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This report provides the requirements for version 2 (v2) of the CM SAF Microwave (MW)
Upper Troposphere Humidity (UTH) product. Requirements are defined based on:

1. Areview of existing requirements for MW UTH, e.g. from GCOS

2. Open actions resulting from the review process for the CM SAF UTH v1 (CM-14711)
product

3. Advances in satellite remote sensing at 183 GHz and UTH since the CDOP-2
Requirements Review (RR)

4. Results from an online survey with global reach

5. Insights gained from discussions with users, including the CM SAF User Workshop in
2019

6. A validation strategy based on expert knowledge

Throughout this document "%" refers to the fraction of saturation, not the fractional accuracy
of a measurement.

Three types of requirement are utilised in this RR:

o “‘REQ”: A requirement that must be addressed. When questions are asked in terms of
a threshold, breakthrough or objective requirement, the threshold requirement is used
here.

e “OPT”: An optional requirement that should be met where possible. This aligns with
the breakthrough requirement definition.

e “ADV”: An advisory requirement that should be considered where feasible. These are
used where requirements cannot be defined quantitatively, for example from
discussions with users, or free text questions provided in online questionnaire.

Where the:

e Threshold level is defined here to be “the limit beyond which the data is of no use for
the given application”,

o Breakthrough is “the level at which significant improvement in the given application
would be achieved”, and

o Objective is “the level beyond which no further improvement would be of value for the
given application

A key objective for this RR is to provide requirements with clear traceability. To assist with
this, requirements are defined in this document with an identification number. This number
includes traceability to this requirement review (CM SAF RR3.6), the type of requirement
(“REQ”, “OPT” or “ADV”), and the source, which may be one or more of:

e ‘E’: Existing requirements, e.g. from GCOS

e ‘A’ Open actions from previous CM SAF UTH review meetings, or from the CM SAF
Steering Group

¢ ‘Q’: Online questionnaire

o ‘U’: User insights
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e ‘O’: Other, e.g. project team expertise, state of the art.

A summary of the complete set of requirements for the CM SAF UTH v2 (CM-14712) product
is provided in the table below. Mandatory requirements are highlighted in blue, optional
requirements are highlighted in green and advice notes are highlighted in grey.

Spatial Domain and Resolution

CMSAF-RR3.6- Provide a UTH product with spatial | GCOS
03-ADV-E resolution of <25 km
CMSAF-RR3.6- Provide global UTH data Questionnaire Q12
13-ADV-Q
CMSAF-RR3.6- Provide UTH data at a spatial | Questionnaire question 15
17-REQ-Q resolution of 1° latitude/longitude
CMSAF-RR3.6- Provide UTH data at a spatial | Questionnaire question 15
18-OPT-Q resolution of 0.5° latitude/longitude

Data set length and temporal resolution
CMSAF-RR3.6- Provide a UTH product with | GCOS
04-ADV-E temporal resolution of <hourly
CMSAF-RR3.6- Provide at UTH record of 20 years Questionnaire question 14
15-REQ-Q
CMSAF-RR3.6- Provide a UTH record of at least 30 | Questionnaire question 14
16-OPT-Q years
CMSAF-RR3.6- Provide UTH data at 12-hourly | Questionnaire question 16, user
19-REQ-QU temporal resolution insights
CMSAF-RR3.6- Provide UTH data at 3-hourly | Questionnaire question 16
20-OPT-Q temporal resolution
CMSAF-RR3.6- Provide UTH data arranged by | Follow-up to questionnaire
21-REQ-Q Universal Time (e.g. global time | question 16.

slices at 0 UT)

Data set accuracy, precision and stability
CMSAF-RR3.6- Provide a UTH product with | GCOS
02-ADV-E accuracy of <5%
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CMSAF-RR3.6- Provide UTH data with accuracy of | Questionnaire question 17, user
22-REQ-QU 5% insights

CMSAF-RR3.6- Provide UTH data with accuracy of | Questionnaire question 17
23-OPT-Q 1%

CMSAF-RR3.6- Provide UTH data with precision of | Questionnaire question 18
24-REQ-Q 2%

CMSAF-RR3.6- Provide UTH data with precision of | Questionnaire question 18
25-OPT-Q 1%

CMSAF-RR3.6- Provide a UTH product with stability | Theoretically defined based on
01-ADV-E of 0.4 %/decade the literature

CMSAF-RR3.6- Provide UTH data with stability of | Questionnaire question 19
26-REQ-Q 1%/decade

CMSAF-RR3.6- Provide UTH data with stability of | Questionnaire question 19
27-OPT-Q 0.1%/decade

Quality flags and uncertainty information

CMSAF-RR3.6- Provide uncertainties for each | Review board suggestion, project
07-ADV-AOU pixel/grid cell team expertise/state of the art,
user insights

CMSAF-RR3.6- Provide a set of detailed quality flags | Review board suggestion,
08-REQ-AOQU per pixel/grid cell indicating any | questionnaire question 20, project
specific problems with the data, e.g. | team expertise/state of the art,
suspected surface contamination, | user insights

suspected thick cloud

contamination, calibration concerns,

etc
CMSAF-RR3.6- Provide simple statements on the | Questionnaire question 20
28-REQ-Q general accuracy, precision and

stability of the data set e.g. from
validation studies

Validation

CMSAF-RR3.6- Validate pixel/grid-cell uncertainties | Questionnaire question 11, user
12-ADV-QU provided with the UTH data insights
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CMSAF-RR3.6-
33-ADV-O

Validate UTH using ERA-5,
assessing mean differences,
standard deviations, percentiles and
anomalies.

Project team expertise, literature

Data set construction

CMSAF-RR3.6-
05-ADV-A

Investigate the use of a surface
temperature and/or cloud
climatology to distinguish between
pixels contaminated with cloud or
surface.

Review board suggestion

CMSAF-RR3.6-
06-ADV-A

Investigate the use of a simple mean
to calculate daily averages, rather
than weighting overpasses

Review board suggestion

CMSAF-RR3.6-
10-ADV-O

Derive the CM SAF UTH v2 product
from the consistent FIDUCEO and
EUMETSAT FCDRs for SSM/T-2,
AMSU-B, MHS, ATMS, and MWHS-
1&-2.

State of the art,
expertise

project team

CMSAF-RR3.6-
11-ADV-O

Investigate the retrieval approach
used in FIDUCEO for producing the
CM SAF UTH v2 product

State of the art,
expertise

project team

CMSAF-RR3.6-
14-REQ-Q

Provide both time-averaged and
single-overpass time data on a
uniform grid

Questionnaire Q13

Data set documentation, user feedback and other data

CMSAF-RR3.6-
09-ADV-OQU

Provide users with a clear
explanation of what the CM SAF
UTH v2 product represent, full
details of how the data were derived
and how they can be used (ideally
as published papers). This should
also include a short ‘quick start
guide’ that communicates the most
important points.

Project team
guestionnaire Q10
insights

expertise,
& Q23, user

CMSAF-RR3.6-

Include elements from the examples

of existing good data sets in UTH

Questionnaire question 21.

10
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29-ADV-Q products

CMSAF-RR3.6- | Include additional variables in UTH | Questionnaire question 23, user
30-ADV-QU products insights

CMSAF-RR3.6- Provide height or  pressure
31-ADV-QUA information with the UTH data

CMSAF-RR3.6- Provide examples of good data | Questionnaire question 23
32-ADV-Q portals and feedback mechanisms to
the CM SAF team.
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The importance of climate monitoring with satellites was recognized in 2000 by EUMETSAT
Member States when they amended the EUMETSAT Convention to affirm that the
EUMETSAT mandate is also to “contribute to the operational monitoring of the climate and
the detection of global climatic changes". Following this, EUMETSAT established within its
Satellite Application Facility (SAF) network a dedicated centre, the SAF on Climate
Monitoring (CM SAF, http://www.cmsaf.eu).

The consortium of the CM SAF currently comprises the Deutscher Wetterdienst (DWD) as
host institute, and the partners from the Royal Meteorological Institute of Belgium (RMIB), the
Finnish Meteorological Institute (FMI), the Royal Meteorological Institute of the Netherlands
(KNMI), the Swedish Meteorological and Hydrological Institute (SMHI), the Meteorological
Service of Switzerland (MeteoSwiss), and the Meteorological Office of the United Kingdom
(UK Met Office). Since the beginning in 1999, the EUMETSAT Satellite Application Facility
on Climate Monitoring (CM SAF) has developed and will continue to develop capabilities for
a sustained generation and provision of Climate Data Records (CDRs) derived from
operational meteorological satellites.

In particular the generation of long-term data records is pursued. The ultimate aim is to make
the resulting data records suitable for the analysis of climate variability and potentially the
detection of climate trends. The CM SAF works in close collaboration with the EUMETSAT
Central Facility and liaises with other satellite operators to advance the availability, quality
and usability of Fundamental Climate Data Records (FCDRs) as defined by the Global
Climate Observing System (GCOS). As a major task the CM SAF utilizes FCDRs to produce
records of Essential Climate Variables (ECVs) as defined by GCOS. Thematically, the focus
of the CM SAF is on ECVs associated with the global energy and water cycle.

Another essential task of the CM SAF is to produce data records that can serve applications
related to the new Global Framework of Climate Services initiated by the World
Meteorological Organisation (WMO) World Climate Conference-3 in 2009. The CM SAF
supports climate services at national meteorological and hydrological services (NMHSs) with
long-term data records but also with data records produced close to real time that can be
used to prepare monthly/annual updates of the state of the climate. Both types of products
together allow for a consistent description of mean values, anomalies, variabilities and
potential trends for the chosen ECVs. The CM SAF ECV data records also serve the
improvement of climate models both at global and regional scales.

As an essential partner in the related international frameworks, in particular WMO SCOPE-
CM (Sustained Coordinated Processing of Environmental satellte data for Climate
Monitoring), the CM SAF, together with the EUMETSAT Central Facility, assumes the role as
main implementer of EUMETSAT’s commitments in support to global climate monitoring.
This is achieved through:

e Application of the highest standards and guidelines as outlined by GCOS for satellite
data processing,

12
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e Processing of satellite data within a true international collaboration benefiting from
developments at international level and pollinating the partnership with its own ideas
and standards,

¢ Intensive validation and improvement of the CM SAF climate data records,

e Taking a major role in data record assessments performed by research organisations
such as World Climate Research Program (WCRP). This role provides the CM SAF
with strong contacts to research organizations that form a substantial user group for
the CM SAF CDRs,

¢ Maintaining and providing an operational and sustained infrastructure that can serve
the community within the transition of mature CDR products from the research
community into operational environments.

A catalogue of all available CM-SAF products is accessible via the CM-SAF webpage,
www.cmsaf.eu/. There, detailed information about product ordering, add-on tools, sample
programs and documentation is provided.

13
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Table 3-1 provides details of the product under review for this RR 3.6. This product
constitutes version 2 (v2) of the CM SAF Upper Tropospheric Humidity (UTH) product. The
product will be based on version 1 (v1) of the CM SAF UTH product, but with modifications
reflecting recommendations and experience acquired in CDOP-2 (Section 6), advances in
technology, available data and knowledge (Section 7), and user requirements (Sections 8
and 9).

Table 3-1: CM SAF products under review

Product Family | New CM SAF | Product Name Previous
Product Identifier CM SAF
Product
Identifier
Water Vapour CM-14712 TCDR ERA_ WV _Ted. 2 CM-14711

Moller (1961) explained how emission to space in the 6-7 um region around the v2 line of
water vapour at 6.3 ym “can be used as a hygrometer rather than as a thermometer.”
Emission there is dominated by tropospheric water vapour, whose concentration is given by
RH and by temperature. This temperature dependence and that of the Planck function
effectively cancel to leave the emission depending on the RH. This does not depend on any
physics specific to this spectral region, although of course it would be exactly true only under
idealised approximations. (RH and lapse rate are assumed constant with height and the
pressure broadening of spectral lines is ignored.)

The term UTH seems to have been introduced by Schmetz and Turpeinen (1988), in their
analysis of the early Meteosat's 6.3 um radiometer. The physics applies equally well to
water-vapour dominated regions at microwave frequencies. However, where total column
water vapour (TCWV) is very low, for example at high latitudes or high altitudes, UTH cannot
be estimated because the signal is dominated by emission from the surface.

In the infrared (IR), UTH has been derived using clear-sky profiles from Channel 12 of HIRS
(High-resolution Infrared Radiation Sounder) in the 6.3 pm band. This flew from 1978 and is
planned to continue until at least 2022, although the wavelength significantly in the transition
from HIRS/2 to HIRS/3 in 1999. In the microwave (MW), UTH has been derived from
Channel 3 (183.31+1.00 GHz) of the AMSU-B (Advanced Microwave Sounding Unit-B),
which evolved into the MHS (Microwave Humidity Sounder), flown from 1998. Very recently,
data going back to 1994 from the SSM/T-2 (Special Sensor Humidity Sounder) onboard the
DMSP satellites have also been used to derive UTH within the FIDUECO project (see
Section 7.2), so that a time series of almost 25 years of UTH data is available to the
community for climate monitoring and other applications. UTH can also be derived from the
ATMS (Advanced Technology Microwave Sounder) on S-NPP and MWHS (MicroWave
Humidity Sounder) instruments on the Chinese FY satellites, which carry similar channels to
those on AMSU-B, MHS and SSM/T-2. Together with the MWS (MicroWave Sounder) on
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EPS-SG, which is planned for the 2022-2043 timeframe, these instruments ensure continuity
of measurements that will span several decades.

The main advantage of MW based UTH is the availability of all-sky data, whereas IR data
sample only clear-sky areas (John et al.,, 2011). MW based UTH was first introduced by
Spencer and Braswell (1997). They used two months (January and July of 1994) of SSM/T-2
data to study the dryness of the tropical free troposphere. Buehler and John (2005) adapted
the method for AMSU-B radiances and later a UTH dataset was derived from the AMSU-B
and MHS measurements, which is described in Buehler et al. (2008). V1 of the CM SAF UTH
product was essentially an update to the Buehler et al. (2008) dataset, as it used the same
fundamental approach. The data set typically represents the mean relative humidity over a
range from about 500 hPa to 200 hPa but can be considerably higher or lower depending on
the atmospheric water loading. In particular, at high latitudes or over high ground, the total
column water is often so small that the surface emission affects, or even dominates, the
signal. Further details of the CM SAF UTH product are outlined in the following section.

The CM SAF UTH v1 product offers several advancements compared with the Buehler and
John (2005). Firstly, it adopted an improved retrieval scheme by using local Jacobian in RH
(Brogniez et al, 2004), which gives smaller retrieval error for a mean RH (like UTH)
compared with the Jacobian in volume mixing ratio (VMR) used by Buehler and John (2005).
Secondly, CM SAF UTH v1 product was based on the ERA-Clim fundamental climate data
records (FCDR) [RD 1]. For the purposes of this report, an FCDR is defined here to be a
well-characterised, long-term data record where the intercalibration between overlapping
sensors is sufficient to enable the generation of products that are accurate and stable, in
both space and time, to support climate applications. FCDRs are typically calibrated
radiances, backscatter of active instruments, or radio occultation bending angles. FCDRs
also include the ancillary data used to perform the calibration. The brightness temperatures
(BT) of the different MW humidity sounders that comprise the ERA-Clim FCDRs have been
intercalibrated with reference to MHS on NOAA-18, which should ensure that the different
sensor records are harmonised.

The CM SAF UTH vl has been calculated from MW observations using the following
equation:

Equation 3-1 UTH = 100 * e(@+b*BT)

where a and b are constants with values 23.467520 and -0.099240916 K"(-1) respectively,
and BT is the brightness temperature measured from the channel 183.31+1 GHz close to
nadir. For observation angles further away from nadir the limb darkening effect is taken into
account. This is performed by subtracting a view-angle dependent value (up to 6 K) from the
observed brightness temperature. Measurements contaminated by the surface or clouds
(convective or precipitating) have also been removed. In the case of clouds, the observed
brightness temperatures have been discarded if these are greater than the respective values
of the channel 183.31+7 GHz (or 190.31 GHz for MHS) or lower than a minimum view-angle
dependent value. Regarding the surface contamination, a similar test is used and brightness
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temperature observations at 183.31+1 GHz greater than the respective values at 183.31+3
GHz are discarded. More details are provided in the CM SAF UTH v1 Algorithm Theoretical
Basis Document (ATBD) [RD 2].

The final product is a global data set with a spatial resolution of 1.0°x1.0°. The CM SAF UTH
v1 product covers the period from 1 January 1999 to 31 December 2015, using observations
from the AMSU-B on board NOAA-15, NOAA-16 and NOAA-17, and the MHS on board
NOAA-18, MetOp-A and MetOp-B. However, it should be noted that the first nine months of
the data set are of lower quality because of radio-frequency interference (RFI). The data are
provided as daily means, and daily means over ascending and descending passes
separately are also provided. The mean, median and standard deviation of the UTH
retrievals in each grid cell are provided, together with the number of measurements used and
the number discarded because of surface or cloud contamination. The mean and standard
deviation of the brightness temperatures used are also included for ascending and
descending passes. The UTH retrieval is generally not valid outside £60° latitude because of
the very low water vapour loading at these high latitudes in the upper troposphere. The
CM SAF UTH v1 product has been evaluated against UTH calculated from the ERA-Interim
reanalysis, derived using 183.31+1.00 GHz channel BTs that have been simulated using the
NWP SAF radiative transfer model RTTOV. Considering the global UTH differences between
the two data sets, this analysis suggests that the data record fulfils the requirements
specified by the Global Climate Observing System (GCOS) Implementation Plan of 5%
measurement accuracy and 0.3% decadal stability, within £60° latitude.

As explained above, the emission to space in a spectral region dominated by tropospheric
water vapour is primarily a function of RH. It follows that the water vapour greenhouse effect
is primarily controlled by RH - specifically UTH - since the lower troposphere emits at
temperatures closer to the those of the surface. Thus, UTH data are relevant to anyone
interested in the radiative heat balance of the clear troposphere, but in particular to studies of
the water vapour feedback on climate change. (Since the concentration of water vapour is
determined by saturation, a warmer atmosphere holds more water vapour, adding to the
water vapour greenhouse effect — a positive feedback on climate change.) With the greatest
physical uncertainty and interest being at the dry end of the RH distribution, the limited cloud
contamination may not be a significant concern for users, as these observations occur at the
wet end of the RH distribution.

With around 25 years of UTH data from MW observations, and 40 years of data from the IR,
satellite UTH data are becoming valuable for climate monitoring, provided the required
homogeneity can be assured. Satellite UTH data from both MW and IR observations are
already reported by the State of the Climate Report issued by BAMS each year (e.g. John et
al., 2019). With global warming accelerating again in recent years after the end of the
“hiatus”, it will now show a stronger climate change signal, and the MW and IR UTH records
are long enough to look at effects associated with El Nifio Southern Oscillation (ENSO), and
shorter-period variations such as the Madden-Julian Oscillation (MJO), and the seasonal and
diurnal cycles. The application of UTH data could extend to detection and attribution of

climate change, through detailed studies of physical processes, and to validation of a wide
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range of models, but particularly general circulation models (GCMs, the most detailed and
physically-based models of climate), NWP (Numerical Weather Prediction) models, and
testbeds for parametrisations to be used in these models.

An unusual point is that the expected climate change signal is zero to leading order. The
response of humidity to climate change that is expected from the basic physics, and
confirmed by GCMs, is that to leading order the distribution of RH does not change, so that
SH (specific humidity) increases following the Clausius-Clapeyron relationship.

As well as climate research, a long-term UTH dataset could also be used in a wide range of
process studies. Upper-tropospheric moisture is central to tracking, understanding, modelling
and predicting convection and advection at low latitudes. UTH data can be combined
synergistically with a wide range of other datasets such as cloud, precipitation and flow,
whether derived from satellites, reanalyses or other sources, for model evaluation, variability
analysis, predictability research, and perhaps most of all, physical process studies. For
example, Tian et al. (2004) have used satellite UTH in process studies of the diurnal cycle.

It is possible to compare satellite-derived UTH with simple measures of UTH from GCMs or
forecast models. For example, Bennhold and Sherwood (2008) reported that, at least in the
three GCMs they analysed, UTH was well approximated by the mean of the RH at the 300
and 500 hPa levels. However, comparisons of satellite-based data with detailed atmospheric
models increasingly use the “gold standard” method of adding a satellite simulator to the
model and running with suitable options to obtain compatible radiances. This was done for IR
UTH by Bodas-Salcedo et al. (2011) in the “industry standard” integrated satellite simulator,
COSP (the CFMIP Observation Simulator Package).

It is expected that a wide range of researchers will be interested in UTH Thematic Climate
Data Records (TCDR), from all parts of the world. Current and potential applications areas
for UTH are establish through an online survey issued to users as part of this CM SAF
requirements review (Section 8). Making MW UTH available as part of the Obs4MIP initiative
(https://esgf-node.linl.gov/projects/obs4mips) should encourage its use both by broadening
awareness of its existence and making it more accessible to climate and NWP modellers.

Although there are now many water vapour products available to users, the CM SAF UTH v2
product is expected to offer the best, state-of-the-art, long term satellite UTH dataset with
near-global spatial sampling (given the limitation of IR-based UTH datasets to clear skies).
This product will make use of state-of-the-art FCDRs from passive MW sounders, including
those that have never been used for a public UTH data set before (e.g. MWHS), and its
design will be strongly user-driven. The CM SAF UTH v2 product will be the first UTH
product that is based on requirements defined by users through a comprehensive survey that
has global reach.

Many other water vapour datasets exist, and many have advantages that complement
observed UTH. While the rapid temperature-driven decrease of SH with height means it can
be profiled by nadir sounders with more detail than other quantities, there are still only a few
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degrees of freedom available. This encourages the use of integrated quantities such as total
column water vapour, which gives the total mass and latent heat of water vapour, and UTH,
which gives its radiative effect at top of atmosphere to a good approximation. Limb sounders
can give more vertical resolution, but with far reduced sampling, and far more cloud
interference in even the upper troposphere. Reanalyses provide a complete and consistent
sampling, but of a model informed by observations rather than of the real world, and although
artefacts due to changes in the observing system are fewer in more recent reanalyses, they
are still present. The water vapour project in European Space Agency’s (ESA) Climate
Change Initiative is producing total column water vapour and vertical profiles
(http://cci.esa.int/watervapour).
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The approach adopted for gathering requirements for the CM SAF UTH v2 product is based
on previous experience surveying climate scientists' requirements for Land Surface
Temperature (LST) for the ESA's LST Climate Change Initiative (http://cci.esa.int/Ist). In this
exercise, the requirements were based on the results from a ten-question paper survey
distributed at a conveniently-timed specialist conference, followed by a much longer online
user survey that had global distribution. Structured interviews with LST users were also
conducted to gather requirements not captured by the surveys and to gain a deeper insight
into how the data were/would be used. An important aspect of this process was to provide
requirements with clear traceability.

For the CM SAF UTH v2, requirements are formulated based upon:

1. Areview of existing requirements for MW UTH, e.g. GCOS (Section 11)

2. Open actions resulting from the review process for the CM SAF UTH v1 product
(Section 6)

3. Advances in satellite remote sensing at 183 GHz and UTH since the CDOP-2 RR
(Section 7)

4. Results from an online survey with global reach (Section 8)

5. Insights gained from discussions with users, including the CM SAF User Workshop in
2019 (Section 9)

In addition, a validation strategy for the CM SAF UTH v2 based on current knowledge is
proposed in Section 10.

The objective of the online survey was to gather requirements from as many users as
possible, working across a range of applications. The quantitative method for defining
requirements from the survey results follows the approach of Bulgin & Merchant (2016) used
for the SST_cci (http://www.esa-sst-cci.org/) and GlobTemperature
(http://www.globtemperature.info/) projects, also used later by the LST_cci project (Aldred et
al., 2019). This is summarised in
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Table 4-1. For questions where respondents were asked to select a single option from a
range of options, the corresponding requirement was set where at least 50% of the
respondents would be satisfied; this is termed a ‘majority requirement’. Where multiple
options for a question could be selected, requirements were defined where at least 45% of
the respondents had selected that option; this is termed a ‘soft requirement’. For UTH data
resolution, accuracy, precision, stability and data set length, respondents were asked to
select their requirements at the threshold, breakthrough and objective levels (Table 4-2;
these are defined similarly by WMO/GCOS). For these cases, the UTH data set
requirements were defined at each level where at least 75% of respondents would be
satisfied, termed here a ‘hard requirement’. Objective requirements are not included in the
formal list of requirements defined in this document because the threshold and breakthrough
requirements are already quite ambitious for MW UTH products.
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Table 4-1: Definition of the quantitative requirements defined for the CM SAF UTH product. Source:
LST_cci User Requirements Document Table 10 (Aldred et al., 2019)

Requirement type Application Definition

) uestions where the specification Requirement must satisfy at
Hard requirement Q P d fy

is selected from a scale least 75% of respondents
Majority Questions where one option must Requirement must satisfy at
requirement be selected from a range of options | least 50% of respondents

Question where multiple options
Soft requirement can be selected from a range of
options

Any requirement chosen by at
least 45% of respondents

Table 4-2: Definition of the requirement levels of ‘threshold’, ‘breakthrough’ and ‘objective’. Source:
LST_cci User Requirements Document Table 11 (Aldred et al., 2019)

Requirement Level  Definition

The limit beyond which the data is of no use for the given

Threshold L
application
Breakthrough The level at Whlch significant improvement in the given application
would be achieved
L The level beyond which no further improvement would be of value
Objective

for the given application

Requirements that cannot be defined quantitatively, for example from free text boxes in the
online survey, discussions with users, or from the literature are defined differently and are
termed here as ‘advice notes’. All the requirements for the CM SAF UTH product v2 resulting
from this collective process are summarised in Section 11. A requirement identification string
is attached to each requirement to provide clear traceability. This identification string (ID) has
the following format:

CMSAF-RR3.6-<number>-<type>-<source>
Where:

o CMSAF-RR3.6 indicates that the requirement or advice note has originated from this
requirement review (RR3.6)

e <number> is a two-digit counter that increments from 1, across all requirement <type>
(e.g. the digit 01 is used only once and CMSAF-RR3.6-01-REQ-<source> and
CMASAF-RR3.6-01-ADV-<source> cannot both exist)

e <type> decan be one of three options:
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o “REQ”: A requirement that must be addressed. When questions are asked in
terms of a threshold, breakthrough or objective requirement, the threshold
requirement is used here.

o “OPT”: An optional requirement that should be met where possible. This aligns
with the breakthrough requirement definition.

o “ADV”: An advisory requirement that should be considered where feasible.
These are used where requirements cannot be defined quantitatively, for
example from discussions with users, or free text questions provided in online
guestionnaire.

e <source> identifies where the requirement originated from, in this case it can be one
or more of five options:

o ‘E’: Existing requirements, e.g. from GCOS

o ‘A’: Open actions from previous CM SAF UTH review meetings, or from the
CM SAF Steering Group

o ‘Q’: Online questionnaire

o ‘U Userinsights

o ‘O’ Other, e.g. project team expertise, state of the art.

Where similar requirements originate from multiple sources, a single requirement is defined
to satisfy all sources as closely as possible and the appendage to the requirement
identification string indicates these sources. The exception to this rule in this report is for
existing requirements, for example from GCOS, which are defined in Section 5. These
requirements have the appendage ‘-E’ and are not combined with similar requirements
defined elsewhere in the document. The requirement ID is cited in the report text, e.g.
[CMSAF-RR3.6-01-REQ-A], where it is associated with the definition of a requirement in
Section 11 to provide traceability.
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Absolute accuracy, although crucial for the understanding of the underlying processes, is
less important for climate trend detection than stability. Theoretical requirements for decadal
stability in this context are usually derived from assumptions about the minimum anticipated
signal to detect climate trends. For example, Ohring et al. (2004, 2005) assume the required
stability to be the “somewhat arbitrary” 1/5 of the expected climate signal, which they add
“should be periodically re-evaluated”. However, for UTH the expected signal is zero to
leading order (e.g. Boucher et al, 2013), although at higher order local signals of both signs
are expected (Sherwood et al, 2010).

In this RR, the theoretical threshold stability is assumed to be that which would distinguish
between the expected climate signal and the conventional reference case. The expected
climate signal is that RH in general, and so UTH, will not change to leading order. The
conventional reference case is that water vapour concentrations will not change to leading
order, giving a strong nearly-exponential decrease in RH with global warming. (Also, climate
change denialists argue for the realism of the latter.) As in Ohring et al. (2004, 2005), stability
is required to be 1/5 the size of the latter change. A warming rate of 0.25 K/decade is also
assumed, roughly what has been seen in recent decades and typical of what is projected for
the next couple of decades, even assuming the Paris Agreement target of 1.5 K mean near-
surface warming is met. The Clausius-Clapeyron rate is about 10 %/K for saturation with
respect to liquid water and 12 %/K for saturation with respect to ice at the temperatures
relevant to UTH, with the first perhaps more appropriate. Warming at those levels is typically
around 1.3-1.5 times the surface warming, giving a threshold stability of 0.8% (fraction of
humidity present) per decade. With UTH typ