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This ATBD presents the theoretical baseline description of the methods that are used for
the generation of the microwave humidity sounder Fundamental Climate Data Records
(FCDR). The microwave humidity sounder FCDRs contain consistently calibrated
measurements of the 183 GHz channel measurements from the EUMETSAT Microwave
Humidity Sounder (MHS), NOAA’s Advanced Technology Microwave Sounder (ATMS),
and the CMA MicroWave Humidity Sounders (MWHS/1 and 2), hereinafter referred to as
Copernicus Climate Change Service (C3S) microwave sounder FCDRs. The C3S
microwave sounder FCDRs have been generated within WP1, Task 1.1 in C3S_311b
[AD1]) and built up on the methods developed within the European Union funded Horizon
2020 project Fidelity and uncertainty in climate data records from Earth Observations
(FIDUCEQ) (RD8, RD15, RD25).

The C3S microwave sounder FCDRs are described in three documents:

e Algorithm Theoretical Baseline Document (ATBD) (methods and algorithm
description);

e Quality Evaluation Report (informs on the accuracy, precision, and stability of the
product);

e User Guide (provides essential information for the user on the product definition, how
to access and work with the data, and contains information on major limitations on
the usage).

This document, the ATBD, provides the scientific basis of the algorithm by detailing the
physical theory, mathematical procedures, and assumptions in deriving the FCDRs.

This document is structured as follows:

e Section 1 provides an introduction;

e Section 2 presents an overview of the instruments and an introduction on
metrological concepts;

Section 3 provides a description of the algorithm;

Section 4 describes the processing;

Section 5 briefly introduces the measures for validation;

Section 6 summarises constraints, limitations, and assumptions;
Appendix A provides further information on the data processing.

AD1. C3S Implementation Plan 2016-2021 EUMETSAT-D9_1_v1_0

RD1. | NWP SAF, AAPP DOCUMENTATION - SCIENTIFIC DESCRIPTION, V8.0, 2017
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The following table lists the description for all acronyms used in this document.

Abbreviation Description

AAPP ATOVS and AVHRR Pre-processing Package

ACDD Attribute Convention on Data Discovery

AMSU Advanced Microwave Sounding Unit

APC Antenna Pattern Correction

ATBD Algorithm Theoretical Basis Document

ATMS Advanced Technology Microwave Sounder

BIPM International Bureau of Weights and Measures

C3S Copernicus Climate Change Service

CLASS Comprehensive Large Array-data Stewardship System
DSV Deep Space View

ECMWF European Centre for Medium-range Weather Forecast
FCDR Fundamental Climate Data Record

FIDUCEO Fidelity and uncertainty in climate data records from Earth Observations
FY Feng-Yun

GCMD Global Change Master Directory

GUM Guide to the expression of uncertainty in measurement
HDF Hierarchical Data Format

IFOV Instantaneous Field Of View

KLM 3 generation of NOAA satellites

LO Local Oscillator

LSB Lower side band

Metop Meteorological Operational Satellite

MHS Microwave Humidity Sounder

MWHS MicroWave Humidity Sounder

NASA/JPL National Aeronautics and Space Administration / Jet Propulsion Laboratory
NRT Near-Real-Time

NOAA National Oceanic and Atmospheric Administration
OBCT On-Board Calibration Target

PRT platinum resistance thermometer

RFI RadioFrequencylnterference

SAPHIR Sondeur Atmosphérique du Profil d’'Humidité Intertropical par Radiométrie
SNPP Suomi National Polar-orbiting Partnership

SSP Sub Satellite Point

USB Upper side band

VIM vocabulary of metrology
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The following table lists the description for all mathematical symbols used in this
document.

Abbreviation Description

L Spectral radiance
T or Ter Brightness temperature
Tantenna Antenna temperature
Tc Cold target temperature
Tw Warm target temperature
Tiinear Earth view temperature after linear calibration
Thni Earth view temperature after non-linearity correction
u Non-linearity coefficient
Ui First non-linearity coefficient for MWHS/1 on board of FY-3A
uz Second non-linearity coefficient for MWHS/1 on board of FY-3A
us Third non-linearity coefficient for MWHS/1 on board of FY-3A
U uncertainty
Vs Measured radio frequency
Vio Frequency of the local oscillator
VIF Intermediate Frequency
Cearthview Earth view counts
Coscr On board calibration target counts
Cbsv Deep space view counts
Losv Deep space view radiance ,as observed by the instrument in a specific channel
Losct On board calibration target ,as observed by the instrument in a specific channel
Lme Measured earth radiance
Le Earth view radiance after applying the APC
ge Portion of FOV from the earth as used in MHS APC
ge Portion of FOV from the platform as used in MHS APC
gs Portion of FOV from the space as used in MHS APC
AL, Non-linearity correction term
ATy, Non-linearity correction term as used for MHWS/1 on FY-3B
G Instrument gain
AL Allan deviation
W Weighting matrix
Caqc Quality controlled counts
A Offset of the band correction coefficient
B Slope of the band correction coefficient
Cy First radiation constant
C Second radiation constant
h Planck constant
Speed of light
ks Boltzmann constant
ME Measurement equation

Version Document Number Changes

1.0 15.10.2019 C3S_311bTask 1.1 D1.1, D1.2, D1.3  First version
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The following definitions are used throughout the document.

Data levels (RD24):

Level 1A: Instrument counts with geolocation and calibration information attached
but not applied

Level 1B: Geolocation and calibration information applied to the instrument counts
Level 1C: Instrument specific. For example, level 1b data converted to Brightness
Temperature

Products types:
e Operational data: Level 1 data provided by an institution who is operating the

sensor in space and provides data in near real time.

Fundamental Climate Data Record [RD5]: The term FCDR denotes a well-
characterised, long-term data record, usually involving a series of instruments, with
potentially changing measurement approaches, but with overlaps and calibrations
sufficient to allow the generation of products that are accurate and stable, in both
space and time, to support climate applications. FCDRs are typically calibrated
radiances, brightness temperatures, backscatter of active instruments, or radio
occultation bending angles. FCDRs also include the ancillary data used to calibrate
them. The term FCDR has been adopted by GCOS and can be considered as an
international consensus definition.


http://www.wmo.int/pages/prog/sat/dataandproducts_en.php
http://www.wmo.int/pages/prog/sat/dataandproducts_en.php
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The algorithm, presented in this ATBD, has been used to process data of microwave
humidity sounder instruments measuring around the 183.31 GHz water vapour

absorption band. The current version of the algorithm is designed to produce:

The MHS, MWHS/1, MWHS/2, and ATMS instruments are or were operated on different
sun-synchronous, polar orbiting operational meteorological satellites at different periods:

These satellites are orbiting the earth 14.2 times a day about 830km above the ground.
Each instrument is a cross track scanner, with slightly varying swath width (2310km -
2660km). The field of view of each observation is 1.1°, which results in a nadir IFOV size

the 2" EUMETSAT release of the MHS FCDR;
the 1t EUMETSAT release of the MWHS/1 FCDR;
the 1t EUMETSAT release of the MWHS/2 FCDR;
the 15t EUMETSAT release of the ATMS FCDR.

MHS on board of Metop A: 2006 - present
MHS on board of Metop B: 2013 - present
MWHS/1 on board of FY-3A: 2008 - 2014

MWHS/1 on board of FY-3B: 2010 - present
MWHS/2 on board of FY-3C: 2013 - present
ATMS on board of S-NPP: 2011 - present

of about 16 km (see Table 3).

The instruments mostly provide two passbands around the central frequency. This is well

described in [RD23]. Below the most relevant information is presented:

The microwave radiometers are heterodyne receivers, where the received radio
frequency v, is down converted to a lower intermediate frequency v, with a
local oscillator (LO) at a specified and precisely controlled frequency v,
and then amplified and filtered. The output at a frequency v, may be produced
by a signal at either of two frequencies: vg = v,y + v}

For a given LO frequency, a mixer which produces output over the
intermediate frequency range from v,,;, t0 v,,., Will therefore respond to input
signals in the range from v,y + v, t0 v o + Vg, @nd to signals in the range from
Vo — Umax L0 VLo — Vmin. There are two bands of receivable signal frequencies,
placed on either side of the LO frequency.

The band from v,p + v 10 V10 + Vg iS cONventionally referred to as the Upper
Side Band (USB). The band from v, — v,4x t0 v,p — vin iS referred to as the
Lower Side Band (LSB). A receiver system, which responds to both of them, is
called a double-sideband receiver. AMSU-B channels 3-5 are examples for
channels that are configured for double-sideband operation. The gain transfer
functions, i.e. the equivalent of the relative spectral response functions of
instruments operating at optical wavelengths, of the LSB and the USB are mirror
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images, i.e., their values are the same for v;, + v and v,, —v. They are known
from tests on ground.

characteristic MHS MWHS/1 MWHS/2 ATMS
# channels 5 5 16 21

# channels at 183.31 GHz 3 3 5 5
FOVs per scanline 90 98 98 96
FOV size at SSP [km] 16 16 16 16
Swath [km] 2310 2660 2660 2580

The channels around 183.31 GHz provide information from two sidebands, the USB and
LSB, which have varying bandwidths. Together with their spectral distance to the central
frequency, Table 4 to Table 7 lists the channels per instrument (only the channels printed
in black are considered for the FCDRs). There are only minor differences between the
instruments channels, which are the channel polarisation and the channel bandwidth.
MHS is distinct, as it only provides the USB for the channel 5 at 190.31 GHz.

Channel Central frequency [GHz] Bandwidth [MHz] Polarisation

3 183.31+1.0 1000 H
4 183.31+3.0 2000 H
5 190.31 2200 V

Channel Central frequency [GHz] Bandwidth [MHz] Polarisation

3 183.31+1.0 480.77 \Y
183.31£3.0 1033.65 \Y
5 183.31+£7.0 2186.40 Vv
Channel Central frequency [GHz] ‘ Bandwidth [MHz] Polarisation
11 183.31+1.0 500 H
12 183.31+£1.8 700 H
13 183.31+3.0 1000 H
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Channel Central frequency [GHz] ‘ Bandwidth [MHz] Polarisation
14 183.31+4.5 2000 H
15 183.31+£7.0 2000 H

Central frequency [GHz] Bandwidth [MHz] Polarisation

18 183.31+7.0 2000 QH
19 183.31+4.5 2000 QH
20 183.31+3.0 1000 QH
21 183.31+1.8 1000 QH
22 183.31+1.0 500 QH

The microwave humidity sounding instruments measure radiation at each earth view in
an across track scan and store them as count values (Ceathview). Additionally, two
calibration targets, the deep space view (DSV) and the on-board warm calibration target
(OBCT), are measured three to four times in each scanline and their measurements are
stored as well as count values (Cpsy and Coscr). The temperature of the on-board
calibration target is stabilised and measured by about five platinum resistance
thermometers (PRTs). These temperature measurements are converted to the radiance,
which the target emits (Loscr) and the instrument would measure in each channel. Also,
the space temperature of 2.73K, the cosmic background temperature, which the
instrument would measure in each channel (Lpsv) is converted into radiance. With the
known calibration target temperatures and the measured calibration counts, a two-point
linear calibration equation is derived, which converts the measured Earth view counts x
into the earth view radiance.

Section 3.1 introduces the applied measurement equation in more detail and adds further
necessary terms, such as the non-linearity correction.
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As mentioned above, for the C3S microwave sounder FCDRs methodology developed
within FIDUCEO is applied. In FIDUCEO and C3S, the recalibrated brightness
temperatures are delivered with associated metrologically traceable uncertainty
estimates.

Characterising measurements in a metrological sense means that, firstly, any calibration
of a measurement can be traced back to a reference standard, secondly, any quantity is
given in a defined unit, and thirdly, the measurement is only complete with an associated
uncertainty estimate because the of a measurand is by nature indeterminate. According
to the metrological principles, this is achieved by:

1) Definition of the measurand and the measurement model;

2) Definition of the input quantities;

3) Determination of uncertainty estimates for the input quantities;

4) Propagation of uncertainty estimates to a combined standard uncertainty;

5) Calibration of the measurement to the measurement standard;

6) Relating the calibration to a measurement reference, optimally in base units;
7) Provision of traceability in the measurement, its uncertainty, and calibration.

The metrological methodology is mainly described by two overarching documents, i) the
“Evaluation of measurement data — Guide to the expression of uncertainty in
measurement” (GUM) [RD13] and ii) the “International vocabulary of metrology - Basic
and general concepts and associated terms” (VIM) [RD22]. The GUM defines the
measurement concepts and the measurement uncertainties. The VIM is a vocabulary,
defining all terms, which are used in metrology. Metrology clearly distinguishes between
the measurement error and the measurement uncertainty (GUM). The measurement
error is the difference between the measured quantity value and a true value of the
measurand. The measurement uncertainty is a non-negative parameter, associated with
the result of a measurement that characterizes the dispersion of the values that could
reasonably be attributed to the measurand.

Since the true value of the measurand is unknown, the measurement error is unknown.
However, by analysing the sources of errors in an EO measurement, the uncertainty in
the measured value can be characterised. Estimating the uncertainty involves complex
considerations, because any measurement is subject to several different sources of error,
or ‘effects’ [RD25]. The measurement error should be divided into the random and the
systematic error. Random errors are errors manifesting independence, i.e., error in one
instance is in no way predictable from knowledge of the error in another instance.
Systematic errors are those that could, in principle, be corrected if we had sufficient
information to do so, that is, they arise from unknowns that could in principle be
estimated rather than from chance processes.

FIDUCEO categorizes the errors into three: independent errors, structured errors, and
common errors [RD25]. Independent errors arise from random effects causing errors
that manifest independence between pixels, such that the error in one measurement is
in no way predictable from knowledge of the error in another measurement, were that
knowledge available. Independent errors therefore arise from random effects operating
on a pixel level, the classic example being detector noise. Structured errors arise from
effects that influence more than one measured value in the satellite image, but are not
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in common across the whole image. The originating effect may be random or systematic
(and acting on a subset of pixels), but in either case the resulting errors are not
independent, and may even be perfectly correlated across the affected pixels. Since the
sensitivity of different pixels/channels to the originating effect may differ, even if there
is perfect error correlation, the error (and associated uncertainty) in the measured
radiance can differ in magnitude. Structured errors are therefore complex, and, at the
same time, important to understand, because their error correlation properties affect
how uncertainty propagates to higher-level data. Common errors are constant (or nearly
so0) across the satellite image, and may be shared across the measured radiances for a
significant proportion of a satellite mission. Common errors might typically be referred
to as biases in the measured radiances. Effects such as the progressive degradation of
a sensor operating in space mean that such biases may slowly change.

All sources of error in the measurement process need to be assessed, and the associated
uncertainties need to be estimated and propagated to in the unit of the measurand, in
this case brightness temperature. Uncertainties U(x;) are associated with the parameters
x; of each modelled effect from the measurement equation (there are N modelled effects).
Furthermore, the sensitivity coefficients ¢ for each effect were computed as the
corresponding partial derivative of the measurement equation [RD8]. Finally, the
resulting uncertainty on brightness temperature is obtained by applying the Law of
Propagation of Uncertainties [GUM][RD25].

U.(L) = / N c2U?%(x;), with 2-1

combined uncertainty for a particular category, e.g., structured
uncertainty associated to an input quantity (or a single effect)
sensitivity coefficient

number of input quantities or effects

input quantity

measured radiance

B BN
I

If input quantities are significantly correlated, the correlation between the input
quantities must be taken into account. This is done by adding the covariance (GUM,
section 5.2.2; RDS8, equation 9):

U.(L) = \/Z’i\’zl cAu(x) + 23N ?’=i+1 cicju(xg, x;). 2-2

Here U(x;, x;) is the estimated covariance associated with the input quantities x; and x;.
Once uncorrelated input quantities are propagated by the first equation and correlated
input quantities are propagated with the second equation, the independent and
structured uncertainty of the measurement is described. Both can be specified separately
or combined via the root-sum-squared method to U

Upor = \/ Uy +Us ++U2%n 2-3

Where U, is the Uncertainty estimate of independent effects, U of structured effects,
and U.mof common effects.
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This section describes the physical basis of the algorithm, which is based on the FIDUCEO
methodology [RD7], [RD8] and [RD23]. Firstly, the measurement model is introduced
and the differences in its application to the different instruments is explained. Secondly,
the effects causing errors in the measurements are introduced, and it is explained how
they are included in the measurement model. This includes uncertainty estimates and
their propagation to combined uncertainties as described in section 2.3. Thirdly, the
quality control of the measurements is described.

This ATBD makes use of existing ATBDs and publications that provide comprehensive
information on the instruments and the individual calibration principles applied. The most
important references for each instruments are listed here for convenience:

e MHS: [RD1], [RD6], [RD7], [RD8], [RD9], [RD23];
e ATMS: [RD14], [RD16], [RD17];

e MWHS/1: [RD11], [RD12], [RD19], [RD20];

e MWHS/2: [RD10].

Each instrument requires a slightly different treatment of the calibration process, forced
by available calibration constants, which have been provided by the instrument
operators. However, the calibration process, summarised by the measurement equation,
is homogenised as far as possible across the instruments. Remaining differences are
explained below.

Generally, two kinds of measurement equations are applied: The calibration performed
in radiance (L) for MHS and MWHS, and the calibration performed in temperature (7) for
ATMS.

The calibration in radiance is based on the two-point calibration, introduced in section
2.2, including further corrections, resulting in Luyz:

Lopcr—L e
Lye = Loper + === * (Cearthview — Coscr) + ALn +0, 3-1
OBCT—%“DSV

where:

Lz measured Earth scene radiance;

Logcr: radiance emitted by the on-board calibration target (OBCT) determined from
the OBCT temperature after bias correction;

Lpsv: radiance related to the cosmic background temperature after bias correction;

Cogcr: averaged measured count of the OBCT (see section 3.3);

Cpsy+ averaged measured count of the OBCT (see section 3.3);

Coarthview . Measured count of the earth view pixel to be calibrated;

AL,;: non-linear correction applied in an extra step;

+0: zero order term representing the extent to which this equation is an

approximation [RD23].

The correction term for the detector non-linearity, AL,;, is computed with:
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S —— . (Loscr—Lpsv)\?

ALnl =ux (Cearthview - CDSV) * (Cearthview - COBCT) * (LL_E) r 3-2
(Copcr—Cpsv)

where u is the non-linearity correction coefficient that has been measured for each

detector pre-launch and is provided by the instrument operator.

In a following step, the radiance, Lwe, is converted into the antenna temperature ( Zuscenna)
by using the Planck law:

Tantenna = % * CC21+ - A)r 3-3
log(LME+1)
where:
A and B: the band correction coefficients for the specific channel;
cg=2*xhx*c?: the first radiation constant;
c, =h* C/kB: the second radiation constants;
c: the speed of light;
h: the Planck constant;
kg: the Boltzmann constant.

For MWHS/1 on-board of FY-3A the non-linearity correction is applied differently. In this
case, the Planck law above is a function of the radiance from the linear calibration (as
described in section 2.2). Further, the non-linearity coefficient for MWHS/1 on FY-3A is
not provided as a single parameter, instead, the non-linearity correction is a quadratic
correction resulting in a non-linearity correction term ATnlyss rysar which is added to the

equation for Tumema. The provided non-linearity coefficients, u;, u; and us; are three
coefficients in the quadratic correction. This is applied to the antenna temperature
( Tantenna) as follows:

— 2 -
ATnlMWHs/FygA - (ul + u2 * antenna + u3 * antenna )’ 3 4

with: Tantenna = Tantenna t ATnl1v1w1-1$/1~‘Y3A' 3-5

Side lobe effects in the field of view of the instrument antenna or its mirror affect antenna
temperatures. The radiation is reflected from the satellite, instrument or space into the
receiver. This radiation cannot be attributed to the radiation emitted by the Earth and
its atmosphere. Therefore, this unwanted contribution must be removed from the
antenna temperature. This is done by applying an antenna pattern correction (APC),
which has been determined pre-launch. For MHS, it provides information on the portion
in each field of view that sees the Earth (gz), the instrument (gr), and the space (gs). For
ATMS and MWHS, the APC are coefficients of a correction function. The application of the
APC yields brightness temperature as a result.

For MHS, the APC is applied to the radiance (Luz), before converting the radiance to the
antenna temperature. The corrected Earth radiance is L

Lg = é * (Lyg — (1 = gg) * Lpsy) 3-6
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Here, the gz is the portion of the measured radiance coming from the Earth, defined by
a value between 0 and 1. Ly is then used instead of Ly in the Planck law, which in this
case directly yields the brightness temperature.

For MWHS, the APC is provided as offset (4PC;) and slope (APC;), applied to the antenna
temperatures, yielding the brightness temperature ( 7z7):

TBT = APCl + APCZ * Tantenna 3'7

For ATMS the calibration is performed directly in antenna temperature and the
measurement equation is slightly different [RD16]. First, the -calibration targets
temperatures are computed. The cosmic background temperature of T=2.72548K is used
as the cold calibration target temperature. For low temperatures and higher frequencies,
as in this case, the Rayleigh-Jeans approximation for brightness temperatures breaks
down. To account for this, the thermodynamic definition of the brightness temperature
has to be used (for more information see [RD14], page 16-17). For the specific
frequency, the cold calibration target temperature is given by

To=A +B(ﬂ<%+0.5) +dTC), 3-8
k e /k*T

with dT, as the cold target bias.

The OBCT temperature (7w) is computed by:
TW = A + B(TOBCT + dTw) 7 3'9

with dT,, as the warm target bias, which is determined during the pre-launch
characterisation.

The antenna temperature, T;;,.4r, based on the linear calibration, is computed by:
Ty —T,

Tiinear = Tw + (Ceareh — COBCT) *F —Cro 3-10
OBCT DSV
The non-linearity correction is computed and added to Tj;,.,, Which gives 7, similar to

Tantenna @bOVE!
, _ 2
Tt = Tyinear + U * (1 — 4 (TearTe _ .5) ) 3-11

w [

As for the other instruments, in the last step the APC is applied:
T = Thon-tinear — APC 3-12

The APC has been provided by NASA/JPL and might be different to the one applied at
NOAA. Generally, it should be noted that the NASA calibration approach for ATMS differs
from NOAA’s approach and both NASA and NOAA have changed their approach over the
lifetime of ATMS. More information are summarised in [RD17].
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Values from both calibration targets, the space and the OBCT measurements, are
implemented following the FIDUCEO methodology, introduced in [RD8] and [RD23].

The space target is considered to be stable and does not require any further analysis,
beside the conversion into the radiance or temperature the instrument would measure
in a specific spectral channel.

The OBCT is temperature stabilised and its temperature is monitored by PRT
measurements, equally distributed over the OBCT surface. Its temperature should only
vary slowly during one orbit within a small temperature range. The PRT temperature
measurements for each scanline are quality controlled and averaged. Then, these
averaged temperatures are averaged over several scanlines to reduce the impact of
noise. More details on the averaging is provided below in section 3.3.

The only exceptions in the processing of the OBCT are the MWHS/1 and MWHS/2
instruments. For these instruments, the single PRT measurements of the OBCT could not
be decoded and the scanline averaged OBCT temperature, provided in the input files is
used.

Based on the pre-launch tests, a calibration target temperature bias has been computed
for each channel by the instrument operators, which is used to correct the calibration
target temperatures. For ATMS this is included in the equations provided above, and for
the other instruments, this is included in the conversion from the target temperature to
radiance.

The calibration target measurements are stored as counts (Cpsyand Coscr) and they are
used in the measurement equation above as averaged counts. The averaging is
performed according to the operational ATBDs over several scanlines considering a
weighting function. This is required to make the calibration even more robust against
undesired noise. For example, the striping noise, found in the ATMS data [RD17], is
reduced. The averaging function is applied to the DSV and OBCT counts as well as the
PRT temperatures of the OBCT that passed a quality test (see section 3.7) and it performs
a multi scanline weighted mean for each scanline. The quality controlled PRT
temperatures of each scanline are first averaged to one OBCT temperature per scanline.
This weighted averaging is described by:

C = W_1 * CQC_I ’ 3'13

where W is the weighting matrix, Cy. is the quality-controlled counts, and C is the
resulting averaged counts. W is applied as a matrix, defined as below, and C as a vector.
The weighting coefficients, included in W, are presented in Figure 1 for MHS and MWHS
on the left side and for ATMS on the right side. According to the operational processing
for ATMS [RD17] a 5 (channel 20 and 21) and 9 (channel 17, 18, 19, and 22) scanline
box weighting is applied, which should reduce the striping noise in ATMS.
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The seven scanline weighted averaging for MHS and MWHS is performed according to
[RD6]. Scanlines, which have been omitted from the processing due to not passing the
quality control, are also excluded from this averaging. The weighting coefficients are
corrected according to the number of omitted scanlines in the averaging window and the
distance to the central scanline. This ensures that the sum of the weighting coefficients
remain one.

Scanlines that do not provide any valid calibration information are re-filled, if possible,
by including the median of the 10 closest surrounding averaged scanlines that passed
the quality tests.

Uncertainty estimates are computed for each effect producing errors in the
measurement. This follows the methodology developed within the FIDUCEO project
[RD15, RD21]. Based on the correlation structure applied in FIDUCEO, the individual
effect uncertainty estimates are propagated to three combined uncertainties described
above.

The FIDUCEO project has identified the effects that are most relevant for the microwave
sounding measurements [RD23]. The considered effects are:

Uncertainty in the Earth counts

Uncertainty in the DSV counts

Uncertainty in the OBCT counts

Uncertainty in the OBCT target temperatures

Uncertainty from reflected / emitted radiation of the satellite platform

The following uncertainties are based on effects, which are related to coefficients for
specific parts of the process outlined above. These are provided by the instrument
operators and are assumed to not change over time:

e OBCT temperature - PRT bias
¢ Warm temperature bias uncertainty
e Cold temperature bias uncertainty
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Nonlinearity coefficient uncertainty

Antenna correction coefficient uncertainty

Uncertainties in the earth view antenna position

Uncertainties in the DSV antenna position (only for MHS)
Systematic uncertainty in the antenna position (only for MHS)

More information on the individual effects affecting the measurements are given in
[RD23]. The computations of the associated uncertainty is described in section 3.5 and
the propagation in section 3.6.

The uncertainty associated with the calibration counts and the OBCT target temperature
is calculated as type A uncertainty (see section 2.3 for more information). The
uncertainty of the calibration counts is computed over all counts (x) per scanline and
over 300 scanlines, which pass the quality control, via the Allan deviation (4Z) [RD18]:

AL = /%(m)z. 3-14

Similarly, the uncertainty of the OBCT target temperatures is computed via the Allan
deviation over 300 scanlines, which is applied to quality controlled averaged PRT
measurements in each scanline.

The uncertainty in the Earth count measurements is estimated by inserting the
calibration count uncertainty in the measurement equation for the linear calibration for
the calibration target temperatures and solving it:

_ Uoscr—Upsv —
AXearth—view = Uppcr + Toscr—Cosy * (Cearthview - COBCT)v 3-15

where Uygor is the result from the Allan deviation applied to the OBCT counts and Upgy
from the Allan deviation applied to the DSV counts.

The sensitivity of the brightness temperature to the uncertainty of each effect varies. To

consider this, the computed uncertainty, Ay, of a single effect, X, is multiplied with a

sensitivity coefficient, %, which is the partial derivative of the measurement equation

with respect to the effect. Further, the uncertainty is given in the same unit as the
brightness temperature, i.e., Kelvin. Then, the uncertainty is multiplied by the derivative

of the Planck function with respect to radiance (Z—Z), which gives the change in

temperature T at the observed radiance L. The uncertainty that a single effect has on
the resulting brightness temperature can be expressed as:

UX=_*_*AX. 3'16
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The uncertainties are provided as independent, structured, and common uncertainty.
Uncertainty is independent if it is uncorrelated to the uncertainty for any other
measurements taken by the instrument. Uncertainty is structured when it is correlated
in space and time. Within the FIDUCEO project, a spatial scale of 300 scanlines [RD7]
has been evaluated to be useful for the computation of the structured uncertainty.
Uncertainty is common if it appears in all measurements and during the entire lifetime
of the instrument, e.g., by using the same calibration target for all measurements. More
information on the different types of uncertainties can be found in the FIDCUEO project
documentation [RD25].

The dominating effects contributing to the independent uncertainty estimate are:

- Measurement uncertainty in the Earth counts
- Uncertainty in the Earth view antenna position

The dominating effects contributing to structured uncertainty estimates are:

Uncertainty in the DSV counts

Uncertainty in the OBCT counts

Uncertainty in the OBCT temperatures

Uncertainty in the DSV antenna position (only for MHS)

. Common effects are generally addressed with pre-launch determined information. The
dominating effects contributing to common uncertainty estimates are:

- OBCT temperature - PRT bias

- Warm temperature bias uncertainty

- Cold temperature bias uncertainty

- Nonlinearity coefficient uncertainty

- Polarisation correction coefficient uncertainty (only for MHS)

- Antenna correction coefficient uncertainty

- Uncertainty from reflected / emitted radiation of the platform
- Systematic uncertainty in the antenna position (only for MHS)

As mentioned above Earth view and calibration counts as well as the OBCT target
temperature measurement are quality controlled before being used in the calibration
process. This section outlines the applied quality control mechanisms, which are all of
statistical nature.

Four statistical tests have been defined to filter observations with are not within the
expected range or exhibit unexpected variation:

1. Threshold test

2. Median test

3. Min-max test

4. Test for identifying jumps and plateaus
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For evaluating the quality of the DSV and OBCT calibration counts all four tests are
applied. For the OBCT temperature, the third test is omitted, and for the Earth view
counts, only the fourth test is applied.

The threshold tests, as defined in [RD1], prevents the use of counts and the OBCT
temperature outside a predefined count limit in the further processing. The count limits
are defined static over the whole lifetime.

The median test ensures that within each scanline only those calibration counts are used,
which differ by less than 3 times the first guess count variation! from the scanline median
of the calibration counts or OBCT temperature measurements.

The min-max test ensures that the difference between the lowest count minus the
highest count within a scanline is lower than 5 times the first guess count variation. If
this test fails, the quality of the whole scanline is flagged as bad.

The fourth test identifies possible jumps and plateaus in the time series (for the earth
view counts, the time series considers all counts at one scan position). These are
detected, when the scanline value changes by more than a pre-determined threshold. In
this case, these scanlines are flagged as bad. Such scanlines are considered as if they
were filled by the median count values of all valid data within the 10 surrounding
scanlines as described above. The thresholds are being applied according to FIDUCEO
[RD23].

For the DSV counts, additionally the angle between the DSV and the moon is computed.
If the angle is below a certain threshold (2.5°), the DSV count is not used for the
calibration.




Copernicus Climate Change Service

4 Data Processing
4.1 Processing scheme overview

Loop over all|possible files

Reading 24h Ny
of data
Into memory
Pas=max8 hours
To processor
Drata quality control
&
i Pre-processing
. . steps
Move processing window
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Drelete first 4 hours and
read new 4 hours Measurement model
- measurement equation
- uncertainty propagation
- guality flag setting
Pas=6 hours
To writer
P
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Output files
YES

Allorbits have been
processed

Figure 2: Overview of the processing scheme implemented for the C3S microwave sounder FCDRs. The
output of the software are orbit files, which start and end at the equator (EQ2EQ).

Algorithm Theoretical Baseline Description - C3S_311b; D1.1, D1.2, D1.3
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The processing of the C3S microwave sounder FCDRs does not follow single-orbit-
processing logic. Instead, it interprets data from polar orbiting satellites as continuous
measurement stream that uses time as coordinate along which the processing is
organised (Figure 2).

All observations over 24 hours are merged along the time axis. From this, the central 8
hours are processed. 8 hours was found to be an optimal compromise between
processing speed and allocated memory. After processing, the central 6 hours are passed
to the data-writing module. The two hours are skipped in order to avoid including data,
which are affected by boundary effects. Boundary effects occur e.g. due to the 300
scanlines considered in the Allan deviation for the calibration parameter quality control.
The writing module fragments the 6 hours of data into orbit files. Each orbit starts at the
equator in the descending node and ends at the equator in the following descending node
(EQZ2EQ - files). Additional processing steps are provided in 6A.1

The C3S microwave sounder FCDRs consist of data from different instruments, which are
available in different data formats. Level 1a/1b data are used as input, which include
instrument counts, calibration counts, viewing geometry information, and geolocation
information. For MWHS/1, this information is stored with the calibrated brightness
temperature in one level 1c file. The data formats differ between the agencies and range
from NetCDF4, HDF5, to binary files. For each instrument, a dedicated data reading
software element has been prepared that reads the data, decodes required coefficients,
and merges all information into a common variable design, which interfaces with the
upper level processing software module.

The processed data are geographically split at the equator, from north to south, defining
each orbit as covering from equator-to-equator. The output data format is NetCDF4 and
includes brightness temperatures, uncertainty estimates and quality flags as well as
geolocation and viewing geometry information. In addition, variable and global attributes
in CF standard are provided within the output files. Detailed information on the quality
flags can be found in 6A.2.

Product validation has been performed by comparison of the FCDR with:

e Other satellite data serving as reference, here SAPHIR;
e Operational brightness temperatures;
e Simulated brightness temperatures using ERA-5 as input.

The validation results by means described above are consistent and show improvements
for the FCDR compared to the operational brightness temperatures. Further information
is available in the Quality Evaluation Report [RD4].
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Resulting FCDRs have quality limitations due to insufficient information from data
providers that are listed here to foster understanding of results:

For the ATMS instrument, the processing at NASA/JPL has been applied. It is known,
that the applied tests and corrections to the data differ to the operational processing
at NOAA, which generate the ATMS SDR data files.

For the MWHS/1 and MWHS/2 instrument, the OBCT temperature measurement of
the single PRT sensor could not be converted from counts to Kelvin. Therefore, the
quality control of the PRT measurements, removal of possible outliers, and the
assessment of the related uncertainty contribution individual PRT sensors could not
be performed. Instead the mean OBCT temperature, averaged and quality controlled
by the data provider was used in the measurement equation.

For MWHS/1 and MWHS/2, all the quality flags, which are provided in level 1a files
could not be used due to limited access to documentation. However, the quality
flags provided for the geolocation and time have been used.

Due to setting a static calibration count threshold, there is the risk that non-physical
count outliers are included in the data records. Although, in most cases the
additionally applied tests should capture those cases, there is a small risk.
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The appendix provides more information on the algorithm and on how the data are
processed.

The solar azimuth angle is computed using pyorbital?;

By applying the Allan deviation on “raw” calibration counts over 300 scanline a first
guess indicator of the calibration count variation is obtained (used in section 3.7);
The impact of the moon on DSV counts evaluated and three moon flags are
computed: 1) moon is close, but not significant; 2) at least 1 DSV count is
contaminated; 3) all DSV counts are contaminated by the moon;

Decode or extract the warm and cold target temperature bias and the non-linearity
coefficient and interpolate them to the instrument temperature (see section 3.3);
Compute the antenna viewing position and compare it to the position, reported in the
input file. In case of differences larger than a predefined threshold, these FOVs are

flagged.

The quality flags in the output file are compiled from quality flags read from the input

file and those, which are collected during the processing.

The content of quality information, given in the input file vary strongly between the
instrument and data provider. Hence, not for all instruments, the same density of quality
information is provided. The quality flags, which are considered from the input files, are
introduced in Table 8. If the quality information is not available, or the interpretation of
a given quality flag is suspicious, a zero is provided, meaning this flag is not set. In the

current version, the quality-flagging concept is preserved from the FIDUCEO project.

Quality flag from L1A ATMS MHS MWHS
qualbit_badtimefieldbutinferrable X v X
qualbit_badtimefield ATMS_QF_1 v MWHS_QF_1
qualbit_general_timeseqErr ATMS_QF_2 v X
qualbit_earth_notEarthloc ATMS_QF_2 v X
qualbit_inconstisttime X v X
qualbit_repeatedscantimes X v X
qualbit_general_noEarthloc ATMS_QF_2 v MWHS_QF_2
qualbit_general_noCalib_insuffdata ATMS_QF_2 v MWHS_QF_3
qualbit_earth_questTimecode ATMS_QF_2 v X
qualbit_earth_margagree ATMS_QF_2 v X
qualbit_earth_fail ATMS_QF_2 v X
STX1_status ATMS_QF_3 v X
STX2_status ATMS_QF_3 v X
STX3_status ATMS_QF_3 v X

http://pytroll.github.io
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Quality flag from L1A ATMS MHS MWHS
STX4_status ATMS_QF_3 v X
SARRA_power ATMS_QF_3 v X
SARRB_power ATMS_QF_3 v X

For the NASA JPL level 1a data for ATMS three quality flags have been identified,
representing the quality information required by the software:

ATMS_QF_1. From “sci_err_status”, bit 2/3 (Time Error)

ATMS_QF_2. From “geo_qual”, bit 4 and 8 (Failed geolocation on Earth geoid, ‘Failed
geolocation of some bands’)

ATMS_QF_3. From “sci_err_status”, bit 5-8 (SDE Telemetry/Header Parity Error, ESF
reflector position unavailable, and ESF - SDE command transmit time
out)

For MHS, all quality flags are available from the NOAA level 1b file format.

For MWHS less quality flags are available and the documentation is rare. Thus, it is not
possible to interpret the available quality flags with sufficient certainty. Only those, which
can be interpreted, are used. These are also partly used within the AAPP processing (See
RD1). These are:

MWHS_QF_1. From GROUP_TABLE/Time Vdata, Quality_Flag_for_Time_Data
MWHS_QF_2. From GROUP_TABLE/Quality Indicator Vdata,GeolLocation_Quality_Flag
MWHS_QF_3. Quality check on the calibration view angles (as performed by AAPP)

These quality flags are combined with those computed in the processing and compiled
to four quality flags that are provided in the level 1c output file. Below those quality flags
are introduced, while a more comprehensive explanation is given in the product user
guide [RD3], supporting the user to apply these flags best for its specific use.

e data_quality_bitmask, [across track ; along track]
o summarises any issue related to the calibration target, such as moon intrusion or bad
PRT measurements

e quality_issue_pixel_bitmask [across track ; along track; channel]
o summarises any issue related to the calibration target measurement or earth view
measurement, such as no sufficient number of valid calibration counts

e quality_pixel_bitmask [across track ; along track]
o summarises any issue related to the input data and the geolocation, such as invalid
geolocation, invalid time variable, or if the input data are flagged

e quality_scanline_bitmask [across track ; along track]

o Summarises any issue related to the transmission of the data. These information are
fully taken from the input files as described above. There are no known information in
the source files for MWHS/1 and MWHS/2, so for those instruments this bitmask is
always equal zero.
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Dimensions:

Coordinates:

TempDatDim, calibview, channel, n_Qflags, oscillator, prtcalibs, scanpos, time

scanpos (scanpos)
channel (channel)
prtcalibs (prtcalibs)
TempDatDim (TempDatDim)
Oscillator (oscillator)
n_Qflags (n_Qflags)
calibview (calibview)
time (time)

scanline (time)

lon (time, scanpos)
lat (time, scanpos)

Data variables:

Attributes:

Latitude

quality_flags_bitfield
PRT_counts

OBCT_view

Scnlinf

LunarAngles

Longitude

scanline_number
AntennaPositionConversionFactor
PRT_CALIB

majorframe_count
solar_zenith_angle

PIE_ID
SPACE_view_mid_pixel_position
LO_nonlinearity_coeff
ColdSpaceCorrectionFactor
Qflags_data
platform_zenith_angle
relative_azimuth_angle
clockdrift
OBCT_view_mid_pixel_position
Scnlintime
toa_outgoing_radiance_per_unit_frequency
earth_view_mid_pixel_position
toa_brightness_temperature
year

Raw_DN_Data
ReferenceTemperature
WarmLoadCorrectionFactor
TempRadConversion
SPACE_view

Doy

ThermTempCoeff
TemperatureData

PRT_TEMP

platform_altitude
GranuleFileName

1234567...
12345
123
123456...
12
1234567...
1234

datetime64[ns]
291 292 293 294

(time, scanpos)

(time)

(time, channel)

(time, calibview, channel)
(time)

(time, calibview)

(time, scanpos)

(time)

(time, oscillator)

(time, prtcalibs)

(time)

(time, scanpos)

(time, channel)

(time, calibview)

(time, oscillator, channel, prtcalibs)
(time, channel, prtcalibs)
(time, n_Qflags)

(time, scanpos)

(time, scanpos)

(time)

(time, calibview)

(time)

(time, scanpos, channel)
(time, scanpos)

(time, scanpos, channel)
(time)

(time, scanpos, channel)
(time, prtcalibs)

(time, channel, prtcalibs)
(time, channel, prtcalibs)
(time, calibview, channel)
(time)

(time, channel)

(time, TempDatDim)
(time, channel)

(time)

(time)

float64
uint32

float32
float64
float32
float64
float64
float32
float32
float32
float32
float32
float64
float32
float32
float32
float32
float32
float32
float32
float32
float64
float32
float32
float32
float32
float32
float32
float32
float32
float64
float32
float32
float64
float32
float32
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Dimensions:

CALIB_target, antenna_coeff, calibview, channel, channel_true, coeff_num, itemp, prtcalibs, prts,

scanpos, time
Coordinates:

Channel (channel)
channel_true (channel_true)
prt_count (prts)
CALIB_target (CALIB_target)
Prtcalibs (prtcalibs)
space_view_angle (calibview)
black_body_view_angle (calibview)
inst_temp_for_nl (itemp)

nl_coeff_number
r_s_coeff
longitude
latitude
time (time)
Data variables:

Earth_Obs_BT

Raw_DN_Data

Lat

lon

solar_zenith_angle

solar_azimuth_angle

platform_zenith_angle

platform_azimuth_angle

Inst_Temp

SPACE_view

OBCT_view

PRT_TEMP_AVE

PRT_counts

PRT_TEMP

LunarAngles

Black_Body_View_Ang

Space_View_Ang

Pixel_View_Angle

pixel_qgc

cal_qc

scnlin_qgc

relative_azimuth_angle

Antenna_Correction

Ref_Temp

Calibration_Quality_Flag

Geolocation_Quality_Flag

DPPS_Quality_Flag

GranuleFileName

OrbitNumber

OrbitPeriod

Quality_Flag_for_Time_Data

satellite_altitude

geolocation_Qflag_AAPP

TIME_Qflag_AAPP

SCANLINE_NUMBER_PACKAGE

scanline_number

Attributes:

(coeff_num)

(antenna_coeff)
(time, scanpos)
(time, scanpos)

.0036 6.1147 6.1147 6.1147

678910

o
N

.1107.3

06.9
59 0.25

1
.8 0.
4

HERERWRERRRRO
o

datetime64[ns]

(time, scanpos, channel_true) float64
(time, scanpos, channel) float32
(time, scanpos) float64
(time, scanpos) float64
(time, scanpos) float32
(time, scanpos) float32
(time, scanpos) float32
(time, scanpos) float32
(time, CALIB_target) float32
(time, calibview, channel) float32
(time, calibview, channel) float32
(time, prtcalibs) float64
(time, prts) float32
(time, prts) float64
(time) float64
(time, calibview) float32
(time, calibview) float32
(time, scanpos) float32
(time, scanpos) float32
(time) float32
(time) float64
(time, scanpos) float32
(time, scanpos, channel, antenna_coeff) float32
(time, channel, itemp) float32
(time) intl6

(time) intl6

(time) int32

(time) string

(time) uint32
(time) uintl6
(time) intl6

(time) float64
(time, scanpos) float64
(time) float64
(time) int64

(time) float64

Chs_Central_Wavenumber, Warm Target Fixed Bias, Cold Space Fixed bias, Altitude, PRT count
conversion, nonlinearity_uval, u_nonlinearity_uval, altitude, Nonlinearity, u_nonlinearity, bandcorr_b,
bandcorr_a, bandcorr_a_s, bandcorr_b_s, warm_count_thresholds, space_count_thresholds,
earth_view_count_thresholds, max_count_jump_between_scanlines, calib_max_count_jump,
earth_max_count_jump, jump_thrICTtempmean, space_view_angles, black_body_view_angles,

a0FQV earth, FOV earth
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Dimensions:

Coordinates:

Attributes:

bb_count, calibview, channel, engtrack, prts, ref_temp, scanpos, shelf_prt, time

channel

shelf_prt
ref_temp

time

latitude

longitude

sat_alt
earth_view_angle
view_angle
space_view_angle
black_body_view_angle

Data variables:

scanline_number

lat

lon

solar_zenith_angle
solar_azimuth_angle
platform_zenith_angle
platform_azimuth_angle
relative_azimuth_angle
LunarAngles
Black_Body_View_Ang
Space_View_Ang
Pixel_View_Angle
Raw_DN_Data
SPACE_view
OBCT_view
PRT_ref_res
PRT_TEMP
hk_2w_res1
hk_2w_res2
two_wire_gnd
four_wire_gnd
Inst_Temp
Antenna_Correction
GranuleFileName
inst_state

geo_qual
sci_err_status
sci_status_code
bb_inst_state
bb_err_status
bb_status_code
space_inst_state
space_err_status
space_status_code
sd_mode_err
inst_mode

err_status

Altitude, Chs_Central_Wavenumber, Warm_Target_Fixed_Bias, Cold_Space_Fixed_bias,
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datetime64[ns]
44.615753 44.85829 ...
106.21674 105.45694 ...

833473.56 833335.75 833300.44 ...

-52.72888 -51.619263 ...
52.597713 51.49006 ...
81.727295 82.787476 ...

int64
scanpos) float32
scanpos) float32
scanpos) float32
scanpos) float32
scanpos) float32
scanpos) float32
scanpos) float32
calibview) float32
calibview) float32
calibview) float32
scanpos) float32
scanpos, channel) float32

calibview, channel) float32
calibview, channel) float32
bb_count) uintlé
prts) float32
engtrack) uintl6
engtrack) uintl6
engtrack) uintl6
engtrack) uintl6
shelf_prt) float32
channel, scanpos) float64
scanpos) uint8
scanpos) uintl6
scanpos) uint8
scanpos) uint8
calibview) uint8
calibview) uint8
calibview) uint8
calibview) uint8
calibview) uint8
calibview) uint8
engtrack) uintl6
engtrack) uintl6
engtrack) uintl6

bandcorr_b_s, earth_count_thresh, space_count_thresh, warm_count_thresh, earth_max_count_jump,

calib_max_count_jump
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