature series and a “real” dailyseries (note
thisstationisnotinthe open release).

MAQUINCHAO (Argentina) 1958

MWMN\JL/WWW \NWL\/\A/\/\/ wwva WA A
~ Jan Mar Méy Jul Sep Nov

Jan

Tmin difference [K]
-4 -2 0 2 4 6 8 10

Figure 4-4: Difference between the minimum temperature series of Maquinchao in 1958 provided by the national weather
service of Argentina and the minimum temperature series for the same station from the GSOD database. Data gaps are due to
missing GSOD data. Note that GSOD data have aresolution of 1°F.

Duplicates are observations measured by the same instrument that are reported intwo or more different
series, sometime for different locations. This happens because the measurement and distribution of
climate data is highly fragmented and disorganised, meaning that in most cases there is at least one
intermediary between the station manager (i.e., national weather services and the like) and the global
publiccollection. This also causes duplicate series to be slightly different from each other, depe nding on
the time when they were acquired from the station manager and on the manipulation that they were
subjected to before ending up in a certain global database. For the same reason, the measurement
procedure (whatinstrumentationis used, time of observation, etc.)is usually unknown orvery uncertain.

The EUSTACE station dataset does not include series that arise entirely from GSOD or are entirely
duplicates of alonger series. When only part of a series is from GSOD or is a duplicate, thenthe entire
seriesisretained and the respective quality flags are used forthe affected part (see previous section).

4.2.6 Homogeneity assessment

A climate seriesis defined to be homogeneous when it contains onlyasignal relatedto climate variability.
In reality, this is nearly impossible to achieve: the instruments, the observers, the procedures, the
surroundings, and even the location of a station change over time. Hence, several artificial signals are
usually part of a climate series. In most cases, these artificial signals are step-like functions caused by
instantaneous changesin the station, so-called “breakpoints”.
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Even if “perfect” homogeneity cannot be achieved, small inhomogeneities are tolerable for most
applications. Large inhomogeneities, on the other hand, can significantly affect results, in particular for
trend analysis. The homogeneity assessment is the procedure used to estimate the degree of
inhomogeneity of aclimate series.

Breakpoints can be detected statisticallyby looking for sudden changes in somesstatistical propertyof the
target series (usually the mean). This can be done in two ways: by analysing the target series directly
(absolute test), or by analysing its deviations from a homogeneous reference series (relative test). The
former strategy is risky, because climate itself can cause step-like changes that could be interpreted as
breakpoints; the latter requires a suitable reference series (e.g., from a nearby station), which is not
always available.

Since the degree of homogeneity of a reference series is in general also not known, the best way to
perform a relative test is to repeat it several times using different reference series. Assuming that
breakpoints occur randomly in every series, theagreementin the results will determine which breakpoints
come from the target series (high agreement) and which from one of the reference series (low
agreement).

EUSTACE brought this procedure a step further by looking at the agreement between different types of
statistical tests, different variables, and different seasons.

Three different relative testsare applied to upto 8 reference series. A breakpointis considered significant
if at least 3 reference series agree on it. If not enough suitable reference series can be found, then an
additional absolute testisapplied.

Annual and semi-annual (October to March and April to September) means of Tmin, Tmax, Tmean, and
the Daily Temperature Range (DTR) are analysed. Therefore, in the best case scenario 36 sets of
breakpoints are providedfora certainseries (3 tests X 3 temporal aggregations X4 variables), or12 sets
when only the absolute testisapplied.

Two additional sets(onefor Tmin and onefor Tmax) are obtained from “hints” for breakpoints in the data,
namely changesinthe reportingresolution, changes of source, and large gaps.

The user can combine the sets in any way that best suits his/her needs. However, a “recommended”
merged setisalso provided. The merged set combines all available sets to give the most likely position of
the breakpoints (based on local maxima of detections). A measure of the relevance of the breakpoints,
called “likelihood” index, is calculated from the number of dete ctions from all sets within one year of a
breakpoint. Figure 4-5illustrates the merging with an example.

The likelihood index not only depends on the size of a breakpoint, but also on the ability of the method
todetectit, giventheinformation thatis available (in particular, the reference series). An additional index,
the “detectability” index, gives a measure for each year of the quantity and quality of reference series
used. The detectability index is defined as the sum of the correlation coefficients between the reference
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series and the candidate series, hence its maximum value is 8. The results of the absolute test are used
when the detectability index is lower than 4.

The breakpoints are given with annual resolution and their dates are all set on the 1% of January. As a
consequence, an obvious limitationis that two breakpoints occurringinthe same year or in consecutive
years cannot be distinguished from each other. Afiner detectionof the breakpoints, forexample by using
visual methods, is recommended when attempting to apply corrections for the inhomogeneities.
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Figure 4-5: Overview of the information provided for the station of Brenner, Austria. From top to bottom: raw daily Tmax
series, raw daily Tminseries, reporting resolution, annual detectability index, number of detections. Crossed values in the raw
data series indicate observations flagged by the quality control. Vertical dashed lines indicate the position of the merged

breakpoints and the numbers on top of the bars indicate their respective likelihood index.
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4.2.7 Estimationofreportingresolution
Temperature data are usually provided with a resolution of 0.1 Kelvin. However, in most cases the

resolution of the thermometer that measured the data was coarser. The actual reporting resolution is
relevant in some applications, in particular when calculating indices based on percentiles, and random
white noise should be added to the part of a seriesthat hastoo coarse resolution.

The EUSTACE dataset provides a rough estimation of the reporting resolution for each year of each series.
In complicated cases the reporting resolution can change on adaily basis (due, e.g., to different observers
working at the same station): whatis providedin the dataset is the estimation of the coarser resolution
that was used during the target year. For instance, if the data have a resolution of 1K in January and of
0.5 Kinthe rest of the year, the estimated resolution willbe 1K. Insufficientdatain acertain yearresults
ina missingvalue forthe resolution.

Typically, the resolutionis coarseratthe beginningof alongseriesand improve s overtime (see example
in Figure 4-5), especially where electronicthermometers have beenintroduced.

4.2.8 Detailed formatspecifications

The dataset is organised in 166 temperature files (one per year) containing the observations and the
quality flags, plus one “status” file for all years containing additional information on the series (such as
the breakpoints).

TEMPERATURE FILES

Table 4-17: Dimensions used in the temperature data files for the global land station data

Dimensions  Explanation

Time days since01-01-1850

Station station progressive number (startingfrom 1, identical for every year)
name_strlen length of station name (max 50 characters)

code_strlen  length of station code (max 50 characters)

Table 4-18: Variable namesusedinthe temperature data filesfor the globalland station data

Variablename Explanation

station_name (station, Name of the station (not necessarily unique)
name_strlen)
station_code (station, Official station ID fromsource (unique)
code_strlen)
latitude (station) Latitude in degrees North
longitude (station) Longitude in degrees East
elevation (station) Elevationabove mean sealevel inm
data_source (station) Source ID:

0. GHCN-DAILY VERSION 3.22
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1. ISTI VERSION 1.00
2. ECA&D (NON-BLENDED, UPDATED OCTOBER 2016)
3. ERA-CLIM AND ERA-CLIM 2 PROJECTS
4. DECADE PROJECT
5. HOMOGENISED SERIES FROM BRUGNARA ET AL. (2016)
6. DATA PROVIDED BY NATIONAL WEATHER SERVICE OF ARGENTINA (SMIN)
data_policy (station) Is the data re-distributable? (0=Yes, 1=No)
tasmax (time, station) Daily Tmaxin Kelvin
tasmin (time, station) Daily Tminin Kelvin
tasmax_qc (time, station) QC flag, the following options are possible:

0 (ok): Did not fail any quality assurancetest
1-14 (capital letters): QC flags as definedin GHCN-D (see Durre et al., 2010):

D = failed duplicatecheck

G = failed gap check

| = failed internal consistency check

K = failed streak/frequent-value check

L =failed check on length of multiday period

M = failed megaconsistency check

N =failed naught check

O = failed climatological outlier check

R = failed lagged range check

S = failed spatial consistency check

T =failed temporal consistency check

W = temperature too warm for snow

X = failed bounds check

Z = flagged as aresultof an official Datzilla investigation
15 (GSOD): Observation obtained from the Global Summary Of the Day (often
unreliable)
16 (duplicate): Observation alreadyincludedinanother (longer) series; us ed for
partial duplicates

tasmin_gc (time, station) See tasmax_qc
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tasmax_definition (time,
station)

Flagfor how Tmax is defined, the following options are possible:

0-14 (TX--): Definition codes from ECA&D:

TX1: Maximum temperature unknown interval

TX2: Maximum temperature 18-18 UT

TX3: Maximum temperature 0-0 UT

TX5: Maximum temperature morning previous day 06, 07, 08 until morning
today (shifted 1 day back by ECA staff)

TX6: Maximum temperature morning today 06, 07,08 until morning next day
TX7: Maximum temperature between 06 and 18 UT today

TX8: Maximum temperature 21-21 CET

TX9: Maximum temperature morning previous day 09 h GMT until morning
today (shifted 1 day back by ECA staff)

TX10: Maximum temperature from 2130 previous day until 2130 CET

TX11: Maximum temperature morningtoday 9 UTC until morning next day
TX12: Maximum temperature 19-19 UTC

TX13: Maximum temperature within 00-24,12-12 or 06-06

TX14: Maximum temperature 0-0 LT based on hourlyintervals

TX15: Maximum temperature 17-17 CET

TX16: Maximum temperature 22-22 or 23-23 UT

15-20 (ISTI_---): Definition codes from ISTI:

ISTI_101: Dailyvalueoriginal

ISTI_102: Dailyvaluecalculated from main standard synoptic observations (00,
06, 12,18 UTC)

ISTI_103: Daily valuecalculated from main and intermediate synoptic
observations (00,03, 06,09, 12, 15, 18, 21 UTC)

ISTI_104: Daily valuecalculated from other sub-daily observations (atleast3
obs available)

ISTI_105: Daily valuecalculated from other sub-daily observations (atleast20
obs available)

ISTI_999: Missing/Unknown/Not Applicable

-128 (missing value): No information available on definition
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tasmin_definition (time, Flagfor how Tmin is defined, the following options arepossible:
station) 0-14 (TN--): Definition codes from ECA&D:
TN1: Minimum temperature unknown interval
TN2: Minimum temperature 18-18 UT
TN3: Minimum temperature 0-0UT
TN5: Minimum temperature morning previous day 06, 07, 08 until morningday
TN6: Minimum temperature between 18 UT previous dayand 06 UT today
TN8: Minimum temperature 21-21 CET
TN9: Minimum temperature morning previous day 09 h GMT until morning
today
TN10: Minimum temperature from 2130 previous day until 2130 CET
TN11: Minimum temperature 19-19 UTC
TN12: Minimum temperature within00-24, 12-12 or 18-18
TN13: Minimum temperature 0-0 LT based on hourlyintervals
TN14: Minimum temperature 17-17 CET
TN15: Minimum temperature 22-22 or 23-23 UT
15-20 (ISTI_---): Definition codes from ISTI:
ISTI_101: Dailyvalueoriginal
ISTI_102: Daily valuecalculated from main standard synoptic observations (00,
06, 12,18 UTC)
ISTI_103: Dailyvaluecalculated from main and intermediate synoptic
observations (00,03, 06,09, 12, 15, 18, 21 UTC)
ISTI_104: Dailyvaluecalculated from other sub-daily observations (atleast3
obs available)
ISTI_105: Daily valuecalculated from other sub-daily observations (atleast20
obs available)
ISTI_999: Missing/Unknown/Not Applicable
-128 (missing value): No information available on definition

STATUS FILE

Table 4-19: Dimensions used in the status filesfor the global land station data

_Dimensions ____Explanation

detection_time time dimension (annual resolution)for the detection score(days since01-01-1850 of the first
day of the year)

resolution_time time dimension (annual resolution) for the reporting resolution (days since01-01-1850 of the
firstday of the year)

Station station progressive number (startingfrom 1, identical to the temperature files)
name_strlen length of station name (max 50 characters)

code_strlen length of station code (max 50 characters)

tas_break breakpointprogressive number for Tmean (startingfrom 1)

tasmax_break breakpointprogressive number for Tmax (startingfrom 1)

tasmin_break breakpoint progressive number for Tmin (starting from 1)

tasdtr_break breakpointprogressive number for DTR (starting from 1)

merged_break merged breakpoint progressive number (starting from 1)
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Table 4-20: Variable namesusedinthe status files for the global land station data

Variable names Explanation

station_name (station, name_strlen) Name of the station (not necessarily unique)

station_code (station, code_strlen) Official station ID fromsource (unique)

latitude (station) Latitude in degrees North

longitude (station) Longitude in degrees East

elevation (station) Elevation above mean sealevel inm

data_source (station) Source ID: as above

tasmax_reporting_resolution Worstresolution of Tmax observations withina year

(resolution_time, station)

tasmin_reporting_resolution Worstresolution of Tmin observations within a year

(resolution_time, station)

tas_break_time (tas_break)* Year inwhich a breakpointin Tmean was detected (days since
01-01-1850 of the firstday of the year)

tas_break_station (tas_break)* Station atwhich a breakpointin Tmean was detected (station
number)

tas_detectability (detection_time, station)*  Detectabilityindex for Tmean

tas_break_type (tas_break)* Type of breakpoint for Tmean (0=from the relativetests, 1=from
the absolutetest, 2=from metadata)

tas_break_season (tas_break)* Temporal aggregation used to detect a breakpointfor Tmean
(0O=annual means, 1=Oct-Mar, 2=Apr-Sep)

tas_break_count (tas_break)* Number of relativetests that detected a breakpointfor Tmean
(1-3)

merged_break_time (merged_break) Year of a merged breakpoint (days since01-01-1850 of the first
day of the year)

merged_break_station (merged_break) Station atwhich a merged breakpointwas detected (station
number)

merged_break_likelihood (merged_break) Likelihood index for a merged breakpoint

detection_feasibility (station) Feasibility of detection at a certain station (O=not possible,
1=only absolutetest, 2=all tests)

* These variables are repeated for tasdtr (DTR), tasmax (Tmax) and tasmin (Tmin).

To extract breakpoints information for a certain series, the breakpoints IDs must be obtained from the
desired *_break_station variable. Breakpoints affecting a certain series have adjacent ID (hence, the ID of
the first breakpointand the number of breakpoints are sufficient to extract the breakpointsinformation).
What follows is an example of R code to extract the dates of the merged breakpoints shownin Figure 4-5

# load NetCDF library
library (ncdf4)

# target station code (see inventory file)
station <- "TXisOUIDlO385l"

# open NetCDF status file
nc <- nc _open("<path-to-the-status-file>")

# get station id
st id <- which(ncvar get(nc, "station code") == station)
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# get breakpoints ids
bp id <- which(ncvar get(nc, "merged break station") == id)

# get breakpoints dates using first id and number of breakpoints
breakpoints <- ncvar get (nc, "merged break time", start = bp id[1l], count =
length (bp id))

# convert to date format
breakpoints <- as.Date (breakpoints, origin=”1850-01-01")

4.2.9 Guidanceonthe use offlags

Observations that have a quality flag different from zero should be discarded by most users. Some quality
issues can be overlooked bythe automatic quality control: when working on single series orasmal | subset,
manual inspection of the seriesis recommended.

Some users might choose to ignore the flag 3 (I =failed internal consistency check), because this flag can
arise from a non-standard definition of the maximum or minimum temperature (for instance, when the
minimum temperature refers only to night time and the maximum to the daytime). In fact, the quality
assurance algorithm assumes that both maximum and minimum temperature referto the same 24-hour
period. Hence, a series that was produced using a different definition is more likely to fail the intemal
consistency check. Whenthisisthe case, the flagged data might still be useful for some applications such
as extreme analysis. However, it is worth remarking that the observations that have failed the intemal
consistency check did not undergo most of the other quality tests (see Durre et al., 2010, for details on
the quality assurance algorithm).

The exact definition of the observations is provided for only a minority of series (from ECA&D) and is not
alwaysreliable, particularly for long series(for whichthe definition mighthave changed overtime). When
thisinformationisrelevant, it should be requested from the dataowner, indicated in the documentation
of the source collections. Insome cases, however, tracing the dataowner might not be possible: the best
betis then to contact the national weather service of the interested country.

GSOD data (quality flag 15) should be used carefully. Itis not recommended to use these data when the
entire dataset or a large subset is analysed. Duplicated data (quality flag 16) might be useful when
analysing single series; however, the flags from the quality assurance are not provided for these data,
therefore an additional quality control is necessary.

4.2.10 Knownlimitations

Metadata, the information on where and how the data was measured, is very scarce due to the way
climate datahave beenshared so far. Some of the data (most of those measured before the 1950s) were
not measured following modern WMO standards, therefore the absolute values might not be directly
comparable with those measured by modern weather stations. Besides, the precision of the geographical
coordinates of the stations is often very poor and some erroneous coordinates have certainly been
overlooked by the quality tests.
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The quality assurance is made using a fully automaticalgorithm thatis “tuned” to be rather conservative
(i.e.,toavoid false alarms). Hence, many erroneous values are not detected by the algorithm.

The automatic detection of breakpoints is not perfect either, even when good reference series are
available. Forinstance, breakpoints located at the edges of a series are less likely to be detected than
those occurringinthe middle. Moreover, as already mentioned, breakpoints occurring afew monthsfrom
each othercannotbe distinguished. For details on the performance of the breakpoint detection the reader
isreferredtothe scientificuserguide.

4.2.11 Example ofuse ofbreakpoints
A typical use of daily temperature data is the analysis of trends in extreme indices. Here we show an
example of how the reliability of these trends can be assessed using the likelihood index.

The upper panel of Figure 4-6 shows the trends of the number of hot days (days with Tmax above the
90th percentile or “tx90p” index as calculated with the R climdex.pcic package (https://cran.r-
project.org/web/packages/climdex.pcic/index.html) in all seriesin eastern Asia that are long (at least 48
years) and had sufficientreference series forthe relative breakpoint detection. Generally the trends are
positive (red colour), with some exceptions particularly in eastern China and south western Japan.

In the bottom panel we show only the trends for those series that do not contain merged breakpoints
with a likelihood index greater or equal to 10 (note that this value does not have a particular meaning,
higher or lower thresholds would give similar results), which we can consider “quasi-homogeneous”.
Negative trends in Chinaare mostlystill there, whilethosein Japan haveall disappeared. We can conclude
that weak negative trendsin hot days are locally observedin China, while in Japan they are the result of
inhomogeneitiesin some stations.

The lowerthe likelihoodthreshold, the higherthe probability that the series are homogeneous. However,
a too low threshold will discard the large majority of the series, leaving not enough of them for a
meaningful analysis of spatial patterns.
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Figure 4-6: Trends inthe number of hot days over the period 1951-2010 for all series that underwent the breakpoint detection
with relative tests (top panel) and for those that do not have inhomogeneities with a likelihood index larger or equal to 10
(bottom panel).
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4.2.12 Where to go for furtherinformation
e ScientificUser Guide (underdevelopment)
e GHCN-Daily website: https://www.ncdc.noaa.gov/ghcn-daily-description
e |STI website: http://www.surfacetemperatures.org/
e ECA&D website: https://www.ecad.eu/
e DECADE page:
http://www.geography.unibe.ch/research/climatology group/research projects/decade/index

eng.html
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4.3 European land station daily air temperature measurements, homogenised

43.1 Summary

Within the EUSTACE project, the daily temperature data from stations in the European Climate
Assessment & Dataset (ECA&D, www.ecad.eu, Klein Tank et al. 2002) have been homogenized to adjust
for e.g. changesin location of the stations or changes in measurement equipment. These dataare made
available as aseparate dataset https://www.ecad.eu//dailydata/predefinedseries.php (also other station
data files are provided through the same website: check carefully that you have the homogenized

temperature).

4.3.2 Historyandbackground

The datasetfrom ECA&D is a set of data provided by the European National Meteorological Servicesand
other data holding institutes. ECA&D was initiated by the European Climate Support Network (ECSN) in
1998 as part of an EUMETNET activity, where EUMETNET is the grouping of 31 European National
Meteorological Services (NMSs) that provides a framework to organise co-operative programmes
between its members in the various fields of basic meteorological activities and has received finandal
supportfromthe EUMETNET and the European Commission.

ECA&D is receiving datafrom 69 participants for 63 countries and the ECA dataset contains 55783 series
of observations for 14 elements at 15778 meteorological stations throughout Europe and the
Mediterranean at the time of writing (March 2019). 80% of these daily series can be downloaded from
thiswebsite for non-commercial research and education. ECA&D forms the backbone of the climate data
node in the Regional Climate Centre (RCC) for WMO Region VI (Europe and the Middle East) since 2010.
The data and information products contribute to the Global Framework for Climate Services (GFCS).

The coverage of temperature stations (Figure 4-7) is spatially inhomogeneous. Many NMSs provide their
complete networks to ECA&D while others provide asubset. The sharing of data for scientificresearchis
made possible by WMO Resolutions 40 and 60. Nevertheless, Figure 4-7 shows a distinction between
stations for which daily data can be shared with the scientific community and stations for which only
derived datacan be shared. Derived dataare e.g. station-based monthly mean values or gridded data.
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Figure 4-7: Coverage of stations which provide daily values for maximum temperature in ECA&D. The colour coding relates to
data policy issues of the data owner, often the National Meteorological Institute. points which are green: daily data can be
shared for non-commercial research and education. Red, only derived data can be shared.

4.3.3 Data access

The data are available from ECA&D at www.ecad.eu usingthe linkinthe table below. Dataare made
available for non-commercial purposes only.

Table 4-21: Links to the EUSTACE / ECA&D: European land station daily air temperature measurements, homogenised

Data Product CEDA catalogue record Download links

EUSTACE / https://catalogue.ceda.ac.uk/uuid/8178  https://www.ecad.eu//dailydata/predefinedse
ECA&D: 4e3642bd465aa69c7fd40ffelblb ries.php (Homogeneous blended ECA dataset
section)

European land
station daily air

temperature
measurements,
homogenised

4.3.4 Detailedformatspecifications ofthe datafiles and metadata

The ECA&D dataset developed within EUSTACE is provided with one file per station per element. In the
header of the file, the metadata of the station (location, name etc.) and the measurement (time period
for which the measurement is valid etc.) are added, a description of the columns and the preferred
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reference to use when citing the data (Figure 4-8). When the whole datasetis downloaded, separate files
providing metadataonall stationsand elements are included as well.

In addition, afileis provided with information on the timing of the detected breaks.

Although the breaks in the series are detected by a statistical procedure, there is metadata available
relating to changes in the location of the station or other types of changes. These metadata records are
provided directly by the NMSs and can be accessed from the ECA&D website. One example is given for De
Bilt  (the Netherlands) in Figure  4-9, which  can be accessed  through:
https://www.ecad.eu/utils/stationdetail.php?stationid=162.

| TH_STARDO0M00] - Notepad = |
File Edit Feemasl View Help
EURDPEAN CLIMATE ASSESSMENT & DATASET (Ecafp), file created on: 10-03-2019 -

THESE DATA CAM BE USED FOR NOMN-COMMERCTIAL RESEARCH AMD EDUCATION PROVIDED THAT THE FOLLOWING SOURCE IS5 ACKMOWLEDGED

kKlein Tank, A.M.G. and Coauthors, 2002. Daily dataset of 20th-cemtury surface
air temperature and precipitation series for the European Climate Assessment.
Int. 1. of climavel., 22, 1441-1453.

para and meradara available at hoop: ./ wew. ecad. eu

FILE FORMAT {(MISSING VALUE CODE = =9%%9):

01-06 STAID: Station identifier

08-13 SOUID: Source identifier

15-22 DATE : DaTe ¥YYyMMDD

2M4-28 TX @ Maximum temperatuwre in 0.1 &F176;C

I0-34 o Tx @ gquality code for Tx (O='valid’'; l='suspect’; 9='missimg')

This is the blended series of sravion VAEXIOE, SWEDEM (STAID: 1)
Blended and updated with sources:2 35382
See files sources.txt and stations. txt for more info.

STalID, SOUID, ID-II.TE ' T.JG.{.:l QTX

1 '
15180102, -40,
15180103, -75,
15180104, -55,
1 . .
J1918010&, 22,
190150107, 3,
1 =5,
19180100, -120,
15180110, -40,

[=1-1-1-T-T-7-1-1-1-]

Figure 4-8: Screen shot of the setup of a data file (not a homogenized one in this case) with the described information in the
heading and the daily data below it. The setup of the homogenized data files may be slightly different.
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Temperature: |
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19500517-19610628 thermograph in Stevensonhut (2.2 m),
19610629-19020625 electronic measurement in Stevensonhut (1.5 m),
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Pressure:
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18481201-16961231 pressure measured at Utrecht 52°05(N), 05°08(E)

18960101-19011231 pressure as mean value of the 7:40, 13:40 and 18:40 GMT air pressures
19020101 -present pressure a5 mean value of 24 hourly measurements k

19020101-19731015 barograph and mercury barometer,
19731016-19930625 barograph en digital aneroid barometer,
199306 26-electronic measurement

Figure 4-9: Screen dump of the webpage showing metadata for station De Bilt which can be matched with the statistically
detected breaks (often indicating relocations of the station etc.).

4.3.5 Explanationofuncertainties and quality
The station datain ECA&D are subjected to a basic Quality Control (QC) procedure (ECA&D, 2012). There

isan inherent uncertainty in observed data. Several sources of uncertainty are discussed below.

4.3.5.1 Location ofthe station

A poorly positioned station will record temperatures which are relevant for the immediate surroundings
of the thermometer but not for the wider surroundings. This is the motivation for the guidance of the
World Meteorological Organisation to locate meteorological stations in an open field, away from
disturbances (WMO, 2011). Relevanttothisissueisthe Urban Heat Island effect, since this may give an
additional non-climaterelated warmingto the measurements.

There are several estimates of the urbanization effects. Forthe Netherlands, Brandsma et al. (2003) find
an urbanization trend in station De Bilt of approx. 0.1°C per century while for Central London, Jones &
Lister (2009) find that warmingtrendsare not significantly different fromthose at rural sites. Estimates
forlargerareas vary likewise, with anincrease of 0.05°C from 1900 to 1990, as suggested to be presentin
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the HadCRUT data set (Folland etal., 2001), while Parker(2004) concludes thatlarge -scale warming due
to urban effectsistoosmall to detect.

4.3.5.2 Measurementerror

The randomerrorin a single thermometerreading has beenestimated at 0.2°C (Folland et al. 2001) which
is a realistic estimate of the measurement error in the daily maximum (Tx) and minimum (Tn)
temperatures. Daily averaged temperatures are based at least on two measurements (Tx and Tn), which
would make the errorin this measurement smaller (by afactor 1/sqrt(2)).

4.3.5.3 Calculation and reportingerror

Station dataare quality checked before inclusioninthe database but not adjusted. Data are flagged when
they fail the quality test and discarded for further use. However, it is possible that in reporting the data
to ECA&D, errors are introduced, likereporting 29.1°Cinstead of 19.1°C.

Many of these errors will be identified by the quality control. Thosethat remain, are likely to be small and
because they are also uncorrelated in time and space, will have a negligible effect on the conclusions
based on the complete dataset. Following Brohan et al. (2006) this error will not be considered further.

4.3.5.4 Uncertainty inthehomogenization and break detection

Squintu et al. (2019a) identify the issue with uncertainties in the statistical detection of break related to
the timing of the breaks. The uncertainty in the adjustment of the breakis discussed as well. Thereare no
established methods to quantify uncertaintiesin these steps.

4.3.6 Guidanceonthe homogenised station dataand known limitations

The daily maximum and minimum temperature series of the European Climate Assessment & Dataset are
homogenised using the quantile matchingapproach. As the datasetislarge and the detail of metadatais
generally missing, an automated method locates breaks in the series based on a comparison with
surrounding series and applies adjustments which are estimated using homogeneous segments of
surrounding series as reference. A total of6,500series have been processedand after removing duplicates
and short series, about 2,100 series have been adjusted. This process is documented by Squintu et al.
(2019a).

For climatological purposes, it is worthwhile to have long and homogeneous series. Relocation of
measuring equipment from a station to another, like from the city centre to the rural area or a nearby
airport, is one of the causes of discontinuities in the temperature measurements which may affect trend
estimates. Long series suitable for long-term climatological studies can be built by gathering and
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combining data from nearby stations. For the EUSTACE dataset, an updated procedure for the
composition of longseriesis used documented by Squintu et al. (2019b).

These homogenisation procedures have the drawback in areas where the station density is low, that an
insufficient number of neighbouring reference stations can be found for a reliable break detection and
homogeneity adjustment. This holds in particular for the early part of the records, when the number of
stationsislow.

Break detection is done using annual averages. This may mean that possible breaks which are apparent
onlyinafew monthsorone season may go unnoticed. We do see that the amplitude of the homogeneity
adjustment has a seasonal cycle, and possibly the use of annual averages hides smaller discontinuities
fromthe detection.

Finally, measurement practices have changed overtime and they change between countries. This means
that e.g. the daily mean temperature may be based on 8 3-hourly values forone periodintimeand on 24
1-hourly measurements for a more recent period. When such changes are picked-up by the break
detection, a homogeneity adjustment is made but it is likely that these more nuanced changes go
unnoticed forthe break detection.

4.3.7 Further information
A general source of information for ECA&D is the website (www.ecad.eu) and staff members can be
contacted at eca@knmi.nl for questions relating to the data.
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4.4 Gridded European surface air temperature based on homogenised
meteorological station records since 1950

441 Summary

E-OBS is a daily gridded observational dataset for precipitation, temperature and sea level pressure in
Europe.The inputdataare the time series fromthe blended time seriesin ECA&D ( https://www.ecad.eu).
The ensemble version (indicated with a 'e' after the version number) is for 5 elements (daily mean
temperature TG, daily minimum temperature TN, daily maximum temperature TX, daily precipitationsum
RR and daily averaged sea level pressure PP). The data files are in NetCDF-4 format. The Global 30 Arc-
Second ElevationData Set (GTOP030), aglobal raster Digital Elevation Model (DEM) with a horizontal grid
spacing of 30 arc seconds (approximately 1 kilometre) developed by USGS is used forthe elevation file as
well.

The ensemble dataset is constructed through a conditional simulation procedure. For each of the 100
members of the ensemble a spatially correlated random field is produced using a pre -calculated spatial
correlation function. The mean across the 100 members is calculated andis provide d as the "best-guess"
fields. The spreadis calculated as the difference between the 5th and 95th percentilesoverthe ensemble
to provide a90% uncertainty range.

For the EUSTACE product, a preliminary version of the E-OBS using the homogenized station discussed in
section 4.3 has been calculated. This version, EOBSv19.0eHOM, is made available through the ECA&D
website (www.ecad.eu) and the homogenized data will be used in future versions of EOBS from version
20 onward.

4.4.2 Historyandbackground

In the EU-FP6 project ENSEMBLES, the E-OBS was initially developed as a pan-European gridded dataset
forvalidation and calibration of Regional Climate Models (Van der Linden and Mitchell, 2009). Since then,
the E-OBS has grown to a position with widespread use in the scientific community, with over 1800
citationsinthe literatureto this dataset (statusDecember 2018). The E-OBS is now also routinely used for
Climate Monitoring purposes (Figure 4-10).The initial code, developed by Haylock et al. (2008) was
recently replaced by one where extremes are preserved alittle betterand the uncertaintyinthe gridding
iscapturedin terms of an ensemble (Cornes et al. 2018).
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Figure 4-10: An example of the E-OBS, showing the daily maximum temperature on August 4 2003 in the middle of the 2003
heat wave.

4.4.3 Accessto data
The data are made available through the ECA&D website at www.ecad.eu foruse fornon-commercial

purposes.
Table 4-22: Links to the EUSTACE / ECA&D: European land station daily air temperature measurements, homogenised

Data Product CEDA catalogue record Download links
EUSTACE / E- https://catalogue.ceda.ac.uk/uuid/b267  https://www.ecad.eu/download/ensembles/d
OBS: Gridded 0fb9d6e14733b303865c85¢c2065d ownload.php (EUSTACE versionis 19.0eHOM)

European surface
air temperature

based on
homogenised
land station
records since
1950
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4.4.4 Data file format

All E-OBS data filesare in NetCDF-4format. These data files containthe necessary metadatafor further
processingin graphical routines or othertypesof software. Each file contains information on onevariable,
for the complete time period (fromJanuary 1, 1950 onward) at the daily temporal resolution and witha
spatial resolution of 0.1°. For EUSTACE, daily values of maximum, mean and minimum temperatures are
provided and relate tothe ‘best guess’ estimate.

The uncertainty information is provided in an ensemble which consists of 100 realizations of each daily
field. For EUSTACE, the spread inthe ensembleis made available as a measure of the standard uncertainty.
This should be interpreted as a measure of uncertainty of the best-guess value. The best guess and the
standard uncertainty are providedin separate files.

4.4.5 Constructionofthe E-OBS ensemble
An elaborate guidance document of the ensemble E-OBS can be accessed at:
http://surfobs.climate.copernicus.eu/userguidance/use_ensembles.php.

Ensemble datasets are climate datasets that consist of a number of equally probable realizations, and
relate to data in gridded format. The ensemble aims to give a measure of uncertainty in the data field;
such datasets are widelyusedin anumber of areas of climate change science. The two most widely known
examplesare:

e Perturbed physics simulations of climate models with different values of key parameters (e.g.
climateprediction.net, but undertaken now by most modelling centres);

e Numerical weather predictions, where itis knownas ensembleforecasting. This areais extending
to seasonal-to-interannual predictions.

Otherexamplesexistin otherfields. The idea behindthe above two examplesisto consider the effects of
slight differences in boundary conditions and/or in the values of key parameters within the physics
simulations.

Theterm"ensemble" is also usedwhenreferring to multiple realizationsfrom gridded observed datasets.
Such datasets are formed from the interpolation of station values. Although the aim is the same as
ensembles calculated for model simulations - to quantify uncertainty in the data - the generation and
hence interpretation of the realizationsis quite different. With gridded observational datasets, decisions
have to be made foranumber of featuresthat affect the final gridded field of the keyparameters involved
inthe griddingalgorithm. These could include:

e Searchradiusforinclusion of stationsinfluencing a grid box;

e Estimatesof the impacts of homogeneity issues on the quality of the input station data;

e |mpactofa numberof possible co-variates usedin the gridding(e.g. latitude, longitude, elevation
and distance from coast or inland water body)
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e Includingstation datawhere the base period(e.g. 1961-90 or 1981-2010) isless precisely known.

The usual approach in the production of a gridded datasetisto determine the best or most likely values
forthe key parameterstointerpolatestation valuestovalues onaregulargrid. With an ensemble version
of the dataset, a number of these key parameters can be varied producing a range of possible gridded
datasets (referred to as the ensemble). An example of this approach has been produced for the gridded
global temperature dataset (HadCRUT4) by Morice et al. (2012), where 100 ensemble members were
developed. The advantage of producing a dataset this way is that with the ensemble it can be easier to
determine the errors of the estimate per grid-box, regional and hemispheric averages. Using standard
statistical approaches thiscan be difficult asanumber of the error components have spatialand temporal
structures which are difficult to model.

Although all the examples given use the term "ensemble dataset", the most analogous to what we
propose is HadCRUT4 or the EUSTACE Global air temperature estimates but the way the key parameters
are variedis notthe same.

4.4.6 Guidanceonthe use of E-OBS dataset

The E-OBS dataset consists of daily interpolations of temperature (maximum, mean and minimum daily
values), precipitation and Mean Sea-level Pressure. Based on 100realizationsof each dailyfield, the mean
across the ensemble and the standard error across the realizations is provided. The ensemble mean
providesa"bestguess" value, and the standard error providesa measure of uncertainty of the best-guess
value.

Where usersrequire asingle measure of the interpolated daily fields, then the "best guess" valuesshould
be used. However, the standard error should always be consulted as the uncertainty of the gridded field
varies across the domain, and is ultimately determined by the variationsin station coverage.

The individual ensemble members are mainly intended for users who require the uncertainty in the
gridded fields to propagate through to various other applications. For example, in Figure 4-11 the first
four ensemble members of the E-OBS precipitation dataset are displayed for the heavy rainfall event of
1st June 2013 across central Europe. If a user requires this rainfall data for hydrological modelling then
each of the ensemble members could be fed into the hydrological model. In this way the uncertainty in
the rainfall interpolation would propagate through to the hydrological model output (thisis also true for
temperature data).

When one wants to calculate the uncertainty for a derived variable e.g. the number of days with a
maximum temperature higher than 25 °C, one also has to use the ensemble to determine the standard
deviation forthe calculated derived index. In this case the uncertainty cannot be calculated using only the
“bestguess” and the daily standard deviations.
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Although the E-OBS is based on point measurements, this dataset provides area-averaged values. This
makes it easier to compare against satellite data, where skin temperatures are also more an area-
averaged quantity than a pointvalue (see Sect. 2.1.1.) ormodel data (see Sect. 5.1).
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Figure 4-11: The first four ensemble members from the E-OBS ensemble precipitation dataset showing the heavy rainfall event
on 1stJune 2013.

The method used to generate the ensemble for E-OBS is based on the work of Hutchinson & Gessler
(1994), and relatesto the model uncertainty. Itis closely related to the residuals of the statistical model
used to constructthe dataset, i.e. largermodelresidualsrelateto alargerspread across the ensemble. In
the case of precipitation the uncertainty scales with the interpolated values, i.e. higher precipitation
values are associated with greater uncertainty, and is also related to station density. With temperature
the uncertainty does not scale with the magnitude of the interpolated values, but it is ultimately
determined by the density of stations. The standard error calculated from across the ensemble members
is broadly consistent with the standard error value calculatedin the original version of E-OBS. Hence the
members represent samples from within that standard errorrange.

4.4.7 Further information
A general source of information for ECA&D is the website (www.ecad.eu) and staff members can be
contacted at eca@knmi.nl forquestions relating to the data
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4.5 Globally gridded clear-sky daily air temperature estimates from satellites with
uncertainty estimates for land, ocean and ice, 1995-2016

4.5.1 Summary and general introduction

EUSTACE has developed an understanding of relationships between satellite surface temperature
observations and surface air temperature over different surfaces of Earth, in order to use satellite
retrievals to derive air temperature fields and thus increase the density of surface air temperature
information globally (see Hgyer et al. (2018) for details). This product contains those estimated air
temperature fields.

Empirical relationships have been determined using measurements made in situ, satellite observations
and auxiliary information. The relationships have been determined separately for each surface type to
account for the different physical conditions present. The land and ice regions use the satellite skin
observations directly in combination with auxiliary information, whereas the ocean approach applies a
spatially and seasonally varying offset to the observed sea surface temperatures. The final results,
however, can be used to estimate airtemperature on the same global grid for all surfaces with the same
definition of aday.

The data are provided in a set of NetCDF filesand the format is described in Section 4.5.4. In short, for
each surface type there is one file per day for each surface type containing a field, or fields, of air
temperature estimates with corresponding estimates of the total uncertainty (see Figure 4-12). Data are
formattedina consistent way. Amore-complete breakdown of uncertainty informationis providedin an
ancillary file. Temperature and uncertainty informationis providedsplit according to correlation structure
as used throughout the EUSTACE projectand a consistent nomenclature has been used forall surfaces.

Key thingsto bearin mind for air temperature estimates over each surface are:

e To estimate marine air temperatures (MAT), the offset was calculated from sea surface
temperature (SST) and MAT measurements made by ships between 1963 and 2000.

e Fortheland, the mainchallenges for estimating land surface air temperature (LSAT) fromsatellite
observed land surface (skin) temperatures (LST), are the heterogeneity of the surfaces and
residual cloud effects.

e The highlatitudeice-covered regions, are challenging due to residual cloud contaminationin the
satellite observations and data sparsity.

e Thesurface air temperature estimates from satellite validate well againstindependent reference
data over ocean: there is a small positive median discrepancy (Robust Standard Deviation, RSD)
against a withheld subset of data input to HQdNMAT2 of +0.25 K (1.19 K) with the highest
discrepancies occurring in the mid to high northern latitudes. Note there were few matchups
south of 20° N and none south of 50° S (see Veal, 2019 for details).

e Although the global median discrepancies (RSDs) of the estimated air temperatures over land
against withheld stations from the EUSTACE Global Station Datasetare small:-0.23 K (2.95 K) for
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Tminand+0.21 K (3.37) for Tmax, there is considerable regional and seasonal variationin median
discrepancy (see Veal, 2019 for details).

e Overice, the air temperature estimates have regional median discrepancies of +0.02 to +0.98 K
and RSDs of 2.73 to 3.64 K dependingon region and surface type (land or sea-ice, see Veal, 2019
for details).

e The uncertainty estimates vary in quality depending on domain. Over ocean, the unce rtainty
estimates are accurate, overland for both Tmin and Tmax the uncertainties are accurate for the
smaller uncertainties but underestimated on data with higher uncertainties, and over ice the
uncertainties are underestimated.

240 250 260 270 280 290 300

Figure 4-12: Example estimated air temperature fields (K) for 4th February 2003. (from top left): Tavg Ice surface air
temperature, Tmax ice surface air temperature, Tmin ice surface air temperature, Tmax land surface air temperature, Tmin
land surface air temperature and Tavg marine surface air temperature. Allimages use the same temperature scale
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The following sections summarise the process ofair temperature estimationforland, ice and ocean. Hgyer
et al. (2018) details the development of the regression relationships, here only their implementation is
discussed.

4.5.2 Estimatingairtemperature

4.5.2.1 Overland
Table 4-23 provides an overview of the data sets used in the prediction of LSAT using the empirical
statistical model.

,

Table 4-23: Data sources used. The uncertainty information provided for each data set is also shown; ‘full breakdown
indicates that the information is partitioned into uncertainties with different correlation properties

Variable Source Native spatial Native Uncertainty

resolution temporal information
resolution
LSTday EUSTACE/GlobTemperature ~ 1km Daily Full breakdown
and LSTngt global satellite land surface
temperature, v2.1 from
MODIS Aqua (Ghent 2019)

FVC Copernicus/Geoland-2 1/112° 10-day Total only
Fraction of global land service FCOVER
vegetation (Baretetal.,2013; Camacho

et al. 2013)
Snow NASA MODIS Aqua 0.05° Daily Quality and
fraction (Hall etal., 2006) confidence (0-100)

indices only

The method forestimating LSAT from satellite datais based on the approach detailed in Good (2015) and
references therein, which wasdeveloped for data from the Spinning Enhanced Visibleand Infrared Imager
(SEVIRI) over Europe. The modelis essentially amultiplelinear regression used to predict daily Tmin and
Tmax from daily satellite LSTand other predictors, such as vegetation.

The generalised equations for predicting Tmin and Tmax are:

Tmax=ap+ Q1. LSTygy + 0. LST, et 03. FVC + 014. SZA 000+ Ols. SNOW +E 1. (Eq.4.2.1)
Tmin=6,+ 81.L5T gy + B2.LST, g+ B5.FVC + 84.5ZA r00n* B5.SNOW +E 1y (Eq.4.2.2)

Where a and 8 are the multiple linear regression coefficients. LST,,, and LST,, are the retrieved daytime
and night-time satellite LSTs (in °C), respectively. FVCis the fractional vegetation cover (0-1), Snow is the
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% snow cover and SZA,.., is the solar zenith angle at local solar noon (in degrees). € is the error on the
model. All quantities correspond to the mean value for each grid cell at the specified spatial resolution.
The regression coefficients are given in Table 4-24, together with the valid range of data for each
predictor. Model errorterms are discussed furtherin Section 4.5.5.1.

A global approach is adopted, whereby one set of coefficientsis used for every spatial pointat all times.
Two model variants are used, which require different sets of predictors. The primary model for both
temperature predictions, Tmin; and Tmax, requires both LSTy,, and LST,4 in each case. The secondary
model - Tmin, and Tmax, —requiresonly one LSTto be present, therebyenabling greater spatial coverage
of the LSAT predictions because LST,,, and/or LST,,. may be unavailable on a particular day, e.g. due to
cloud orfailed observations. The primary modelis used wherever possible as these are the mostaccurate.
The secondary model is used forotherlocations; it should be noted that these are mutually exclusive, so
are notappliedinany preferential order. The global fields of Tmin and Tmax are therefore a ‘best guess’
field and mayinclude datafrom both models.

Table 4-24: Model regression coefficients and the valid data range for each predictor, determined physically (FVC, Snow, SZA)
or from the input data (LST). ‘StDev’ gives the standard deviation of the model residuals (i.e. predicted satellite-derived LSAT
minus observed station LSAT).

Model Offset(°C) LSTday LSTngt FVC SZAnoon  Snow StDev (°C)
a, /6, a; /6, a,/6; as/6; as/6; as [ Bs

Tminl -1.513 0.032 0.835 0.765 0.000 0.000 2.84

Tmax1 7.092 0.388 0.432 1.516 0.000 -0.011 3.02

Tmin2 0.184 0.000 0.850 0.595 -0.021 0.000 2.84

Tmax2 5.042 0.594 0.000 2.956 0.000 -0.022 3.65
Range., - -80.0 °C -80.0°C 0.0 0.0° 0 -

Range. - 65.0 °C 40.0°C 1.0 90.0° 100 -

While the model coefficients are derived using data at 0.05°, the modelisimplemented at 0.25° to match
the EUSTACE target grid. The implementation of the modelis straightforward. For each 0.25° cell, the
predictorvariables are aggregated and uncertainties are propagated (where possible). The coefficientsin
Table 4-24 are then applied to each predictor variable to give an estimate of Tmin and Tmax forthat cell,
according to Equations4.2.1and 4.2.2. The primary model —Model 1—isimplemented wherever possible,
followed by Model 2. LSAT is not estimated forgrid cells where the percentage of cloud-free 1km pixel
LST observations withinthat grid cell is less than 20%, or where the sampling uncertainty is greaterthan
3 °C. This is to reduce the amount of residual cloud contamination in the satellite LSAT estimates, as
discussed above. The choice of these thresholds is a compromise between successfully rejecting poor-
guality data while still preserving good data coverage. LSAT is also not estimated for cells classified as
land or sea ice; near-surface air temperatures for these cells are provided in the ice air temperature
products describedin Section 4.5.2.2.

4.5.2.2 Overice
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The satellite dataused are from the EUSTACE/AASTI Global satellite ice surface temperature, v1.0 (itself
a development of the Arctic and Antarctic Ice Surface Temperatures from thermal Infrared satellite
sensors (AASTI; Dybkjzer et al., 2014) data set), covering high latitude seas, seaice, and ice cap surface
temperatures based on satellite infrared measurements. The data set is based on one of the longest
existing satellite records from the Advanced Very High Resolution Radiometer (AVHRR) instruments
aboard a long series of NOAA satellites. The first versionof the AASTI product, used here, is available from
2000 to 2009 in approximately 5km spatial resolution. The different AVHRR satellites have been orbiting
14 times per day, providing approximately bi-hourly coverage of the Polar Regions. An increasing number
of satellites hasbeenin orbitfrom 2000 to 2009 (Figure 4-13).

o o Lo | Lo | 5 i | i i | 20 | oo | i

NOAALY — 1995/01/20 2001/12/31
NOAA15 2000/01/01
NOAA16 2001/01/01
NOAA17 2002/06/25
NOAA18 — 2005/05/20
METOP2 s 2007/06/28
NOAA19 2009/02/06

Figure 4-13: NOAA and Metop satellites carrying the AVHRR sensor, used for AASTI version 1.

The satellite swath observations were aggregated into daily averages of ice surface temperatures on a
fixed 0.25by 0.25 degree grid, which iscommon for all surfaces. EUSTACE is developing products for days
defined by local solartime.The datainthe aggregated filesthus contains observationsfrom 00to 24 local
solartime. The main aggregated surface variables are the daily average, minimum and maximum surface
temperatures, but 3-hourly averages of surface temperatures and the number of observations werealso
calculated for the eightintervals during each day. These 3-hourly averages were used for estimating the
satellite sampling throughout the day and to gain confidence in the daily cycle estimates. In the
aggregation, all satellite observations with a quality flag of 4 or 5 were used. The aggregated surface skin
data setis available to users upon request.

In orderto bestresolve the diurnal cycle with satellite information without losing too many observations
we require data during both night (6pm-6am) and day (6am-6pm) in order to calculate the daily mean
temperature (Tmean). Here, Tmean is calculated by averaging all available observations during the day.
To calculate the daily minimum (Tmin) we require observations in at least one of the night bins and for
daily maximum (Tmax) we require observationsin at least one of the day bins.

The regression model is based on multiple linear regression analysis using least square s. As explaining
factors, latitude, downward shortwave radiation not considering clouds (theoretical), seasonal cycle, and
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wind (ERA-Interim reanalysis) were tested. These factors were selected for testing based on current
knowledge fromthe literature and an analysis of parameters thatinfluence the relationship betweenIST
and IAT at PROMICE stations and field experiments in Qaanaaq, limited by the available data.

The best correlation against training data was found using a model where IAT is predicted from daily

satellite IST combined with a seasonal variation assumed to have the shape of a cosine function 4 -
cos (time~2n

Tyear qo) where Aisthe amplitude and ¢ is the phase. This can be rewritteninthe form:

1 year) tas Sln(
suitable forlinear regression. The training data have beenused to calculate the regression coefficients for
each regression model pertainingto land and seaice in both hemispheres ( Table 4-25), giving a model fit
with correlation of 94-96% and standard deviations of 3.2-3.3°C against training data for all four ice
surfaces (Table 4-26). Similar regression coefficients have been derived for Tmin ( Bytof3) and Tmax

(Yotoys).

time-2m

time-2m
) + €

T, =« aq - IST, a -cos(
mean = Qo + 1 avg T 2 1 year

(Eq.4.2.3)

Table 4-25: Model regression coefficients

Offset(°C) ISTfactor Cos amplitude (°C) Sin amplitude (°C)

o (e I o, o3

Land Ice Northern 4.20 1.06 2.14 -0.74
Hemisphere
Southern 5.70 1.04 -0.42 -0.22
Hemisphere

Sealce Northern 1.46 0.89 -1.34 -1.24
Hemisphere
Southern 1.41 0.87 0.96 0.76
Hemisphere

Table 4-26. Statistics on the relationship between observed and modelled IAT for the training data

Number of Correlation Standard Minimum Maximum
observations (%) deviation difference difference
(°C) (°C) (°C)

Land ice 13792 96.3 3.28 -12.9 12.2

N Hemisphere

Land ice 15122 96.5 3.26 -10.9 9.9

S Hemisphere

Seaice 15010 96.2 3.25 -11.4 11.9

N Hemisphere

Seaice 430 94.4 3.16 -11.5 8.6

S Hemisphere

The derived coefficients have beenused to estimate IAT overland and sea ice from satellite IST duringthe
period 2000-2009. Four datasets are developed covering the Northern Hemisphere seaice, Northem
Hemisphere land ice, Southern Hemisphere seaice, and Southern Hemisphere land ice. Each dataset
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provides daily estimates of mean air temperature (Tmean), daily maximum (Tmax) and daily minimum
(Tmin). The data sets contain global IAT estimatesona 0.25 degree regularlatitude -longitude grid. Each
temperature estimate is associated with three categories of uncertainty: random uncertaintieson the
0.25 degree daily scale; synoptic scale correlated uncertainty; and globally correlated uncertainty,
including and excluding uncertainties related to the masking of clouds. The three types of uncertainties
are also gatheredintwo total uncertainty estimates: one which includes the cloud mask uncertainty, and
one which does not.

4.5.2.3 Over ocean

Modelled relationships derived from in situ data were used to estimate air temperatures based on
satellite-retrieved SSTs. The satellite-retrieved SSTs were from the EUSTACE/CCI Global satellite sea
surface temperature, v1.2 (Merchant et al. 2014) on daily 0.25° latitude/longitude resolution. This data
setis based on the Along Track Scanning Radiometer (ATSR) series of instruments and is provided with
uncertainty information, which is decomposed intothree components associated with errors arising from:
uncorrelated effects, locally correlated effects and systematic effects. The locally correlated error
componentis assumed to have a temporal scale of around 1 day and a length scale of 100km. The
systematicerroris assumedto be correlated perfectlyinspace and time, but is differentforeach of the
satellite sensors of whichtwo wereusedhere: ATSR2and AATSR. ATSR1 was not used owing to remaining
difficulties with retrievals from the ATSR1instrument.

Existing datasets of air-seatemperature difference (Parkeretal. 1995) show that the air temperature s,
onaverage, 1to 2°C coolerthan the sea-surface but with significant geographical and seasonal variations.
In some areas, such as at the continental margins, there are significant deviations from the climatological
average. Therefore, the modelled relationships between sea-surface temperature and air temperature
developed here are based on an assessment of the climatological average difference (used toinfer MAT
from SST) and on the climatological variance of the difference (used to estimate the uncertainty in the
MAT).

Given an estimate of SSTthe MAT is modelled as:

MAT(s,t) =SST{(s,t) + 6(s,t) + error (Eq.4.2.4)
where éis the climatological average offset modelled as aFourier series,
6(s,t)=a0(s)+al(s)Sin(2rnd/365) + a2(s)Cos(2rnd/365) + a3(s)Sin(4rd/365) + a4(s)Cos(4rd/365)
(Eq 4.2.5)

where d is the day of the year (from 0 to 365), the ai are the Fourier coefficients estimated without
interpolation.
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SST retrievals from the ATSR-2 and AATSR instruments were used to estimate MAT using the above
method. The adjustments were bilinearly interpolated to the target 0.25° grid. We estimate Tmean and
ten separate uncertainty fields:

1. Uncertainty fromrandomuncorrelated errors from the satellite retrievals.
Uncertainty from locally-systematic errors in the satellite SST retrievals which are correlated on
approximately synopticscalesi.e. 100km and 1 day.

3. Uncertainty from global systematic errors in the satellite SST retrievals, which are completely
correlatedinspace and time.

4, Uncertainty from locally-systematic errors arising from estimating MAT from SST, which are
correlated with alength scale of approximately 1000km.

5. Uncertainty fromglobal systematicerrorsinthe insitu data used to construct the climatology of AST
difference. These are correlated in time and strongly correlated in space.

6. -10. Uncertainty in the offset and Fourier components used to smooth the climatology. These are
correlatedintime (as modulated by the Fourier components), but uncorrelatedin space.

Coverage istypicallylowerthan that of the satellite data because relationships betweenSSTand MAT are

not specified everywhere. Uncertainties are dominated by the locally correlated error component
(number4inthe list).

4.5.3 Howto accessthe data

The dataare archived atthe Centre for Environmental Data Analysisand can be accessed and downloaded
as describedinSection 3.2above. Itismade freelyavailableforall purposes underthe Open Government

Licence.

Table 4-27: How to accessthe Globally gridded clear-sky daily air te mperature estimates from satellites with uncertainty
estimatesforland, oceanandice, 1995-2016

Data Product CEDA catalogue record Download links
EUSTACE: 4.5: https://catalogue.ceda.ac.uk/uuid/f883e http://data.ceda.ac.uk/neodc/eustace/data/sa
Globally gridded 197594f4fbaae6edebafb3fddb3 tellitederived/mohc/eustace/v1.0/day/0/0/R0O0

clear-sky daily air 1336/20190111/

temperature

estimates from
satellites with
uncertainty
estimates for land,
ocean and ice,
1995-2016
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http://www.nationalarchives.gov.uk/doc/open-government-licence/version/3/
http://www.nationalarchives.gov.uk/doc/open-government-licence/version/3/
https://catalogue.ceda.ac.uk/uuid/f883e197594f4fbaae6edebafb3fddb3
https://catalogue.ceda.ac.uk/uuid/f883e197594f4fbaae6edebafb3fddb3
http://data.ceda.ac.uk/neodc/eustace/data/satellitederived/mohc/eustace/v1.0/day/0/0/R001336/20190111/
http://data.ceda.ac.uk/neodc/eustace/data/satellitederived/mohc/eustace/v1.0/day/0/0/R001336/20190111/
http://data.ceda.ac.uk/neodc/eustace/data/satellitederived/mohc/eustace/v1.0/day/0/0/R001336/20190111/

4.5.4 Detailed formatspecifications and metadata

The dataset comprisestwo files persurface type (land, ice and ocean) per day. One of these is the main
productfile and contains fields of airtemperature and total uncertainty. The otheris an ancillary file that
contains additional information that is specificto each surface, such as a detailed breakdown of the
uncertainty components. The formatis giveninthe NetCDF file and reproduced below.

EUSTACE products are intended to be representative of a day defined as running from midnight to
midnight local solar time. This is represented in the NetCDF files by a combination of a “time” variable,
defined as the UTC time at zero longitude and a “timeoffset” variable, which givesthe local time offset
from UTC for each longitude. UTC values specified by the “time” variable are therefore only correct at
zerolongitude and thisisindicatedin the long name. Combining the “time” variable and the “timeoffset’
field, gives the local time foreach longitude in UTC.

Main product file

Table 4-28: Dimensions in the main product file for the globally gridded clear-sky daily air temperature estimates from satellites
with uncertainty estimates for land, ocean and ice, 1995-2016

time UNLIMITED; // (1 currently)
bounds 2

latitude 720

longitude 1440

Table 4-29: Variablesinthe main productfile forthe globally gridded clear-skydailyairtemperature estimatesfrom satellites

with uncertainty estimates forland, ocean and ice, 1995-2016. (note, notallsurfaceshave all temperature types:
max,min,mean)

Variable (dimensions) Standard name Description

time(time) time Time at zero longitude in days since 1850-01-
01T00:00:00Z

timebounds(time, bounds)

latitude(latitude) latitude Latitude in degrees north

longitude(longitude) longitude Longitude in degrees east

timeoffset(longitude) none Local time offsetfrom UTC (days)

tas(time, latitude, longitude) air_temperature  Mean daily surface airtemperature inK

tasmin(time, latitude, longitude) air_temperature  Minimum daily surface airtemperaturein K

tasmax(time, latitude, longitude) air_temperature Maximum daily surface airtemperature inK

tasuncertainty(time, latitude, none Total uncertainty in mean daily surface air
longitude) temperatureinK
tasminuncertainty(time, latitude, none Total uncertainty in minimum daily surface air
longitude) temperatureinK
tasmaxuncertainty(time, latitude, none Total uncertainty in maximum daily surface air
longitude) temperatureinK
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Ancillaryfile - Land

Table 4-30: Dimensions in the ancillary files forland forthe globally gridded clear-sky daily air temperature estimates from

satelliteswith uncertainty estimates forland, 1995-2016

time UNLIMITED; // (1 currently)
bounds 2

latitude 720

longitude 1440

Table 4-31: Variables in the andllaryfiles forland for the globally gridded clear-sky daily air te mperature estimates from

satelliteswith uncertainty estimates forland, 1995-2016

time(time) time Time at zerolongitude in days
since 1850-01-01T00:00:00Z

timebounds(time, bounds)

latitude(latitude) latitude Latitude in degrees north

longitude(longitude) longitude Longitude in degrees east

timeoffset(longitude) none Local time offset from UTC
(days)

tasmin_unc_rand(time, latitude, none Random  uncertainty on

latitude, longitude)

longitude) minimum daily surface air
temperatureinK
tasmin_unc_corr_atm(time, none Locally correlated unknown unknown

atmospheric uncertainty on
minimum daily surface air
temperatureinK

tasmin_unc_corr_sfc(time, none
latitude, longitude)

Locally correlated surface
uncertainty on minimumdaily
surface air temperature inK

unknown 30 days

longitude)

tasmin_unc_sys(time, latitude, none

Systematic uncertainty on
minimum daily surface air
temperatureinK

latitude, longitude)

tasmax_unc_rand(time, latitude, none Random uncertainty on
longitude) maximum daily surface air
temperatureinK
tasmax_unc_corr_atm(time, none Locally correlated unknown unknown

atmospheric uncertainty on
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maximum daily surface air
temperatureinK

tasmax_unc_corr_sfc(time, none Locally correlated surface unknown 30 days
latitude, longitude) uncertainty on  maximum
daily surface air temperature
inK
tasmax_unc_sys(time, latitude, none Systematic uncertainty on
longitude) maximum daily surface air
temperatureinK
tasmin_model_number(time, none Model number used for
latitude, longitude) estimating Tmin from satellite
data
Model 1: include both LST-day
and LST-night to predict
tasmin
Model 2: include LST-night to
predicttasmin
Model 3: include LST-day to
predicttasmin
tasmax_model_number(time, none Model number used for

latitude, longitude)

estimating  Tmax from
satellite data

Model 1: include both LST-day
and LST-night to predict
tasmax

Model 2: include LST-day to
predict tasmax

Model 3: include LST-night to
predict tasmax
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Ancillaryfile - Ice

Table 4-32: Dimensions in the ancillaryfiles forice forthe globally gridded clear-sky daily air te mperature estimates from

satelliteswith uncertainty estimates forice, 1995-2016

time UNLIMITED; // (1 currently)
bounds 2

latitude 720

longitude 1440

Table 4-33: Variables in the andllaryfiles forice forthe globally gridded clear-sky daily air te mperature estimates from

satelliteswith uncertainty estimates forice, 1995-2016

latitude, longitude)

time(time) time Time at zero longitude in days
since 1850-01-01T00:00:00Z
timebounds(time, bounds)
latitude(latitude) latitude Latitude in degrees north
longitude(longitude) longitude Longitude indegrees east
timeoffset(longitude) none Local time offset from UTC
(days)
tas_unc_no_cloud(time, none Total uncertainty excluding
latitude, longitude) cloud on average daily surface
air temperatureinK
tas_unc_rand(time, latitude, none Random uncertainty on average
longitude) daily surface air temperature in
K
tas_unc_corr_local(time, none Locally correlated uncertainty 500 km 5 days
latitude, longitude) on average daily surface air
temperatureinK
tas_unc_sys(time, latitude, none Systematic uncertainty on
longitude) average daily surface air
temperatureinK
tas_unc_cloud(time, latitude, none Cloud component of
longitude) uncertainty on average daily
surface air temperature
tasmin_unc_no_cloud(time, none Total uncertainty excluding

cloud on minimum dailysurface
airtemperatureinK
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tasmin_unc_rand(time, none Random uncertainty  on
latitude, longitude) minimum daily surface air
temperatureinK
tasmin_unc_corr_local(time, none Locally correlated uncertainty 500 km 5 days
latitude, longitude) on minimum daily surface air
temperatureinK
tasmin_unc_sys(time, latitude, none Systematic uncertainty on
longitude) minimum daily surface air
temperatureinK
tasmin_unc_cloud(time, none Cloud component of
latitude, longitude) uncertainty on minimum daily
surface air temperature
tasmax_unc_no_cloud(time, none Total uncertainty excluding
latitude, longitude) cloud on maximum daily
surface air temperaturein K
tasmax_unc_rand(time, none Random uncertainty on
latitude, longitude) maximum daily surface air
temperatureinK
tasmax_unc_corr_local(time, none Locally correlated uncertainty 500 km 5 days
latitude, longitude) on maximum daily surface air
temperatureinK
tasmax_unc_sys(time, latitude, none Systematic uncertainty on
longitude) maximum daily surface air
temperatureink
tasmax_unc_cloud(time, none Cloud component of

latitude, longitude)

uncertainty on maximum daily
surface air temperature

Page 89 of 144

Link to Table of Contents




Ancillaryfile — Ocean

Table 4-34: Dimensions in the ancillaryfiles for ocean forthe globally gridded clear-sky daily air temperature estimatesfrom

satelliteswith uncertainty estimates for ocean, 1995-2016

time
bounds 2

UNLIMITED; // (1 currently)

latitude 720

longitude 1440

Table 4-35: Variables in the andllaryfiles for ocean forthe globally gridded clear-sky daily air te mperature estimatesfrom

satelliteswith uncertainty estimates for ocean, 1995-2016

latitude, longitude)

offset on average daily surface
airtemperature

time(time) time Time at zero longitude in days
since 1850-01-01T00:00:00Z
timebounds(time, bounds)
latitude(latitude) latitude Latitude in degrees north
longitude(longitude) longitude Longitude in degrees east
timeoffset(longitude) none Local time offset from UTC
(days)
tas_unc_rand(time, latitude, none Random uncertainty on average
longitude) daily surface air temperature in
K
tas_unc_corr_sat(time, none Locally correlated uncertainty 100 km 1 day
latitude, longitude) (from satellite retrieval) on
average daily surface air
temperatureinK
tas_unc_sys(time, latitude, none Systematic uncertainty on
longitude) average daily surface air
temperatureinK
tas_unc_corr_mod(time, none Locally correlated uncertainty 1000 km 3 days
latitude, longitude) (from surface-air model) on
average daily surface air
temperatureinK
tas_unc_sys_mod(time, none Systematic uncertainty (from
latitude, longitude) surface-air model) on average
daily surface airtemperature
tas_unc_parameter_0(time, none Systematic uncertainty mean
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tas_unc_parameter_1(time, none Systematic uncertainty first

latitude, longitude) fourier component on average
daily surface airtemperature

tas_unc_parameter_2(time, none Systematic uncertainty second

latitude, longitude) fourier component on average

daily surface airtemperature

tas_unc_parameter_3(time, none Systematic uncertainty third
latitude, longitude) fourier component on average
daily surface airtemperature

tas_unc_parameter_4(time, none Systematic uncertainty fourth
latitude, longitude) fourier component on average
daily surface airtemperature

45,5 Uncertainties

4.5.5.1 Estimatinguncertainties

Land

Uncertainties are estimated for each predictor variable based on the uncertainty information availablefor
each native datasetused. Forthe LST data—whichisthe only predictorto have complete characterisation
of uncertainties - each uncertainty component (random, locally correlated, and systematic) is propagated
throughthe gridding process accordingto EUSTACE Deliverable 1.2 (Merchantet al., 2015). Forthe FVC
data set, the mean total uncertainty within a particular grid cell is used as an estimate of the locally
correlated uncertainty for that grid cell, while the difference between the maximum and the mean
uncertainties within each cell is used as an estimate of the random uncertainty. The quoted precision of
the FVCestimates, 0.004, is assumedto be the systematicuncertainty on a pixel-by-pixel basis. At present,
no uncertainty information has been estimated forthe snow estimates. Asthe dominant contributionto
the satellite-derived LSAT estimatesis from the LST data, omittingthe uncertainty contribution from the
snow data should have only avery smallimpact.

Uncertainty estimates forthe satellite-derived LSAT data are estimated so that fora particulargrid cell at
a particularpointin time, the random uncertainty componentis given by:

Tmaxrandom: (alz- LSTday_randomz + aZZ- LSTngt_random2+ a32- FVCrandomz)% (Eq 4. 26)
Tminrandom= (612- LSTday_randam2 + 622- LSTngt_random2+ 632- FVCrandomz)% ( Eq 4. 27)

Where LSTyay randoms LSTaay random @Nd FVCranaom are the random uncertainty components from the input
data sets for the same grid cell at the same pointin time for LST,q, LST,,nerand FVC, respectively. The
coefficients aand 8 are the model coefficients from Table 4-24 so for models that do not use a particular
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predictor, thattermin equations4.2.6and 4.2.7 will be zero. Similarly, the locally correlated uncertainty
components are given by:

TMAXatm= (1% LSTaay tocat atm® + 02° LS Tagt toca_atmi’ + Ormax’)* (Eq. 4.2.8)
TMiNatm= (81°.LSTaay toca atm” + 82%.LSTngt tocal_atm” + Ormin’)* (Eq.4.2.9)
TMaXsy= (012 LSTaay ocat surf + 022 LSTogt tocat surf + 032 FVCioeai’)*  (Eq. 4.2.10)
Tminjocar= (61°.LST4ay tocar surf’ + 82°-LSTrgt tocarsurf + B5°.FVCioca’)*  (EQ.4.2.11)

Where LST4ay iocar atmr LSTngt tocar atmr LS Tday tocat surfy LS Tngt tocarsurr @Nd FVCioeq, are the locally correlated
uncertainty components fromthe input data sets forthe same gridcellatthe same pointintimeforLSTq,,
LSThigne and FVC, respectively. (Note: The EUSTACE MODIS LST products provide separate uncertainty
estimates duetoatmospheric(atm)and surface (surf) effects on the LSTretrievals, and itis these separate
componentsthatare used here.)

The terms o7,;, and o, represent the standard deviation of the residuals, i.e. the satellite-predicted
Tmin/Tmax minus the station Tmin/Tmax, calculated during the model training process (‘StDev’ i n Table
4-24). The grid-cell systematic uncertainties are assumed to be 0.1 °C, which is consistent with the
systematicuncertainty estimated forthe EUSTACE LST data.

Ice
First, we propagate the different uncertainty components forthe ISTretrievals onto the 0.25° latitude by
0.25° longitude grid used here.

The random uncertainty component of the gridded satellite IST datais given by:

RUsat = \/R Uiznstrument + RUgZeolocation (Eq‘ 3.4. 2)

where RUinstrument aNd RUgesiocation are the uncertainty components duetoinstrument noise and geolocation
errorsin the marginal ice zone, respectively, fromthe same grid cell at the same pointintime.

The locally correlated uncertainties are given by:

SSUsat = \/SSUezmissivity + SSUc%tmosphere (Eq' 3.4. 3)

where SSUemissivity aNd SSUaimosphere are the synoptic scale uncertainty components of the IST data due
emissivity errors and atmosphericcorrections.

The grid-cell systematic uncertainties (LSU,,;) are based on expert judgements and provided as a fixed
value of 0.2°C.

The cloud mask uncertainty is calculated from the cloud mask quality level of the grid cell, using

CUsatavg = @1 - (6gpg + 0.5 (5-0QL)) (Eq. 3.4.4)
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where a; is the regression coefficient (see Table 4-25) and 64,4 is an overall uncertainty level for CU,,,,

setto 0.8°C. The uncertainty components for Tminand Tmax are found by replacing a, with f; andy, and
8avg With 8,,i,=2.8°C and §,,4,=0.8°C. The higher §-value for Tmin occurs because undetected clouds

will appearas artificial cold temperatures, especially affectingthe Tmin field because they are harder to
distinguish from the coldest surface temperatures.

Then we estimate uncertainties in our air temperature estimate. The random uncertainty component for
Tmeanis given by:

RUavg - J(al . RUsat—)Z + RUszampling (Eq. 3.4.5)

where RUgmpiing IS the uncertainty relating to sampling errorsin space and time (see section 3.4.5.3). The
random uncertainty components for Tmin and Tmax are found by replacing a; with §; and y4,
respectively.

Similarly, the locally correlated (synopticscale) uncertainty componentis given by:

SSUqpg = \/(al * SSUsqe)* + SSUrelationZ (Eq.3.4.6)

The term SSU,.i0n represents the standard deviation of the residuals calculated atin situ stations where
both skinand airtemperaturesare available, i.e. the skin temperature-predicted Tavg minus the observed
Tmean, calculated during the model training process of these in situ only data. Again, the uncertainty
componentsforTminand Tmax are found by replacing a; with §; and y4, respectively.

Table 4-36. Uncertainty estimates for the relationship error

ﬁ Tmean (oc) Tmin (oc) Tmax (oc)
Land ice 1.5 1.8 2.0
Seaice 1.7 1.8 2.1

Three forms of systematicuncertainties are provided: the covariance matrix of the model coefficients, an
estimate of the systematicuncertaintyin ISTforeach grid celland the cloud mask uncertainty component.
The grid-cell systematic uncertainties are LSUgy,g = @1 * LSUgqe and cloud mask uncertainty CUg,,g =
ay - CUgqe, and as above, the uncertainty components for Tmin and Tmax are found by replacing a4 with
B1 and 4, respectively.

The sampling uncertainty is determined indirectly by closing the average RMS error budget when
validating against the independent in situ air temperature measurements, taking the in situ air
temperature uncertainty into account. This approach was used due to limited time and limited validation
data, but has the disadvantage that other unaccounted uncertainty sources are artificially grouped with
the sampling uncertainty. The sampling uncertainty is determined individually for the average, minimum
and maximum temperatures, and for each surface type, see Table 4-33.

Table 4-33. Sampling uncertainty (°C) for Tmean, Tminand Tmax.
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Tmean (oc) Tmin (oc) Tmax (oc)

Land ice Northern Hemisphere 16 2.2 2.1

Seaice Northern Hemisphere 0.0’ 2.9 2.0

Land ice Southern Hemisphere 1.6 1.5 3.8

Seaice Southern Hemisphere 1.7 5.7 2.9
Ocean

The error term in Eq. 4.2.4 has components arising from:

1. SST measurement error which, in the case of satellite data, will itself have uncorrelated, locally
correlated and systematiccomponents.

2. The climatological variance of the air-sea temperature difference, which is assumed to be normally
distributed with mean zero and variance ovar2(s,d).

ovar2(s,d)=b0(s) + bi(s)Sin(2rtd/365) + b2(s)Cos(2rd/365) + b3(s)Sin(4rd/365) + b4(s)Cos(4mrd/365)

3. Systematic uncertainty in the bias adjustments applied to the in situ data, estimated to be around
0.1°C and correlatedin space and time.

The uncertainty in the Fourier coefficients, a0, a1, a2, a3 and a4, are described by the error covariance
matrix cov(ai, aj) and the square roots of the diagonal terms are giveninthe NetCDFfile as. The errorsin
the Fourier components are assumed to be uncorrelatedin space.

4.5.5.2 Usinguncertainty estimates

The main product files containa “total uncertainty” in the estimated temperature, which combines all the
different sources of quantified uncertainty.

However, care isneeded when using the uncertainty information in calculations as the estimate of total
uncertainty does not provide sufficient information on its own to correctly propagate the uncertainties.
The total uncertainty combines uncertainties associated withseveral differenterror sources each of which
has different correlation structures. The ancillary files for each surface contain those individual
uncertainty components.

The individual uncertainty components in the ancillary files fall into three categories: random, locally
correlated and systematic. Random uncertainties are associated with uncorrelated, independent errors.
Locally-correlated uncertainties are associated with errors that are correlated on relatively short space
and time scales. Systematic uncertainties are associated with systematic errors that are strongly
correlated on large space and time scales.

7 This zero-value is likely caused by a slight overestimation of some of the other uncertainty quantities.
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Each component should be propagated separately through any calculation and, if a total uncertainty is
required, combined at the end assuming they are independent from each other. In order to propagate
the uncertainties, itis necessary to know the correlations structures and the propagation of uncertainty
formula.

Propagation of uncertainty formula — for a function f computed from uncertain values x; with
uncertainties g, the uncertaintyin f (x; ... x,) foruncorrelated errorsis given by

n 2
2_ N\ (9f
of = — | o2
- axi t
=1
For correlated errors, the more general formulais
of of

2 _
oF=)

n o n

= Ox;0x jPxix;
— L axian LA
i=1j=1

Where pis the error correlation.

Random uncertainties — these arise from errors that are uncorrelated and independent. These
uncertainties can therefore be propagated using the familiar formula for propagation of uncorrelated
errors.

Locally-correlated uncertainties — these arise from errors that are locally-correlated. The correlationrof
the errors is given by an exponentially decaying function:

éd ot
- _+_
r=e (Ad A

Where éd is the distance between the grid cell centres, 6t isthe time separation of the grid cellsand 1,
isthe characteristiclength scaleand 4, the characteristictimescale (given in the attributes of the variable
in the NetCDF files). For some of the land components the characteristic length and time scales are not
known.

Inorderto propagate these uncertainties, the version of the propagation of errors formula which includes
correlated effects should be used.

Analternative approach, which mightbe appropriatefor regridding the data, is to assume that, withinthe

characteristic space and time scales, the errors are fully correlated. This is an approximate, but simple
method.
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Systematic uncertainties —these arise from errors which are strongly correlated on large space and time
scales. In propagating these uncertainties, assume thatthe errors are completely correlated.

Parameter uncertainties —for the oceans, there is another category of systematic uncertainties, which is
associated with errors in the estimated seasonal cycle of air sea temperature differences. The seasonal
cycle is represented by Fourier components (see equation 4.2.5). In this case, the uncertainty should be
propagated as if it were uncorrelated in space, but systematicin time with one caveat. The Fourier
components can take both negative and positive values, butthe uncertaintiesin the files are all positive.
To deal with this, the correlation should be setto £1 inthe propagation formula. Whetheritis+1 or -1is
determined by the signs of the appropriate Fourier component for the two days of the year under
consideration. If the signs are the same, the correlationis +1, if they are differentitis -1.

4.5.6 Knownlimitations
When using the data, users should be aware of the following:

e Some of the satellite data used to estimate airtemperatures suffer from “cloud contamination”.
Asfaras possible, cloudeffects have beenremovedfrom the satellite data, butinsome conditions
clouds are very difficult to detectreliably. Grid cells affected by cloud contamination can have a
very different temperature from their neighbours. However, cloud contamination can also be
more subtle leadingto skewed error distributions.

e Coverage of the airtemperatures overocean derived from satellitesis limited to well-established
shipping routes, where there are sufficient data to build the relationships between surface and
air temperatures. Consequently, the coverage is very sparse in the tropics and southem
hemisphere.

e Theerrorsinthe datado not conform preciselyto the nice breakdown of uncertainty components.
In practice there are uncertainties with large space and time scales and more complex structures
than allowed forin the simple error model. Information about the likely scale and structure of
these can be foundinthe validation (Veal, 2019).

e In the case of the Tmin estimates over ice, for uncertainty estimates above 3.0K, the median
discrepancy between estimated Tmin and independent reference datais negative and increases
in magnitude with increasing uncertainty estimate. EUSTACE uncertainty estimates are
underestimated where they exceed 3.0K. Users may find it appropriate to discard data with an
uncertainty greaterthan 3.0 K.

e Inputs to EUSTACE are not all defined from midnight to midnight local time. For example, some
stations report max and min temperatures read at 0900 local time otherreportat other times of
day. Consequently, the daily temperatures may be locallyoffset from thetime defined in thefiles.
This can affect, for example, the precise timing of the arrival of a cold front. An alternative
approach using a longitude-dependent time variable was tested with users, but found to cause
problemsinsome software packages.
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4.5.7 Whereto go for furtherinformation

Detailed methods of deriving relationships between skin and air temperature can be found in the
following references:

Heyer, J., E. Good, P. Nielsen-Englyst, K. S. Madsen, R. I. Woolway, J. Kennedy (2018) Report on the
relationship between satellite surface skin temperature and surface air temperature observations for
oceans, land, seaice and lakes, EUSTACE Deliverable 1.5

Nielsen-Englyst, P.,J. L. Hgyerand K. S. Madsen (2019) Deriving Arctic2 m air temperatures fromsatellite,
in preparation

Good, E. J. and D. J. Ghent (2019) Estimatingsatellite land surface airtemperatures from MODIS for the
EUSTACE global analysis, in preparation

Kennedy, J. J. and E. C. Kent (2019) Estimating the climatological mean and spatial covariance of air-sea
temperature differences, in preparation

4.5.8 References

Baret, F., Weiss, M., Lacaze, R., Camacho, F., Makhmara, H., Pacholcyzk, P., & Smets, B. (2013). GEOV1:
LAl and FAPAR essential climate variables and FCOVER global time series capitalizing over existing
products. Partl: Principles of development and production. Remote Sensing of Environment, 137, 299-
309

Camacho, F., Cernicharo, J., Lacaze, R., Baret, F., and Weiss, M. (2013). GEOV1: LAI, FAPAR essential
climate variables and FCOVER globaltime seriescapitalizing over existing products. Part 2: Validation and
intercomparison with reference products. Remote Sensing of Environment, 137, 310-329

Dybkjeer, G., J. L. Hgyer, R. Tonboe, S. M. Olsen (2014). Reporton the documentation and description of
the new Arctic Ocean dataset combining SSTand IST. NACLIM Deliverable D32.28.

GhentD., K. Veal, T. Trent, E. Dodd, and J. Remedios, 2019: A new approach to defining uncertainties for
MODIS land surface temperature, submitted to Remote Sensing of Environment

Hall et al. (2006)

Good, E. (2015), Daily minimum and maximum surface air temperatures from geostationary satellite
data, JGR-Atmospheres, doi:10.1002/2014JD022438.
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Hall, D. K., V. V. Salomonson, and G. A. Riggs (2006), MODIS/Terra Snow Cover Daily L3 Global 0.05Deg
CMG, Version 5. [MYD10.C1]. Boulder, Colorado USA. NASA National Snowand Ice Data Center Distributed
Active Archive Center. http://dx.doi.org/10.5067/EISHGLM2NNHN.

Hgyer, J., E. Good, P. Nielsen-Englyst, K. S. Madsen, R. I. Woolway, J. Kennedy (2018) Report on the
relationship between satellite surface skin temperature and surface air temperature observations for
oceans, land, sea ice and lakes, EUSTACE Deliverable 1.5,
https://www.eustaceproject.org/eustace/static/media/uploads/d1.5 revised.pdf

Merchant, C. J., Embury, O., Roberts-Jones, J., Fiedler, E., Bulgin, C. E., Corlett, G. K., Good, S., McLaren,
A., Rayner, N., Morak-Bozzo, S. and Donlon, C. (2014), Sea surface temperature datasets for climate
applications from Phase 1 of the European Space Agency Climate Change Initiative (SST CCl). Geoscience
Data Journal. doi: 10.1002/gdj3.20

Merchant, C. J., Ghent, D., Kennedy, J., Good, E. and Hgyer, J. (2015) Common approach to providing
uncertainty estimates across all surfaces, EUSTACE Deliverable 1.2,
https://www.eustaceproject.org/eustace/static/media/uploads/Deliverables/eustace d1-2.pdf

Nielsen-Englyst, P.,J. L. Hgyerand K. S. Madsen (2019) Deriving Arctic2 m air temperatures fromsatellite,
in preparation

Parker, D.E., C.K. Folland and M. Jackson (1995) Marine Surface Temperature: Observed variations and
data requirements, Climatic Change 31: 559-600, 1995

Veal, K. L. (2019) Validation report for the final in-filled EUSTACE surface air temperature product,
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4.6 Global daily air temperature combining surface and satellite data, with
uncertainty estimates, for 1850-2015, v1.0

4.6.1 Summary

This productis a global daily mean air temperature data set combining surface and satellite data. It is
presented on an equirectangular (regular lat-lon) grid with a grid spacing of 0.25°. The data set is daily
from 1850 to 2015. The dataare presentedin aset of NetCDFfiles, which use aformat which is consistent
with the satellite derived air temperatures from Section 4.5 and uses CF conventions for describing the
variables.

Users of the product have access to mean temperature dataand uncertainty estimates that are consistent
across a broad range of space and time scales from daily 0.25° to multidecadal global averages. The
coverage is significantly better than is available from station data alone, and covers land, ocean and ice
areas.

I”

Uncertainty in the product is represented by a “total” uncertainty which gives a point estimation of the
uncertainty in the central estimate. In addition there is an ensemble of 10 samples drawn from the
posterior distribution of the statistical model. The spread of the ensemble captures the full range of

covariance in the statistical model afterthe observations have been assimilated.

A statistical method has been used to estimate air temperatures at all places and times. It takes into
account uncertainty in the input data sets covering errors in the in situ measurements, land station
homogenisation (frombreaks identifiedin Section 4.2) and errorsin the air temperatures estimated from
satellite data (Section 4.5). Although the statistical model estimates temperatures at all locations, the
productis notglobally complete, as areas withtoo few datato provideareliable airtemperature estimate
have been masked out.

4.6.1 Howto accessthe data
The dataare archived at the Centre for Environmental Data Analysisand can be accessed and downloaded

as describedinSection 3.2above. Itismade freelyavailableforall purposes underthe Open Government

Licence.

Table 4-37: How to accessthe dataset: Global dailyairtemperature combining surface andsatellite data, with uncertainty
estimates, for 1850-2015

Data Product CEDA catalogue record Download links

EUSTACE: Global https://catalogue.ceda.ac.uk/uuid/468a  http://data.ceda.ac.uk/neodc/eustace/data/co
GETVAETT bcf18372425791a31d15a41348d9 mbined/mohc/eustace/v1.0/day/0/0/R001400
temperature /20190326/global/

combining surface

and satellite data,
with uncertainty
estimates, for
1850-2015,v1.0
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http://www.nationalarchives.gov.uk/doc/open-government-licence/version/3/
http://www.nationalarchives.gov.uk/doc/open-government-licence/version/3/
https://catalogue.ceda.ac.uk/uuid/468abcf18372425791a31d15a41348d9
https://catalogue.ceda.ac.uk/uuid/468abcf18372425791a31d15a41348d9

Detailed format specifications are givenin section 4.6.5 below.

4.6.2 Inputdata sets and pre-processing
Three principal input datasources are used to create the infilled product. These are the EUSTACE Globally

gridded clear-sky daily air temperature estimates from satellites with uncertainty estimates for land,
oceanandice, 1995-2016 (Section 4.5), EUSTACE Global land station daily air temperature measurements
with non-climatic discontinuities identified, for 1850-2015 (Section 4.2) and quality-controlled in situ
marine airtemperature datafromships, as used in the HadNMAT2 data set (Kentetal., 2013).

The total uncertainty provided with the satellite-derived air temperatures is used and treated as if the
errorswere uncorrelated. Thisis an approximation to the full error model.

In situ station data and locations in time of station breaks were taken from the EUSTACE Global land
station daily air temperature measurements with non-climatic discontinuities identified (Section 4.2).
Data to be used in the validation were excluded. An uncertainty of 0.3°C was assumed for each
measurement, corresponding to rounding to the nearest whole number of degrees. Homogenisation
errors, corresponding to changes in the mean temperature at a station between station breaks, were
assumed to have a mean of zero and a prior uncertainty of 0.3°C; the statistical model re-estimated the
size of each break.

In situ ocean data were taken from ICOADS 2.5 (Woodruff et al. 2011). Individual observations were bias
adjusted using the method of (Kent et al. 2013) to a standard reference height of 2m. Only data from
platformsidentified as ships were used. An uncertainty of 1K was assumed for each measurement, with
the errors assumed to be uncorrelated. Atleast 10% of the data for each month were excluded from the
analysisforuse invalidation

During the Second World War, it is thought that the protocol for making marine air temperature
measurements was changed (Kent et al. 2013). Measurements were made at different times of the day
and night. In additionitis possible that measurements were not made on deck, but thermometers were
taken indoors for reading. This leads to a warm bias in the marine data between approximately January
1942 and February 1946, which affects the analysis overthe oceans.

4.6.3 Statistical model

A statistical model was used to produce a global temperature analysisfrom the input data. The statistical
model comprises three components which correspond to temperature variations overthree time scales:
the climatology component; the large scale component and the local component. The climatology
component includes very slow changes in temperature on time scales greater than about 10 years and
the seasonal cycle. The large-scale component describes year-to-year variability and the local component
is related to daily weather. Different types of errors in the input measurements are associated with
individualcomponentwherethey are mostrelevant. Forexample, stationbiases arising from non-climatic
discontinuities are associated with the large-scale component because breaks in the station series are
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identified at an annual resolution. Each component is further split into elements which are summarised
in Table 4-38, Table 4-39 and Table 4-40.

Each of the componentsis fittothe datain turn starting with the climatology, followed by the large-scale
and then the local, moving fromthe broadest and slowest scales, to the shortest and fastest. The process
isthen repeated starting again with the climatology component, followed by thelarge -scaleand local.The
process was repeated five times with eachiteration improving the overallfit of the model to the data.

The statistical model represents temperatures on the globe using atriangular mesh. The triangles can be
furthersubdivided to provide a higherresolution analysis. Forexample, the local component usesa grid
with approximately 0.5° resolution, whereas the large-scale component has fewertrianglesand hence a
lower resolution of around 5°. Table 4-38 gives the resolution of the different climatology components.
Smoothly-varying patterns of temperature can be represented by adding together simple basis functions
that sit at each node in the mesh. The more triangles (and nodes) there are, the smallerthe details that
can be resolved on the mesh. The relationships between the weights for the basis functions are
determined by solving a “stochastic partial differential equation” or SPDE (see Lindgrenetal., 2011).

The SPDE used in the local component to represent daily weatheris a simple spatial SPDE with the
assumption thatthe weatheronone day isindependent of the weatheronthe days before and after. In
the large scale and climatology components, space-time SPDEs are used such that there are interactions
between onetimestep and the next. As with the nodes on the triangular mesh, the separation of the time
steps determinesthe level of temporal detail that the SPDE allows. Space -time SPDEs require a lot of
computing resourcestosolve, sothe resolution is necessarily more limited.

Table 4-38: Sub-components of the climatology component. Prior means are zero for all sub-components.

Sub-Component Description Model resolution Prior parameters Comments \
Seasonal Space-Time SPDE  1° spatial Standard Nodes placed at
resolution deviation=5K; the start of each
triangulation, Spatial length calendar month,
monthly time scale = 25°%; with SPDE linking
resolution Timelengthscale 12" monthto the
=2 months 1=t
Very longscale Space-Time SPDE  5° spatial Standard Modelsvery slow
resolution deviation=0.5K; and climatic
triangulation, 4 Spatial length changes
yearly time scale = 30°%;
resolution Time length scale
=10 years
Latitude 1D SPDE 0.5 degree Standard
latitudinal deviation=12 K;
resolution length scale =30°
Altitude Covariate Covariate for Standard
0.25° gridded deviation=6.5 K
digital elevation  perkm
map
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Water fraction Covariate Covariate for Standard Water fraction
0.25° gridded deviation=10 K derived from CCI
areal fractionof  at 100% water land cover
water

Grand mean Covariate Covariate for Standard Loose priorset at
analysis mean deviation=546.3 double the triple
temperaturefor K point of water.
all space and
time

Table 4-39: Sub-components of the large-scale component. Prior means are zero for all sub-components.

Sub-Component Description Modelresolution Prior parameters Comments \

Mid-scale Space-Time SPDE 3 monthlyx 5° Standard
deviation=1K;
Spatial length

scale = 15°%;
Time length scale
= 4.5 months
Station biases Biasestimate for One covariate Standard Based on
each station per deviation=0.9 K  breakpoint
adjustment homogeneous assessmentin
segment EUSTACE Global

station data set
(see Section4.2).
Most recent
homogeneous
period
considered
unbiased and not
included.

Table 4-40: Sub-components of the local daily component, to be estimated independently for each day of the analysis. Prior
means are zero for all sub-components.

Sub-Component Description Modelresolution Prior parameters Comments \

Local Spatial SPDE 0.5° spatial Standard Spatial field that
resolution deviation=2K; models daily
triangulation Spatial length temperature

scale=5° variations

Satellite-derived Global covariate  Single covariate  Standard Daily estimates

marine air for data source deviation=2K of mean bias

temperature bias for whole global relative to other

data sources
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Satellite-derived Hemispheric Two covariates Standard Daily estimates
ice air covariate for data source, deviation=2K of meanbias
temperature bias one for each relative to other
hemisphere data sourcesfor
each hemisphere
Satellite-derived Spatial SPDE 1° spatial Standard Daily estimates
land air triangulationfor  deviation=1K; of spatial bias
temperature data source Spatial length field relative to
bias scale = 25° otherdata
sources

As well as providing an assessment of the temperatures across the globe, the statistical method also
provides an estimate of the uncertainty in the field. Wherethere are many high-quality observations, the
uncertainty will be small. Where there are few observations, the uncertainty will be larger. In some
regions where there have historically been very few observations, such as the Southern Ocean, even the
long-term average can be uncertain.

In the Global air temperature estimates, v1.0 product, the uncertaintyis represented in two ways. First,
every grid cell has an estimated uncertainty. This gives anindication of how reliable the grid cell value is
relative to others. However, the grid cell uncertainty does not tell you anything about how errors in
neighbouring grid cells might be related. The second way that uncertainty is represented is by drawing
samplesfrom the posteriordistribution of the statistical model. The samples that make up the ensemble
are consistent with the available measurements, but where there are no measurements each ensemble
member will do something different. The spread between the samplesisindicative of the uncertainty.

4.6.4 Post-processing

The Global airtemperature estimates,v1.0 productis provided on aregularlatitude-longitude grid with a
grid cell spacing of 0.25° in latitude and longitude. The conversion from the triangular mesh to the
equirectangular grid is performed by evaluating the value of the SPDE at the centre of the gridcell. This
value will be acombination of the basis functions on nearby nodes of the triangular mesh.

The uncertainty is evaluated by drawing 30 samples from the posterior of the statistical model (as for the
ensemble) and calculating the standard deviation of them. Note that more samples are used to calculate
the grid cell uncertainty than are available inthe ensemble, but using a finite number of samples means
that the uncertainties are correct towithin around 10%.

The uncertainty combines all components of uncertainty in the analysis, including uncertainty in the
climatology, large-scale and local components of the statistical model. In addition the files contain a
variable, “observation influence”, running from zero to one, which gives the de gree to which a grid cell
value forthe local componentis constrained by nearby observations. This is calculated by subtracting the
ratio of posteriorand prior variances from 1. Values close to 1 give anindication of when daily variability
in the analysis is constrained and will be of use to those using the daily temperatures in their analysis.
Values close to 0 indicate that the daily local analysis is unconstrained or weakly constrained by
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observations. Note that the large-scale and climatology components cansstill provide useful information
on slower changesinthese areas as they aggregate information across awiderareaand time scale.

In some times and places there are insufficient data to constrain the analysis, so these areas have been
masked. In addition, ina few limited areas the statistical model produced extreme climatological values;
these were also masked. The following criteriawere used to mask the infilled analysis:

e Valuesoutside the range -80°Cto 60°C were masked

e Valuesexceedingfourtimesthe interquartile range of the regional distribution (after adjustment

for altitude) were masked

e Areaswhere the uncertaintyinthe climatology componentexceeded 0.7°Cwere masked

e Areaswherethe uncertaintyinthe large-scalecomponent exceeded 0.7°C were masked

e After2012, all ocean areas were masked as there were no marine datainputs after 31 December

2012.

Consequently, the fields are not globally complete.

4.6.5 Detailed formatspecification and metadata

The dataset comprisesone file per day. The formatis giveninthe NetCDF file and reproduced below.

Table 4-41 Dimensions

UNLIMITED; // (1 currently)
2

bounds
latitude 720
longitude | 1440

Table 4-42: Variables

| Standard name

Variable (dimensions)
time(time)

time

Description
Time at zerolongitude in days since 1850-01-
01T00:00:00Z

timebounds(time, bounds)

latitude(latitude) latitude Latitude in degrees north
longitude(longitude) longitude Longitude indegrees east
timeoffset(longitude) none Local time offset from UTC (days)

tas(time, latitude, longitude)

air_temperature

Mean daily surface airtemperature inK

tasuncertainty(time, latitude,
longitude)

none

Total uncertainty in average daily surface air
temperature

longitude)

tasobservationinfluence(time, none Observation influence for average daily
latitude, longitude) surface air temperature
tasensemble_0(time, latitude, none Average daily surface airtemperature

ensemble member0
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tasensemble_1(time, latitude, none Average daily surface airtemperature
longitude) ensemble member1
tasensemble_2(time, latitude, none Average daily surface airtemperature
longitude) ensemble member2
tasensemble_3(time, latitude, none Average daily surface airtemperature
longitude) ensemble member3
tasensemble_4(time, latitude, none Average daily surface airtemperature
longitude) ensemblemember4
tasensemble_5(time, latitude, none Average daily surface airtemperature
longitude) ensemble member5
tasensemble_6(time, latitude, none Average daily surface airtemperature
longitude) ensemble member6
tasensemble_7(time, latitude, none Average daily surface airtemperature
longitude) ensemble member7
tasensemble_8(time, latitude, none Average daily surface airtemperature
longitude) ensemblemember 8
tasensemble_9(time, latitude, none Average daily surface airtemperature
longitude) ensemble member9

4.6.6 Understanding and using uncertainty estimates
The main product file contains a total uncertainty. This is estimated from 30 samples drawn from the

posteriorof the statistical distribution. The estimated uncertainty should be within 10% or so of the true
value. It is not possible to propagate this total uncertainty as this is a point value without additional
information about the covariance, i.e. about how the errorsvary in space and time.

In addition to the total uncertainty provided at each point, there is an ensemble of 10 samples drawn
from the posteriorof the statistical distribution. The samples represent the covariance described by the
statistical model.

Propagation of uncertainty using the ensemble is simple. A user can calculate their required diagnostic,
for example the area-weighted mean temperature over Europe, separately for each of the 10 ensemble
members. The mean of the 10 members will provide a central, or best estimate, and the standard
deviation will provide an estimate of the uncertainty (orstandard error). Some care needs to be takenin
interpreting this standard deviation as the ensemble is relatively small.

4.6.7 Whereto go for furtherinformation
Further details of the statistical infilling are provided in the scientific user guide and in the papers
describing the datasetand statistical methods.

The code used to run the analysis willbe made publicly available.

4.6.8 Knownlimitations
When using the data, users should be aware of the following:
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e Thedatasetis notglobally complete. Thereare some areas, represented by the missing dataflag
in the data files, where there are insufficient data to make a reliable estimate of the air
temperature. The trimming of the fieldsis based on the assessed uncertainty and extreme value
checks.

e Althoughthe productisrelatively highresolution forglobal dailytemperature product,at0.25° in
latitude and longitude, temperature variability within agrid cell means that there mightnot be a
perfect correspondence betweenagrid cell valueand atemperature measured by a station within
that grid cell.

e The uncertainty information indicates values that are more or less reliable. Validation of the
uncertainty information can be foundin Veal (2019). However, some things are worth bearingin
mind. First, the uncertainty is estimated from only 30samples which is arelatively smallnumber.
The uncertainty should typically be accurate to around 10% of its value. Second, far away from
observations, the uncertainty is determined by the prior values of the statistical model
(summarisedinTable 4-38, Table 4-39, and Table 4-40). Although, the prior values are reasonable,
they have not been explicitly fitted to the data and globally representative values are used. This
means, for example, that uncertainty might be overestimated over unobserved ocean regions
because the variability of ocean areasislowerthan the global mean.

e The data set provides information for Europe which is consistent with other long-term surface
temperature data sets on the continental scale from 1895 onwards. For North America, it is
consistent withotherlong-term surface temperature data sets on the continental scalefrom 1870
onwards.

There are some known problems with the Global airtemperature estimates, vl.0analysis.

e Thereisawarmbiasinoceantemperaturesduringthe Second World War (1942-1946) andinthe
1850s. Thisis due to well-documented biases in the marine air temperature measurements at
these times. During the Second World War, measurements were thought to have been made
inside rather than out on deck. In the 1850s, measurements were made at local noon, and few
nighttime measurements (as used atother times forthe analysis) were available. The datawere
retained because the alternative would be no data over the ocean at these times and they still
may provide usefulinformation to some users despitethe biases.

e A cold bias affects Africa and parts of southern Asia starting in 2000. This is associated with
residual biases from the EUSTACE satellite derived air temperatures over land. The statistical
analysis calculates a daily, spatially-varying bias adjustment for the satellite-derived air
temperatures, but over Africaand southern Asiathereare too few daily in situ data to effectively
adjust the biases, which therefore reverts to its prior value of zero bias, albeit with large
uncertainty.

e Although the data have been masked in unconstrained regions, there are still areas earlyin the
record where the analysis takes unrealistic high values. These are close to the northern and
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4.6.9

southern limits of the available dataand do not affect data rich areas. Parts of South Americaare
also affected between 1945 and 1957.

Trends over Australia are not accurately represented priorto 1955.

Alsosee the validation results section below.

Validation Results

Over ocean, the EUSTACE Global air temperature estimates, v1.0 performs well with a global
median discrepancy of 0.00 K (Robust Standard Deviation (RSD) 1.15 K) against an independent
subset of HQdNMAT2 inputs over 1850-2012; also demonstrating good stability across different
latitudes and with time.

The EUSTACE Global airtemperature estimates, vl.0also performs well in mostland regions with
a global median discrepancy (RSD) against a withheld subset of data from the EUSTACE Global
Station Dataset of -0.13K (1.76K) over 2002-2015 and -0.23K (1.76 K) over 1850-2015; the negative
discrepancy arises largely over some regions of Africa and the west of North America. However
seasonal mediandiscrepancies over central Asia can be high, 6-10K in DJF at some stations (these
most erroneous values are likely to have been masked out of the product). Comparison to the
validationresultsof the EUSTACE Airtemperature estimates from satellite v1.0 demonstrates that
significant seasonal biases have successfully been removed by the analysis method over land in
most locations.

The EUSTACE Global air temperature estimates, v1.0 displays regional median discrepancies
(RSDs) over land-ice (including the Antarctic ice-shelf) against independent station data, 2001-
2009, of +0.57 K (3.57 K) in the Northern Hemisphere and +0.27 K (2.38 K) in the Antarctic. Over
1890-2015, the EUSTACE Global air temperature estimates, v1.0 shows discrepancies of +0.37 K
(4.04 K) over Northern Hemispherelandice and +0.47 K (2.68 K) in the Antarctic.

Over sea ice, the EUSTACE Global air temperature estimates, v1.0 shows regional median
discrepancies (RSDs) againstice buoy data of +0.25 K (3.17 K) inthe Arcticand -0.29 K (4.14 K) in
the Antarctic seaice regions. These resultsrepresentareductionin bias compared to those seen
in the EUSTACE Air temperature estimates from satellite v1.0 in these regions. Median
discrepancies and RSDs for sea-ice are larger in the years after 2009, when the satellite air
temperature estimates end in these regions. Over 1890-2015, the EUSTACE Global air
temperature estimates, vl.0shows discrepancies of +1.19 K (4.60 K) over Northern Hemisphere
seaice and +4.76 K (6.81 K) over Southern Hemisphereseaice. The increasein positive bias when
the whole period is considered arises from a drift in the EUSTACE Global air temperature
estimates, vl.0overthe Poles priorto about 1960; these erroneous datahave notbeenreleased
inthese regions, as they do not provide usefulinformation.
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4.7 Coincident daily air temperature estimates and reference measurements, for
validation, 1850-2015, v1.0

471 Summary
This dataset contains matched in situ reference and EUSTACE temperature estimates used in the

validation of EUSTACE Globally gridded clear-sky daily airtemperature estimates from satellites product
v1.0 (Section 4.5) and the EUSTACE Global daily airtemperature productv1.0 (Section 4.6). The data are
made available to allow traceability of the validation. Some of the ice datasets used in validation do not
allow onward redistribution, so these data are not beingreleased.

These data have been matched to the full analysis fields produced in the creation of the EUSTACE Global
daily airtemperature combining surface and satellite data product, not the maskedfields that are released
in the final version. The location of the matchups means this is not likely to make much practical
difference to the results, but some matchup values may been seen in areas that are masked in the final
product; these are likely to be more extreme values.

Table 4-43: List of in situ reference data used for validation of EUSTACE product

EUSTACE test product

EUSTACE Global EUSTACE Air temperature estimates from
air temperature satellite, v1.0
estimates, v1.0
Global Ocean Land Ice®
In situ Reference
Global Tropical Moored Buoy v v x x
Array (GTMBA)
HadNMAT2 inputs v v x x
(HADNMAT2)
EUSTACE Global Station v x v x
Dataset (EGSD)
University of Leicesterin situ 4 x v x
Matchup DataBase (ULMDB)
DMI Quality Controlled Station v x x V'8
data (DMIQC)
DMI Quality Controlled Ice v x x V'8
Buoy Data (DMIQC_SEA)

8 As permission for onward distribution was notreceived for some validation data overiceregions, the ice
validation matchups havenot been publicly released.
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The matchups were produced separately for each test-reference dataset pairing. Therefore each file
contains only matchups of one EUSTACE product to one in situ dataset.

The matchup process varied between platforms and as a consequence the filename format, file format
andvariables containedwithin each file depend on the matched datasets. Broadly thefiles can be divided
intotwo types: those containing matchupstoin situ station data and those containing matchups to data
obtained frominsitu mobile platforms.

4.7.2 Data Access

The dataare archived at the Centre for Environmental Data Analysisand can be accessed and downloaded
as described in Section 3.2 above. It is made available for non-commercial purposes under the Non-
Commercial Government Licence, due to non-commercialrestrictions on the inputin-situ datasets.

Table 4-44: How to accessthe dataset: Global daily air temperature combining surface and satellite data, with uncertainty
estimates, for 1850-2015

Data Product CEDA catalogue record Download links
EUSTACE: https://catalogue.ceda.ac.uk/uuid/4  http://data.ceda.ac.uk/neodc/eustace/data/val

ol telo [ G ETAS b34a2c6890f4e518cacc8891119335  idation/v1.0/
air temperature

4
estimates and
reference
measurements,

for validation,

1850-2015, v1.0

4.7.3 Filename format
In the case of the files containing matchups to in situ station data, the filename has the following format:

[domain] [test eustace product] [eustace code revision] matchups_with_[reference in situ
dataset]_insitu_[year].nc

An exampleis
land_eustace_0_R001336_matchups_with_eust2_insitu_2007.nc
For matchupsto insitu mobile platform data, the date formatis slightly different:

[domain] [test eustace product] [eustace code revision] matchups_with_[reference in situ
dataset] insitu_[year][month].nc

For example,

ocean_eustace_analysis_R001400_matchups_with_hadnmat2_insitu_201212.nc
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In the above the domainis ‘land’ or ‘ocean’; the test EUSTACE product is ‘eustace_0’ for EUSTACE air
temperatures fromsatellite or ‘eustace_analysis’ for the EUSTACE Global daily air temperature combining
surface and satellitedata. The reference in situ dataset codes are given below.

Table 4-45: Referenceinsitudataset codesforthose datasets that have beenreleased.

reference in Explanation

situ dataset

codes

eust2 EUSTACE Global Station Dataset stations withheld from both relationship building
and in-filled analysis

gtmba Global Tropical Moored Buoy Array

hadnmat2 Hadley Centre / National Oceanography Centre Nighttime Marine Air Temperature
inputs correctedto 2m

ulmdb University of Leicester Matchup Database

4.7.4 Fileformat

4.7.4.1 Stationary Platforms

In the case of ULMDB, GTMBA and DMIQC stations, daily statistics were calculated from reference
observations and matched to the EUSTACE grid box estimate of daily temperature. The temperaturesin
the EGSD data are already in the form of daily statistics (Tmin and Tmax).

Each file contains one year of matched data.

Table 4-46: Variables in the stationary platforms data files

| Variable Type Dimension Units Comments

station_code Char Station StationID

time Double Time days Time (Julian date)
at zero longitude

test_timeoffset Double Station days Local time offset
from UTC at centre
of gridbox

ref_timeoffset Double Station days Local time offset
fromUTC atin situ
station

XC Short Station 1 x-coordinate on
EUSTACE grid

yc Short Station 1 y-coordinate on
EUSTACE grid

longitude Float Station degrees_east Longitude
coordinate of
reference station
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latitude

Float

Station

Degrees_north Latitude coordinate

of reference station

test_tas

Float

Time, Station

EUSTACE gridded
daily mean
temperature

test_tas_unc

Float

Time, Station

Uncertainty
estimate associated
with EUSTACE
temprature

test_tas_observationinfluence

Float

Time, Station

Observation
influencefor
EUSTACE infilled
average daily
surface air
temperature

ref_tasmin

Float

Time, Station

Daily Tminatin situ
station

ref_tasmin_qc

Byte

Time, Station

Quality control flags
(see GHCN-D
documentation)

ref_tasmin_def

Byte

Time, Station

Definition flags

ref_tasmax

Float

Time, Station

Daily Tmax at insitu
station

ref_tasmax_qc

Byte

Time, Station

Quality control flags
(see GHCN-D
documentation)

ref_tasmax_def

Byte

Time, Station

Definition flags

data_source

short

Station

Data source flag

4.7.4.2 Mobile platforms

In the case of HADNMAT2 ships and DMIQC buoys each in situ observation is matched to the

corresponding EUSTACE daily temperature.

Each file contains one month of matched data.

Table 4-47: Variables in the mobile platform data files

Variable Type Dimension Units Comments
id_code Char record Platform ID
ref_time Double Record days Julian date of
reference
observation
ref_lon Float Record DegreesEast longitude of
reference
observation
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ref_lat Float Record Degrees latitude of

North reference
observation
ref_tas Float Record K insituair
temperature
test_time Double Record days Julian date of test

estimate at start of
day at Greenwich
Meridian"
test_xcoord Float Record 1 testgrid x
coordinate
test_ycoord Float Record 1 testgridy
coordinate
test_tas Float Record K daily mean surface
temperature on
testgrid
test_tas_unc Float Record K uncertainty of daily
mean surface
temperature on
testgrid
test_tas_observationinfluence float record 1 Observation
influencefor
EUSTACE infilled
average daily
surface air
temperature

4.7.5 Whereto go for further Information

Veal (2019), Validation report for the final in-filled EUSTACE surface air temperature product, EUSTACE,
Deliverable D3.5
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5 Use case examples

This section provides some examples of applications that the EUSTACE products might be suitable for.
The EUSTACE products have not yet been used for these applications, but the following sections provide
guidance on considerations that should be borne in mind when thinking of using the EUSTACE products
for such applications.

5.1 Using EUSTACE temperature data for calibration or validation in climate model
research

5.1.1 Introduction/background
Climate models are always run for a historical period and (often) also forthe future to getan ideaof the

climate change that we can expect. The quality of the projections forthe future can only be determined
indirectly, since we, of course, have no observations for the future. Forthe past we do have observations,
therefore the climate model runs for the pastare compared with the historical observations. The Global
daily air temperature combining surface and satellite data (described in Section 4.6) can also be used for
the historical temperature observations.

Figure 5-1 Schematic presentation of a climate model: the earth is subdivided in many grids in the horizontal and vertical
directions: the climate model simulates the climate for each grid.

Climate models calculate the average of the climate variables over a grid (Figure 5-1). Grid size varies
between climate models (Figure 5-2). In global models the spatial resolution is relatively coarse, although
now also high resolution globalsimulations are under development with grid sizes of about 25km (e.g. in
the PRIMAVERA project®). Observational station data cannot be compared directly with the climatemodel
data, since the station data give point measurements and the climate model give area average data. This

% For more info on the project look at the website: https://www.primavera-h2020.eu/.
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is especially a problem for precipitation data (since some rainfall is very local), but also for temperature
ina spatially heterogeneous areathis may cause difficulties.

Figure 5-2 Evolution of spatial resolution in Global Climate Models used for IPCC assessment reports (Source:

www.wmo.int/pages/themes/climate/climate_models.php).

1.5 30 45 60 75 9.0 105 12.0 135 15.0 16.5 18.0 19.5 21.0 22.5 24.0 25.5
Temperature (deg C)
Figure 5-3 Differences in spatial resolution based on different data sources (E-OBS: based on interpolation of station data
from ECA&D taking into account height) (Source: E. Good)

Station data are only available for a limited number of locations, whereas climate models simulate the
climate foralarge region orthe wholeglobe. To overcome this, the following approaches can be followed:

e Station data can be interpolated in a sophisticated way (e.g. taking into account the effect of
height on temperature, or the effect of the presence of the sea or large water bodies). The resulting
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gridded datasets give estimates of the e.g. area average temperature in the past at locations where no
observations took place. An example of such a datasetis the E-OBS data set (see also section 4.4).

e Another way to create a dataset with a better spatial coverage is the use of re-analysis. In
reanalysis the climate in the past is simulated with a weather model integrating as much observational
data as possible.

o Use of satellite data. With satellites several climate variables can be measured, directly or
indirectly. The advantage is the good spatial coverage and higherresolution (Figure 5-3). When measured
indirectly the measured variable should be translated to the required climate variable. EUSTACE has
developed such a data set, where the measured surface or “skin” temperature is translated to the air
temperature.

In climate models every grid is assigned a certain “surface”: land, sea, ice, etc. To assign agrid to a certain
surface a “mask” is used (Figure 5-4). Although the grid size has decreased considerably over time, it is
still notexactly the same asinreality. Inrealitygrids may contain two or more types of surfaces (e.g. land
and ocean). The satellite observations used in EUSTACE are based on reality and in the project different
methods are used to estimate the air temperature from the skin temperature above different surfaces.
For a grid that containsin reality more than one surface, estimates of the airtemperature forthe various
surfaces within that grid are made within EUSTACE. This is possible since the spatial resolution of the used
satellite datais clearly higherthan the final spatial resolution in the EUSTACE data set (about 0.25°%).

=

e T )

Figure 5-4: Left: hypothetical distribution of the “surfaces” ocean, land and ice over different grids. Right: a way to create a
“mask” where only one surface is assigned to a grid cell (in this case land (green) is used in preference to ice (light blue) and
ocean (blue), and ice is used in preference to ocean).

5.1.2 Howcan the EUSTACE datasetbe usedin PRIMAVERA?

PRIMAVERA is working on high resolution global climate modelling. Several models will be run on a 0.25°
spatial resolution and will be compared with coarser resolutions used until now. The idea behind this is
that several processes may be simulated better due to the higher resolution. As part of the process of
climate model development the model results are always validated. The currently available sources of
data for the past-current climate do have some disadvantages:
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e Interpolated station data: the E-OBS datasetis available from 1950 on, but it is available onlyfor
land and only for Europe. The datasetis available ona0.25° or0.10° spatial resolutionand for determining
the temperature per grid only the land surface is taken into account. Therefore, grids with sea and land
only give the averagetemperatureforthe areaoverland. (Anadvantageis the availability of precipitation
and sealevel pressure)

e Re-analysis: currently available global re-analyses have a relatively coarse spatial resolution
(https://climatedataguide.ucar.edu/climate-data/atmospheric-reanalysis-overview-comparison-tables)*°

e Satellite based observational data sets: Until now these datasets were available for a limited
period, the datawere only availableforalimited areaand/or datawere missing for days/periods with no
measurements due to clouds. The EUSTACE project tries to overcome these shortcomings of satellite
based data by creating a data set for all surfaces and using a sophisticated statistical method for filling in
the days/period without data and for extrapolating to the past.

During the development of the data file structure for the EUSTACE products, someone from the
PRIMAVERA project was interviewed. The final EUSTACE dataset (section 4.6) isinterestingto them since
it will be a global dataset coveringall surfaces, and since it has a high resolution (similarto the one they
use for theirhighestresolution runs):

e Structure of the dataset: Masks for land-water used in climate models are not the same as the

real “masks”. This has to do with the modelling resolution (small islands may not be explicitly
included, Scandinavia may be connected with Denmark, etc.). Having estimates for air
temperature for the different surfaces separately would allow them to make a dataset for
validation with airtemperatures forthe same surfaces per grid cell as used inthe climate model
runs. This would allow them to make a betteror “fairer” validation.

e Use of uncertainty information: For validation of climate model data it is important to have an
idea of the uncertainty in “observations”: If there is wide variationin air surface “observations”
(or estimates) then the simulated airtemperature by the climate model may still be inthe range
of the “observations” although at first sight they may seemto differa lot. This may clearly affect

the conclusion about whetherthe climate model run has or does not have a (large) bias.

Validation of climate model projectionsis done by comparingthe statistics produced by the climate model
with the statistics of the “observations”, e.g. forthe average temperature ina month, or for the highest
temperature reached peryear. In the final EUSTACE dataset informationis given on the uncertainty per
day, but alsoan ensemble is produced to describe the uncertainty. If one wants to take into accountthe
uncertainty inthe EUSTACE dataset for validation of climate model projections, the ensemble can be used
best.

5.2 Using EUSTACE temperature data for calculating temperature indices

5.2.1 Introduction/background

10 ERA-5 has a clearly higher spatial resolution, almost comparable with EUSTACE data.
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On the basis of time series of air temperature (minimum, average and maximum; daily values) many
differenttemperature indices can be derived. These indices are often used in specificsectors or used for
a more general public. The indices give an (indirect) indication of the impacts of the climate or climate
change. The (change) in e.g.the number of ice days (maximum temperature below 0 °C) givesan indication
of the accessibility of unpaved roads in Scandinavia during winter or the number of tropical nights
(minimum temperature of 20 °C or higher) can be an indication of heat stress. At the website of ECA&D
(European Climate Assessment Database; www.ecad.eu/) a large number of indices are generated
(http://www.ecad.eu/indicesextremes/indicesdictionary.php). Similar databases are set up also for part
of South America (LACA&D; http://lacad.ciifen.org/), and South East Asia (SACA&D;
http://sacad.database.bmkg.go.id/).

Station data are only available fora limited number of locations, but people may also want to have data
for their own particular location/village. To overcome this, station data can be interpolated in a
sophisticated way (e.g. taking into account the effect of height on temperature, or the effect of the
presence of the sea or large water bodies). The resulting gridded datasets give estimates of the e.g. area
average temperature in the past in locations where no observations took place. An example of such a
dataset is the E-OBS data set (section 4.4). However, the spatial resolution and accuracy depends very
much on the density of stations (see Figure 5-5). For temperature, also satellite data can be used. The
advantage is the good spatial coverage and higher resolution (Figure 5-3). Satellites measure “skin
temperature”, although more often airtemperature is used forindices. However, skin temperatures can
be usedto estimate airtemperatures. EUSTACE has developed an example of such a data set, where the
measured surface or “skin” temperature is translated to the air temperature by determining the
relationships forseveral surfaces overland, oceans, ice and lakes.
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Figure 5-5 Example from the ECA&D website for the maximum value of the maximum temperature in the year 2003 (high
temperatures ina large part of Europe). On top: information based on station data; Bottom: information based on interpolated
station data.

5.2.2 Howcan the EUSTACE datasetbe used for LACA&D?

Where limited station data are available, the satellite data can be of added value for determining more
local temperature indices, since they have complete spatial coverage (at least the infilled EUSTACE
dataset, 4.6) at relatively high spatial resolution. For the land area where the Latin American version of
ECA&D, LACA&D, is working, less station data are available thanfor Europe in ECA&D. The length of the
time series may in general also be shorter. Besides, the EUSTACE dataset will also provide average daily
air temperatures above othersurface thanland (e.g. the ocean). With the EUSTACE data various indices
can be calculated at a higherspatial resolution than possible untilnow.

The uncertainty information that will be provided with the EUSTACE dataset, makes it possible to calculate
the uncertainty in the indices. For many indices the uncertainty cannot be calculated by just using the
uncertainty measurethatis giveninthe filewith the “best estimate”. The value of the index depends very
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much on the absolute daily value: in the case of an estimated minimum temperature of -0.5°C with a
standard error (measure forthe spread of theensemble) of about 1 °Cthe valuesminusor plus 1standard
deviation would range from —-0.5 to 1.5° C. When calculating the number of frost days (minimum
temperature of 0°C or lower), on one side of the range the day would be considered a frost day, w hereas
on the other side of the range not. The use of an ensemble of time series, together describing well the
total uncertainty would in that case be the most appropriate way to determine the uncertainty of the

index “frost days”.
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5.3 Attribution of climate change

5.3.1 Introductionand background

Detection of climate change is demonstrating whether a climate has changed significantly, orin other
words showing that the change is more than can be explained with natural variability alone. Attribution
of climate change is the effort to scientifically determine what could be the cause of observed climate
change. In most cases this focusses on determining whether the change could be due to the increase in
Greenhouse gases(GHG) and not by natural variabilityalone. IPCCassessment reports have paid attention
to attribution of global and regional temperature increases.

When extreme weather events occur, often the question arises whether the event is due to climate
change. A single event cannot be attributed to climate change, but we might be abl e to indicate whether
the return time of certain extreme events has changed significantly due to climate change or whether
there is a significant trend in the likelihood of extreme events. One of the first studies on this so-called
eventattribution showed that the risk fora European heat wave such asin 2003 had clearly increased due
to climate change (Stott et al., 2004). Methodologies for attribution of extreme events have been
developedinseveral projects,among othersin the EUropean CLimate and weather Events: Interpretation
and Attribution (EUCLEIA!?) and the World Weather Attribution (WWA?2) projects (follow up of EUCLEIA).
The projects try to provide information on attribution relatively fast after the extreme weather events
have occurred, whenthere isaneedandstill interest fromdecision makers and the public. In both projects
several types of extreme weather events are considered, including extreme heat and cold. Below we will
indicate how the EUSTACE dataset can contribute potentially to the attribution of extreme warm and cold
weather events. In between the description of the methods used for event attribution we describe in
italics the potential use of the EUSTACE dataset and the aspects that people have to take into account
when usingit.

5.3.2 Methods for extreme weather event attribution
To determine whether the probability of extremes has increased, long time series are needed and
differenttypes of climate dataare combined (e.g. observations and climate models).

The first step in the attribution studies is to select appropriate climate indices. This can be a few-days-
extreme (three-day maximum temperature average as used for the analysis of the European heat waves
in 2017 and 2018; Figure 5-6) or multiple-weeks-extreme (as used in the analysis of record June
temperaturesin western Europe in 2017, or the two-week cold outbreakin northern North America). In
some of these analyses, station dataare used (for one location) andin othersthe average temperatures
overregionsare used.

1 https://eucleia.eu/
12 https://www.worldweatherattribution.org/
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If EUSTACE data are to be used for such analysis, this requires good representation of the extremes
(maximum, minimum and average temperatures) at daily, weekly and monthly scales and good spatial
representation (e.g. spatial extend of heat waves or cold spells). In the main EUSTACE dataset the best
estimate is presented and also the “observation influence” is given. When little local information is
available e.g. from nearby stations for a particular period, the observation influence will be high and the
estimate of the daily temperature will be “smoothed” to the longerterm average. The EUSTACE ensemble
thatis also produced will contain a better estimate of the extreme high or low temperatures*3.

max_tmax—clim8110 annual2018
ERA—int+ annual max of daily Tmax

Figure 5-6: The hottest 3-day average of the maximum temperature in 2018 (ECMWF analyses up to 24 July, forecasts up to 31
July) compared to the highest 3-day maximum temperature in the period 1981-2010 that is currently the “normal” period
(based on ERA-interim re-analysis). Along coasts there are artefacts from comparing the high-resolution ECMWF analyses with
the lower-resolution ERA-interim reanalysis (Source: https://www.worldweatherattribution.org/attribution-of-the-2018-
heat-in-northern-europe/).

reanalysis (Source: https://www.worldweatherattribution.org/attribution-of-the-2018-heat-in-northem-

europe/).

The second step involves determining the probability of the extreme event in the recent climate (in the

I”

“normal” period: Figure 5-6 above) and its probability in the pastwhen the concentration of greenhouse

13 |n some areas the total uncertainty is under- or overestimated. In case of underestimation of the uncertainty the range of
potential values in the ensemble willalso be underestimated. Information about this is available in the user guide under
validation.
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gases (GHGs) was much lower. Historical observations are regularly not availableforalongenough period
to enable such an evaluation!* (NAS, 2016).

For determining the probabilities, observational data are used and a Generalized Extreme Value
Distribution (GEV) or other statistical distributions are fitted and confidence intervals are determined
(Figure 5-7 below). After this it is determined whether there are significant changes or trends in the
occurrence of these extreme events (detection whether the climate has changed).
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Figure 5-7: Example of the determination of the 3 day mean maximum temperature for station Madrid Cuatrovientos in the
current climate (2017) and around 1950, for an event attribution study on the heat wave in southern Europe in 2017.

The EUSTACE dataset is a reconstruction of the weather in the past using observations, satellite data and
the spatial differences between locations. The dataset represents an alternative to station data or re-
analysis data for determining how extreme a certain event is in the current climate (often 1981-2010 is
used). The EUSTACE dataset provides a clearly higher spatial resolution than the station data in most
regions in the world. The newest re-analyses have a similar spatial resolution to the EUSTACE dataset, but
they cannot always represent extremes very well. Especially in the period with satellite data, the EUSTACE
dataset may have added value since spatial differences and extremes may be represented better.

The EUSTACE dataset provides much longer time series and for many more locations in the world than
with station data alone. As such the dataset may make it easier to determine how extreme a certain event
is in the current climate and whether the probability has changed compared to periods with clearly lower
GHG concentrations. However, in regions with relatively few observations in the past, the estimates of the
daily temperatures will contain larger uncertainties and extremes are represented potentially less well.

14 In model based approaches simulated weather and climatephenomena arecompared under differentinput
conditions:forinstance, with and without human-caused changes in GHGs. Also combined approaches exist (NAS,
2016).
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When determining the confidence intervals for the probabilities one has to take into account the
uncertainties due to natural variability, but also the uncertainties in the estimates of the temperatures
(with the help of the ensemble or the other uncertainty information). In such regions the combined
uncertainty will be much larger and it will be more difficult to find significant differences in probabilities,
especially for extremes such as the above mentioned 3-day average maximum temperature. This is also
true forperiods in the 19" century and in the early 20" century with relatively few station data.

During the generation of the EUSTACE data set inhomogeneities (or break points) in the underlying
observational data sets are corrected for. Therefore, it is less probable?® that changes in probabilities in
the EUSTACE datasets are caused by changes in station locations, changes in instruments, etc. (Figure 5-8
below for example of inhomogeneity).

42
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Figure 5-8: Inhomogeneity in the 3-day mean maximum temperature for station Madrid Cuatrovientos in the early 1930’s.
With these inhomogeneities it is not possible to determine changes in probabilities

15 As explainedinsection 4.2 not all break points can be detected, butthe most obvious ones are detected, and are
corrected for inthe EUSTACE method.
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Figure 5-9: Probability density functions showing different ways in which the climate can change, all resulting in changing
probabilities of extremes (Source IPCC, 2012).

In the third step it is determined whether the change can be due to the increase of GHGs. When climate
changeis detectedinstep 2, itis notclear yetwhetherthereisa relationship with the increase of GHGs.
For the attribution, a link is sought with a factor that is clearly influenced by the increase of GHGs. The
most obvious climate variable is temperature. For this in the statistical approach, global warming is
factoredin by allowingthe fitto the distribution to be a function of the global mean surface temperature
(GMST). Thus the probability density functionisshiftedup or down with GMST but does not change shape
(Figure 5-9 above). In this way, it results in a distribution that varies continuously with GMST. This
distribution can be evaluated for a GMST in the past (e.g., 1950 or 1900) and for the current GMST. If
thereisaclearrelation betweenthe climateindex under study and the GMST (and thus with the increase
of GHGs) the probability of the climate index under study will have changed overtime.
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In the methods used by EUCLEIA and WWA the observations are also compared with climate mod els that
are available and suitable for the climate variables and regions under study. This allows to study better
what is the cause of the observed change in climate. Thisrequires thatin the used models the variability
of the studied extremes is compatible with the observed variability.

The EUSTACE dataset could be used to determine the Global mean surface airtemperature and its change
or the mean surface air temperature for a region.

The EUSTACE dataset can also be potentially used for determining whether the variability of the studied
temperature extremes in the climate models is compatible with those in observations. This can only be
done for periods and regions where we know that the day-to-day variability (and thus the extremes) is
represented well (low observation influence in final EUSTACE dataset). This is probably the case for the
period with satellite data and periods and regions with sufficient station data. Important for this
comparison is also that the dataset is homogeneous. During the generation of the EUSTACE data set
inhomogeneities (or break points) in the underlying observational data sets are corrected for as much as
possible. Changes in probabilities in the EUSTACE datasets will, therefore, probably not be caused by
changes in station locations, changes in instruments, etc.

5.3.3 References
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5.4 Analysis of extremes

Besides the attribution of extreme weather events, the EUSTACE data may also be used forother
analyses of extremes.

54.1 Summerof2010inEurope

In Summer 2010, Russia was hit by record temperatures, meagre rainfall amounts and subsequent crop
loss, peatand forest fires. The extreme situationwas mostly due to an exceptionally strong and persistent
area of high pressure that lasted for weeks, favouring southerly flow, ample sunshine and little rain. This
"blocking pattern", which effectively prevents the normal east-to-west movement of weather systems
that typically bring cooler temperatures and rain, began in early July and lasted through mid-August.
Accordingto NOAA, it was the most extreme and longest lasting blocking patternsince 1920. Inthe E-OBS
anomaly map below, one can see that for vast areas of Western Russia and Eastern Europe, mean
temperatures were between 4and 8°C above normal during July and the first two weeks of August 2010.
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Figure 5-10: E-OBS anomalies for mean temperature during July and the first two weeks of August 2010 compared to the
normal period 1961-1990.

The number of summer days, SU, where the maximum temperature is above 25°C was also well above
normal. The following ECA&D anomaly map shows that for many stations, there were atleast 10, and up
to 30, more summerdays than normal duringJuly 2010. In Moscow, the number of summerdays in July
was 31; thenormalis9.5 in ayear.
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Figure 5-11: ECA&D anomaly map of the number of summer days, where the maximum temperature is above 25°C, during July
2010 compared to the normal period 1961-1990. Please click on the map for its most recent version.

The heat wave also resulted in many maximum temperature records being broken. In Moscow, the old
record maximum temperature of 35.6°C, set on 11 July 1996 according to ECA&D data which begins in
1936 for this station, was broken each day from 23 July through 29 July, culminatingin the city's highest
temperature everrecorded: 38.2°C. Although this day was indeed extremely hot for Moscow, it was not
the hottestlocationinthe country.As seenbelow, several ECA&D stationssoutheast of Moscow reported
temperatures of over 40°C on 29 July, including 41.5°C at the station Alexandrov Gaj in the province of
Saratov nearthe border of Kazakhstan.

54.2 Winter 0f2010in Europe

The winter of 2010 was unusually cold and snowy for most of Europe. On most days between mid-
December and mid-March, the mean temperature was below normalacross much of the continent. Below
are E-OBS mean temperature anomalies for December 2009 through February 2010.
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Figure 5-12: E-OBS anomalies for mean temperature for December 2009 through February 2010 compared to the normal period
1961-1990.

The anomalously cold temperatures contributed to significantly more ice days, where the maximum
temperature is below freezing, than normal. Most areas saw between 10 and 20 additional ice days from
Decemberthrough February, but some areasin Southern Scandinavia had over 30 more than normal (See

the ECA&D anomaly map below).
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Figure 5-13: ECA&D anomaly map of the number of ice days, where the maximum temperature is below 0°C, for December
2009 through February 2010 when compared to the normal period 1961-1990. Please click on the map for its most recent
version.

One of the coldest days was 19 December 2009. This day was extremely cold across most of Europe with
large areas experiencing minimum temperatures below -20°C, including -44°C at the North-westem
Russian Federation station Ust Tzilma, -34°C at Drevsjoin Norway, and -27°C on the Zugspitze summitin
Germany.

5.5 Use of breakpoints for reliability of trends

In Section 4.2.10 an example is described on how the information on break pointsin the dataset “Global
land station daily air temperature measurements with non-climatic discontinuities identified, for 1850-
2015” can be usedto checkthe reliability of trendsin the time series of the land station data.

The dataset “European land station daily air temperature measurements, homogenised” has been
corrected for inhomogeneities. Therefore, trends in these time series are considered relatively reliable.
The homogenisation procedures have the drawback in areas where the station density is low, that an
insufficient number of neighbouring reference stations can be found for a reliable break detection and
homogeneity adjustment. This holds in particular for the early part of the records, when the number of
stations is low. Therefore, one should be more careful with the interpretation of trends in regions with
few stationsandinthe case of long time series (Section 4.3.5).
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Annex 1

A
AASTI

AIRS

Airtemperature

ARM

Average temperature

C

ccl
CDG
CMSAF
CEDA
CEMS
D

DEM
DMI
DOl

E

EC
ECA&D
ECV
E-OBS

ERA

ESA

ESA CCI
EUMETSAT
EUSTACE

F

FVC

G

GHCN-D
GlobTemp
H

HadISD

|

IAT

ICA&D
ICOADS
IPCC

Glossary of terms and acronyms

Arctic and Antarctic Ice Surface Temperatures fromthermal Infrared satellite
sensors

AtmosphericInfraRed Sounder

Seesection2.1.1

Atmospheric Radiation Measurement programme

Seesection2.1.1

Climate Change Initiative

Climate Data Guide (https://climatedataguide.ucar.edu/)
EUMETSAT’s Climate and Monitoring, Satellite Application Facility
Centre for Environmental Data Analysis

Climate and Environmental Monitoring from Space

Digital Elevation Model
Danish Meteorological Institute
Digital Object Identifiers

European Commission

European Climate Assessment Database (https://www.ecad.eu/)
Essential Climate Variables

gridded dataset based on data from ECA&D
(https://www.ecad.eu/download/ensembles/ensembles.php)
ECMWF Reanalysis

European Space Agency

European Space Agency Climate Change Initiative
European Organisation forthe Exploitation of Meteorological Satellites
EU Surface Temperature for All Corners of Earth

Fraction of Vegetation Cover

Global Historical Climate Network —Daily
GlobTemperature project (http://www.globtemperature.info/)

Met Office Hadley Centre Integrated Surface Dataset

Near surface air temperaturesoverice

International Climate Assessment Database (https://www.ecad.eu/icad.php)
International Comprehensive Ocean-Atmosphere Data Set
Intergovernmental Panel on Climate Change
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IPCCDDC
IST

J

JULES

K

KNMI

L

IPCC Data Distribution Centre
Ice Surface Temperature

Joint UK Land Environment Simulator

Royal Dutch Meteorological Institute (Koninklijk Nederlands Meteorologisch

Instituut)

Locally systematicuncertainty Seesection 2.1.2

LSA-SAF
LSAT

LST
LSTday
LSTngt
LSWT

M

MAD
MAT
Mean temperature
MDB
MODIS

N
NACLIM
NASA

NH
NMAT
NWP

(0]
OSI-SAF
P
PROMICE
R
Random uncertainty
RMSD

S

SAF

SAT
SEVIRI
SH
Skintemperature
SST

STFC

EUMETSAT’s Land Surface Analysis Satellite Application Facility

Land Surface Air Temperature
Land Surface Temperature
Daytime LST

Nighttime LST

Lake Surface Water Temperature

Mean Absolute Difference

Marine Air Temperature

Seesection2.1.1

Matchup DataBase

MODerate resolution Imaging Spectroradiometer (satellite)

North Atlantic CLIMate (project)

National Aeronautics and Space Administration
Northern Hemisphere

Night time Marine Air Temperature

Numerical Weather Prediction

EUMETSAT’s Ocean and Sealce Satellite Application Facility

PROGramme for Monitoring of the Greenland ICE Sheet

Seesection2.1.2
Root Mean Square Difference

Satellite Application Facilities

Surface AirTemperature

Spinning Enhanced Visible and InfraRed Imager (satellite)
Southern Hemisphere

Seesection2.1.1

SeaSurface Temperature

Science & Technology Facilities Council
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Surface air temperature See section2.1.1
Surface skintemperature See section2.1.1
Systematicuncertainty Seesection2.1.2

SZA SolarZenith Angle

T

T2m Screen-level airtemperature (at 2 m height, normally measured atin
situ station)

Tavg Averaged daily T2m

Tmax Maximum daily T2m

Tmin Minimum daily T2m

Tskin Skintemperature (measured with satellite)

U

Uncertainty Seesection2.1.2

W

WP Work package
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Annex 2 Links to some useful websites and
tools

Below a selection of useful links is presented, based on suggestions from potential users and the
knowledge of the partners within the EUSTACE project. On othersites also usefullinks, tools, etc. may be
available. If you have more useful links that you want to share with others, send an e-mail to
janette.bessembinder@knmi.nl and we may include these in an update of this user guide or make them
available through our website.

Portals to temperature datasets:

. Climate Data Guide: https://climatedataguide.ucar.edu/climate-data/global-temperature-data-
sets-overview-comparison-table. With summaries, metadata, a comparison table and links to a large
number of temperature datasets.

. ECA&D and ICA&D: European and International Climate Assessment Databases:
https://www.ecad.eu/. Collects information on station observations in different parts of the world.
Where the daily observations are not available, often derived indices and trends are freely available (for
non-commercial use). Part of the functionalities is moved to Copernicus Climate Change Services
websites.

. E-OBS: gridded dataset bases on data from ECA&D:
http://eca.knmi.nl/download/ensembles/ensembles.php. Also a version with the homogenized
temperature station data will be made available later on.

. Copernicus Climate Change Services (C39) Climate Data Store:
https://cds.climate.copernicus.eu/#!/home. Through this website alarge number of climate data sets will
be made available or is already available. The connected Toolbox offers a variety of processing and
visualizing tools (orwill provide thisin the future).

) IPCC DCC: Data Distribution Centre: http://www.ipcc-data.org/index.html. With observational
datasets and climate model simulations used forthe various Assessment reports. Also guidance material
available (http://www.ipcc-data.org/guidelines/index.html)

. Climate Explorer: https://climexp.knmi.nl/start.cgi. Website where many observational, re-
analysis and climate model data can be accessed and processed (especially for climate researchers)
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Portals with tools to visualize, process, check datasets, etc.

. Climate data guide: https://climatedataguide.ucar.edu/climate-data-tools-and-analysis. With a
variety of tools for climate data processing.

. Climate data guide, Common Climate Data Formats: Overview:
https://climatedataguide.ucar.edu/climate-data-tools-and-analysis/common-climate-data-formats-
overview. Alsowith some examplecodestoread, write orchange data files

. Panoply: https://www.giss.nasa.gov/tools/panoply/. Forviewing and processing of NetCDF, HDF
and GRIB data sets (also mentioned in the Climate Data Guide).

. Climate4lmpact portal: https://climatedimpact.eu/impactportal/general/index.jsp and
https://climatedimpact.eu/impactportal /data/esgfsearch.jsp. Portal to access, visualize and processing
climate data. The ADAGUC viewerisused withinthistool. A step-by-step guide with some examples on
how to use the portalisincludedin Annex2 of this Product User Guide.

. KML tool: https://developers.google.com/kml/documentation/. Tool from Google to visualizeand
process data.

Background information:

) IPCC Glossary: https://www.ipcc.ch/pdf/assessment-
report/ar5/syr/AR5_SYR_FINAL Glossary.pdf. With many terms related to climate data, climate and
climate change.

. General information about climate data. C3S User  Learning  Services:
https://uls.climate.copernicus.eu/login. Portal for on-line learning about many aspects of climate data.
Freely available, only registration needed. Related to the Climate Data Store of C3S. For those with very
little knowledge about climatedatathe lesson/resource on “Introduction to climate data” may be a good
introduction.

. Common Climate Data Formats: Overview. Climate Data Guide:
https://climatedataguide.ucar.edu/climate-data-tools-and-analysis/common-climate-data-formats-
overview. Alsowith some examplecodestoread, write orchange data files

. NetCDF: https://www.unidata.ucar.edu/software/netcdf/ Potential users mentioned that there
are some issues with NetCDF data used in certain packages . Check on internet whether this is the case
whenyou encounter problemsinaspecific package.
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Other related projects or initiatives:

. GlobTemperature: http://www.globtemperature.info/. Also with access to other LST (land
Surface Temperature) products.

) ESA Climate Change Initiative (CCl): http://cci.esa.int/
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Annex 3 Frequently Asked Questions

Which products should | use for x...?
We recommend using several productsif possible, as all datasets have pros and cons.
I’'m interested in using station data over Europe, which dataset should | use?

Fortrend analysis, we would recommend the Europeanland station dailyairtemperature measurements,
homogenised (Section 4.3). The homogenised datafor a station has been adjustedto remove non-climatic
effects. Thishas beenachieved by usingneighbouringstations as a reference, so the individual stations
may not be independent. The data should have the correct climatictrend, but there will be uncertainty
in the absolute values (generally set by reference to the last period). The Global land station daily air
temperature measurements with non-climatic discontinuities identified (Section 4.2) dataset has
information on likely break points, butis nothomogenised.

Which air temperature product should | use?

e Use Global daily airtemperature combining surface and satellite data (Section 4.6) and/or Gridded
European surface airtemperature based on homogenised meteorological station records (Section
4.4) fora gap free product over Europe. Otherregions may be more orless completein the Global
daily airtemperature combining surface and satellite data product, depending on the time period
of interest.

e |f the application requires data further back in time than 1950, then use Global daily air
temperature combining surface and satellite data (Section 4.6).

e Wedonotrecommend usingsatellite air temperature products to study the air/ skin temperature
difference without understanding the product’s construction first (since a regression modelwas
used to estimate airtemperature and sofindings will be influenced by that).

Whenshould | use skin / air temperature?

e Airtemperatureisthe temperature of theair~2m aboutthe earth surface,andis the temperature
reportedin weatherforecasting.

e Surface skintemperature is the temperature of the upper most surface of the earth, the top few
microns of sea, bare land, and probably most corresponds to the temperature of the canopy over
vegetation.

e Surface skin temperature is very strongly influenced by solar radiation, so during the day can be
much higherorlowerthan air temperature.

e Fordifferentapplications eitherorboth could be relevant.

What do we do at the edges betweensea, land, ice, lakes? What does the Global daily air temperature
combining surface and satellite data product represent at these edgelands?
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Itwill represent a combination of whicheversurfacesare inthe 0.25degree latitude by longitude grid box.
See Section 4.6 for information on how the Global daily air temperature combining surface and satellite
data productis constructed.

How do | average the data?

Averaging of the temperature values can be undertaken as needed by the application. However, please
see the relevant sections for each product for advice on propagating uncertainty information when
averaging.

Why are satellite airtemperatures not spatially complete?

Satellite skin temperature is only retrieved from infrared measurements where there are no clouds
between the surface and the sensor.

What does Tmean , Tmin, Tmax actually mean?

e Tmax isthe maximumtemperature onany given day
e Tminis the minimumtemperature onany given day
e We definein EUSTACE Tmeanto be Tmin+Tmax/ 2

How can you get a max/min temp from a satellite measuring at a specifictime?

For land, the daytime and nighttime skin temperature retrievals were matched with Tmax and Tmin to
derive the regression relationships used to estimate Tmax and Tmin. This accounts for difference in time
between the measurements.

Why is there no max/min temperature information overthe oceans?

Daytime air temp observations are more affected by the observing platform e.g. solar heating of a ships
deck, and so aren’t representative of the true air temperature. Therefore we used only nighttime ship
measurements to derive the regression relationship between sea-surface temperature and marine air
temperature. We assumethis relationship holds when appliedto sea-surface temperature representative
of the daily meanto create estimates of Tmean.

Why are there no satellite air temperature overthe oceans in the southern oceans?

There are noship measurements available in thisregion, soithas not been possible to construct a model
of the skin/airtemperature relationship there.

How can we getdaily global data from 1850?
See Section 4.6 regarding the Global daily air temperature combining surface and satellite data product.

How do | identify which points are well-constrained by observations in the Global daily air temperature
combining surface and satellite data?
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This productincludesanindicator of the observationinfluence, which can be used to identify points where
more measurementinformation has been used toinformthe local component of the analysis.

What are the ensembles? How should they be used?

See Sections 4.4 and 4.6 for descriptions and advice regarding the two ensemble products.
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