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ROM SAF
The Radio Occultation Meteorology Satellite Application Facility (ROM SAF) is a
decentralised processing centre under EUMETSAT which is responsible for operational
processing of GRAS radio occultation (RO) data from the Metop and Metop-SG satellites
and radio occultation data from other missions. The ROM SAF delivers bending angle,
refractivity, temperature, pressure, humidity, and other geophysical variables in near realtime for NWP users, as well as reprocessed Climate Data Records (CDRs) and Interim
Climate Data Records (ICDRs) for users requiring a higher degree of homogeneity of the
RO data sets. The CDRs and ICDRs are further processed into globally gridded monthlymean data for use in climate monitoring and climate science applications.
The ROM SAF also maintains the Radio Occultation Processing Package (ROPP) which
contains software modules that aid users wishing to process, quality-control and assimilate
radio occultation data from any radio occultation mission into NWP and other models.
The ROM SAF Leading Entity is the Danish Meteorological Institute (DMI), with
Cooperating Entities: i) European Centre for Medium-Range Weather Forecasts (ECMWF)
in Reading, United Kingdom, ii) Institut D'Estudis Espacials de Catalunya (IEEC) in
Barcelona, Spain, iii) Met Office in Exeter, United Kingdom, and iv) Wegener Center,
University of Graz, in Graz, Austria. To get access to our products or to read more about
the ROM SAF please go to: http://www.romsaf.org

Intellectual Property Rights
All intellectual property rights of the ROM SAF products belong to EUMETSAT. The use
of these products is granted to every interested user, free of charge. If you wish to use these
products, EUMETSAT's copyright credit must be shown by displaying the words
“copyright (year) EUMETSAT” on each of the products used.
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1 Introduction
1.1 Purpose of the document
This document provides a user guide to the Level 3 gridded monthly mean data products
available from the ROM SAF. The data products include Climate Data Records (CDRs),
Interim Climate Data Records (ICDRs), as well as Offline and Non-Time Critical (NTC)
data products. These product types are formally defined in Section 1.4. The data products
and versions covered by this user guide are listed in Section 2.
Some of the plots in this document show gridded monthly mean data from specific
missions. These plots are only given as examples, and may not be completely
representative for other missions. The present document only describes the ROM SAF
Level 3 gridded data. The ROM SAF Level 1B and Level 2 atmospheric profile data are
described in a separate user manual, and the ROPP software package has its own user
guide.

1.2 Applicable and reference documents
1.2.1 Applicable documents
The following list contains documents with a direct bearing on the contents of this
document:
[AD.1]

CDOP 4 Proposal: Proposal for the Fourth Continuous Development and
Operations Phase (CDOP 4), Ref: SAF/ROM/DMI/MGT/CDOP4/001,
Version 1.1, 5 April 2021, as approved by the EUMETSAT Council in
document reference EUM/C/97/21/DOC/15

[AD.2]

CDOP 4 Cooperation Agreement between EUMETSAT and DMI on the
CDOP 4 of the ROM SAF (EUM/C/97/21/DOC/21), signed on 31 August and
15 September 2021

[AD.3]

ROM SAF CDOP 4 Product Requirements Document,
Ref: SAF/ROM/DMI/MGT/PRD/004

[AD.4]

ROM SAF Service Specifications,
Ref: SAF/ROM/DMI/RQ/SESP/001

1.2.2 Reference documents
The following documents provide supplementary or background information, and could be
helpful in conjunction with this document:
[RD.1]

ROM SAF ATBD: Level 1B bending angles, SAF/ROM/DMI/ALG/BA/001.

[RD.2]

ROM SAF ATBD: Level 2A refractivity profiles,
SAF/ROM/DMI/ALG/REF/001.
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[RD.3]

ROM SAF ATBD: Level 2A dry temperature profiles,
SAF/ROM/DMI/ALG/TDRY/001.

[RD.4]

ROM SAF ATBD: Level 2B and 2C 1D-Var products,
SAF/ROM/DMI/ALG/1DV/002.

[RD.5]

ROM SAF ATBD: Level 2C tropopause height,
SAF/ROM/DMI/ALG/TPH/001.

[RD.6]

ROM SAF ATBD: Level 3 gridded data, SAF/ROM/DMI/ALG/GRD/001.

[RD.7]

ROM SAF Validation Report: Reprocessed Level 1B bending angle, Level 2A
refractivity, Level 2A dry temperature, SAF/ROM/DMI/REP/ATM/001.

[RD.8]

ROM SAF Validation Report: Level 2B and 2C 1D-Var products,
SAF/ROM/DMI/REP/1DV/002.

[RD.9]

ROM SAF Validation Report: Level 2C tropopause height,
SAF/ROM/DMI/REP/TPH/001.

[RD.10]

ROM SAF Validation Report: Level 3 gridded data,
SAF/ROM/DMI/REP/GRD/001.

[RD.11]

ROM SAF Validation Report: Offline Level 3 gridded data,
SAF/ROM/DMI/REP/GRD/002.

[RD.12]

ROM SAF Validation Report: Sentinel-6 NTC Level 3 gridded products,
SAF/ROM/DMI/REP/GRD/003

[RD.13]

The ROPP Pre-processor Module User Guide,
SAF/ROM/METO/UG/ROPP/004.

[RD.14]

The ROPP 1D-Var Module User Guide, SAF/ROM/METO/UG/ROPP/007.

[RD.15]

Kursinski, E.R., G.A. Hajj, J.T. Schofield, R.P. Linfield, and K.R. Hardy,
Observing Earth’s atmosphere with radio occultation measurements using the
Global Positioning System, J. Geophys. Res., 102, 23429-23465, 1997.

[RD.16]

GRAS SAF CT2 Processing Code: Operational Processing of CHAMP and
COSMIC data: Mathematical Methods, Data Filtering and Quality Control,
SAF/GRAS/DMI/ALG/CT2/002

[RD.17]

Gorbunov, M.E., and K.B. Lauritsen, Analysis of wave fields by Fourier
Integral Operators and its application for radio occultations, Radio Science,
39(4), 4010, 2003.
Gorbunov, M.E., Ionospheric correction and statistical optimization of radio
occultation data, Radio Science, 37(5), 1084, 2002.
Healy, S. and J.R. Eyre, Retrieving temperature, water vapor and surface
pressure information from refractive–index profiles derived by radio
occultation: A simulation study, QJRMS, 126, 1661–1683, 2000.
Dee, D.P., et al., The ERA-Interim reanalysis: configuration and performance
of the data assimilation system, QJRMS, 137, 553–597, 2011.
Gleisner, H., Latitudinal binning and area-weighted averaging of irregularly
distributed radio occultation data, GRAS SAF Report 10, 2010.
Ringer, M.A., and S.B. Healy, Monitoring twenty-first century climate using
GPS radio occultation bending angles, Geophys. Res. Lett., 35, L05708, 2008.

[RD.18]
[RD.19]

[RD.20]
[RD.21]
[RD.22]
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[RD.23]

https://www.unidata.ucar.edu/software/netcdf

[RD.24]

http://www.cfconventions.org

[RD.25]

Scherllin-Pirscher, B., S. Syndergaard, U. Foelsche, and K.B. Lauritsen,
Generation of a bending angle radio occultation climatology (BAROCLIM)
and its use in radio occultation retrievals, Atmos. Meas. Tech., 8, 109-124,
2015.
Gleisner, H., K.B. Lauritsen, J.K. Nielsen, and S. Syndergaard, Evaluation of
the 15-year ROM SAF monthly mean GPS radio occultation climate data
record, Atmos. Meas. Tech, 13, 3081-3098, doi:10.5194/amt-13-3081-2020
Gleisner, H., Impacts of RO mission differences on trends in multi-mission
data records, ROM SAF Report 39, 2020

[RD.26]

[RD.27]

1.3 Acronyms and abbreviations
ATBD
BAROCLIM
CHAMP
CDOP
CDR
COSMIC

Algorithm Theoretical Baseline Document
Bending Angle Radio Occultation CLIMatology
CHallenging Mini-satellite Payload (Germany)
Second Continuous Development and Operations Phase (EUMETSAT)
Climate Data Record
Constellation Observing System for Meteorology, Ionosphere,
and Climate (USA/Taiwan)
DMI
Danish Meteorological Institute; ROM SAF Leading Entity
ECMWF
European Centre for Medium-range Weather Forecasts
EPS
EUMETSAT Polar Satellite System
EUMETSAT EUropean organisation for the exploitation of METeorological SATellites
GNSS
Global Navigation Satellite System
GPS
Global Positioning System (USA)
GRACE
Gravity Recovery and Climate Experiment
GRAS
GNSS Receiver for Atmospheric Sounding (EPS/Metop)
ICDR
Interim Climate Data Record
IEEC
Institut d’Estudis Espacials de Catalunya
Met Office
United Kingdom Meteorological Office
Metop
Meteorological Operational Polar satellite (EUMETSAT)
netCDF
network Common Data Form (Unidata)
NRT
Near Real Time
NTC
Non Time Critical
PUM
Product User Manual
RO
Radio Occultation
ROM SAF
Radio Occultation Meteorology SAF (former GRAS SAF)
ROPP
Radio Occultation Processing Package
SAF
Satellite Application Facility (EUMETSAT)
UCAR
University Corporation for Atmospheric Research (Boulder, CO, USA)
UG-WEGC University of Graz, Wegener Center
WMO
World Meteorological Organization
WWW
World Weather Watch (WMO programme)
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1.4 Definitions
RO data products from current and upcoming EUMETSAT satellites and other missions
are grouped in data levels (Level 0, 1, 2, or 3) and product types (NRT, Offline, NTC,
CDR, or ICDR). The data levels and product types are defined below.1 The lists of
variables should not be considered as the complete contents of a given data level, and not
all variables may be contained in a given data level in a given file.
Data levels:
Level 0: Raw sounding, tracking and ancillary data, and other GNSS data before clock
correction and reconstruction;
Level 1A: Reconstructed full resolution excess phases, total phases, pseudo ranges,
SNRs, orbit information, I, Q values, NCO (carrier) phases, navigation bits,
scintillation parameters, and quality information;
Level 1B: Bending angles and impact parameters, tangent point location, total electron
content, and quality information;
Level 2: Refractivity, geopotential height, “dry” temperature profiles (Level 2A),
pressure, temperature, specific humidity profiles (Level 2B), surface pressure,
tropopause height, planetary boundary layer height (Level 2C), ECMWF model level
coefficients (Level 2D), electron densities, and quality information;
Level 3: Gridded or resampled data, that are processed from Level 1 or 2 data, and that
are provided as, e.g., daily, monthly, or seasonal means on a spatiotemporal grid,
including metadata, uncertainties and quality information.
Product types:
NRT: Data product delivered less than: (i) 3 hours after measurement (ROM SAF
Level 2 products for EPS); (ii) 150 min after measurement (ROM SAF Level 2
products for EPS-SG Global Mission); (iii) 125 min after measurement (ROM SAF
Level 2 products for EPS-SG Regional Mission);
Offline, NTC: Data product delivered from about 5 days to up to 6 months after
measurement, depending on the applicable requirements. The evolution of this type of
product is driven by new scientific developments and subsequent product upgrades;
CDR: Climate Data Record generated from a dedicated reprocessing activity using a
fixed set of processing software.2 The data record covers an extended time period of
several years (with a fixed end point) and constitutes a homogeneous data record
appropriate for climate usage. The CDR may be referred to as Fundamental (e.g. for
Level 1B bending angles) or as Thematic (if related to a specific application area);3

1 Note that the level definitions differ partly from the WMO definitions:
http://www.wmo.int/pages/prog/sat/dataandproducts_en.php
2
(i) GCOS 2016 Implementation Plan; (ii) http://climatemonitoring.info/home/terminology/
3
http://climatemonitoring.info/home/terminology
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ICDR: Interim Climate Data Record which regularly extends in time a CDR using a
system having optimum consistency with and lower latency than the system used to
generate the CDR.4
General terms:
System: GPAC (ROM SAF GNSS Processing and Archiving Center)
Web site: ROM SAF web site: http://www.romsaf.org
Product Archive: PARF (ROM SAF Product Archive and Retrieval Facility)

1.5 Overview of this document
This document is organized as follows:
Chapter 1: Contains the introduction.
Chapter 2: Contains a list of the Level 3 gridded monthly mean data and a guide
for how to reference the data.
Chapter 3: Contains an introductory background to the Radio Occultation (RO)
technique, and brief descriptions of the Level 1b and Level 2 profile
data as well as the Level 3 gridded monthly mean data.
Chapter 4: Starts with an overview of the geophysical variables included in the
ROM SAF Level 3 gridded monthly mean data, and then describes
the main characteristics of each geophysical variable.
Chapter 5: Contains the data file formats (netCDF), and applicable conventions (CF).
Chapter 6: Gives a brief introduction to the validation of the ROM SAF gridded data,
and summarizes the expected quality and the main limitations of the data.
Chapter 7: Describes where to find the data.

4

http://climatemonitoring.info/home/terminology/ (the ICDR definition was endorsed at the 9th session of the
joint CEOS/CGMS Working Group Climate Meeting on 29 March 2018)
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2 General information on Level 3 data products
2.1 List of data products
The ROM SAF Level 3 data products are listed in Tables 2.2 to 2.5. They include Climate
Data Records (CDRs) that were generated in a dedicated reprocessing activity using the
same software versions throughout the length of the data records, as well as Interim
Climate Data Records (ICDRs) that are generated on a regular basis with the same
algorithms as the CDRs but using currently available input data. The ROM SAF data
product portfolio also includes Offline and Non Time Critical (NTC) data products that are
generated on a regular basis for non-time-critical applications, based on algorithms that
may have evolved somewhat from the last reprocessing to reflect the latest scientific
developments.
There are currently five CDRs available in the ROM SAF archives – four CDRs based on
the RO satellite missions Metop, COSMIC, GRACE, and CHAMP, and a fifth CDR based
on all four missions (Table 2.2). There is a single ICDR available, based on data from the
Metop mission (Table 2.3). In addition, there are four sets of Offline data products
available (Table 2.4), all of them based on data from the Metop mission, as well as a single
NTC data product (Table 2.5) based on data from the Sentinel-6 mission. The current
versions of the CDRs, the ICDR, and the Offline and NTC data products are shown in
Table 2.1 which also specify the auxiliary reanalysis data used in the ROM SAF
processing.
Each Level 3 data product (or series of products) covers a range of physical variables:
bending angle, refractivity, dry temperature, dry pressure, dry geopotential height, 1D-Var
temperature and humidity, and tropopause height. The product acronym discloses which
variable is covered by a certain data file. All products are made available as netCDF files.

Table 2.1. ROM SAF Level 3 data product versions.
Data product

Version

Time period

Auxiliary data

CDR

1.0

September 2001 – December 2016

ERA-Interim

ICDR

1.0
1.1
1.0
1.1

January 2017 – July 2019
August 2019 –
January 2017 – July 2019
August 2019 –

ERA-Interim
ERA5
ERA-Interim
ERA5

1.0

November 2021 –

ERA5

Offline
NTC
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Table 2.2. Gridded Level 3 monthly mean ROM SAF Climate Data Records.
Product ID

Product name

Product
acronym

Mission

Dissemination

Format

MULTI1, 200109 – 201612 (doi:10.5770/EUM_SAF_GRM_001)
GRM-28-L3-B-R1

Reprocessed Bending Angle Grid

RBGMUL

MULTI1

HTTP

netCDF

GRM-28-L3-R-R1

Reprocessed Refractivity Grid

RRGMUL

MULTI

HTTP

netCDF

GRM-28-L3-D-R1

Reprocessed Dry Temperature Grid

RDGMUL

MULTI

HTTP

netCDF

GRM-28-L3-Y-R1

Reprocessed Dry Pressure Grid

RYGMUL

MULTI

HTTP

netCDF

GRM-28-L3-Z-R1

Reprocessed Dry Geopotential Height Grid

RZGMUL

MULTI

HTTP

netCDF

GRM-28-L3-T-R1

Reprocessed Temperature Grid

RTGMUL

MULTI

HTTP

netCDF

GRM-28-L3-H-R1

Reprocessed Specific Humidity Grid

RHGMUL

MULTI

HTTP

netCDF

GRM-28-L3-C-R1

Reprocessed Tropopause Height Grid

RCGMUL

MULTI

HTTP

netCDF

Metop, 200612 – 201612 (doi:10.5770/EUM_SAF_GRM_002)
GRM-29-L3-B-R1

Reprocessed Bending Angle Grid

RBGMET

Metop

HTTP

netCDF

GRM-29-L3-R-R1

Reprocessed Refractivity Grid

RRGMET

Metop

HTTP

netCDF

GRM-29-L3-D-R1

Reprocessed Dry Temperature Grid

RDGMET

Metop

HTTP

netCDF

GRM-29-L3-Y-R1

Reprocessed Dry Pressure Grid

RYGMET

Metop

HTTP

netCDF

GRM-29-L3-Z-R1

Reprocessed Dry Geopotential Height Grid

RZGMET

Metop

HTTP

netCDF

GRM-29-L3-T-R1

Reprocessed Temperature Grid

RTGMET

Metop

HTTP

netCDF

GRM-29-L3-H-R1

Reprocessed Specific Humidity Grid

RHGMET

Metop

HTTP

netCDF

GRM-29-L3-C-R1

Reprocessed Tropopause Height Grid

RCGMET

Metop

HTTP

netCDF

COSMIC, 200607 – 201612 (doi:10.5770/EUM_SAF_GRM_003)
GRM-30-L3-B-R1

Reprocessed Bending Angle Grid

RBGCO1

COSMIC

HTTP

netCDF

GRM-30-L3-R-R1

Reprocessed Refractivity Grid

RRGCO1

COSMIC

HTTP

netCDF

GRM-30-L3-D-R1

Reprocessed Dry Temperature Grid

RDGCO1

COSMIC

HTTP

netCDF

GRM-30-L3-Y-R1

Reprocessed Dry Pressure Grid

RYGCO1

COSMIC

HTTP

netCDF

GRM-30-L3-Z-R1

Reprocessed Dry Geopotential Height Grid

RZGCO1

COSMIC

HTTP

netCDF

GRM-30-L3-T-R1

Reprocessed Temperature Grid

RTGCO1

COSMIC

HTTP

netCDF

GRM-30-L3-H-R1

Reprocessed Specific Humidity Grid

RHGCO1

COSMIC

HTTP

netCDF

GRM-30-L3-C-R1

Reprocessed Tropopause Height Grid

RCGCO1

COSMIC

HTTP

netCDF

CHAMP, 200109 – 200809 (doi:10.5770/EUM_SAF_GRM_004)
GRM-32-L3-B-R1

Reprocessed Bending Angle grid

RBGCHA

CHAMP

HTTP

netCDF

GRM-32-L3-R-R1

Reprocessed Refractivity Grid

RRGCHA

CHAMP

HTTP

netCDF

GRM-32-L3-D-R1

Reprocessed Dry Temperature Grid

RDGCHA

CHAMP

HTTP

netCDF

GRM-32-L3-Y-R1

Reprocessed Dry Pressure Grid

RYGCHA

CHAMP

HTTP

netCDF

GRM-32-L3-Z-R1

Reprocessed Dry Geopotential Height Grid

RZGCHA

CHAMP

HTTP

netCDF

GRM-32-L3-T-R1

Reprocessed Temperature Grid

RTGCHA

CHAMP

HTTP

netCDF

GRM-32-L3-H-R1

Reprocessed Specific Humidity Grid

RHGCHA

CHAMP

HTTP

netCDF

GRM-32-L3-C-R1

Reprocessed Tropopause Height Grid

RCGCHA

CHAMP

HTTP

netCDF
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Product name

Product
acronym

Mission

Dissemination

Format

GRACE, 200703 – 201612 (doi:10.5770/EUM_SAF_GRM_005)
GRM-33-L3-B-R1

Reprocessed Bending Angle Grid

RBGGRA

GRACE

HTTP

netCDF

GRM-33-L3-R-R1

Reprocessed Refractivity Grid

RRGGRA

GRACE

HTTP

netCDF

GRM-33-L3-D-R1

Reprocessed Dry Temperature Grid

RDGGRA

GRACE

HTTP

netCDF

GRM-33-L3-Y-R1

Reprocessed Dry Pressure Grid

RYGGRA

GRACE

HTTP

netCDF

GRM-33-L3-Z-R1

Reprocessed Dry Geopotential Height Grid

RZGGRA

GRACE

HTTP

netCDF

GRM-33-L3-T-R1

Reprocessed Temperature Grid

RTGGRA

GRACE

HTTP

netCDF

GRM-33-L3-H-R1

Reprocessed Specific Humidity Grid

RHGGRA

GRACE

HTTP

netCDF

GRM-33-L3-C-R1

Reprocessed Tropopause Height Grid

RCGGRA

GRACE

HTTP

netCDF

1The

multi-mission dataset MULTI consist of CHAMP, GRACE, COSMIC, and Metop.

Table 2.3. Gridded Level 3 monthly mean ROM SAF Interim Climate Data Records.
Product ID

Product name

Product
acronym

Mission

Dissemination

Format

GRM-29-L3-B-I1

ICDR Bending Angle Grid

IBGMET

Metop

HTTP

netCDF

GRM-29-L3-R-I1

ICDR Refractivity Grid

IRGMET

Metop

HTTP

netCDF

GRM-29-L3-D-I1

ICDR Dry Temperature Grid

IDGMET

Metop

HTTP

netCDF

GRM-29-L3-Y-I1

ICDR Dry Pressure Grid

IYGMET

Metop

HTTP

netCDF

GRM-29-L3-Z-I1

ICDR Dry Geopotential Height Grid

IZGMET

Metop

HTTP

netCDF

GRM-29-L3-T-I1

ICDR Temperature Grid

ITGMET

Metop

HTTP

netCDF

GRM-29-L3-H-I1

ICDR Specific Humidity Grid

IHGMET

Metop

HTTP

netCDF

GRM-29-L3-C-I1

ICDR Tropopause Height Grid

ICGMET

Metop

HTTP

netCDF

Metop, 201701 –

Table 2.4. Gridded Level 3 monthly mean ROM SAF Offline data products.
Product ID

Product name

Product
acronym

Mission

Dissemination

Format

GRM-93

Offline Bending Angle Grid

OBGMEA

Metop-A

HTTP

netCDF

GRM-94

Offline Refractivity Grid

ORGMEA

Metop-A

HTTP

netCDF

GRM-95

Offline Temperature Grid

OTGMEA

Metop-A

HTTP

netCDF

GRM-96

Offline Specific Humidity Grid

OHGMEA

Metop-A

HTTP

netCDF

GRM-97

Offline Dry Geopotential Height Grid

OZGMEA

Metop-A

HTTP

netCDF

GRM-98

Offline Dry Temperature Grid

ODGMEA

Metop-A

HTTP

netCDF

GRM-99

Offline Dry Pressure Grid

OYGMEA

Metop-A

HTTP

netCDF

GRM-191

Offline Tropopause Height Grid

OCGMEA

Metop-A

HTTP

netCDF

GRM-53

Offline Bending Angle Grid

OBGMEB

Metop-B

HTTP

netCDF

GRM-54

Offline Refractivity Grid

ORGMEB

Metop-B

HTTP

netCDF

GRM-55

Offline Temperature Grid

OTGMEB

Metop-B

HTTP

netCDF
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Product ID

Product name

Product
acronym

Mission

Dissemination

Format

GRM-56

Offline Specific Humidity Grid

OHGMEB

Metop-B

HTTP

netCDF

GRM-57

Offline Dry Geopotential Height Grid

OZGMEB

Metop-B

HTTP

netCDF

GRM-58

Offline Dry Temperature Grid

ODGMEB

Metop-B

HTTP

netCDF

GRM-59

Offline Dry Pressure Grid

OYGMEB

Metop-B

HTTP

netCDF

GRM-192

Offline Tropopause Height Grid

OCGMEB

Metop-B

HTTP

netCDF

GRM-73

Offline Bending Angle Grid

OBGMEC

Metop-C

HTTP

netCDF

GRM-74

Offline Refractivity Grid

ORGMEC

Metop-C

HTTP

netCDF

GRM-75

Offline Temperature Grid

OTGMEC

Metop-C

HTTP

netCDF

GRM-76

Offline Specific Humidity Grid

OHGMEC

Metop-C

HTTP

netCDF

GRM-77

Offline Dry Geopotential Height Grid

OZGMEC

Metop-C

HTTP

netCDF

GRM-78

Offline Dry Temperature Grid

ODGMEC

Metop-C

HTTP

netCDF

GRM-79

Offline Dry Pressure Grid

OYGMEC

Metop-C

HTTP

netCDF

GRM-193

Offline Tropopause Height Grid

OCGMEC

Metop-C

HTTP

netCDF

GRM-83

Offline Bending Angle Grid

OBGMET

Metop

HTTP

netCDF

GRM-84

Offline Refractivity Grid

ORGMET

Metop

HTTP

netCDF

GRM-85

Offline Temperature Grid

OTGMET

Metop

HTTP

netCDF

GRM-86

Offline Specific Humidity Grid

OHGMET

Metop

HTTP

netCDF

GRM-87

Offline Dry Geopotential Height Grid

OZGMET

Metop

HTTP

netCDF

GRM-88

Offline Dry Temperature Grid

ODGMET

Metop

HTTP

netCDF

GRM-89

Offline Dry Pressure Grid

OYGMET

Metop

HTTP

netCDF

GRM-194

Offline Tropopause Height Grid

OCGMET

Metop

HTTP

netCDF

Table 2.5. Gridded Level 3 monthly mean ROM SAF NTC data products.
Product ID

Product name

Product
acronym

Mission

Dissemination

Format

Sentinel-6, 202111 –
GRM-123

NTC Bending Angle Grid

OBGS6

Sentinel-6

HTTP

netCDF

GRM-124

NTC Refractivity Grid

ORGS6

Sentinel-6

HTTP

netCDF

GRM-125

NTC Temperature Grid

OTGS6

Sentinel-6

HTTP

netCDF

GRM-126

NTC Specific Humidity Grid

OHGS6

Sentinel-6

HTTP

netCDF

GRM-127

NTC Dry Geopotential Height Grid

OZGS6

Sentinel-6

HTTP

netCDF

GRM-128

NTC Dry Temperature Grid

ODGS&

Sentinel-6

HTTP

netCDF

GRM-129

NTC Dry Pressure Grid

OYGS6

Sentinel-6

HTTP

netCDF

GRM-195

NTC Tropopause Height Grid

OCGS6

Sentinel-6

HTTP

netCDF
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2.2 Guide to citing and referencing
When exploiting EUMETSAT ROM SAF data you are kindly requested to acknowledge
this contribution accordingly and make reference to the ROM SAF, e.g. by stating "The
radio occultation data were provided by the Radio Occultation Meteorology Satellite
Application Facility (ROM SAF) which is a decentralized operational RO processing
center under EUMETSAT. ROM SAF RO data are available at: http://www.romsaf.org". It
is highly recommended to clearly identify the product version used.
The five CDR data products GRM-28 (MULTI), GRM-29 (Metop), GRM-30 (COSMIC),
GRM-32 (CHAMP), and GRM-33 (GRACE) have their own Digital Object Identifiers
(DOIs) that can be used to cite the data. The DOIs are shown in Table 2.2.
Citation examples
ROM SAF Metop CDR (v1.0) is citable as:
•

ROM SAF Radio Occultation Climate Data Record v1.0 (GRM-29-R1),
doi:10.15770/EUM_SAF_GRM_0002, humidity data (for [extracted period],
[extracted domain],) extracted on [download date] from the ROM SAF Product
Archive (https://www.romsaf.org).

ROM SAF ICDR (v1 series) is citable as:
•

ROM SAF Radio Occultation Interim Climate Data Record v1 series (GRM-29-I1),
doi:10.15770/EUM_SAF_GRM_0006, humidity data (for [extracted period],
[extracted domain],) extracted on [download date] from the ROM SAF Product
Archive (https://www.romsaf.org).

In the two citation examples above, the "extracted period" and "extracted domain" are only
needed if a subset of the data is being used. The content within square brackets "[…]" is to
be replaced with whatever period, domain, and download date that is relevant to the data
being used.
Reference
Gleisner, H., Lauritsen, K. B., Nielsen, J. K., and Syndergaard, S., Evaluation of the 15year ROM SAF monthly mean GPS radio occultation climate data record, Atmos. Meas.
Tech., 13, 3081-3098, doi:10.5194/amt-13-3081-2020.
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3 Background
3.1 The Radio Occultation technique
The Level 3 gridded monthly-mean data obtained from the radio occultation (RO)
measurements are based on bending angles or on vertical profiles of refractivity,
temperature, pressure, and specific humidity.
The geophysical information is retrieved from the excess phases of radio signals travelling
through the atmosphere along nearly horizontal paths (see Figure 1) [RD.13,15]. The
signals are emitted from a GNSS satellite, e.g. a GPS, Galileo, GLONASS, or BeiDou
satellite orbiting about 20,000 km above the Earth surface and received by an RO
instrument on board a satellite in low-Earth orbit (LEO), e.g. the GRAS instrument on
board one of the Metop satellites or the GNOS instrument on board the FY3C satellite. The
GNSS radio signals scan the atmosphere until they are occulted by the Earth (setting
occultation) or from the moment they appear behind the Earth (rising occultation).
The first step in the retrieval is to compute the bending angle of the signal as an integrated
measure along the entire signal path. The refractivity at a given so-called tangent point is
then derived through an inversion of the bending angle. In general the profile will not be
given along a straight, vertical line but rather along a slightly curved line such that the
horizontal distance of the topmost point relative to the point closest to the Earth (the socalled tangent point drift) is normally around 200 km. The occultations will cover the Earth
relatively even, but the locations of the individual profiles vary from profile to profile and
locations are not repeatable. Another characteristic of RO is that, unlike most polarorbiting satellite measurements, the profiles are generated at quasi-random times (i.e. not at
synoptic times).

Figure 1. Schematic representation of the RO observing geometry during an occultation. It is
shown how the GRAS instrument on board Metop receives radio signals from a GPS satellite.
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The ROM SAF ATBD documents and the ROPP User Guides provide more details on the
retrieval methods [RD.1-6,13,15].
Despite the limited horizontal sampling of RO data from a single instrument – but still
better than the global average for radiosondes – and the inherent horizontal line-of-sight
resolution of around 250 km, the system has several very significant benefits.
•
•
•
•
•

High stability – both in time for one instrument and inter-instrument, leading to very
stable long-term data for climate applications
High accuracy – better than 1K from mid-troposphere to lower stratosphere (5 - 30 km)
High vertical resolution – from around 200 m in the lower troposphere, to 1-1.5 km in
the stratosphere – comparable to radiosondes and superior to vertical passive sounders
All weather capability – GNSS signals are virtually unaffected by clouds and
precipitation
Global coverage

The GNSS-RO data are based on highly accurate measurements of time delay, which is a
fundamentally SI traceable quantity. The general characteristics of the RO technique make
it a quite complementary observing system within the WMO's WWW programme.

3.2 Satellite missions and time coverage
The RO missions, their respective satellites, and the time periods included in the
generation of the ROM SAF CDRs, ICDRs, Offline, and NTC data are given in Table 3.1.
The generation of ICDR and Offline data are based on Metop data from January 2017 and
onward, continuing where the current version of CDRs (v1.0) ends.
For multi-satellite missions (COSMIC, Metop, GRACE) all satellites have not been simultaneously available throughout the whole time periods stated in Table 3.1. There was a
gradual reduction of the number of COSMIC satellites, particularly towards the end of the
time period. For GRACE, both RO instruments are never in operation at the same time.
Metop-A data are available from end of October 2006, Metop-B data from end of
September 2012, and Metop-C data from March 2019. The very early data from CHAMP,
before September 2001, are not included in the ROM SAF data records.
Table 3.1. Missions, satellites, and time periods included in the generation of ROM SAF Level 3
CDRs, ICDR, Offline, and NTC data. All satellites within a single mission are not available
throughout the whole time periods.
Mission
Satellites
Included in CDRs
Included in ICDR
and Offline data
Included in NTC

Metop
Metop-A
Metop-B
Metop-C
Dec’06 – Dec’16

COSMIC
FM1, FM2, FM3,
FM4, FM5, FM6

CHAMP
CHAMP

GRACE
GRACE-A
GRACE-B

Sentinel-6
Sentinel-6A
Sentinel-6B

Jul’06 – Dec’16

Sep’01 – Sep’08

Mar’07 – Dec’16

N/A

Jan’17 –

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

Nov’21 –
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3.3 Input data to ROM SAF processing
The input Level 1A data used by the ROM SAF in the generation of the Metop CDRs are
provided by the EUMETSAT Secretariat as part of their reprocessed data, GRAS Level 1
FCDR R1 (processed with Yaros 1.4). For COSMIC, CHAMP, and GRACE, the input
Level 1A data for the CDR generation are provided by UCAR/CDAAC, as part of their
reprocessed or post-processed data. For the UCAR/CDAAC data, not all missions and time
periods share the same version number.
Table 3.2 gives an overview of the different providers and the version numbers for the data
used as input to the ROM SAF CDR v1.0. The generation of ROM SAF ICDR and Offline
data are based on Level 1A data from the NRT environment at the EUMETSAT
Secretariat, PPF 4.4-4.7 and 5.0, while the generation of ROM SAF NTC data are based on
Level 1B (bending angle) data from EUMETSATs Common Processing Facility (CPF)
OPE environment, processor RO-NTC v3.5.
Table 3.2. Input data providers and versions of the Level 1A input data (for the ROM SAF CDR,
ICDR, and Offline data) and Level 1B input data (for the ROM SAF NTC data).

Mission
Data provider
Input versions
for the CDR
Input versions
for the ICDR and
Offline data
Input versions
for the NTC data

Metop
EUMETSAT
Yaros 1.4

COSMIC
UCAR/CDAAC
2013.3520
2014.2860
2016.1120

CHAMP
UCAR/CDAAC
2014.0140

GRACE
UCAR/CDAAC
2010.2640
2014.2760

Sentinel-6
EUMETSAT

PPF 4.4-4.7
and 5.0

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

CPF
RO-NTC 3.5

N/A

3.4 Level 1B and Level 2 profile data
The two GPS radio frequencies (L1 and L2) received by an RO instrument on board a LEO
satellite are characterised by their amplitude and phase values. The bending angle profiles
are obtained using the positions and velocities of the GPS and LEO satellites [RD.8]. In the
case of single ray propagation the phase contains all the necessary information in order to
derive the bending angle whereas in the case of multiple ray propagation (multipath),
caused by strong vertical gradients in the atmosphere, both the amplitude and the phase are
needed to obtain a bending angle profile free of multipath artifacts [RD.16,17].
The observed, raw bending angles undergo ionospheric correction and statistical optimization, whereby the observed data are smoothed and merged with a background bendingangle profile selected from the BAROCLIM climatological model [RD.2,13,25]. A
refractivity profile is then obtained through an inversion using the Abel transform
[RD.13,16]. To retrieve the ROM SAF products temperature, pressure and humidity (Level
2b), ancillary data are needed. These data are obtained from ECMWF reanalysis forecasts,
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appropriate to the time and location of the occultation. In combination with the observed
refractivity, the ECMWF background is used in a 1D-Var algorithm to simultaneously
estimate the temperature, humidity and pressure profiles, together with surface pressure
[RD.4,14,19]. The solution is constrained by the assumption that the atmosphere is in
hydrostatic equilibrium. Note that unique humidity profiles cannot be obtained from radio
occultation measurements without using some source of ancillary information on
temperature. This problem is referred to as the “water vapour ambiguity”.
The starting point for the ROM SAF Level 3 processing is vertical profiles of bending
angle () as a function of impact parameter, microwave refractivity (N) as a function of
mean-sea level altitude (H; geometric height above the geoid), and temperature (T),
pressure (p), and specific humidity (q) as functions of mean-sea level altitude, H. The
geopotential height (Z) as a function of pressure or pressure height (Hp) is an alternative
formulation of the pressure profile [RD.6].
The bending angles and the refractivities are provided on relatively dense vertical grids
reaching up to altitudes around 100 km. i.e. above the region where the RO technique
provides useful information on the neutral atmosphere. The temperature, pressure, and
specific-humidity profiles are given on a standard set of ECMWF model levels ranging
from the surface up to around 80 km.

3.5 Level 3 gridded data
The Level 3 gridded data are generated from the Level1 1B and Level 2 profile data
through rather straight-forward binning and averaging [RD.6]. A set of equal-angle
latitudinal bands, or grid boxes, are defined and all valid observations that fall within a
latitude band and calendar month undergo a weighted averaging to form a zonal mean for
that latitude and month. The weighting is done by dividing each latitudinal grid box into
two sub-grid boxes, computing an average for each of these, and then computing the mean
of the two averages weighted by the areas of the sub-grid boxes [RD.21]. The purpose of
the weighting is to more closely approximate an area-weighted average.
The uncertainty of the monthly mean is estimated as a combination of the per-profile
measurement uncertainties and the uncertainties due to the residual errors remaining after
correction for under-sampling effects.
In summary, the Level 3 gridded data products are generated by the following steps:
•
•
•
•
•
•
•
•

listing of all occultations that were observed within a calendar month
quality control followed by removal of profiles that are deemed “bad”
vertical interpolation of profiles onto a regular Level 3 height grid
weighted averaging into monthly latitude bins
estimation of sampling errors in the monthly means
estimation of measurement uncertainties in the monthly means
estimation of a priori information in the monthly means
formatting of the gridded monthly-mean data and meta-data into netCDF files
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The generation of zonally gridded monthly-mean data may be followed by further
averaging into seasonal and annual means, and into regional, hemispheric, and global
means. Further details of the Level 3 processing are found in [RD.6].

3.6 Forward-modelled data from ECMWF reanalyses
Reanalysis data from ECMWF are used both for sampling-error correction of the Level 3
gridded monthly mean data, and as a priori in the 1D-Var retrieval of Level 2b profile data
[RD.20]. ERA-Interim was used for the CDRs generated through reprocessing and for the
ICDR up to July 2019, while ERA5 was used for the ICDR and offline data from August
2019 and onward. The reanalysis fields are obtained from ECMWF as GRIB files holding
data on a 1.0˚x1.0˚ latitude-longitude grid, as well as on a coarser 2.5˚x2.5˚ grid. The lower
resolution is used for the sampling-error correction, as it is roughly comparable to the
horizontal resolution of RO measurements. The GRIB fields are provided on 60 (ERAInterim) or 137 (ERA5) model levels.
Each occultation has reference latitude, longitude, and time associated with it. To retrieve
reanalysis profiles co-located with the observations, we interpolate (bi-linearly) from the
model grid to the reference location, followed by linear interpolation between adjacent
time steps. The profiles are vertically interpolated from the 91 model levels to the same
altitude grid as the corresponding observed profiles. For the 1D-Var retrievals, we use
short-term forecasts rather than the analysis fields. In that case, the interpolation in time is
made between two model forecast lead times. Further details on this are found in [RD.4].
For each observed profile we thus obtain a corresponding co-located model profile, which
is mapped to refractivity, bending angle, and ‘dry’ variables using forward-model routines
from the ROPP software package [RD.13].
The use of reanalysis data as a priori (background) in the 1D-Var retrievals means that any
biases or bias changes in those data may have an impact on some of the ROM SAF data
products. This is mentioned in Section 6 as a limitation of the ROM SAF climate data
record.
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4 Data product description
4.1 Overview of the ROM SAF Level 3 gridded data products
The Level 3 algorithms mentioned in Section 3.5 are used to generate gridded monthly
mean CDRs and ICDRs, as well as offline data. All the ROM SAF Level 3 gridded data
contain the same set of geophysical variables, are similarly time averaged and gridded, and
use the same file formats.

4.1.1 CDRs, ICDRs, Offline, and NTC data
As described in the definitions section (Section 1.4), the CDRs have been generated in a
dedicated reprocessing activity using the same algorithms throughout the length of the data
records, while ICDRs are generated on a regular basis with the same algorithms as the
CDRs, but using currently available input data. The main rationale for the ICDRs is that
they extend the CDRs until data from a new reprocessing become available. There is a
strong focus on the consistency between the ICDRs and the CDRs. In addition, the ROM
SAF data product portfolio also includes Offline and NTC data that are generated on a
regular basis for non-time-critical applications, based on algorithms that may have evolved
somewhat from the last reprocessing.

4.1.2 Geophysical variables and height variables
The ROM SAF monthly mean gridded data include the following geophysical variables:
•
•
•
•
•
•
•
•

Bending angle [mrad]
Refractivity [N-units]
Dry temperature [K]
Dry pressure [hPa]
Dry geopotential height [m]
Temperature [K]
Specific humidity [g/kg]
Tropopause height [m]

The corresponding height variables are impact altitude for bending angles, dry-pressure
height for dry geopotential height, and mean-sea level (MSL) altitude for the other
variables. The impact altitude and the MSL altitude are referenced to the Earth’s geoid,
while the pressure height is a logarithmic measure of the pressure. The height variables are
discussed in more detail in [RD.6].

4.1.3 Data grids
The geophysical variables are provided as monthly means on 2D latitude-height grids with
a resolution of 5 degrees (in latitude) by 200 meters (in height). There is no longitudinal
dimension – though formally there is a longitude dimension with size one. The type of
vertical grid (impact altitude, mean-sea level altitude, or pressure height) depends on the
geophysical variable (see Section 4.1.2).
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4.1.4 Measurement data
For each geophysical variable, the following numerical data are included as a part of the
ROM SAF Level 3 gridded data product:
•
•
•
•
•
•
•

monthly means (sampling-error corrected)
monthly standard deviations
estimate of sampling errors in the monthly means
estimate of measurement uncertainty in the monthly means
data number per bin
monthly means of co-located ECMWF reanalysis short-term forecasts
monthly standard deviations of co-located ECMWF reanalysis short-term forecasts

The refractivity, temperature, and specific-humidity data products also include:
•

measure of a priori information content in the monthly means

The monthly mean is a weighted average of the Level 1B or Level 2 profile data,
constructed to provide an area-weighted zonal mean valid for the latitude bin and calendar
month. It is sampling-error corrected by default, but the original (i.e., not sampling-error
corrected) mean can be obtained by
m = mcorr + samp

(1)

where samp is the sampling error and mcorr is the sampling-error corrected mean found in
the data files. It is recommended to use the sampling-error corrected mean, but for some
applications it may be useful to revert to the original monthly mean (e.g., if one wishes to
investigate the impacts of the sampling-error correction).
The monthly standard deviation is a weighted standard deviation of the Level 1B or Level
2 profile data within a latitude bin and calendar month. It provides an indication of the
atmospheric variability. A high degree of variability tends to result in larger sampling
errors, although that depends on the modes of variability and on how well those modes are
sampled by the RO instrument on board a LEO satellite.
The conceptual error model used for the ROM SAF climatological data consists of three
types of errors: (i) the purely random measurement errors associated with the individual
profiles, (ii) the systematic errors resulting from instrumental or processing-system biases,
errors, and underlying assumptions (including algorithmic assumptions), and (iii) sampling
errors resulting from under-sampling of important modes of variability. Estimates of two
of these error types – the measurement errors and the sampling errors – are provided as a
part of the ROM SAF Level 3 gridded data product. The systematic errors can be estimated
from comparisons with independent data sets (e.g., reanalysis data or other observational
data records) and from inter-comparisons of climatologies derived from different subsets
of RO data (e.g., different RO missions, or data from different processing systems). The
systematic errors are described in the ROM SAF Level 3 validation report [RD.10].
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The measurement uncertainty, 𝜎𝑚𝑒𝑎𝑠 , of the monthly mean is an estimate based on the
uncertainties of the underlying individual profiles, which are assumed to be uncorrelated
between occultations and purely random. Hence, the measurement uncertainty scales with
the square root of the data number
𝜎𝑚𝑒𝑎𝑠 = 𝜎𝑝,𝑚𝑒𝑎𝑠 ⁄√𝑛

(2)

where 𝜎𝑝,𝑚𝑒𝑎𝑠 is the uncertainty for an individual profile. The profile uncertainties are
described in [RD.6], as are also the equations used to construct the uncertainty of the
monthly mean from the underlying set of profile uncertainties (Eq.~2 is a simplification, as
the individual profiles have somewhat different uncertainties).
The sampling errors are due to under-sampling of the atmospheric variability within the
time-latitude bins. These errors are estimated by sub-sampling an atmospheric model
(currently, the ERA5 reanalysis, whereas previously ERA-Interim was used) at the same
times and locations as the observations. The observed monthly means are then samplingerror corrected by subtracting the estimated sampling errors [RD.6]. It is recommended to
use the sampling-error corrected means, available in the data files. After sampling-error
correction there remains a residual sampling-error uncertainty, 𝜎𝑟𝑒𝑠𝑎𝑚𝑝 , which can be
estimated as
𝜎𝑟𝑒𝑠𝑎𝑚𝑝 = 𝑘 ∙ max(|𝜀𝑠𝑎𝑚𝑝 |, 𝜀𝑚𝑖𝑛 )

(3)

where k quantifies the uncertainty due to residual sampling errors remaining after the
correction procedure. In the plots in Section 3, we use the value 𝑘 = 0.30 which has been
shown to give a reasonable reproduction of inter-mission differences, while 𝜀𝑚𝑖𝑛 is set to
zero.
Of the three types of errors (measurement, sampling, and systematic errors), the
measurement errors are normally the smallest, with the residual-sampling errors being
more important, particularly at mid- and high latitudes. These two error types are assumed
random and uncorrelated and can be combined to an uncertainty for the monthly mean,
which describes the statistical, quasi-random part of the errors in the climatologies, but that
does not include the systematic errors. Validation of the ROM SAF data records shows
that the (known) systematic errors have a minimum in a core region between 8 and 30
kilometers, and increase upwards. In the troposphere – and particularly – at low latitudes,
the systematic errors are relatively large, and often constitute the dominant source of
errors.
The a priori information content is delivered together with the refractivity, temperature,
and humidity data. The monthly means are not a result of observational data alone, but also
depend on a priori data – background atmospheric data taken from a model. There are two
sources of a priori information: (a) background bending angle profiles that are used to
smooth the observed bending angles and extend them to infinity before inverting bending
angles to refractivity (statistical optimization), and (b) the background atmospheric states
that are used to resolve the temperature-humidity ambiguity through a 1D-Var procedure.
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The data numbers is the number of data used in the averaging. It has a direct impact on the
measurement uncertainty. It also has an impact on the sampling errors, but the magnitude
of that impact depends on the data distribution across the time-latitude bin and the spatiotemporal character of the atmospheric variability.

4.1.5 Metadata
For each gridded data product, there is also an associated set of metadata providing
traceability to the individual occultations and to the algorithms and software. The metadata
contain all information necessary to reproduce the Level 3 gridded data from the
underlying Level 1B and Level 2 profile data.
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4.2 Level 3 gridded data products
4.2.1 Bending angle
The monthly mean bending angles are computed from the “raw” (i.e., not merged with any
a priori data) bending-angle profiles. This is the RO geophysical variable that is least
influenced by a priori data. For this, and other, reasons it is particularly useful for longterm climate monitoring and for use in climate-change detection studies [RD.22]. An
example of a 5-degree zonal monthly mean bending-angle field is shown in Figure 2,
together with the corresponding standard deviations, measurement uncertainties, and
residual sampling uncertainties.
The accuracies given below are rough targets for Service Specification monitoring [AD.4].
The actually estimated accuracies are often better than this [RD.10]. Estimates of the
measurement uncertainties and sampling errors are delivered as parts of the data product.

Bending Angle Grid
Quantity
Units
Valid range
Domain, latitude
Domain, altitude
Resolution, spatial
Resolution, temporal
COSMIC, MULTI
Accuracy
25 – 50 km
8 – 25 km
0 – 8 km
Metop, Sentinel-6
Accuracy
25 – 50 km
8 – 25 km
0 – 8 km
CHAMP, GRACE
Accuracy
25 – 40 km
8 – 25 km
0 – 8 km
1An

Values
milli-radians (mrad)
-1 to 100 mrad
90˚S to 90˚N
0 to 40 km
0 to 50 km
5˚ x 360˚ x 200 m
Month

Remarks
neutral atmosphere
global coverage
CHAMP, GRACE
COSMIC, Metop, Sentinel-6
lat x lon x impact altitude

0.2 % or 0.4 μrad2
0.2 %
2.0 – 0.2 %
0.3 % or 0.6 μrad2
0.3 %
3.0 – 0.3 %
0.4 % or 0.8 μrad2
0.4 %
4.0 – 0.4 %

accuracy interval means a linearly changing quantity over the given vertical coordinate.
is greater

2Whichever
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Figure 2. The upper panels show bending angle zonal monthly means and standard deviations for
April 2014, based on data from the Metop mission. The lower panels show estimates of two types of
uncertainty: the measurement uncertainty and the residual-sampling uncertainty of the monthly
means. The systematic errors are described in the ROM SAF validation report [RD.10].
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4.2.2 Refractivity
The monthly mean refractivities are computed from refractivity profiles, which have been
retrieved from optimized bending-angle profiles. Hence, it is influenced by a priori data at
high altitudes. As an example, for the Metop mission the fraction of a priori in refractivity
is estimated to 1-2% at 40 km altitude and 5-10% at 50 km altitude. An example of a 5degree zonal monthly mean refractivity field is shown in Figure 3, together with the
corresponding standard deviations, measurement uncertainties, and residual sampling
uncertainties.
The accuracies given below are rough targets for Service Specification monitoring [AD.4].
The actually estimated accuracies are often better than this [RD.10]. Estimates of the
measurement uncertainties and sampling errors are delivered as parts of the data product.

Refractivity Grid
Quantity
Units
Valid range
Domain, latitude
Domain, altitude
Resolution, spatial
Resolution, temporal
COSMIC, MULTI
Accuracy
25 – 50 km
8 – 25 km
0 – 8 km
Metop, Sentinel-6
Accuracy
25 – 50 km
8 – 25 km
0 – 8 km
CHAMP, GRACE
Accuracy
25 – 40 km
8 – 25 km
0 – 8 km
1An

Values
refractivity units (N)
0 to 500 N-units
90˚S to 90˚N
0 to 40 km
0 to 50 km
5˚ x 360˚ x 200 m
Month

Remarks
neutral atmosphere
global coverage
CHAMP, GRACE
COSMIC, Metop, Sentinel-6
lat x lon x altitude

0.08 % or 0.004 N-units2
0.08 %
0.8 – 0.08 %
0.12 % or 0.006 N-units2
0.12 %
1.2 – 0.12 %
0.20 % or 0.008 N-units2
0.20 %
2.0 – 0.20 %

accuracy interval means a linearly changing quantity over the given vertical coordinate.
is greater.

2Whichever
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Figure 3. The upper panels show refractivity zonal monthly means and standard deviations for
April 2014, based on data from the Metop mission. The lower panels show estimates of two types of
uncertainty: the measurement uncertainty and the residual-sampling uncertainty of the monthly
means. The systematic errors are described in the ROM SAF validation report [RD.10].
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4.2.3 Dry temperature
The monthly mean dry temperature is computed from dry-temperature profiles which are
retrieved by integrating refractivity profiles from the top of the atmosphere, under the
assumption of hydrostatic equilibrium.
The accuracies given below are rough targets for Service Specification monitoring [AD.4].
The actually estimated accuracies are often better than this [RD.10]. Estimates of the
measurement uncertainties and sampling errors are delivered as parts of the data product.

Dry Temperature Grid
Quantity
Units
Valid range
Domain, latitude
Domain, altitude
Resolution, spatial
Resolution, temporal
COSMIC, MULTI
Accuracy
25 – 50 km
8 – 25 km
0 – 8 km
Metop, Sentinel-6
Accuracy
25 – 50 km
8 – 25 km
0 – 8 km
CHAMP, GRACE
Accuracy
25 – 40 km
8 – 25 km
0 – 8 km
1An

Values
Kelvin (K)
150 to 350 K
90˚S to 90˚N
0 to 40 km
0 to 50 km
5˚ x 360˚ x 200 m
month

Remarks
dry temperature
global coverage
CHAMP, GRACE
COSMIC, Metop, Sentinel-6
lat x lon x altitude

0.2 – 2.0 K
0.2 K
1.0 – 0.2 K
0.3 – 3.0 K
0.3 K
1.5 – 0.3 K
0.4 – 4.0 K
0.4 K
2.0 – 0.4 K

accuracy interval means a linearly changing quantity over the given vertical coordinate.

30 of 54

Ref: SAF/ROM/DMI/UG/GRD/001
Version: 3.0
Date: 15 June 2022

Product User Manual:
Level 3 gridded products

Figure 4. The upper panels show dry temperature zonal monthly means and standard deviations
for April 2014 based on data from the Metop mission. The lower panels show estimates of two
types of uncertainty: the measurement uncertainty and the residual-sampling uncertainty of the
monthly means. The systematic errors are described in the ROM SAF validation report [RD.10].
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4.2.4 Dry pressure
The monthly mean dry pressure is computed from dry-pressure profiles which are retrieved
by integrating refractivity profiles from the top of the atmosphere, under the assumption of
hydrostatic equilibrium.
The accuracies given below are rough targets for Service Specification monitoring [AD.4].
The actually estimated accuracies are often better than this [RD.10]. Estimates of the
measurement uncertainties and sampling errors are delivered as parts of the data product.

Dry Pressure Grid
Quantity
Units
Valid range
Domain, latitude
Domain, altitude
Resolution, spatial
Resolution, temporal
COSMIC, MULTI
Accuracy
25 – 50 km
8 – 25 km
0 – 8 km
Metop, Sentinel-6
Accuracy
25 – 50 km
8 – 25 km
0 – 8 km
CHAMP, GRACE
Accuracy
25 – 40 km
8 – 25 km
0 – 8 km
1An

Values
hekto-Pascal (hPa)
0 to 1100 hPa
90˚S to 90˚N
0 to 40 km
0 to 50 km
5˚ x 360˚ x 200 m
Month

Remarks
dry pressure
global coverage
CHAMP, GRACE
COSMIC, Metop, Sentinel-6
lat x lon x altitude

0.08 – 0.40 %
0.08 %
0.40 – 0.08 %
0.12 – 0.60 %
0.12 %
0.60 – 0.12 %
0.20 – 1.00 %
0.20 %
1.00 – 0.20 %

accuracy interval means a linearly changing quantity over the given vertical coordinate.
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Figure 5. The upper panels show dry pressure zonal monthly means and standard deviations for
April 2014 based on data from the Metop mission. The lower panels show estimates of two types of
uncertainty: the measurement uncertainty and the residual-sampling uncertainty of the monthly
means. The systematic errors are described in the ROM SAF validation report [RD.10].
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4.2.5 Dry geopotential height
The monthly mean dry geopotential height is computed from dry geopotential-height
profiles which are retrieved by integrating refractivity profiles from the top of the
atmosphere, under the assumption of hydrostatic equilibrium.
The accuracies given below are rough targets for Service Specification monitoring [AD.4].
The actually estimated accuracies are often better than this [RD.10]. Estimates of the
measurement uncertainties and sampling errors are delivered as parts of the data product.

Dry Geopotential Height Grid
Quantity
Units
Valid range
Domain, latitude
Domain, altitude
Resolution, spatial
Resolution, temporal
COSMIC, MULTI
Accuracy
25 – 50 km
8 – 25 km
0 – 8 km
Metop, Sentinel-6
Accuracy
25 – 50 km
8 – 25 km
0 – 8 km
CHAMP, GRACE
Accuracy
25 – 40 km
8 – 25 km
0 – 8 km
1An

Values
geopotential meter (gpm)
-1000 to 150000 m
90˚S to 90˚N
0 to 40 km
0 to 50 km
5˚ x 360˚ x 200 m
Month

Remarks
dry geopotential height
global coverage
CHAMP, GRACE
COSMIC, Metop, Sentinel-6
lat x lon x dry-pressure height

4 – 40 m
4m
4m
6 – 60 m
6m
6m
8 – 80 m
8m
8m

accuracy interval means a linearly changing quantity over the given vertical coordinate.

34 of 54

Ref: SAF/ROM/DMI/UG/GRD/001
Version: 3.0
Date: 15 June 2022

Product User Manual:
Level 3 gridded products

Figure 6. The upper panels show dry geopotential height zonal monthly means and standard
deviations for April 2014 based on data from the Metop mission. The lower panels show estimates
of two types of uncertainty: the measurement uncertainty and the residual-sampling uncertainty of
the monthly means. The systematic errors are described in the ROM SAF validation report
[RD.10].
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4.2.6 Temperature
The monthly mean temperature climatologies are computed from 1D-Var temperature
profiles. These profiles use background atmospheric states taken from a reanalysis model
to resolve the temperature-humidity ambiguity through a 1D-Var procedure. Hence, they
are influenced by a priori data, most strongly in regions were the observational errors are
largest. An example of a monthly mean temperature field is shown in Figure 7.
The accuracies given below are rough targets for Service Specification monitoring [AD.4].
Estimates of the measurement uncertainties and sampling errors are delivered as parts of
the data product.

Temperature Grid
Quantity
Units
Valid range
Domain, latitude
Domain, altitude
Resolution, spatial
Resolution, temporal
COSMIC, MULTI
Accuracy
25 – 50 km
8 – 25 km
0 – 8 km
Metop, Sentinel-6
Accuracy
25 – 40 km
8 – 25 km
0 – 8 km
CHAMP, GRACE
Accuracy
25 – 40 km
8 – 25 km
0 – 8 km
1An

Values
Kelvin (K)
150 to 350 K
90˚S to 90˚N
8 to 40 km
0 to 50 km
5˚ x 360˚ x 200 m
month

Remarks
1DVar temperature
global coverage
CHAMP, GRACE
COSMIC, Metop, Sentinel-6
lat x lon x altitude

0.2 – 2.0 K
0.2 K
1.0 – 0.2 K
0.3 – 3.0 K
0.3 K
1.0 – 0.3 K
0.4 – 4.0 K
0.4 K
2.0 – 0.4 K

accuracy interval means a linearly changing quantity over the given vertical coordinate.
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Figure 7. The upper panels show monthly temperature means and standard deviations for April
2014 based on data from the Metop mission. The lower panels show estimates of two types of
uncertainty: the measurement uncertainty and the residual-sampling uncertainty of the monthly
means. The systematic errors are described in the ROM SAF validation report [RD.10].
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4.2.7 Specific humidity
The monthly mean specific humidity climatologies are computed from 1D-Var humidity
profiles. These profiles use background atmospheric states taken from a reanalysis model
to resolve the temperature-humidity ambiguity through a 1D-Var procedure. Hence, the
humidity retrievals are influenced by a priori data, most strongly in regions were the
observational uncertainties are largest. The lowest panel in Figure 8 (“a priori fraction”)
indicates that the retrieved humidity is dominated by a priori data above the middle
troposphere in atmospheric regions with low water vapour content. An example of a
monthly mean specific-humidity field is shown in Figure 8.
The accuracies given below are rough targets for Service Specification monitoring [AD.4].
Estimates of the measurement uncertainties and sampling errors are delivered as parts of
the data product.

Humidity Grid
Quantity
Units
Valid range
Domain, latitude
Domain, altitude

Resolution, spatial
Resolution, temporal
COSMIC, MULTI
Accuracy
8 – 12 km
0 – 8 km
Metop, Sentinel-6
Accuracy
8 – 12 km
0 – 8 km
CHAMP, GRACE
Accuracy
8 – 12 km
0 – 8 km

Values
g/kg
0 to 50 g/kg
90˚S to 90˚N
8 to 12 km
0 to 12 km

Remarks
1DVar specific humidity

5˚ x 360˚ x 200 m
Month

3%
3%
4%
4%
6%
6%
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Figure 8. The upper panels show monthly humidity means and standard deviations for April 2014
based on data from the Metop mission. The middle panels show estimates of two types of
uncertainty: the measurement uncertainty and the residual sampling uncertainty of the monthly
means. The systematic errors are described in the ROM SAF validation report [RD.10]. The lower
panel shows the a priori fraction of the retrieved humidity [RD.6].
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4.2.8 Tropopause height
The monthly mean tropopause height fields are computed from tropopause height data
derived from dry-temperature profiles. An example of a monthly mean tropopause-height
field is shown in Figure 9.
The accuracies given below are rough targets for Service Specification monitoring [AD.4].

Tropopause Height Grid
Quantity
Units
Valid range
Domain, latitude
Domain, altitude
Resolution, spatial
Resolution, temporal
COSMIC, MULTI
Accuracy
Metop, Sentinel-6
Accuracy
CHAMP, GRACE
Accuracy

Values
meter (m)
5000 to 30000 m
90˚S to 90˚N
N/A
5˚ x 360˚
month

Remarks

global coverage
lat x lon

100 m
200 m
300 m

Figure 9: Monthly tropopause height means and standard deviations for April 2014 based on data
from the Metop mission.
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4.3 Supporting data
4.3.1 ECMWF reanalysis data
As mentioned in Section 4.3, the Level 3 gridded data products are delivered together with
gridded data derived from co-located reanalysis short-term forecasts, either ERA-Interim
or ERA5 [RD.20]. These supporting data include the same set of variables as the observed
data:
•
•
•
•

monthly means of co-located reanalysis data (sampling-error corrected)
monthly standard deviations of co-located reanalysis data
sampling errors in the monthly means of co-located reanalysis data
data number per bin

but also contain additional meta information related to the reanalysis model data (model
resolution, forecast or analysis, etc.).

4.3.2 Metadata
The ROM SAF Level 3 gridded data products are delivered together with metadata
providing traceability to the radio occultations that contributed to the climatology. In the
metadata, each occultation is described by:
•
•
•
•
•

occultation identifier
identifier of receiving LEO satellite (e.g. ‘META’)
identifier of transmitting GNSS satellite (e.g. ‘G003’ for GPS with PRN number 3)
nominal latitude and longitude of the occultation
nominal time of the occultation (i.e. time of the start of occultation)

All other relevant data concerning the occultations and the measured data can be obtained
from data files in the ROM SAF data archives.
The metadata also contains product version and a mapping to the software versions used in
the processing.
The metadata contain all information necessary to reproduce the Level 3 gridded data.
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5 Format descriptions
5.1 File names
The name of a ROM SAF Level 3 file consists of a string of up to 64 characters:
<filetype>_<product>_<mission>_<date>_<prodtype>_<softver>_<prodver>.<suffix>

where:
•
•
•
•
•
•
•
•

<filetype> is either ‘zgrid’ or ‘trace’
<product> is one of the six-letter product acronyms listed in Tables 2.2-2.4
<mission> is the name of the satellite mission, e.g. ‘metop’, ‘cosmic’, or ‘champ’
<date> is a date or date-interval string, e.g. ‘201107’ or ‘201103–201108’
<prodtype> is product type: ‘O’ (offline), ‘R’ (CDR), or ‘I’ (ICDR)
<softver> is a four-digit code which maps to the software versions (e.g. ‘2110’)
<prodver> is a four-digit code denoting data product version (e.g. ‘0010’ for 1.0)
<suffix> is ‘nc’ (denoting netCDF)

As an example, the name of a file containing Offline bending-angle gridded data from July
2017 may be:
zgrid_obgmet_metop_201707_O_2310_0010.nc

which has the associated traceability file (more information provided in Section 4.4):
trace_obgmet_metop_201707_O_2310_0010.nc

A file containing reprocessed gridded temperatures for a whole year may be named:
zgrid_rtgco1_cosmic_2010_R_2304_0010.nc

with the associated traceability file:
trace_rtgco1_cosmic_2010_R_2304_0010.nc

For files containing gridded data derived from ERA 5 reanalysis profiles co-located with
COSMIC data, the <mission> string may for example be ‘era5@cosmic’. The
corresponding string for ERA Interim data may be ‘erai@cosmic’.

5.2 File format and conventions
The ROM SAF Level 3 gridded data are stored in netCDF files (netCDF-3 or netCDF-4
‘Classic’) [RD.23]. There are two type of netCDF files related to the Level 3 data products:
zgrid files holding the zonally gridded monthly means and trace files holding the
associated meta-data.
The netCDF files that hold the actual data grids (zgrid) use dimensions, variables, and
attributes that conform to the CF Conventions [RD.24].
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5.3 The zgrid files
The zgrid files (containing monthly mean data on a zonal latitude-height grid) have the
following structure, exemplified by a dump from the file
zgrid_rrgmet_metop_201404_R_2305_0010.nc

holding gridded monthly mean refractivity based on Metop data from April 2014.
netcdf zgrid_rrgmet_metop_201404_R_2305_0010 {
dimensions:
time = UNLIMITED ; // (1 currently)
alt = 251 ;
lat = 36 ;
lon = 1 ;
nv = 2 ;
C64 = 64 ;
variables:
char mission(C64) ;
mission:long_name = "mission/satellite" ;
int year(time) ;
year:long_name = "calendar year" ;
year:units = "1" ;
year:valid_range = 1995, 2099 ;
int month(time) ;
month:long_name = "calendar month" ;
month:units = "1" ;
month:valid_range = 1, 12 ;
float time(time) ;
time:long_name = "reference time for monthly mean" ;
time:units = "days since 1995-1-1 0:0:0" ;
time:valid_range = 0.f, 38351.f ;
time:calendar = "julian" ;
time:bounds = "time_bnd" ;
float time_bnd(time, nv) ;
float alt(alt) ;
alt:long_name = "MSL altitude" ;
alt:units = "m" ;
alt:valid_range = -1000.f, 150000.f ;
alt:positive = "up" ;
float lat(lat) ;
lat:long_name = "latitude" ;
lat:units = "degrees_north" ;
lat:valid_range = -90.f, 90.f ;
lat:bounds = "lat_bnd" ;
float lat_bnd(lat, nv) ;
float lon(lon) ;
lon:long_name = "longitude" ;
lon:units = "degrees_east" ;
lon:valid_range = 0.f, 360.f ;
lon:bounds = "lon_bnd" ;
float lon_bnd(lon, nv) ;
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float REF(time, alt, lat, lon) ;
REF:long_name = "monthly mean refractivity (sampling error corrected)" ;
REF:units = "N-units" ;
REF:valid_range = 0.f, 500.f ;
REF:cell_methods = "time: area: mean" ;
REF:_FillValue = -9.9999e+07f ;
float REF_stdev(time, alt, lat, lon) ;
REF_stdev:long_name = "monthly standard deviation of refractivity" ;
REF_stdev:units = "N-units" ;
REF_stdev:valid_range = 0.f, 100.f ;
REF_stdev:cell_methods = "time: area: standard_deviation" ;
REF_stdev:_FillValue = -9.9999e+07f ;
float REF_obssig(time, alt, lat, lon) ;
REF_obssig:long_name = "measurement uncertainty of the mean" ;
REF_obssig:units = "N-units" ;
REF_obssig:valid_range = 0.f, 100.f ;
REF_obssig:_FillValue = -9.9999e+07f ;
float REF_samperr(time, alt, lat, lon) ;
REF_samperr:long_name = "sampling error of the mean" ;
REF_samperr:units = "N-units" ;
REF_samperr:valid_range = -100.f, 100.f ;
REF_samperr:_FillValue = -9.9999e+07f ;
int REF_num(time, alt, lat, lon) ;
REF_num:long_name = "monthly data number" ;
REF_num:units = "1" ;
REF_num:valid_range = 0, 999999 ;
REF_num:_FillValue = -999 ;
float Wref(time, alt, lat, lon) ;
Wref:long_name = "refractivity a priori fraction" ;
Wref:units = "1" ;
Wref:valid_range = 0.f, 1.f ;
Wref:_FillValue = -9.9999e+07f ;
// global attributes:
:title = "ROM SAF Radio Occultation Data" ;
:description = "Reprocessed gridded monthly mean refractivity" ;
:institution = "DMI (ROM SAF)" ;
:history = "Based on UCAR excess phase data" ;
:Conventions = "CF-1.6" ;
:product_doi = "10.15770/EUM_SAF_GRM_0002" ;
:product_name = "Reprocessed Refractivity Grid" ;
:product_acronym = "RRGMET" ;
:product_id = "GRM-29-L3-R-R1" ;
:product_version = "1.0" ;
:processing_center = "DMI (ROM SAF)" ;
:processing_software = "GPAC 2.3.0" ;
:processing_date = "2018-01-12 20:49:50.568" ;
:software_name = "ROMCLIM" ;
:software_version = "V1.2" ;
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5.4 The trace files
The trace files (containing all information necessary to reproduce the Level 3 gridded data
from the underlying Level 1B and Level 2 profile data) have the following structure, exemplified by a dump from the file
trace_rrgmet_metop_201404_R_2305_0010.nc

which is associated with the zgrid file described in Section 5.3. The LEO and GNSS
satellites are denoted by unique 4-character IDs, identical to those used in the ROPP code.
For example, ‘META’ denotes Metop-A and ‘G003’ denotes the GPS satellite with PRN
number 003.
netcdf trace_rrgmet_metop_201404_R_2305_0010 {
dimensions:
occ = 33574 ;
C04 = 4 ;
C40 = 40 ;
C64 = 64 ;
variables:
char mission(C64) ;
mission:long_name = "Mission/satellite" ;
int year ;
year:long_name = "Calendar year" ;
year:valid_range = 1995, 2099 ;
year:_FillValue = -999 ;
int month ;
month:long_name = "Calendar month" ;
month:valid_range = 1, 12 ;
month:_FillValue = -999 ;
char occ_id(occ, C40) ;
occ_id:long_name = "Occultation ID" ;
char leo_id(occ, C04) ;
leo_id:long_name = "LEO satellite ID" ;
char gns_id(occ, C04) ;
gns_id:long_name = "GNSS satellite ID" ;
int day(occ) ;
day:long_name = "Day" ;
day:valid_range = 1, 31 ;
day:_FillValue = -999 ;
int hour(occ) ;
hour:long_name = "Hour" ;
hour:valid_range = 0, 23 ;
hour:_FillValue = -999 ;
int mnt(occ) ;
mnt:long_name = "Minute" ;
mnt:valid_range = 0, 59 ;
mnt:_FillValue = -999 ;
int sec(occ) ;
sec:long_name = "Second" ;
sec:valid_range = 0, 59 ;
sec:_FillValue = -999 ;
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float lon(occ) ;
lon:long_name = "Nominal longitude" ;
lon:units = "degrees_east" ;
lon:valid_range = 0.f, 360.f ;
lon:_FillValue = -9.9999e+07f ;
float lat(occ) ;
lat:long_name = "Nominal latitude" ;
lat:units = "degrees_north" ;
lat:valid_range = -90.f, 90.f ;
lat:_FillValue = -9.9999e+07f ;
float az(occ) ;
az:long_name = "Nominal azimuth" ;
az:units = "degrees_east" ;
az:valid_range = 0.f, 360.f ;
az:_FillValue = -9.9999e+07f ;
int rising(occ) ;
rising:long_name = "Setting/rising (0/1)" ;
rising:valid_range = 0, 1 ;
rising:_FillValue = -9 ;
// global attributes:
:title = "ROM SAF Radio Occultation Data" ;
:description = "Traceability information for gridded monthly mean refractivity" ;
:institution = "DMI (ROM SAF)" ;
:history = "Based on UCAR excess phase data" ;
:product_doi = "10.15770/EUM_SAF_GRM_0002" ;
:product_name = "Reprocessed Refractivity Grid" ;
:product_acronym = "RRGMET" ;
:product_id = "GRM-29-L3-R-R1" ;
:product_version = "1.0" ;
:processing_center = "DMI (ROM SAF)" ;
:processing_software = "GPAC 2.3.0" ;
:processing_date = "2018-01-12 20:49:50.568" ;
:software_name = "ROMCLIM" ;
:software_version = "V1.2" ;
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6 Data quality and limitations
The quality of the ROM SAF data products is generally high, as shown in the series of
validation reports [RD.7-12]. The last three reports [RD.10,11,12] provide key results from
investigations of a) the consistency of Level 3 RO data from different satellite missions
and b) the differences between observed RO data and the corresponding ECMWF reanalysis short-range forecast data (from ERA-Interim and ERA5).
The comparisons between observational RO data and reanalysis provide some insights as
to the validity of the data products, even though the differences reflect errors both in the
model data and in the observed data. In Figures 10a-c, we show examples of the monthly
mean differences between observed data and co-located ERA-Interim reanalysis shortrange forecast data. The differences are further analysed in the ROM SAF Level 3
validation reports [RD.10,11,12] and in Gleisner et al. (2020).

Figure 10a. Monthly mean differences between observed data and co-located ERA-Interim
reanalysis short-range forecasts for bending angle (upper panel) and refractivity (lower panel)
from April 2014 based on data from the Metop mission.
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Figure 10b. Monthly mean differences between observed data and co-located ERA-Interim
reanalysis short-range forecasts for dry temperature (upper panel), dry pressure (middle panel),
and dry geopotential height (lower panel) from April 2014 based on data from the Metop mission.
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Figure 10c. Monthly mean differences between observed data and co-located ERA-Interim
reanalysis short-range forecasts for temperature (upper panel), specific humidity (middle panel),
and tropopause height (lower panel) from April 2014 based on data from the Metop mission.
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Because of the inherent accuracy and stability of the RO measurement technique there is
an expectation that data from different satellite missions and different RO instruments can
be combined without any adjustments or inter-calibrations to form longer time series of
RO data. This requires that inter-mission and inter-satellite differences are small. In Figure
11 we show monthly mean refractivity anomalies for Metop-A, -B, -C, and all Metop
combined. The data are from the Offline Level 3 validation report [RD.11] and shows that
the differences between the Metop satellites are very small, much smaller than the variability of the atmospheric refractivity. At the scale used in the plots, the four lines fall
almost perfectly on top of each other.

Figure 11. Monthly mean refractivity anomalies for Metop-A (blue lines), Metop-B (green lines),
Metop-C (orange lines), and the all-Metop data set (black lines) from January 2017 to October
2019. Metop-A and Metop-B are available during the whole time period, while Metop-C starts in
March 2019. Global averages to the left, low-latitude averages to the right. Data are generated
from the ROM SAF Offline Level 3 data product.
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Monthly mean data generated from different missions are also very consistent, particularly
between 8-30 km (Gleisner et al., 2019). Below 8 km, and above 30-40 km, there are some
biases between the RO missions that need to be considered when combining the data to
multi-mission data records. In particular, the small but nearly constant offset between
COSMIC and Metop lead to a small, positive bias on long-term trends in the multi-mission
data sets. This is discussed in a ROM SAF Report [RD.27]. Different geophysical variables
show varying degrees of inter-mission consistency in the middle to upper stratosphere. In
general, bending angle and refractivity exhibit higher inter-mission consistency than the
dry variables.

Figure 12. Monthly mean refractivity anomalies for Metop (light blue lines), COSMIC (dark blue
lines), GRACE (orange lines), and CHAMP (green lines) from January 2002 to December 2016.
Global averages to the left, low-latitude averages to the right. Data are generated from the ROM
SAF Level 3 CDR v1.0 data product.
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In the Level 3 validation report [RD.10], it is concluded that the gridded monthly mean
data are generally of a high quality, with some exceptions partly due to known limitations
of the RO data. The limitations are somewhat different for the monthly-mean gridded data
based on Level 1B and 2A profile data, and the gridded data based on Level 2B (1D-Var)
profile data. The different limitations are due to the use of model data (ECMWF reanalysis
short-term forecasts) in the generation of the Level 2B profile data, which has an impact on
the Level 3 gridded temperature and humidity data.
Limitations of the Level 3 bending angle, refractivity, dry temperature, dry pressure, and
dry geopotential height are:
•

Biases below about 8 kilometers altitude at low latitudes, below about 5 kilometers
at mid-latitudes, and in the lowest few kilometers at higher latitudes. The biases
are negative in bending angle and refractivity, and are different for different RO
satellite missions. Data from the CHAMP satellite mission exhibit stepwise bias
changes in 2002 and 2006.

•

Small biases between satellite missions increasing upward from about 30-35
kilometers, reaching about 0.2% in bending angle around 40-45 kilometers. The
biases are larger in CHAMP and GRACE data.

•

Small, hemispherically asymmetric biases for Metop at high altitudes on the order
of 0.1 μrad in bending angle, positive in the southern hemisphere and negative in
the northern hemisphere, leading to corresponding biases in refractivity and in dry
variables.

•

Small, negative biases in Metop data on the order of 0.1% in bending angle and
refractivity at mid- and high latitudes, after first half of 2013. The biases are due to
instrument software updates, and affect only rising occultations.

•

A near-constant offset between COSMIC and Metop introduces a small, positive
bias in long-term trends derived from the MULTI data record. The bias in
refractivity and bending angle 10-year trends increase from close to zero around 20
km to 0.10 %/decade and 0.05 %/decade, respectively, around 40 km. The trend
biases decrease for longer time series.

Limitations of the Level 3 (1D-Var) temperature and humidity data are:
•

In altitude-latitude regions with large observational uncertainties, the temperature
and humidity data are strongly affected by the ECMWF reanalysis data used as a
priori (background) in the 1D-Var retrievals. The retrieved humidity is dominated
by a priori data above the middle troposphere in atmospheric regions with low
water vapour content (see Figure 8).

•

As a consequence of the use of ECMWF reanalysis short-term forecast data as a
priori (background), any long-term inhomogeneities in the reanalysis data, e.g. due
to changes in the global observations used by the reanalysis system, may have an
impact on the ROM SAF Level 3 data products based on the Level 2B profile data.
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There are also certain limitations related to the Level 3 gridded tropopause height:
•

In certain latitude regions, the tropopause heights based on dry temperature lapse
rate are consistently negatively biased relative to ECMWF forecasts as well as
relative to the tropopause height based on the bending angle profile. This bias
seems to be related to the transition from the low-latitude tropopause to the
mid/high latitude tropopause, a region where we frequently find multiple
tropopauses.

•

The dry-temperature lapse rate tropopause height is often negatively biased at high
southern latitudes during southern hemisphere winter. This seems to be part of a
seasonal pattern during which the thermal tropopause occasionally becomes less
well-defined.
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7 Dissemination of data products
The Level 3 gridded data products are made available via HTTP through the ROM SAF
web server. For access to the data, it is necessary to sign up as a registered user at the
ROM SAF web page: http://www.romsaf.org. Upon request, the Level 3 data products can
also be stored on other storage media and sent by mail. For more details, see the “Products
Archive” section at the ROM SAF web page.
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