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Preliminary Development and Testing of an EPS-SG
Microwave Sounder Proxy Data Generator Using the
NOAA Microwave Integrated Retrieval System

Yong-Keun Lee *”, Quanhua Liu ", Christopher Grassotti

Abstract—The European Organisation for the Exploitation of
Meteorological Satellites currently plans to launch Meteorological
Operational Satellite Second Generation A1 (Metop-SG A1) with
the microwave Sounder (MWS) instrument in 2023. MWS is a
cross-track scanning passive microwave radiometer measuring in
the range from 23.8 to 229 GHz, which is similar to the Advanced
Technology Microwave Sounder (ATMS) on board the satellites in
the Joint Polar Satellite System (JPSS) program. To confirm the
capability of operational retrieval systems with MWS before its
operational deployment, the prerequisites are to have the MWS
simulated brightness temperatures and to apply them to a proper
testbed. In this study, a preliminary version of MWS proxy data
generator has been developed to provide the MWS simulated
brightness temperature datasets and the Microwave Integrated
Retrieval System (MiRS) is used as a testbed for an operational
retrieval system. ATMS simulated brightness temperature datasets
are also generated in the same way in which the MWS simulated
brightness temperature datasets are generated in order to have
a consistent comparison between MWS and ATMS results. MiRS
was run with the MWS simulated inputs and the results are compa-
rable to those of the MiRS ATMS experiments. MiRS MWS total
precipitable water accuracy and precision are within most JPSS
requirements. The change in channel characteristics from ATMS
to MWS including the addition of temperature sounding channels
at 53.2 and 53.9 GHz and the polarization change in channels 1
and 2 appear to slightly improve performance of MWS over land
temperature and water vapor retrievals, respectively.
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1. INTRODUCTION

HE European Organisation for the Exploitation of Me-
T teorological Satellites (EUMETSAT) planned series of
polar-orbiting satellites and associated space-borne instruments,
known as the European Polar System—Second Generation
(EPS-SG), is the follow on mission to its current Metop series.
The series will deploy a number of earth-observing instruments
ranging from passive imagers and sounders operating at mi-
crowave, infrared, and visible wavelengths, to radio occultation
observing systems, as well as active microwave scatterometers
[1]. Similar to the current Metop series, these satellites will fly
in the mid-morning (local time) orbit, and will complement the
data collection from the National Oceanic and Atmospheric Ad-
ministration (NOAA) Joint Polar Satellite System (JPSS) series,
which are situated in an early afternoon orbit. In this article, we
report on development and testing of a proxy data simulator
for the microwave sounder (MWS) instrument, scheduled to be
aboard the first satellite of the EPS-SG series, Metop-SG Al,
with a tentative launch date of 2023. A primary motivation for
creation of a proxy data generator is that operational science
algorithms, such as retrieval systems, need to be extended and
tested in advance of operational deployment to ensure proper
functioning with minimal issues once real data become avail-
able. Additionally, the simulated data can be used to address
potential science questions, for example, the possibility of added
information content provided by any new spectral channels not
present on earlier operational satellite missions. Once proxy data
have been generated, a proper testbed is needed to evaluate the
retrieval performance and identify any potential issues. Since
the geophysical “truth” data used to generate the simulated
MWS data are known, a quantitative evaluation of retrieval
algorithm performance can be conducted. Here, we use the
NOAA Microwave Integrated Retrieval System (MiRS) as a
testbed, which is the NOAA official microwave-only operational
retrieval algorithm [2], [3].

The outline for this article is as follows. In Section II, we
provide descriptions of the MWS and ATMS instruments, high-
lighting their similarities and differences. In Section III, we
provide a general description of the MiRS algorithm. Section IV
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TABLE I
ATMS AND MWS INSTRUMENT CHARACTERISTICS

Channel . Nadir
ATMS/ Central Freq. (GHz) Barﬁ% idih | por | Fov
MWS (MHz) (km)
1/1 23.8 270 V/H 75/40
2/2 314 180 V/H 75/40
3/3 50.3 180 H/H 32/20

4 51.76 400 H 32
5/4 52.8 400 H/H 32/20

/5 53.246+0.08 2x140 /H /20
6/6 53.596+0.115 2x170 H/H 32/20

/7 53.948+0.081 2x142 /H /20
7/8 54.4 400 H/H 32/20
8/9 54.94 400 H/H 32/20
9/10 55.5 330 H/H 32/20
10/11 57.290344 2x155/330 H/H 32/20
11/12 57.290344+0.217 2x78 H/H 32/20
12/13 57.290344+0.3222+0.048 4x36 H/H 32/20
13/14 57.290344+0.3222+0.022 4x16 H/H 32/20
14/15 57.290344+0.3222+0.010 4x8 H/H 32/20
15/16 57.290344+0.3222+0.0045 4x3 H/H 32/20
16/17 88.2/89 2000/4000 VIV 32/17

2x1150

17/18 164-167 12%1350 H/H 16/17
18/19 183.311£7.0 2x2000 H/V 16/17
19/20 183.311+4.5 2x2000 H/V 16/17
20/21 183.311+3.0 2x1000 H/V 16/17
21/22 183.311+£1.8 2x1000 H/V 16/17
22/23 183.311£1.0 2x500 H/V 16/17

24 229.0 2000 N /17

discusses the methodology used to generate the simulated MWS
data. Section V contains retrieval impact results comparing sim-
ulated MWS with both simulated and real ATMS data retrievals.
Finally, Section VI summarizes the overall results of this article.

II. INSTRUMENT DESCRIPTIONS

The ATMS and MWS sensors have many similarities but also
contain significant differences. A summary of the instruments
is shown in Table I. Both instruments are passive and cross-
track scanning radiometers onboard the polar-orbiting satellite
at about 825 km above Earth’s surface. The channels sensitive
to oxygen absorption between 50 and 60 GHz are used for
atmospheric temperature sounding. The water vapor channel at
23.8 GHz and five water vapor channels around 183.31 GHz are
for atmospheric moisture sounding. Channels at 23.8, 31.4, 89,
and 165.5 GHz are important for inferring cloud, hydrometeor,
and surface parameters. ATMS has 22 channels spanning 23.8
to 183.31 GHz [4], whereas MWS has 23 channels. In addition,
MWS has a new channel at 229 GHz. The new channel at
229 GHz will provide higher sensitivity for the detection of
cloud ice that affects channels from 89 to 183.31 GHz, and it
can potentially improve the retrieval of light rain and snowfall
rate. One of the significant differences between ATMS and MWS
is the polarization configuration at nadir. As shown in Table I
for the ATMS channels (black) and MWS channels (red after
slash), ATMS channels 1 and 2 have quasi-vertical polarization,
whereas MWS have quasi-horizontal polarization. For all five
water vapor channels around 183.31 GHz, the two instruments
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have opposite polarization settings. The MWS has 95 scan posi-
tions with a maximum scan angle of 49.3°, which corresponds a
swath of about 2100 km. The ATMS has 96 scan positions with
a maximum scan angle of 52.725°, which corresponds a swath
of about 2500 km. We do not include the specification values of
NE A T because they are just the minimum requirement, and
the ATMS actual performance in space is much better than the
specification.

According to the EUMETSAT documentation, the footprint
sizes of MWS channels 1 and 2 are significantly smaller by 47%
at nadir than those of ATMS and the footprint sizes of MWS
channels 3 to 16 are also smaller by 37% at nadir than those
of ATMS [5]. From the remote sensing retrieval point of view,
MWS with finer spatial resolution should provide more detailed
surface features, water vapor, and cloud structure than by ATMS.
From a data assimilation and modeling point of view, since
numerical weather prediction (NWP) model grid spacing will be
smaller when EPS-SG becomes available than when ATMS was
launched, MWS with the smaller footprint sizes should provide
more detailed information about atmospheric and surface spatial
structure for NWP models.

The ATMS weighting functions for channels 1 to 3 and 5 to 15
[4] are the same as MWS channels 1 to 4 and 6, and 8 to 16 (black
curves in Fig. 1 left panel). The ATMS channel 4 (red curve)
weighting function peak is below the weighting peak of MWS
channels 5 and 7 (cyan curves). For the right panel of Fig. 1,
both ATMS channels 16 to 22 and MWS channels 17 to 23 have
the same weighting functions (black curves). The MWS new
channel 24 at 229 GHz (cyan curve) is sensitive to water vapor
and ice clouds in the troposphere. We note that calculation of
the weighting function using dz for the denominator, as is done
here, may produce a different result if, instead, the denominator
of d(log P) is used, since it depends on both dz and atmospheric
layer temperature.

III. MICROWAVE INTEGRATED RETRIEVAL SYSTEM
(MIRS) DESCRIPTION

The MiRS!, has been NOAA’s official operational microwave
retrieval algorithm since 2007. Compared to visible and infrared
radiation, microwaves have a longer wavelength, and thus can
penetrate through the atmosphere more effectively. This feature
allows microwave observations under almost all weather condi-
tions including in cloudy and rainy atmospheres. MiRS follows a
1-D variational (IDVAR) methodology [2], [3]. The inversion is
an iterative physical algorithm in which the fundamental physi-
cal attributes affecting the microwave observations are retrieved
physically, including the profiles of atmospheric temperature,
water vapor, nonprecipitating cloud, hydrometeors, as well as
surface emissivity and skin temperature [6]. The Joint Center for
Satellite Data Assimilation community radiative transfer model
(CRTM) [7], [8] is used as the forward and Jacobian operator
to simulate the radiances at each iteration prior to fitting the
measurements to within the combined instrument and forward
model noise level. After the core parameters of the state vector
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ATMS and MWS weighting functions at nadir for U.S. standard atmosphere. Black curves show that the two instruments have the same weighting

functions. Red curves represent the ATMS channels 4 and cyan curves are for MWS channels 5, 7, and 24. (a) Central frequencies lower than 60 GHz. (b) Central

frequencies higher than 80 GHz.

are retrieved in the IDVAR step, an additional postprocessing is
performed to retrieve derived parameters based on inputs from
the core IDVAR retrieval. The postprocessing products include
total precipitable water (TPW), snow water equivalent, snowfall
rate, surface precipitation rate, etc. [9], [10]. A schematic of
the MiRS processing components and data flow is shown in
Fig. 2.

IV. MICROWAVE SOUNDER (MWS) PROXY DATA SIMULATOR

Initially, one orbit of MWS proxy data was received from EU-
METSAT, valid on September 12, 2007 and based on Metop-A
measurements. Since the data, written in netCDF format, were
in the expected official operational Level 1 format, this was
primarily used to test input/output functionality within MiRS.
Also NEdT values in their proxy data have been applied to
the experiments in this study. However, the fact that the data
were limited to a single orbit, and the original “truth” data
used to generate it were not available limited its utility. In order
to develop the MiRS system for MWS data processing, proxy
data are required that cover different geographical regions and

seasons for calculating a priori constraints, for example, the
surface emissivity error covariance.

MiRS does retrieve the surface microwave emissivity with
good variability over a range of surface types and in different
seasons [6], but differences in polarizations and frequencies
for some MWS channels (as noted in Section II and summa-
rized in Table I) prevent us from using the a priori constraints
from ATMS-based surface emissivity directly. Those surface-
sensitive channels in which MWS polarization differs from
ATMS are expected to have different emissivity characteristics,
affecting both the mean spectrum as well as its covariance. Over
oceans, we use the surface emissivity model FASTEM [11] in
which polarization effects, as well as those due to frequency,
incidence angle, wind speed, and salinity, are explicitly treated.
In this article, for nonocean surfaces, we have developed a simple
model to calculate MWS channel emissivity based on the MiRS
retrieved surface emissivity.

The MiRS retrieved emissivity over land, ice, and snow sur-
faces is an operational environmental data record. The surface
microwave emissivity depends on many parameters, such as
surface roughness and dielectric constant, sensor scan angle, and
channel central frequency. For a given location at a given time
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Satellite Microwave (TB) MiRS Components Geophysical State Vector MiRS
Measurements (INPUTS) (OUTPUTS) Postprocessing
/ N (1) Footprint Matching {ver)

~ 20 channels (2) Bias Correction Temp. Profile (100 layers)
(multispectral)
Forward RT Model (CRTM):
TB (Channel 1) (1) TB= F(Geophysical State Vector) MiRS Water Vapor Profile {100) i
(2) Jacobians (dTB/dX) 1D D"{‘;UT:Z’T“;‘)"“
Variational
TB (Channel 2) ; m’,mm; Cloud Water Profile (100)
TB (Channel 3) A Priori Background: RExeR
Mean and Covariance of
I Geophysical State Graupel Water Profile (100)
|
| Basis Functions for State Vector: Rain Water Profile (100)
! Reduce degrees of freedom
* in geophysical profile (~20 EOFs)
B (Channel Ntot) Emissivity Spectrum
(~ 20 channels)
+ Uncertainty of satellite radiances:
Instrument NEDT + Fwd model
uncertainty Skin Temperature (1)
Fig. 2. Schematic of MiRS processing components and data flow showing MiRS core retrieval and postprocessing components. Core products are retrieved

simultaneously as part of the state vector. Postprocessing products are derived through vertical integration. TB = brightness temperature; dTB/dX = Jacobian rate
of change of brightness temperature with respect to a change in the geophysical state vector X; EOF = empirical orthogonal function, the basis functions used
to represent the geophysical profile in the retrieval; NEDT = noise equivalent delta temperature; TPW = total precipitable water; CLW = cloud liquid water;
RWP = rain water path; GWP = graupel water path; RR = rain rate; SFR = snowfall rate; SIC/SIA = sea ice concentration/sea ice age; and SWE/GS = snow

water equivalent/snow grain size.

and a given channel (i.e., given surface roughness and dielectric
constant) and a given scan angle, the surface emissivity may
be written as a function of the channel central frequency f.
Both ATMS and MWS are cross-scanning; therefore, for a given
channel, its surface emissivity may be expressed as mixed pure
vertically and horizontally polarized emissivity given by

€ = eycos’ (Oscan) + € prsin? (Oscan) (1

for a quasi-vertically (QV) polarized channel and
€ = 6VSin2 (escan) + ey COSZ (escan) (2)

for a quasi-horizontally (QH) polarized channel. We use a
quadratic and inverse formulation to describe the dependence
at a frequency f for pure vertical or horizontal polarization as

ev = by +by X f1 4 by x f2 (3)
and
e = by+bs x f1+bg x f2. 4)

Therefore, for each individual field of view, we need to
dynamically determine the six unknown coefficients b; for each
location at a given time. The predictors f~! and f? are chosen
for the consideration of inverse and quadratic variations based
on our experimental results. This functional form allows for the
variety of microwave spectra shapes found over most surfaces,
for example, decreasing with frequency over scattering media,
such as snow and ice, and increasing with frequency over land for
frequencies less than 89 GHz. We can take six of MiRS retrieved
emissivities at ATMS channels 1, 2, 3, 4, 16, and 17 (three QV

and three QH), which allow for an exact solution of the six
unknown coefficients. Once the coefficients are solved for in (3)
and (4), (1) and (2) can be used to estimate the surface emissivity
for MWS channels, depending on the polarization of the channel
in question. Emissivities for frequencies higher than 165.5 GHz
(ATMS channel 17) are extrapolated from the emissivities at the
ATMS channels 16 and 17. Note that the fitting coefficients in
(3) and (4) are calculated for each scan position and for every
scan line. It is understood that the estimated surface emissivity
is not truth and the estimation uncertainty can be transferred into
the MWS proxy data. The purpose of the MWS proxy data is to
obtain reasonably large dynamic ranges of the surface emissivi-
ties for calculating the surface emissivity error covariance matrix
(required as an a priori constraint in the MiRS 1DVAR retrieval)
and reasonable surface and weather features in the simulated
brightness temperatures. Fig. 3 shows single-scene case studies
for the ATMS surface emissivity (MiRS retrieved, black line)
and MWS estimated surface emissivity (cyan line) spectra over
ice, forest, and snow scenes. The scan angle is approximately
29°. As one can see, the ATMS and MWS surface emissivities
between 50 and 165.5 GHz are practically the same because
they share the same polarization and very similar frequency for
those channels. The large differences are for channels 1 and 2
because of the opposite polarization. As noted, because of the
difficulty of accurately estimating the emissivity at 183 GHz
over most surfaces due to water vapor absorption, the values
at this frequency were extrapolated from the emissivities at 89
and 165 GHz, meaning that the MWS emissivities reflect the
quasi-horizontal polarization of ATMS rather than quasi-vertical
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Fig. 3. ATMS (black line) and MWS (cyan line) surface emissivity over ice,
forest, and snow. This is just one case. The snow and ice emissivities have large
variabilities and can have different spectral behaviors.

polarization. Once real MWS data become available at 229 GHz,
it will be possible to better estimate the emissivity at 183 GHz
in clear areas as 229 GHz will be less affected by water vapor
absorption.

Using the estimated MWS surface emissivity from (1) to (4)
and the European Centre for Medium-Range Weather Forecasts
(ECMWF) model variables of the atmosphere and surface, we
can apply the CRTM to simulate the MWS brightness temper-
atures at the top of the atmosphere. In this preliminary version
of the proxy data simulator, the CRTM cloud optical properties
at 229 GHz are assumed to be the same as those at 183 GHz.
Work is currently underway to extend the cloud properties to
account for the increased sensitivity to ice cloud at 229 GHz,
and once completed, the proxy data simulator will be updated
to accommodate the change to CRTM.

For the MWS proxy data, the NOAA-20 ATMS orbital pa-
rameters are assumed. The swath width and scan positions are
the same as ATMS, except for averaging ATMS two near nadir
positions to a true nadir for the MWS. For the scan geometry,
the first 47 fields of view (FOV) are the same for the ATMS
and MWS. The MWS at nadir (MWS 48th FOV) is the mean
position of ATMS FOVs at 48th and 49th scan positions. The
MWS FOVs from 49 to 95 are the same as ATMS FOVs from
50 to 96. The MWS simulated data are written in a netCDF file
that uses the same Level 1 format as EUMETSAT proxy data.
In Fig. 4, the flowchart of the MWS proxy data simulator is
provided.

V. RETRIEVAL ASSESSMENTS

There are two main issues with the MWS implementation
on MiRS: first, how to generate static ancillary data adapted to
MWS in the MiRS algorithm, and, second, how to measure the
accuracy of the MiRS results using MWS proxy data. As noted,
EUMETSAT provided one orbit of MWS proxy data; however,
these data are insufficient for fully developing and testing an
extension of MiRS to process MWS data. Therefore, NOAA/The
Center for Satellite Applications and Research (STAR) gen-
erated 4 days of MWS simulated brightness temperature data
based on NOAA-20 ATMS and the collocated ECMWF analysis
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Collocate ECMWEF analysis
to ATMS Measurements

'

Calculate analyticallyland surface emissivity
using the collocated ECMWF and CRTM

y

Determine coefficients of Eqs. 3 and 4
For each FOV

y

Calculate land surface emissivity of horizontal
polarization fromEqgs. 1 and 2

y

Call CRTM to calculate MWS radiance

Fig. 4. Flowchart for the MWS proxy data simulator.

data with global coverage and spanning different seasons using
the MWS proxy data simulator described in Section IV. Since
one step in the simulator is the mapping of ATMS to MWS
emissivities, by using these 4 days of MWS simulated data, static
ancillary files (i.e., emissivity mean, covariance, and empirical
orthogonal function basis functions) adapted to the MWS instru-
ment could be generated offline. It is also important to determine
the performance of the MiRS retrievals with the MWS simulated
measurement data as inputs. The truth datasets in this study are
the collocated ECMWF analysis data, which are mapped to each
MWS field of view location. The collocation between ECMWF
and ATMS is performed to find the spatially interpolated value
of ECMWEF variables from the four points in a latitude and
longitude box and temporally interpolated between the two
closest UTC hours out of 00, 06, 12, and 18 UTC. To run MiRS,
the covariance matrix and EOF values of surface emissivity are
needed. Therefore, NOAA/STAR generated covariance matrix
and EOF values from four days (February 15, July 15, September
15, and December 15 in 2019) of MWS surface emissivity based
on the MWS brightness temperature. Additionally, as the MWS
simulated data are generated, the ATMS simulated data are
likewise generated using NOAA-20 to provide for a consistent
comparison between MWS and ATMS in MiRS. Finally, the
ATMS real measured brightness temperature datasets are the
official operational Level 1 data. Hereafter, reference to MiRS
ATMS simulated (or proxy) indicates the MiRS retrieval results
using the ATMS simulated (or proxy) brightness temperature
and MiRS ATMS operational indicates the MiRS retrieval results
using the real observed ATMS brightness temperatures.

In the results that follow, the MiRS MWS capability is com-
pared to that of the MiRS ATMS operational and the MiRS
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Fig. 5.
on February 15, 2019.

ATMS simulated results. Since in CRTM, the cloud optical
data base is not yet extended to 229 GHz (MWS channel 24),
the 1IDVAR retrieval procedure in MiRS excluded this channel
in the inversion. Vertical temperature/moisture profiles, surface
emissivity, and TPW are shown for the assessment of the MiRS
MWS capability. In MiRS, vertical temperature/moisture pro-
files and surface emissivity are directly retrieved in the IDVAR
procedure, and TPW is one of the variables generated during
the postprocessing step by simple vertical integration of the
retrieved water vapor profile.

Fig. 5 shows simulated MWS and real ATMS brightness
temperatures at 23.8 GHz (top panels) and corresponding re-
trieved emissivities (bottom panels) for ascending orbits valid
on February 15, 2019. As discussed in Table I, MWS and
ATMS polarizations at 23.8 GHz are quasi-horizontal and quasi-
vertical, respectively, and thus the MWS brightness temperature
at 23.8 GHz is generally less than that of ATMS globally.
Therefore, as can be seen in Fig. 5(c)—(d), the retrieved MWS
surface emissivity is generally lower than the ATMS emissivity
at 23.8 GHz (consistent with Fig. 3). In particular, snow covered
regions (northern America, Asia, and Europe) and sea ice (over
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(a) Simulated MWS and (b) real ATMS brightness temperatures (K) at 23.8 GHz, and (c) and (d) corresponding emissivities for ascending orbits valid

the Arctic Ocean) are clearly distinguished by their different
spectral signature in both brightness temperature and surface
emissivity due to the polarization difference at 23.8 GHz.

Fig. 6(a)—(b) shows the vertical temperature profile standard
deviation of the MiRS MWS simulated, ATMS simulated, and
ATMS operational results compared to the collocated ECMWF
analysis data under all sky conditions over sea and over land
in ascending orbits on February 15, 2019 and August 25, 2020.
Since the statistical difference between ascending and descend-
ing orbits is not significant, the results are shown only for ascend-
ing orbits. All sky conditions include clear, cloudy, and rainy.
The number of samples for each case is approximately a few
hundred thousand (not shown). The standard deviation values
are between 1 and 2 K for the midtropospheric layers for all the
retrievals on both days. In the troposphere below 400—600 hPa,
the standard deviation values are larger over land than those over
sea and near the surface the values increase to around or slightly
over 2.5 K over land and up to around or slightly over 2 K over
ocean. This is typically the case with microwave retrievals and is
partly due to the fact that the land surface emissivity is generally
larger and more highly variable than that at the sea surface. This
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Vertical temperature standard deviation (a) February 15, 2019 and (b) August 25, 2020 and vertical moisture standard deviation (c) February 15, 2019 and

(d) August 25, 2020. The MiRS MWS simulated (red), the MiRS ATMS simulated (blue), and the MiRS ATMS operational retrievals (black) in ascending orbits.
Thick lines are for sea and dotted lines are for land. Labeled experiments are as follows: ATMS oper sea: MiRS ATMS operational results compared to ECMWF
analysis (over ocean); ATMS oper land: MiRS ATMS operational results compared to ECMWF analysis (over land); MWS sea: MiRS MWS results compared
to ECMWEF analysis (over ocean); MWS land: MiRS MWS results compared to ECMWF analysis (over land); ATMS sim sea: MiRS ATMS simulated results
compared to ECMWEF analysis (over ocean); ATMS sim land: MiRS ATMS simulated results compared to ECMWEF analysis (over land).

increases the difficulty of detecting the signal of temperature
and water vapor variations over land. The temperature profile
standard deviation for MWS simulated results are compara-
ble to ATMS experiment results, although over ocean in both
February and August, MWS simulated retrieval performance
appears slightly worse than simulated ATMS performance. Con-
versely, over land MWS temperature retrievals have slightly
better performance in the lower troposphere. This may be due
to the addition of two channels 5 and 7 on MWS at 53.2 and
53.9 GHz, which may provide additional information on atmo-
spheric temperature over higher emissivity land near the surface.
Fig. 6(c)—(d) shows the vertical water vapor profile statistics
compared to the collocated ECMWF analysis data under all
sky conditions where standard deviation is computed for (MiRS
water vapor mixing ratio-ECMWF water vapor mixing ratio)
and divided (or normalized) by the mean global ECMWF water
vapor for each vertical layer multiplied by 100. The magnitude

of standard deviation is generally similar between over land
and over ocean at higher altitudes. The magnitude of standard
deviation near the surface is larger over land than over sea
similar to the temperature profile comparison in Fig. 6(a)—(b).
MWS water vapor retrieval performance over land is better than
the simulated ATMS performance, which may be related to
the MWS use of horizontally polarized channels at 23.8 and
31 GHz, which allow more signal of water vapor variations to
be detected over higher emissivity land surfaces. The results
from both the vertical temperature and water vapor statistics
highlight one of the main results of this article, which is because
the MiRS MWS retrieval performs reasonably and comparably
to the MiRS ATMS simulated and ATMS operational retrievals.

Fig. 7 shows the MiRS retrieved TPW results using the simu-
lated MWS data and the ATMS real data. TPW is the integration
of the retrieved water vapor amount in a given profile which
weather forecasters often use to identify weather systems, such
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Fig.7. Global TPW (mm) from (a) MiRS MWS retrieved and (b) collocated ECMWEF analysis, (c) TPW difference (mm): MiRS MWS — ECMWE, (d) scatterplot
between the MiRS MWS TPW and ECMWEF TPW (density of points), (e) scatterplot between the MiRS ATMS operational TPW and ECMWEF TPW (density of
points), and (f) scatterplot between MiRS MWS skin temperature and ECMWEF skin temperature (density of points) for ascending orbits February 15, 2019.

as fronts and atmospheric rivers, and to assess moistening or
drying. Fig. 7(a) shows the MiRS retrieved TPW using sim-
ulated MWS data for ascending orbits, while Fig. 7(b) shows
the global coverage of collocated ECMWF TPW at the same
time. Generally high agreement is seen between the two maps.
High TPW values are concentrated following the Intertropical
Convergence Zone near the equator. Since it is in February,

high TPW values are located at the South Pacific Convergence
Zone from Southeast Asia to Southeast to French Polynesia
and the Cook Islands. Several water vapor plumes are stretched
to the midlatitudes where the rainfall is frequently observed.
Fig. 7(c) is the TPW difference between the two estimates (MiRS
MWS—ECMWE). Larger TPW differences are located in both
tropical and the midlatitude areas; some of the TPW difference
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TABLE II
TPW STATISTICS USING ECMWF ANALYSIS

Scene Bias {mm) Reg. Std. (mm) Reg. # of FOVs 2019.02.15
Sea
Clear 1.53/2.20/1.60 15 1.26/1.41/2.31 2.5 1131228/829127/1094613
cloudy 0.98/1.11/0.97 0.5 1.15/1.42/2.29 2.5 672454/971298/679664
Land
Clear+Cloudy | 208082087 | 25 | aos/s23496 | 55 | 447356/458113/458057
Sea Ice
Clear+Cloudy | 006022019 | 20 | os7o7ermos | 20 | 236095/258428/286369
Snow
Clear+Cloudy | -002001021 | 20 | o7yossposs | 20 | 587540/565006/588131
Scene Bias {(mm) Req. Std. {(mm) Req. # of FOVs 2020.08.25
Sea
Clear 1.68/2.58/1.75 15 1.25/1.44/2.46 2.5 1132095/850530/1115534
cloudy 1.03/1.23/0.89 0.5 1.21/1.48/2.17 2.5 753613/975500/680990
Land
Clear+Cloudy | 193230070 | 25 | 420476438 | 55 | 713459/716331/727827
Sea Ice
Clear+Cloudy | 001032013 | 20 | 112130126 | 20 | 186871/263242/297065
Snow
Clear+Cloudy | 019029033 | 20 | os7osy09s | 20 | 290363/284834/287003

TPW statistics using ECMWEF analysis data as a reference for the MiRS MWS simulated, ATMS simulated, and ATMS real operational retrievals are shown over four surface
types with the JPSS requirements for each sky condition in combined (ascending and descending) orbits valid on February 15, 2019 (upper) and August 25, 2020 (lower). For
a/b/c in bias and standard deviation, “a” designates the MiRS MWS simulated, “b” the MiRS ATMS simulated, and “c" the MiRS ATMS operational. Bias is calculated as
MiRS—ECMWE. Note that clear and cloudy are separated over sea, while clear and cloudy are combined for the other surface types: land, sea ice, and snow.

values are comparatively larger over land than over sea which,
in part, might be due to the more complicated land surface
and specification of the a priori emissivity constraints. The
TPW bias and standard deviation values are 1.24 and 2.55 mm,
respectively, under all sky conditions (clear, cloudy, and rainy)
and all surface types (sea, sea ice, land, and snow) as shown
in Fig. 7(d). The corresponding statistics of the MiRS ATMS
operational TPW bias (MiRS ATMS operational—ECMWF)
and standard deviation values are 1.01 and 2.71 mm, respectively
in Fig. 7(e), showing consistency between the MWS and ATMS
retrievals. The scatterplot for skin temperature between MiRS
MWS and the ECMWF analysis in Fig. 7(f) shows that the
bias is —0.79 K and the standard deviation is 4.29 K for all sky
conditions and all surface types. Over land, the bias is 0.09 K
and the standard deviation is 3.02 K (not shown), which well
meets the JPSS requirement [12].

Table II shows TPW statistics for the MiRS MWS simulated,
ATMS simulated, and ATMS operational for clear and cloudy
skies over land, sea, sea ice, and snow, along with the corre-
sponding JPSS program requirements [12] for combined orbits
(ascending and descending) on February 15, 2019 and August

25, 2020. Clear and cloudy conditions are separated over sea
while clear and cloudy are combined for other surfaces. The
bias and standard deviation values of TPW from the MiRS MWS
simulated sometimes are marginal (e.g., clear sea bias), however,
mostly within the JPSS requirements, and are comparable to
those from the MiRS ATMS simulated and the MiRS ATMS
operational retrievals. Since TPW is the vertical integration of
layer water vapor, there is a correlation of TPW statistics with
the results for the vertical water vapor profile comparison with
ECMWEF analysis data. For example, on February 15, 2019, the
water vapor bias from the MiRS MWS simulated retrieval shows
positive values for all the vertical layers below 400 hPa over
land (not shown) and the TPW bias is also positive for all cases.
At the same time, the MiRS ATMS simulated and the MiRS
ATMS operational retrievals show some negative values in the
midtroposphere leading to a smaller overall TPW bias when
compared to the simulated MWS results (not shown).

VI. CONCLUSION

EUMETSAT plans for the EPS-SG satellite series currently
call for an initial launch of the Metop-SG A1 satellite in 2023
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with the entire series lifetime of 25 years. Among the instruments
to be on board, the Al satellite is the MWS. In this study, we
report on the preliminary development and testing of a proxy data
simulator for the MWS instrument. The purpose of the simulator
and the associated proxy data is to aid in the development, tuning,
and testing of operational science algorithms and data processing
systems prior to launch. MiRS was used as a testbed for the MW S
simulated data in this study. To implement MWS capability
within MiRS, any instrument-specific references and datasets
need to be updated and extended. This includes required static
ancillary datasets, such as surface emissivity mean, covariance
matrix, and EOF basis values appropriate for the MWS fre-
quencies and polarizations. Since ATMS and MWS have similar
channels in terms of frequency but with different polarizations at
some frequencies, the MiRS NOAA-20 ATMS retrieved surface
emissivities are converted to those of MWS channels using a
simple quadratic and inverse form in frequency. Then, the current
MiRS NOAA-20 ATMS outputs and the collocated ECMWF
analysis data are used as inputs for the simulator to generate
MWS simulated brightness temperatures. Four days of the MW S
simulated data are generated through the proxy data simulator to
prepare the static ancillary datasets covering the global geogra-
phy (in particular, varying surface types with different emissivity
characteristics) and varying seasons. Similarly, ATMS simulated
data were generated in the same way as the MWS data for
a consistent comparison. The ECMWF analysis data are the
reference in this study and the statistics of the MiRS MWS
simulated against ECMWEF are compared to that of the MiRS
ATMS simulated (and operational) against ECMWE. MiRS
was run end-to-end using the MWS simulated data following
the same MiRS operational procedure as for Suomi National
Polar-orbiting Partnership/NOAA-20 ATMS and Metop-A/B/C
Advanced Microwave Sounding Unit-A and Microwave Humid-
ity Sounding. The performance of the MiRS MWS simulated
retrievals to ECMWF analysis data is comparable to that of the
MiRS ATMS simulated and the MiRS ATMS operational re-
trievals. The MWS proxy data simulator will allow for continued
testing, tuning, and validation of the MiRS retrieval system prior
to actual launch and deployment of the instrument. Once the
MWS instrument is deployed operationally, a proper radiometric
bias correction specific to the instrument will be developed and
applied to the MiRS retrieval to reduce the impact of systematic
differences between the observed and CRTM simulated MWS
radiances. Additionally, the effect of the channel 229 GHz in the
MiRS retrieval will be investigated as soon as the CRTM cloud
database incorporates this frequency.
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