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Abstract
The National Oceanic and Atmospheric Administration (NOAA) Unique Cross

track Infrared Sounder (CrIS)/Advanced Technology Microwave Sounder (ATMS)
Processing System (NUCAP$y the official NOAA system retrieving atmospheric
vertical temperature and moisture profiles (AVTPs and AVMPgjn CrIS and ATMS
measurements. Both stadéthe-art instruments are currently onboard the Suomi
National Polatorbiting Partnership (BIPP) pacecraft, launched on October 28th 2011,

as part of the Joint Polar Satellite System (JPB8$. study investigates the performance

of atmospheric stability indices and parameters (SIPs) computed from NUCAPS AVTPs
and AVMPs in order to verify their ovdlajuality and applicability to the operational
meteorological routine. The methodology considered comparisons between conventional
and dedicated/reference radiosonde observations (RAOBs) with the closest NUCAPS
retrievals and analysis profiles from ther&oean Centre for MediwRange Weather
Forecasts (ECMWF) global model, collocated within a maximum radius of 50 km and
+1-hr time difference. Parameters evaluated include Total Precipitable Water, Lifted
Index, K-Index, TotaiTotals Index, as well as theaently developed Galvd2avison

Index, optimized for the tropics. The SIPs were computed from each of the three sources
of soundings, NUCAPS, RAOBs, and ECMWEF, and intercompared with proper metrics.
Evaluation is divided by latitudinal bands, mtaditudes (60N to 30N) and tropics (30N

to 30S), covering a very comprehensive sample of RAOBs resulting in approximately
10000 for the midatitudes case, and ~3700 for the tropiésnong all parameters
examined,NUCAPS derived TPW exhibitethe highest level of statistical agreement

with RAOB counterpartsThe remainingN\UCAPS SIPs exhibited good to intermediate
4



levels of agreement with their RAOBs derived versjow#h the caveat thathese
parameters tended be underestimates of RAOBgarticularlyover the range of values
associated with unstable atmospheric conditidnsoteworthy finding is that NUCAPS
resolved very well the mean Ilowest 10Pa thermal/moisture characteristics
Comparison results over severe weather casssonstrated NUCAPS calpility of
generating reliable fields of atmospheric stability, identifying areas under unstable
atmospheric conditions, as well as capturing synegaade convective signaturegaus,
NUCAPS stability products are proposed to be additional and compl@meabls for

shortterm forecasting.
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Chapter 1. Introduction

For several decades, atmospheric stability indices (SIs) computed from
operational radiosonde profiles have been routinely used by weather forecasters to
identify convective unstable environments that can potentially lead to thunderstorms
development antheir consequent hazards, such as heavy rain, strong wind gusts, hail,
lightning, and even tornadoes. With the advent and deployment of sophisticated sounding
instruments aboard environmental satellites, and the development of retrieval algorithms
usinginfrared (IR) and microwave (MW) observations, higlnality atmospheric vertical
temperature and moisture profiles (AVTPs and AVMPSs) have became available showing
potential for thermodynamic analysis. In this paper, AVTPs and AVMPs generated by
the Natioral Oceanic and Atmospheric AdministratigNOAA) Unique Crosgrack
Infrared Sounder (CrIS)/Advanced Technology Microwave Sounder (ATMS) Processing
System (NUCAPS) were used to derive an ensemble of atmospheric stability indices and
parameters (SIPs) ofterest for operational weather forecasting.

Both CrIS and ATMS are currently on board the Suomi National fokating
Partnership (S\PP) spacecraft, launched on Octobéef 2811 as part of the Joint Polar
Satellite System (JPSS), the U.S. paldriting operational satellite mission planned to
be the successor to the Pelanbiting Environmental Satellites (POES) program. Hence,
the JPSS mission is going to ensure continuity of critical environmental observations in
the early afternoon orbit. ThePPwas the first satellite in the JPSS program with the
specific missions of providing eorbit testing, calibration, and validation of sensors,

algorithms, groundbased operations and data processing systems prior to the launch of

12



JPSS1, as well as anticgiing the access and evaluation of data from JPSS sd€hsers

et al, 2010).Its follow-on, JPSSL, is scheduled for launching in 201G dldberget al,
2013).The entire cycle for the JPSS series will be completed by the-2PBSS3 and
JPS$4 satelltes. Like SNPP, the future JPSS payloads were conceived to include
similar CrIS and ATMS instruments, as well as the Visible Infrared Imaging Radiometer
Suite (VIIRS), and the Ozone Mapping and Profiler Suite (OMPS).

The NUCAPS SNPPversion 1.5hencefoth NUCAPS) SIPs are compared with
corresponding values derived from radiosonde observations (RAOBSs), with the purpose
of evaluating the retrieval ability to assess atmospheric stability, as well as better
informing shoriterm forecasters and the scientiftcommunity. Additionally, SIPs
computed from vertical profiles obtained from analyses fields of the European Centre for
Medium-Range Weather Forecasts (ECMWF) global model are compared with RAOBs
SIPs to obtain a secondary reference for NUCAPS performgiva the high level of
skill achieved by the outputs of the ECMWF numerical prediction mdBelueret al,

2015).

As previously mentioned, this study aims to objectively assess the impact of using
NUCAPS vertical profiles for the computation of SIRerifying their overall applicability
as additional tools in the operational weather forecasting routine. This is an important study
for potential users since, to the best of my knowledge, a similar research was never
attempted using NUCAPS AVTP and AVMPoducts. In this respect, the usage of
NUCAPS offers the advantage of increasing the spatial (e.g., data sparse regions; locations

between RAOB stations) and temporal (e.g., profiles available between balloon launch

13



times) resolution of vertical temperadurand moisture profiles necessary for the
atmospheric stability evaluation.

Previous applications of satellitierived SIPs have been reported in the literature.
Some important contributions were inherited from the Geostationary Operational
Environmental Satellite (GOES) sounders. Early works used thecHghnel Visible
Infrared Spin Scan Radiometer (VISSR) Atmospheric Sounder (\(A&Yyden, 1988
Some VAS derived parameters like the Total Precipitable Water (TPW), Total Totals
index (TT) and Lifted index(Ll), were applied to the analysis of preconvective
environmentgSmith et al, 1985; Chesterst al, 1986; Mosteket al, 1986).From that
point, there has been a constant evolution of GOES sounders and retrieval algorithms
until the current GOES 1385 series, with 18 IR spectral bands to profile the atmosphere.
This has allowed more accurate thermodynamic profiles and has increased nominal
spatial and temporal resolution (currently hourly frequency) of derived stability products
(Menzelet al, 1998, Dostalek and Schmi2001; Schmitet al, 2002, Liet al, 2008).
Airmass parameters were also derived from vertical profiles generated by the Spinning
Enhanced Visible rad Infrared Imager (SEVIRI), dmard the Meteosat Second
Generation (MSG) satellites the geostationary satellites operated by the European
Organisation for the Exploitation of Meteorological Satellites (EUMETSKDgnig and
de Coning (20093lescribe the physical retrieval method developed and its application to
the SEVIRI instrument toative the LI, TPW and the #ndex (KI). The MSG SEVIRI
channels used by the physical retrieval algorithm were: three longwave radiation window

channels (8.7, 10.8, and 12.0 um), two water vapor channels (6.2 and 7.3 um), and the
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CO, channel (13.4 pum). Orheir work,Koenig and de Coning (2008how the potential

of using the EUMETSAT stability products as an aid forecasting tool for nowcasting,
which was assessed through qualitative analysis of selected cases and objective
evaluation using the occurrencelightning as an indicator of severe convection.

Despite continuous progress, the usage of nchlinnel sounders data from
geostationary satellites suffer constraints due to limited spectral resolution and
availability of retrieved profiles generally urrdelearsky conditions. Efforts towards
obtaining retrieved profiles from IR sounder measurements under cloudy conditions have
been done. As an examplg, et al (2009)applied a regressidoased cloudy retrieval
algorithm to GOES 12 sounder radiance rmeasents, focusing on thin and low thick
cloud conditions. This approach, which included hourly surface observations and the
National Center for Environmental Prediction (NCEP) Global Forecast System (GFS)
forecast profiles as predictors, showed similaaligqy of the retrievals of moisture under
clear and thin cloud conditions. In this context, JPSS olaiting satellites offer added
capabilities in relation to geostationary satellites due toethstenceof the ATMS, a
passive microwave sensor. The eogtion of the ATMS, collecting surface and
atmospheric MW radiances even over cloudy conditions, in conjunction with the high
spectral information provided by the IR hyperspectral sounder CrlS (1305 channels at
nominal spectral resolution and 2211 chasratlfull spectral resolution) constitutes one
of the key advancements achieved by this generation of satellites. By the processing of
CrIS/ATMS measurements, NUCAPS delivers AVTP and AVMP products under clear,

partly cloudy and cloudy scenes. The extenivhich NUCAPS AVTPs and AVMPs add
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information onthe assessment of the atmospheric stability is objectively verified in this
paper.

The paper is organized as follows: Chapter 2 summarizes the sounding
instruments and the NUCAPS retrieval system; Chapleredy reviews the background
on Atmospheric Stability and Sis; Chapter 4 describes the methodology and data sets
used herein; Chapter 5 presents the results after the evaluation of the NUCAPS AVTPs
and AVMPs over selected geographic domains; Chaptehofvss results about the
statistical evaluation of the NUCAPS SIPs; Chapter 7 presents the performance of the use
of NUCAPSbased Sis over two case studies whereese weather conditions were

identified and Chapter 8 is dedicated to provide the conclusibtiss work.
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Chapter 2. The NOAA Unique Crosstrack Infrared Sounder
(CrIS)/Advanced Technology Microwave Sounder (ATMS) Processing
System (NUCAPS)

This chapter provides a brief description of the Gafl ATMS sounding sensors

onboard the SNPP satellite. This is followed by an overview of the NUCAPS Retrieval

System

2.1 Advanced Technology Microwave SoundefATMS)

The ATMS is a crostrack scanner radiometer with 22 channels covering four
MW spectralbands: K (23.8GHz)/Ka (31.4GHz), V (505%/.3GHz), W (88.2GHz), and
G (165 183GHz). Table 1 provides a summary of the ATMS channel characteristics.

The ATMS was devised to have most of the sounding channels from its
predecessors Advanced Microwave SongduUnitAl (AMSU-Al), Unit-A2 (AMSU-
A2), Unit-B (AMSU-B), and Microwave Humidity Sounder (MHS), operating on the
POESseries satellites since the NOAKS (launched in 1998), or on the EUMETSAT
Metop-A/Metop-B satellites (launched in 2006 and 2012, respelyf), and also, on the
National Aeronautics and Space Administration (NASA) Earth Observing System (EOS)
Aqua platform (launched in 2002). However, the ATMS instrument counts with one
additional temperature channel at 51.76 GHz, and two new water sapoding
channels (19 and 21) to improve the thermodynamic characterization of the low to middle
troposphere (Wengt al, 2012). As a result of the ATMS channel selection, channels 1
16 are primarily designed to profile the atmospheric temperature fensurface to

about 1hPa (~45 km), whereas channels27are designed for humidity soundings from
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the surface to about 200 hPa (~15 Kivenget al, 2013).Further information regarding

the instrument characteristics and calibration of the sensor cémubé in Zou et al

(2013).
Table 1 ATMS Channel Spectral Characteristics.
Center Frequency . NEdT @300 Stat'? Peak Weight
Channel (GH2) Accuracy (K K (K) Beamwidth Functioft (hPa)
(deg.)
1 23.8 1 0.7 5.2 Window
2 314 1 0.8 5.2 Window
3 50.3 0.75 0.9 2.2 Window
4 51.76 0.75 0.7 2.2 950
5 52.8 0.75 0.7 2.2 850
6 53.596 + 0.115 0.75 0.7 2.2 700
7 54.4 0.75 0.7 2.2 400
8 54.94 0.75 0.7 2.2 250
9 55.5 0.75 0.7 2.2 200
10 57.290344 (& 0.75 0.75 2.2 100
11 fo+0.217 0.75 1.2 2.2 50
12 fo +0.3222 + 0.75 1.2 2.2 25
0.048
13 f,£0.3222 + 0.75 15 2.2 10
0.022
14 fo £0.3222 + 0.75 2.4 2.2 5
0.010
15 fo £0.3222 + 0.75 3.6 2.2 2
0.0045
16 88.2 1 0.5 2.2 Window
17 165.5 £ 0.925 1 0.6 11 Window
18 183.31+7 1 0.8 1.1 800
19 183.31 #4.5 1 0.8 11 700
20 183.31+£3 1 0.8 1.1 500
21 183.31+1.8 1 0.8 11 400
22 183.31+1 1 0.9 1.1 300

Sources: Goldberg et al. (2013); Weng et al. (2012).
®NEdT- Noise Equivalent Differential Temperature.

bWeightingFunction Peaks at a US Standard Atmospheric Condition.
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Another crucial advance lies on the larger ATMS scan angle of + 53728.3
for AMSU-A) from the nadir direction. For all ATMS channels, measurements are taken
every 1.1% (angular sampling ietval) at 96 Eartlviewing angles per scan line. This
results in a wider swath width of ~2500 km. As a consequence, ATMS can operate
without orbital gaps poleward of 20and shows increased coverage within the-20S
region (Wenget al, 2012). It shouldalso be noted the better horizontal resolution of
ATMS channels 316 of about 32 km at nadir (vs. about 47 km for the equivalent AMSU
channels 315), as well as the high vertical resolution (3 to 6 kpproximately of the
temperature and moisture prefil derived from measurements of the ATMS channels 3
15 and 1722, respectively(Goldberget al, 2013; Wenget al 2012). For ATMS
channels 122, which have a beam size of 1.1 degrees, the horizontal resolution
improves to nearly 16 km at nadir. Finallhe static beam width of 5.2 degrees for
ATMS channels 2 leads to a footprint size close to 75 km at nadir. However, for
purposes of processing by the NUCAPS, ATMS observations must-sem@ed to
match the CrIS configuration scan geometry during thECAPS preprocessing step
(Tanet al, 2015). In this step, the ATMS scan sets are basically synchronized with those

of the CrIS instrument.

2.2 Crosstrack Infrared Sounder (CrIS)

The Crosdrack Infrared Sounder (CrlS) is a Faaurtransformspectrometewith
1305 sounding channels, when operating at nominal spectral resolution, distributed

among three IR spectral bands corresponding to longwave (LWIR:19.38 um),
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midwave (MWIR: 5.718.26 um), and shortwave (SWIR: 3:4@64 um). Table 2ists
key characteristics of the CrIS channels.

Table 2.CrIS Threshold Performance Characterishosrating atNominal SpectralResolution.

Wavenumber Spectral Resolution Accuracy Maximum NEdRI Nadir FOV
Channel 2 1 @ 287 K 5 1
(cm™) (cm) (%) (mW/ m* sr cni’) (Km)
0.45 @ 670 crh
0.15 @ 700 crh
LWIR 650-1095 0.625 0.45 ) 14
0.15 @ 850 cih

0.15 @ 1050 crh

0.055 @ 1225 cih
0.045 @ 1250 cih

MWIR 12101750 1.25 0.58 14
0.049 @ 1500 cih

0.053 @ 1700 cih

0.0062 @ 2200 ct
SWIR 21552550 25 0.77 0.007 @ 2350 cih 14
0.007 @ 2550 cih

Source: JPSS program Level 1 Requirements Document (Supplement), version 2.10, June 25 2014, NOA
Available onlinehttp://www.jpss.noaa.gov/pdf/LIRDS_JPSS REQ_1002_NJO_v2.10_100914pdihal
®NEdT Noise Equivalent Differential Radiance.

CrISis part of the recent generation of hyperspectral IR sounders that have caused
an unprecedented revolution in atmospheric sounding capability. Such generation of
advanced sounders also includes the Atmospheric Infrared Sounder (AIRS) on the Aqua
platform and the Infrared Atmospheric Sounding Interferometer (IA81)board the
EUMETSAT MetopA/Metop-B satellites In common, these instruments possess highly
improved sounding capability due to their high spectral resolution and large number of
spectral channe. As shown in the work oBmith et al (2009), the large number
(typically thousands of measurements) of noise independent spectral channels of radiance

provides an order of magnitude improvement in signal to mais@in comparisorwith
20



multi-spectralsounders (2 to 50 spectral channels). This study also demonstrated the
improvement in sounding accuracy resulting from the hyperspectral resolution, which

enables more precise spectral and radiometric calibration, reduces the impact of forward

model erros , and enables the Earthoés surface emi:¢
be more accurately accounted for during the retrieval process.

In particular, CrIS allows the derivations of vertical profiles of temperature and
moisture with vertical resolign ranging between 1 to 2 km in the troposphere, and 3to 5
km in the stratospherespldberget al, 2013).Recent studies have reported levels of
radiometric uncertainty better than the requirements for the JPSS programdbelget
al., 2013). Furthermore, CrIS offers the advantage of the lowest noise level in
comparison to IASI and AIRS (Smitt al, 2015; Zavyalowt al, 2013).

Based on plane mirror interferometer technology, the CrIS instrument measures
interferograms, which cotitute the uncalibrated Raw Data Records (RDRs). RDRs are
then converted to calibrated and geolocated radiance spectra, called Sensor Data Records
(SDRs), by the ground processing system. Fodepth discussions of the CrlS
interferometer, its measuremesttaracteristics and the processing flow that enables the
conversion of RDR into SDR products, the reader is referreldmet al (2013).

CrlIS scanning geometry is based on a 2200 km swath width (full Earth view scan
angle of +/48.3). Each scan sweepccurs in the crossack direction, in which CrIS
measures a total of 30 fields of regard (FORs) along each scan line every 8s. For each of
the three IR bands, one FOR consists of nine fiefdsew (FOVs), forming a 3 x 3

array of circles whose centease separated by f.¢~16 km at nadir). Since one FOV

21



corresponds to a nadir spatial resolution of about 14 km, a FOR corresponds to a footprint
size of around 50 km at nadir (see Fig. $amet al, 2013).Four scan lines of CrIS data
define a granulewhich constitute the basic unity for the delivery of data in near real

time.

2.3 The NOAA Unique CrIS/IATMS Processing System (NUCAPS)

NUCAPS Gambacortaet al, 2014) is the official NOAA system retrieving
vertical temperature, and water vapor profilesm the processing of CrIS and ATMS
SDRs. These retrieval products are known as Environmental Data Records (EDRS). The
suite of NUCAPSEDR products includes retrieved estimates of: (1) cloud fraction and
cloud top pressure; (2) surface temperature andciemissivity; and (3) atmospheric
temperature, water vapor and trace gases vertical profiles (ozone, methane, carbon
monoxide, carbon dioxide, nitrous oxide, nitric acid and sulfur dioxide).

The inversion algorithm is based upon the NASA AIRS SciereanilRetrieval
algorithm documented b$usskindet al (2003;2011) and was first implemented at
NOAA in 2002 to process AIRS/AMSU data. Further development led to a code with a
modular architecture capable of processing data from multiple sensors. tbiseidy
the preprocessing of the SDRs into a common binary file format, which means that the
input file to the retrieval code is rigorously the same. Hence, the same retrieval algorithm
has been currently used at the NOAA National Environmental Satdllagg, and
Information Service (NESDIS) Center for Satellite Applications and Research to process
the AIRS/AMSU suite, the IASI/AMSU/MHS suite (operational since 2008) and more

recently the CrIS/ATMS suite (operational since 2014).
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The use of ATMS/CriSbservations enables NUCAPS to retrieve AVTPs and
AVMPs under norprecipitating conditions (clear, partly cloudy and cloudy). This is a
key advantage with respect to retrieval algorithms processing solely IR radiances,
strongly affected by clouds.

NUCAPSIs described in detail iGambacortat al (2014 and in the Algorithm
Theoretical Basis Document (ATBD), available online at

http://www.0spo.paa.gov/Products/atmosphere/soundings/nucaps/docs/INUCAPS ATB

D_20130821.pdfHowever for the sake of completeness, the six main modules of the

system are recalled here: (1) a module dedicated to provide preliminary input data quality
control, preprocess AG/ATMS observations, read the background climatology look up
tables, and acquire the surface pressure from the GFS; (2) a MW retrieval module, which
derives cloud liquid water flags and MW surface emissivity uncertaiRosénkranz,
2001); (3) a fast eigevector regression retrieval module for temperature and moisture
regression, trained using ECMWF analysis and CrIS all sky radigGaddberget al,

2003) (4) a cloud clearing module that combines a set of MW and IR channels to
produce clouetleared IRradiances(Chahine, 1974 The module support the use of
visible observations provided by the onboard VIIRS instrument, ready for future
aplications; (5) a second fast eigenvector regression r&tnevdule for the estimation of
temperature and moistuusing a regression trained against ECMWF analysis and CrlIS
cloud cleared radiance&¢ldberget al, 2003);and (6) a final IR/MW physical retrieval
module, which employs the previous regression estimation as a first (Quesskindet

al., 2003).The find IR/MW retrieval module is based on an iterated regularized least
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square minimization schenme whichan optimally selected subset of IR channels is used
(Gambacorta and Barne2013). This particular characteristic allows computational
efficiency of theretrieval implementation in an operational environment. In this case, the
CrlIS spectrum at nominal spectral resolution, consisting of 1305 channels, is replaced by
a subset of less than 500 channels. The sounding channel distribution is as follows: 24 for
surface temperature and emissivity, 87 for temperature, 62 for water vapor, 53 for ozone,
27 for carbon monoxide, 54 for methane, 53 for carbon dioxide, 24 for nitrous oxide, 28
for nitric acid, and 24 for sulfur dioxide. As demonstrated by the studyaaibacorta
and Barnet (2013)this channel selection constitutes the optimal sulbapbble of
accounting for more than 99% of the total variance across the whole spectrum, except for
the 600 700-cm * and 1706cm * regions, where the explained variance is around 95%,
and for the 22002300cm * region where the explained variance ranges between 85%
and 99%.

The NUCAPS EDR products of AVTP and AVMP are operational products
generated for fixed 100 pressure levels (L1® 0.016 hPa). It is important to mention
that for cloudy (cloud cover > 50%) and precipitating scenes, the IR/MW retrieval
typically fails converging to a solution. In this work, all AVTPs and AVMPs profiles
were derived from the IR/MW retrieval modul8ince, each NUCAPS FOR is based
upon9 CrIS FOVs (one CrIS FOR)he horizontal resolution of the NUCAPS AVTPs
and AVMPs varies along the CrIS scan line between 50 km at nadir to approximately

70x135 km at the scan edges.
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Chapter 3. Atmospheric Stabilty and Stability Indices

The occurrence of atmospheric instability and the availability of moisture in the
low- or mid-troposphere are two essential components to convective weather
development. The existence of a triggering mechanism to provide the ldgtirair
parcels, until achieving the level of free convection (LFC) (above the LFC, parcels
accelerate upward due to a positive buoyancy force), is a third contributor, particularly
for deep convection development associated with severe wéRtgpler 1988; Johns
and Doswell 1992). The study of atmospheric stability is anchored on the general
concepts of static stability and the parcel method, evolving to related concepts of
conditional, absolute, latent and potential/convective instability. Theseegisnare
reviewed inPeppler (1988 In this context, most Sls were developed to provide an
indication of the first two convectivgenerating mechanisms (individually or coupled)
and constitute widely used tools among operational forecasters forshvaryange
prediction (a few hours). However, users should be aware of the intended geographical
region of application and purpose of each Sl. Local objective performance evaluations
providing proper thresholds and their seasonal variations must be perfooned f
applications at different locationglaklander and Van Delder2003; Koenig and de
Coning 2009).1t is worth mentioning that it is beyond the scope of this paper to prove
the forecasting skills of the SIPs included in this work or in general. Thiddsheu
specifically addressed on the literature. The real impetus for this work is to determine the
level of statistical agreement between RA©Bad NUCAPS&derived SIPs in order to

serve as an objective base of information on the skill of NUCAPS statibgucts in
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relation to RAOBs, taken as the Atrutho cort
of RAOBs as fAtrutho measurements implies the
such as their inherent error measurements of around 0.5K for temmeeand 10% for
relative humidity Candlishet al, 2012).

The SIPs selected for this work are the most traditional parameters used by
forecasters, except for the recentigveloped GDI. They are briefly outlined below. In
all cases, T andglcorrespondo the ambient air and dewpoint temperatures, respectively,
and their numeric subscripts refer to the pressure levels they must be obtained from. The
selection of SIPs also includes TPW, which is widely used to assess the potential for
heavy precipitationat a location (typically associated with plumes of elevated TPW
values). TPW (in mm) expresses the depth of liquid water accumulated at the surface if
all the water vapor in a column of unit cross section extending from the surface to the top

of theatmospherevere condensed and precipitated as rain.

3.1 Showalter Index (SWI)

The SWI(Showalter, 1958is defined as:

SWI = Tsoi Tr.s00 1)

where T, s00iS the temperature of an air parcel lifted-adiabatically from 850 hPa to its
lifting condensation level (LCL) and then meadiabatically to 500 hPa. The SWI was
originally developed for applications in the southwestern U.S. related to the occurrence
nonsevere convective showers and thunderstorms (Peppler, 1988). Negative values

indicate increased potential {f3%r convective
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3.2 Lifted Index (LI)

The LI (Galway, 1958 is computed as:

LI =Tsool Tp,500 2)

where 500+ is computed similarly to dsoq but the parcel is defined as having mean
temperature (from the original sounding or a modified sounding using the predicted
maximum temperature) and mean mixing ratio from the lowest-8@idayer. Since the

lifting parcel has been defined several ways (see discussiGrairenet al, 2002), we

considered the parcels assuming mean thermal and moisture characteristics of the

| owe st 100 hPa, and [|Thef LI wad orifjimalty mtilizedaithe r 6 s mi d
forecasting of severe thunderstorms and tornadoes in theR&gplér, 1988 Negative

values are associated with u6iCsindmdies eerycondi t i
unstable conditions and strong potential for thunderstorms developmemtgeheéral, is

lower than SWI.
3.3 K-Index (KI)

The KI (George, 196pis defined as:

Kl = (TgsoT Tso0) + Tass0l (T700T Td,700 (3)

The Kl was developed for applications in the U.S. related to the occurrence of
nonsevere convectiveshowers and thunderstorm®eppler and Lamb1989. The
likelihood of showers and thunderstorms increases for higher valuesflKl. O°C 62 0
related toincreasingpotential for occurrence of air mass thunderstorms. Kl >°G40

indicates an extremehjigh probability of occurrence.
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3.4 Total Totals Index (TT)

The TT Miller, 1967) is calculated as:

TT =Tagsol Tsoo+ Tesol Tsoo 4)

The TT was conceived to identify areas potentially favorable for severe weather
occurrence in the U.SPéppler, 1988 The likelihood of severe development increases
for higher val (Cisthesiggested thredhdld oGer Uegbler and
Lamb, 1989 . T T°C {9 assoBited with very unstable environments conducive to the
development of numeus thunderstorms (including severe thunderstorms and scattered

tornadoes).
3.5 GalvezDavison Index (GDI)

The GDI [dimensionless] was designdédr applications inthe tropics and

subtropicqincludingsoutheastern U.Sand it is defined ag3alvez andavison, 2014):

GDI = ECI + MWI + Il (+ OC) (5)

where:

i ECI corresponds to the equivalent potential temperature proxy (EPTP) core index
intended to evaluate the convective instability of the-trogosphere through the
equivalent potential temperatulePT) vertical profile.

i MWI corresponds to the migvel warming index, which takes into

consideration the effects of midvels troughs (cold air enhancing instability)

and ridges (warm air enhancing stability).
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i Il is the inversion index designed to caes the existence of temperature
inversions and dry air entrainment (conditiamgavorablefor convection).

I OC is an optional correction recommended for the visualization of GDI over
elevated mountain ranges when a gridded tool ,(8\gngridds) is usedor
plotting this index.

The computation of GDI requirdempeature and mixing ratio data 860, 850, 700

and 500 hPa(and surface pressure for the OC), and it is fully described at

http://www.wpc.ncep.noaa.gov/international/gdi/GDI_Calculation_AlgoritB0140314.

pdf. Increasing GDI values indicate higher potential for thunderstorms development. For

instance GDI between 35 and 45 indicates the existence of potential for scattered

thunderstorms and/or widespread shallow convec@i.> 45 signals higipotential for
scattered to  widespread thunderstormsthe ( reader can refer to

http://www.wpc.ncep.noaa.gov/international/gftif the completeinterpretation of GDI

values and furthedetails m GDI).
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Chapter 4. Data and Methodology

The methodology presented in this work considered comparisons between
RAOBs with the closest NUCAPS retrievals and ECMWF analysis prafidéecated
within a maximum radius of 50 km and -kt time difference.tImeans that for each
RAOB, SIPs were calculated (and compared) only if both NUCAPS and ECMWF
profiles simultaneously match the previous criteria.

RAOBs, ECMWF and NUCAPS profiles were obtained from the NOAA Products
Validation System (NPROVS), operated the NOAA/NESDIS Center for Satellite
Applications and ResearctiR€aleet al, 2012). On a daily basis, and for a global
coverage, NPROVS receives and processes atmospheric sounding products from multiple
satellites, operational radiosonde and dropsomtservations, dedicated/reference
RAOBs, and numerical weather prediction (NWP) outputs (e.g., ECMWF analyses and
GFS 6h forecasts), among other sources of data. The robust data processing, which
includes quality control procedures and screening testshef RAOBs, provides
standardized criteria for the collocation and intercomparison of all datasets received. As a
general strategy, any single sounding from each satellite system that is closest in space
and time within a window of +6 h and 250 km is colited for each RAOB. However,
NPROVS allows users to obtain collocated datasets with more strict time and spatial
thresholds.

RAOBSs used in this study are from two categories: (1) conventional radiosondes
launched by the World Meteorological Organizatiapper air stations to support

operational weather forecasting; and (2) satellite synchronized dedicated and reference
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radiosondes, characterized by their optimum accuracy well-known error
characteristi¢Nalli et al, 2013. The JPSS Calibration/Valitian (Cal/Val) program and
collaborating institutions have performed launches of dedicated RAOBs at several sites
including the Atmospheric Radiation Measurement (ARM) Climate Research Facility,
and the Pacific Missile Range Facility (PMRF); and over epazan by means of series
of intensive AERosols and Ocean Science Expeditions (AEROSE) field experiments
(Nalli et al, 201). Reference RAOBs are from the Global Climate Observing System
(GCOS) Reference Upper Air Network (GRUAN)edicated and referenceARBSs
consist typically of RS35GP launched to coincide with satellite overpasses, usually
between 15 to 60 min in advance to allow for balloon ascent through the lower
troposphere Nalli et al, 2013) Given that dedicated and reference RAOBs are not
typically assimilated into NWP models, such measurements represent independent and
high-quality references for purposes of satellite validation. However, their use is
constrained by small sample sizes. For this reason, in this, walk mid-latitudes
sounding could be utilized. An overview of the aforementioned concepts of RAOBS is
given inNalli et al. (2013).

The ECMWF analysis fields have a grid resolution of 9.2&itude x 0.28
longitude with temperature and mixing ratio values at 91 sigma levedtai(®regarding
the ECMWF model can be found online at

http://www.ecmwf.int/en/forecasts/documentat@mmdsuppor}.

Given that the NUCAPS AVTP and AVMP products are proddoedixed 100

pressure levels, the removal of those levels below the surface level was made by
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comparisons with the GFS surface pressure (ancillary information required for the
NUCAPS processing, as describedChapter 2).

The evaluation was conducted separately over two latitudinal band¢atiudes
(60N to 30N) and tropics (30N to 30S). Over ratitudes, collocations with
conventional RAOBsoccurring from April 1st to September 30th of 2015 were
considered, in ordemtfocus on the warm season. In the case of dedicated/reference
RAOBsSs, collocations were taken from the warm seasons of the years between 2013 and
2015. For the evaluation over the tropics, based on conventional RAOBSs, the collocation
matchups were creatddr the period December 2014 to December 2015. This approach
ensured a very large sample of RAO@®ducingapproximagly 9700 ofconventional
RAOBs and 300dedicated RAOB for mid-latitudes, anda sample ofabout 3700
conventional RAOBdor the tropicregons).

As shown in Chapter 3, most SIPs require temperature/moisture content
information at specific pressure levels, such as 500, 700, 850, and 950 hPa. Since
atmospheric parameters at these specific levels are not provided by the NUCAPS
AVTPs/AVMPs prodicts, a linear interpolation scheme was applied. The same
interpolation scheme was employed to obtain moisture information at the surface level.
The NUCAPS retrieval product Skin Temperature provided the information of
temperature at the surface level.

Corsidering that NUCAPS AVMPs are vertical profiles of mixing ratio (in g/g),
the conversion to dewpoint temperature follows the procedures describ@dltam

(1980) The code devised for the computation of the LI is based on the work presented in
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Doswell et al. (1982).The documentation for the calculation of Gahizavison index
(GDI) is available online on the Weather Prediction Center/NCEP web page

(http://www.wpc.ncep.noaa.gov/international/gdi/GDI_Calculation_Algorithm 20140394.pdf
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Chapter 5. Assessment of NUCAPS Temperature and Water Vapor

Profiles

This chapter presents a general evaluation of the retrieved AVTPs and AVMPs
generatedy NUCAPS with respect to the reference RAOBs. ECMil¢Fved profiles are
also included to provide additional basis for comparison purposes. This preliminary
evaluation is important since these profiles constitute the input data for computation of the
air stability parameters presented in the subsequent chapter. For this reason, the analyses
are mainly focused on levels of particular interest for such computation.

Before proceeding, it is important to provide some background on the validation
metrics showrin the figures of this chapter. Thleermodynamic profilepresented in
this section were obtained from the NPROVS. In this system, the computation of
validation statistics of a retrieved profile (also valid for numeric model outputs) relative
to RAOBSs, follows the methodology presented Nialli et al (2013. The initial
procedure of the method requires the reduction of theregblution RAOB profile to a
lower vertical resoltion. In this work, 100 layersvere used as the basis for the
computation of validation statistics for themperature anavater vapor pofiles. The
definitions of the error metrics are briefly presented below, noticing that fundamental
differences exist for the assessment of temperature and water vapor profiles.

For AVTPs, metrics are calculated for the temperature difference, at aumatch
location j, between the retrieved temperature (denoted with a hat) and the reference
temperature (from RAOBS), defined as:

Wik Ysh fl= 1, @, ¢é (6)
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wherefl represents the layer being evaluatidig the number of layers). Given equation
(6), the bias statistics (BIAS), a measure of central tendency, is the mean difference

computed via eq. (7):
b4 e, w "y Y w p o
0 OoudvY k wpY W 4 (7)

where ¢ refers to the matchup sample size. The standard deviation (STD), used to

express the variability around the mean, is computed as:

YYD [Y YO ™Y 0 "0OVY (8)

where'Y 0 "W 7Y is the rootmeansquare temperature difference givmn

. 9
YO £ oW ©
For the computatin of the metrics needed to evaluate the AVMPs performance, it
is necessary to take into account the great variability of water vapor in the entire
atmosphere. From layer mass abundangegin g/cnf), the fractional deviation, at a

matchup locatiol, is calculated based upon the difference between the retrieved and the

reference value:

el R 1= 1, @, & |,
LR (10)
In theory, the RMS, BIAS and STD statistics could be obtained by replgzing

by s @paequations (7), (8) and (9). However, as pointed olti&li et al. (2013, the
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denominator in (10) can lead to a lampsg; in dry atmospheres (upper troposphere or
polar regions), skewing the statistics toward these cases. To minimize this situation,

weighted means were devised and the proper definitions are as follows:

- B nn Y
0 "O0Yi; . (11)
B wsp
YY® | YO "R 6 "00 G (12)
where’Y D "W R is given by:
B nn Yrin
YO "W ! (13)
B g

The water vapor weighting factaby , is defined as:
Win K @A w (14)

Having defined the validation metrics, it is now possibleetamine Figure 1,
which shows theSsTD and BIAS statistics calculated from the temperature differences
between NUCAPS (or ECMWEF) profiles and conventional RAOBs overlatitdides
and tropis. In both cases, the ECMWF temperature profiles present the highekof
agreement with respect to the conventional RAOBs, as is claehtified by the
consistently lowest values of STD and BIAS observed at all levels. Howevekniiws
that both datasets are not totally independent since conventional RACB&d®v long

assimilated by the ECMWEF data assimilation syst&mmmons and Hollingsworth

2002).
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v NOAA Products Validation System (NPROVS)
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Figure 1. NPROVSlerived BIAS (solid line) and STD (dashed line) statistics
NUCAPS (red) and ECMWEF (blue) relative to conventional RAOBs matchié\sTP:
(left) mid-latitudes and (right) tropics.

At mid-latitudes (Fig.1; left panel), it is noticeable that the skill of NUCAPS
decreases downward, showithe lowest performance neébe surface, where BIAS and
STD values are around.7K and 3.2K, respé&gely. The maximum negative BIAS near
the surface indicates an underestimation of NUCA&Beved temperatures at those
levels (cold BIAS). On the other hand, the BIAS becomes slightly positive between 750
and 400 hPa, where maximum values of about (aéK observed, wdreasthe STD
decreases over these particular pressure levels. The ndgj@F®bservedetween 250
and 350 hParesults from the inability of NUCAPS to resolve for the temperature
structure over the tropopause.

Results over the tropiteegion (Fig.1; right panel) show better skill of NUCAPS
retrievedtemperatur@ver several pressure levels, particularly near surfdoeever, the
observed tendency of NUCAPS to degrade as approaching the surface is also found. This

performance is expesd and is associated to the lower information content found in the

CrISIATMS observations to sense the atmospheric temperature variationghaea
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surface. Quantitativelythe BIAS and STD magnitudes near surface are aldo@iK and
2.6K, respectively. Atower levels, both NUCAPS and ECMWF BIAS profiles are more
similar in comparison to the midtitudes case, but NUCAPS exhibits a slight warm
BIAS close to 0.5K. Like the mithtitudes case, NUCAPS STD decreasesard the
mid-level pressurediaving a minimum value near 300 hPa

In general NUCAPS shows better bias performance over the tropics, while its
capability to retrieve temperature is degraded near the surface, sittiators more
pronounce over mid-latitudes.In the case of ECMWEF, its noteworthy the low bias
observed over mihtitudes, which is probably associatedth the large amount of
observations assimilated over those regions, than over the fregmaining the better
performance in terms of bias over nfaditudes.

Figure 2 depicts the STD and BIAS of AVMPs derived from NUCAPS and
ECMWEF, expressed in terms of percent errors and obtained by multiplying equations

(11) and (12) by 100.

v NOAA Products Validation System (NPROVS) v NOAA Products Validation Syster (NPROVS)
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Figure 2. NPROVSlerived BIAS (solid line) and STD (dashed line) statistics
NUCAPS (red) and ECMWEF (blue) relative to conventional RAOBs matchujogMP:
(left) mid-latitudes and (right) tropics.
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Unlike the AVTP case, the overall accuracy of the AVMP profiles does not show
a rapid degradation as approaching the surface, showingddiges\around 10%. At both
regions, NUCAPS and ECMWEF profiles exhibit distinct similarity throughout the
atmosphere. In general, ECMWF statistics percent errors are smaller, but the overall
performance of both AVMPs is comparable. Below 300 hPa, a slightiwe (dry) BIAS
is evident in both regions for each AVMP. In this case, the largest magnitudes of the
BIAS computed for the NUCAPS AVMPs are found in the tropics, showing a bias of
about 16% around 800 and 500 hPa.

It is important to highlight thathe statistical performances presentedriguresl
and 2 for NUCAPS and ECMWEF, include (1) time and space collocation errors, (2)
representativeness errors, ar8) iptrinsic RAOBs errorsSince theseerrors can be
systematic or randonmtheir impact can be aflected in both the bias and standard
deviation. In this respect, it is expected that the actual uncertainties of NUCAPS and
ECMWEF aresmallerthan the ones reported here.

Since most SIPs require information at specific pressure levels, such as 500, 700,
850, and 950 hPa, the assessment of the NUCAPS soundings performance at these
particular levels is presented in Tables 3 to 6, showing the evaluation of NUCAPS (also
including ECMWF)with respect to conventional RAOBs. Evaluations are based on the
same meics previously shown, along with the coefficient of determinatidn (A basic
interpretation of 7comes from the concept of simple linear regression analysis, in which
the square root of is the linear (or Pearson) correlation coefficient Wjlks, 201). In

this work, the ¥ parameter is used to understand the proportion of the variance shared by
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the temperature angvater vapor measured by the RAOBs and the corresponding ones
derived from NUCAPS and ECMWEF.

Table 3 Statistics ovemid-latitudes computed at different pressure levels: AVT
Level STD (K) BIAS (K) r’

(hPa) ECMWF NUCAPS ECMWF NUCAPS ECMWF NUCAPS
496.6 0.680 1.190 | -0.077 0.636 0.988 0.956 11107
706.5 0.706 1.490 -0.090 0.460 0.989 0.949 11122
852.7 0.769 1.893 | -0.100 -0.264 | 0.990 0.937 10649
958.5 1.060 2.855 -0.082 -1.399 0.978 0.805 8885

Npts

Table 4 Statistics over tropics computed at different pressure levels: AVTF
Level STD (K) BIAS (K) r’
(hPa)  ECMWF NUCAPS ECMWF NUCAPS ECMWF NUCAPS
496.6 0.586 1.360 -0.081 0.256 0.980 0.893 4478
706.5 0.761 1.576 -0.129 0.089 0.972 0.882 4491
852.7 0.863 2.009 0.021 0.517 0.982 0.898 4100
958.5 1.036 2.315 -0.435 -0.389 0.961 0.831 2939

Npts

In agreement with the milktitude analysis shown in Figure 1 (left panel), Table
3 reveals that theemperature at 958.5 hPa presents the highest value of STD, the largest
magnitude of BIAS (cold BIAS) and the smalleétfor NUCAPS. Over the tropics
(Tabe 4), a 1 K lower BIAS is found for the 958.5 hPa level, accomeplaoy asmaller
STD (by about0.5K) and a slight increase iA. At 852.7 hPa, NUCAPS exhibits a slight
warm BIAS of close to 0.5K over the tropics, contrasting to a cold BIAS of
approximately-0.3K at midlatitudes.In addition, from Table3 and 4 it is found that the
NUCAPS temperature STD is approximately two times larger than the one found for the

ECMWF temperature for both the tropics and 4iaittudes.
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From Tables 5 and 6, it can be observed that the STD of the NUQARS

vapor is comparable over both regiondiereashe F is higher over the tropics. On the

other hand, the BIAS of NUCAPS shows slightly lower values overlatidides, for

practicallyall pressure levels.

Table 5 Statistics over mithtitudes computed at different pressure levels: AVM

Level STD (%) BIAS (%) r’

(hPa) ECMWF NUCAPS ECMWF NUCAPS ECMWF NUCAPS Npts
496.6 | 25.815 34.365 | -10.568 -12.155 | 0.808  0.672 11104
706.5 | 18.666 28.013 | -4.459  -7.509 | 0.860  0.672 11122
852.7 | 15.647 25,633 | -0.037 5247 | 0.847  0.556 10633
9585 | 14.470 22.489 | -1.147 -10.381 | 0.857  0.587 8611

Table 6 Statistics over tropics computed at different pressure levels: AVMF

Level STD (%) BIAS (%) r’

(hPa) ECMWF NUCAPS ECMWF NUCAPS ECMWF NUCAPS Npts
496.6 | 27.249 32551 | -8.962 -17.834 | 0.846  0.746 4477
706.5 | 22.107 32,670 | -5.281 -8576 | 0.855  0.682 4491
852.7 | 16.507 24.231 | -3.834 -11.714 | 0.879  0.710 4087
958.5 | 13.158 19.590 | 1.785  -5.533 | 0.900  0.759 2801

As discussed in Chapter 6, all previous hssand analyses play a key raitaen

interpreting the statistical results derived from the evaluation of NUCAPS derived SIPs.

41



Chapter 6. Results

This chapteris dedicated tdhe evaluation of the NUCAR&erived SIPsOver
the tropics, onlyhe TPW, Kl and GDI are evaluated since, by definitiorbgtraditional
use (e.g., Kl), these parameters are considered useful for operational forecasting
applicationsoverthis region Rekevantassumptions andonsiderationgarried out irnthis
validation are (1) The STD andBIAS are calculated by computing the difference
between the valuesf the SIPs derived frollUCAPS or ECMWF and thRAOBs SIP
values and (2) for comparison pposesa least squares procedure was used to calculate
the besfit curve, assuming 2" degree polynomiabf the form y = g+ ax + ax?
between the pairs RAOBs and NUCAPS SIPs and RAOBs and ECMWF [BIPs.
addition the statisticalresults presented in thehapterinclude errors due to collocation
carriedout over time and spagcerrors associatedith representativeness the observed
atmosphere(NUCAPS volumeaveragedvs. RAOB point observationg as well as
intrinsic errors found in the RAOB instrumentet. All these errors should be accounted
when evaluating the presented statistical performance of the d&lPsdsince those
errors contribute to increase the actual errge to that, the actual performance of the
NUCAPSderivedSIPs is expected the higher than the results presented in this chapter.

The results presented in this chapter will be divided in two major sections. One
that corresponds tahe large sample of conventional RAOBs, and another where
dedicatefteferenceadiosondes were usetihe later is expected to reduce thatellite
RAOBs collocation errorglue to its high synchronization with the satellite observations

(typically 1560 minutes of time differencegnd the errors associatetith the radosonde
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observations,due to the highaccuracy and quality of the radiosonde senséis.
previously mentioned, disadvantage of dedicateeferencaadiosondes basically relies
on the small sample size as compar® the robust sample size of the comi@nal

RAOBs.

6.1 ConventionalRadiosondes

6.1.1 TPW

The NUCAPS and RAOB versions of TPW show high level of statistical
agreement (Fig. 3), especially over tiiepics whereremarkablevalues ofr? (above
0.8) are observedBoth scattemplots presented in Figre 3 show that the & and &
coefficientsarevery close to zero, anohe respectively, indicating a very strong linear
relationship between the paio$ SIPsunder evaluationlt is found that theNUCAPS
BIAS is around-2 mm over both regionsimplying a slight underestimatn of TPW
values. This is shown graphically by the scatter diagrams in Figure 3 (top and bottom;
left), i n which most NUCAPS [eRedtiitpp oli inhe @i e
black), particularlyfor values of TPW above 15 mrthis pattern is also ewedt on the
bar histograms,where NUCAPS frequencies are somewhat below RAGBswell as
ECMWE for the categories corresponding to high TPW vallmwe25 mm over mie
latitudes andabove40 mm over the tropics.

The fact that NUCAPS TPWalues agree closely witbonventional RAOBSs
counterpartover both aregsndicatesthat NUCAPSIs able togeneratea highquality
TPW product containing meaningfulinformation about the integrated amount of

atmospheric water vapddue to the high agregent found over a wide range of observed
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TPW valuesgoing from a few mm to large amounts, the NUCARSWV is well suited to
be employed in the forecasting processich is of significant importance given that
TPW is a widely usedparameterto assess theogential for heavy precipitation at a
location (typically associated with plumes of elevated TPW valtisyever, forecasters
should be mindful of the fact that NUCAPS TPW magnitud#l tend to be lower than

their equivalent RAOBSs versian particularlyfor very high values of TPW.
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Figure 3. Scatteplots of conventional RAOBs versus NUCAPS/ECMWF TPW for: (top |
mid-latitudes and (bottom left) tropics. Histograms of RAOBS/ECMWF/NUCAPS TPW for:
right) mid-latitudes and (bottom rightjopics.
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6.1.2 SWI and LI

Due to the conceptual similarities between the SWI and LI, results derived from
those indices are summarized in this sectidre scatter plots presented in Figure 4 (top
and bottom; left) indicate that, in general, NUCAB#hibits intermediate levels of
agreement with respect to RAOB SIPs, showing 20fr0.403 (r=0.63) and 0.480
(r=0.69) for the LI and SWI, respectively. In the case ofSh®, results show a value of
3.1°C for the SWI, and 3% for the LI, revealing caiderable variability of the SWI and
LI values derived by NUCAPS with respect to the corresponding indices computed from
RAOBs. As the RAOBs SWI and LI values approach to zero, their NUCAPS
counterparts tend to have larger magnitudes (note that most NUG&RIS are above
the referé€mnece fHhpeefent this case). This patt
histogramgqFig. 4) where the frequency of the NUCAPS derived indices is consistently
lower with respect to the RAOB and ECMWF computed indicesdtues belows.(’C.

Given that small SWI and LI values are associated with high instability, previous results
suggest that NUCAPS derived SWI and LI exhibit certain tendency for underestimation
of the unstable atmospheric conditions. This is of speelalance given that the LI is

among the most commonly used stability products on the operational forecasting routine.
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Figure 4. Scatteplots of conventional RAOBs versus NUCAPS/ECMWEF versions of SWI
left) and LI (bottom left) fomid-latitudes. Histograms of RAOBS/ECMWF/NUCAPS SWI (t
right) and LI (bottom right) for midatitudes.

By definition, the SWI and LI involve the lifting of lowevel air parcelgo the
500-hPa level where parcels temperatures are compared with theeatribmperature at
that level. An unsaturated air parcel undergoedrya adiabaticascentput if it becomes
saturated (the pressure level where saturatifinst occurs defines the LCL), its
subsequenascent willfollow a pseudo adiabatiprocessin this respectthe NUCAPS
derived thermodynamic characteristiecd the lowlevel parcel as well as the ambient
temperature at 500Paare determinant to the quality of the resulting SWI and LI indices.

As noted earlienn the discussion presented in @tex 5,the NUCAPS AVTPs are cold
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biased(i.e., NUCAPS AVTPs tend to be on average lower than RAOBs temperpaires
the lowest levels anslightly warm biasedh the middle troposphere at riakitudes (see
Fig. 1; left and Table 3)Moreover, NUCAPS AVMR are slightly dry biasebelow 300
hPa (see Fig; left and Table 5)Considering thehermodynamics theorgf the lifting
process and assuming dewpoint depressions that allow-level air parcels reach
saturation with the watervapor content {.e., dewpoint) held constantolderlow-level
air parce$ in adiabatic ascentesultin lower 500-hPa parcel temperatweWith the
temperature held constant, driew-level air parceldn adiabatic ascerdlso result in
lower 508hPa parcel temperatures dioethereducedcontributionof the latent heating
As part of the LI computation, temperature and mixing ratio from atmospheric levels
within the lowest 100 hPa were averaged to define the mean parcel (MP) characteristics.
In this casethe systematic erns (cold and dry bias@®f the NUCAPS thermodynamics
profiles at the lower levelsare responsible for generating S0Pa parcel temperatures
colder than those produced by RAOB&athematically speakinghése factorgend to
reducethe valueof the seconderm of eq (2). In addition,the 500hPaNUCAPSwarm
BIAS of around 0.6K(see Table 33ignifiesthat the NUCAPS]erived 506hPa ambient
temperature tend to be slightly higher than the corresponding RAQ&sved
temperatures, whicbontributes to increase the values of the first term of @g. Thus,
NUCAPS tend to produce less lmyant parcelswhich leads tomore positive (or less
negative)Lls, as observed in the Figure 4 (bottdeft). Similar considerations applipr
the interpretation fathe results of NUCAPS SWI. In this casiee NUCAPSderivedSWiI

shows better agreement with respect to the R&Q@BIuesbecause thdwypothetical
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parcel assumes thermal anahoisture characteristics of the 85®a level For this
specific level the NUCARS temperaturand moisture biasesre low(about-0.26 K for
temperaturand-5.25% for watervapor, as shown in Tab&3 and 5 respectively, which
introducessmaller errorsinto the NUCAPS SWI computationin comparison with the
NUCAPSLI case As a consequence, the NUCAPS Si/superiorto the NUCAPS LI

in terms of agreement with conventional RAQBmce the latter is more affected by the
low-level biases of the NUCAPS AVTPs and AVMPs.

It should also be mentioned that due to the fact ghtdllites, in reality, provide
volumeaveraged information rather than point data, like the radiosondes, intrinsic
differences are expected when comparing SIPs derived from satellite observations against
SIPs produced from RAOBs. For example, over regiamgre large atmospheric
inhomogeneitiesre observed within the satellite fiedd-view, SIPs corresponding to an
average of the observed atmosphere will be produced by NUCAPS. In contrast,
radiosondes are expected to provide SIPs representative oltiah lBpcation. In this
respect, it is important to highlight the presence of representativeness errors found in
RAOBs associatedvith the drift experienced during the radiosonde ascending, which
could reach several kilometers. Since satellites performrlyneestantaneous
observations, they do not show this type of representativeness error. iifitngsac
differences clearly contribute to increase the differences found during the NUCAPS and
RAOBs comparisons.

The fact that the parcel mean temperaturthatlowest 100 hPa and the parcel

mean dewpoint temperatua¢ the lowest 100 hPareindispensablénput parameters for
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the computation of LI motivates a specific analysis of the ability of NUCAPS in deriving

the MP characteristic3 hese results are gented in Figure.5
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Figure 5. Scatter plots of conventional RAOBs versus NUCAPS/ECMWEF versions of
Mean Temperature at Lowest 100 hPa (left) and Parcel Mean Dewpoint at Lowest 100 hP
for mid-latitudes.

In agreement with the discussion about the quality of NUCAPS temperature and
water vapor presented Chapter 5, the NUCARS8erived MPs tend to be colder and
drier than the RAOBslerived versionsFigure 5 (left panel) reveals high level of
agreementof NUCAPS in relation to RAOBs as can be observed by High r.
However, it is possible to observe a negaBIAS in the NUCAPS estimation. This
result is consistent and in line with the negaB¥AS already observed in Figure when
evaluating the qualitypf the NUCAPS retrieved temperatufféor the NUCAPS parcel
mean dewpoint at the lowest 100 hPa (Fig. 5; right pareulated from thaverage of
NUCAPS mixing ratiodatafrom all available levels within00 hPaof the surfacether?
decreaset about 0.6butit is still quite high. The negativeBIAS observed he; which
is about twice the one observed for the ECMWEF ciasine resulbf the negative biass
found in the NUCAPSwater vapornear the surfageas shown in Figur@, for mid

latitudes.Furthermorethe NUCAPS STD is largerfor dewpoins than fortemperature
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In this respect, NUCAPS STB near 3.7C for dewpoint which is almost two timeshe
correspondingECMWF STD of about 2.0°C. Those results show that NUCAPS
temperature is in better agreement with respect to RA®Bsthe 100 hPa layer closest

to the surface, than water vapor, which is expected due to the lower information content
found in the radiometric observations to reteéawoisture as compared to temperature
near the surface.

Since the calculation of LI is the most complex among all parametersein th
currentstudy, it is possible to infer that the statistics of this index are the most affected by
theintrinsic differencesbetweernthe AVTPs/AVMPs derived by NUCAPSnNnd RAOBs.

Such differences are inevitably amplified by the various steps of the computation,

resulting in a cumulative effect on the final verification metrics.

6.1.3 Kl

Figure 6 presents the evaluation of the Kiaditionally usel for the shortterm
forecastingof nonseverethunderstormsThe scatter plotshow thatthe NUCAPS KiI
compares relatively well witlrespect tothe RAOBsderived values with similar
performanceover thetropics andmid-latitudes Values ofr? around 0.6 and BIAS
magnitudesof about £C are found when comparing Kl values estimated from NUCAPS
and RAOBs With respect to the STD,ath ECMWF and NUCAPS sholargervalues
over thetropics than over midatitudes From Table 3 and Table 4s well as from the
Kl definition (see Chapter 3, it is possible to identify thahe lager STDobserved over
the tropicsby ECMWF and NUCAP&an be explained by the larger valuedsropics

temperature STHoundat 700 and350, as wellasat 500 hPa, particularly for NUCAPS.
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Furthermore, from Figur, it is possible to identify that the STD for the NUCAPS Kl is
approximately 1.5 times the STD found for ECMWHhis valuecompares and agrees
with the magnitude of theemperatureSTD reported in Tabke3 and 4(and discusseth
Chapter 3 Those observations clearly show the impact of the quality of the NUCAPS

AVTP in the computation of the KI
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Figure6. Scattemplots of conventional RAOBs versus NUCAPS/ECMWFor: (top left) mid
latitudes and (bottom left) tropics. Histograms of RAOBS/ECMWF/NUCAPS KI for: (top ri
mid-latitudes and (bottom right) tropics.

Histograms of Figuré show that NUCAPS KI poses similar pattern of frequency
distribution as comgired to RAOB and ECMWF, except over the2C interval, where

NUCAPS tends to estimate more Kl cases, particularly ovedatitddes.
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The <atter plotsalsoshow how NUCAPS tends to underestimate the Kl above
approximatelyl0°C. By usingthefitted coeficients ofthe NUCAPS besfit curvg mid-
latitudes (tropicsNUCAPS Kl valuesareabout3 (3), 7 (6) and 9(7) °C below RAOBs
Kl values of 20, 30 and35°C, respectively.A consequence of that is the consistent
decrease in the frequency of the NUCAPS KI values aBO6%, over the tropics, and
above25°C, over midlatitudes, as showiny the histograms.

The scatter plots shothat theRAOBsSNUCAPS differences ardarger for the
very stable RAOBslefined values belowl(°C. From the perspective of the forecaster
using the NUCAPS Kproduct all values below 1 fall within the same category of
very stableatmosphericconditions, which do not require closely monitoring. Thes
situations argin general,well resolvedby NUCAPS as shownby the histograms of
Figure 6,in whichthe percenfrequenciesof NUCAPS Kl cases below G aresimilar
to the ECMWF and RAOBs.

In summary, current results indicate tiIVCAPS and RAOBXI valuesare
highly correlated, which encourage operational applications of the NUCAPSsSkeen
above,NUCAPS KI is able to identifyvery stable conditions (defined by RAOBs KiI
below 10C), despiteshowing values that do not closely agree with RAOBs &alue
However, in this type of situatiorforecastersare more interested in the correct
classification of astablecase than in the exact value of the indéar more unstable
conditions with RAOBalefined Kl values above 10, in special situations with higher
likelihood of thunderstorms onset (RAOB$ above 36C), forecasters should take into

accounthe factthat NUCAPS KI tends to be an underestimate of the RAOBSs value.
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6.14TT

Figure7 depictsthe scatter plothe statisti@l scoresand the histogram for the TT
evaluation.Results show thaf T exhibits an intermediate level of agreement witlfr
0.475 corresponding to an r about0.69 There is alow BIAS of -1.267°C and a
moderate STf about 5.7C, which is approximateliwo times larger than the ECMWF
STD. The latteris in line with the fact that the magnitude of the NUCAPS temperature
STD at 850and 500 hPa, as well #se watervaporSTD at 850 hPa are about two times

larger tharthe ECMWF correspondin§TDs(seeTT definition andTables 3 and 5).
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Figure7. Scattemplot of conventional RAOBs versus NUCAPS/ECMWEF versions of TT (left)
mid-latitudes. Histogram of RAOBS/ECMWF/NUCAPS TT (right) for aaditudes.

ThenegativeBIAS indicatesan overall NUCAPS3endency for underestimation of
the RAOBSTT valuesHowever, fom the histogram (Fig/; right panel), it can be noted
that this tendency is mainly driven by the NUCAPS TT values between 45 8@d 55
From the NUCAPS besit curve, NUCAPS TT values of abb 3, 4 and % below
RAOBs TT values of 45, 50 and %5 respectivelycan be expectedhh comparison with
RAOBs and ECMWF, there are fewer cases of NUCAPS TT points beld@ 3ais is

due to the fact thatart of the RAOBs TT pointsf 30°C or lesscorrespondto higher
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NUCAPS valuesmainly between 3@ 40°C, as shown byhe scatter plotlt is clear that
the category of the lowest RAOBfined TT values (associated with very stable
atmospheric conditions), in special below °@0 contains large RAOBSNUCAPS
discrepancies that anegativelyinfluencing the statistics in spite thfefew cases.
6.1.5 GDI

The scatter plot (Fig8) shows f of 0.603 (rabout0.78) when NUCAPS GDI is
compared against the corresponding RAOBs values. This means that NUCAPS GDI
accountsfor approximately60% of the variance of RAOBs GDI, although with a

relatively high STD of 12.
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Figure 8. Scatter plot of conventional RAOBzrsus NUCAPS/ECMWEF versions of GDI (lef
for tropics. Histogram of RAOBS/ECMWF/NUCAPS GDI (right) for tropics.

The negative BIAS indicates that NUCAPS GDI in general underestimates
RAOBs GDI particularly for RAOB GDI values above 1(rhis is especidl true for the
highest GDI valueswyhereNUCAPS GDI potential for resolving the most intense cases

of tropical convective instability (GDI > 35) seems somewhat restriE@dexamplefor
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RAOBs GDlvalues near 10, NUCAPS GDI estimates values close kodever, for
RAOBs GDI values in the vicinity of 35, NUCAPS estimates GDI values arbénd

The GDI is calculateavith temperatures and mixing ratios at 950, 850, 700 and
500 hPaThethermodynamic mpertiesat those levelsre used during several stagés
the multistep calculation of GDIsgeChapter 3. Thus it is reasonable to suggest that
there is a cumulative effect generated by the RAOBsS/NUCAPS differences in
temperature and water vapaffecting the agreement between the NUCAPS and RAOBs
versions of GDI

More specifically, he calculation of GDIs highly dependent on the equivalent
potential temperature (EPTan important thermodynamic parameter that incorporates
both temperature amoisture contenfmixing ratio)on its formulation(highly accurate
formulas for EPT are given by DasJones, 2000 The EPT is defined as the
temperature an air parcel would have if lifted dry adiabatically to its LaBid then
pseudo adiabatically (¥ respect to water saturation) to zero pressumedensing all its
water vapor, dropping out condensed water, and finally brought down dry adiabatically to
1000 hPa (Bolton1980; Bryan, 2008)Conceptuallythe variation of EPT with height is
a criterian to assess the convective fmtential)stability of the atmosphei@Vallace and
Hobbs, 2006)Therefore, GDI requiresthe computation oEPT profilesto diagnose(1)
warm moist unstablatmospheric conditionsand (2)subsidencétrade wind)inversions
(localizing the decrease ithe moisture contenbf a column associated with the
temperature inversionfrrom Tables 4 and 6, the NUCAPS temperature BIAS ranges

from -0.4 to 0.5K,whereasthe NUCAPS water vapor BIAS ranges frof to -17%,
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showing a consistenpattern of negative biases (i.e., NUCAPS AVMPs tend to be on
averagedrier than RAOBsdatg. As a result of the dependence of the EPT on
temperature and humiditghe RAOBsS/NUCAPS differences in these parameters are
affecting the accuracgf the NUCAPS EPTand consequently, of the NUCAPS GDI
Given thecritical dependence of the final EPT upon the latent heat released during the
pseudo adiabatic ascepised to warm the lifting air pargethe magnitude oNUCAPS
EPT differences inrelation to RAOBsmust increasein warm humid atmospheric
conditions In this casethe drier NUCAPSlJerivedparcels(resulting from the NUCAPS
water vapor negativeiasesfound for the four levels used during GDI computafion
producelower EPTsthanthe ames produced bRAOBs andlarge RAOBS/NUCAPS
EPT differencesin comparison with drier environment©n the contrary, in drier
conditions, theontribution of thdatent heateleasdo theEPTIis less importansinceair
parcels contaidess moistureThis means that the negative biases found for NUCAPS
water vapor become Bess significantsource of errorfor the final NUCAPS EPT,
resulting in smaller RAOBs/NUCAPS8ifferences.The previous discussiohelps to
understandhe behavior of GDI values highthanabout30 (RAOBs defined)in which
NUCAPSGDI tend to baunderestimates of RAOBs GOHrom its definition, GDI above

30 typically occurs in warm humibnvectively unstablenvironmentgfree of inhibiting
factorsfor convective weathersuch as suddence inversions and mievels ridges)
Nonethelessrelatively few casegless than 2%as shown in Fig8) in this category
occurred, which can be playing a role in limititige evaluatiorof NUCAPS GDI skill

under such cases.
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6.2 Referende/DedicatedRadiosondes

Figures 9 and 10 show the validation results foNUCAPS SIPs using
dedicated/reference radiosondes thetruth measuremest(mid-latitudes) As previously
mentioned dedicated/reference radiosondes constigumtentirely independent datageot
assimilated in NWP models)with optimum qualityand synchronized with satellite
observationsAs can be verified fromesults presented iRigures 9 and 10 the NUCAPS
SIPs shows similar characteristics and performdhae the assessmefound in previous
section,helping to support the major conclusiobtainedwhenconventional RAOBs were
used. In this respect, it is verified that, for the range of SIPs values associated with unstable
atmospheric conditionand computed using RAOBEIUCAPS SIPdend tounderestimate
those conditionslt is also important to highlight the overall reduction in the statistical
errors for NUCAPS and ECMWF with respect to the ones reported for conventional
RAOBs. This behavior canebexplained by the reduction tfe collocation error and the
better error characterization of the reference/dedicated RAOBs, which produce higher
guality RAOB measurementd.hese properties are part of the major justification and value
of using dedicated/refereaobservations for the valation of the NUCAPS EDRs, which

now is being extended to the validation of the NUCAPS SIPs.
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Figure 9. Scatterplots of dedicated/reference RAOBs versus NUCAPS/ECMWF versions
TPW; (b) SWI; (c) LI; (d)KI; and(e) TT for mid-latitudes.
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Figure10. Scattemplots of dedicated/reference RAOBs versus NUCAPS/ECMWF versions
Parcel Mean Temperature at Lowest 100 hPa; and (b) Parcel Mean Dewpoint at Lowest 1|

59



Chapter 7. Case Studies

This chapter presents two case studies in order to demonstrate the area of
application and possible operational usage of the NUCddttyed SIPs. ECMWF
analyses are employed as baselines for comparisons. Since ECMWF analyses are available
with a frequencyf 6 hours per day at a regular gagacing, it was necessary to perform a
4-point spatidemporalinterpolationto match NUCAPS time and locations of retrievals.

It is important to mention that the nature of the-synchronous PP satellite
with its ascending and descending orbits crossing the equaappeiximatelyl330and
0130 local time (LT), respectively, determines the satellite passage times over the
continental US (CONUS), ahthe availability of NUCAP$roducts. More specifically, the
S-NPP overpasses (in ascending modegr the CONUS occur from the east to the west
direction betweerabout1700 and 2300 hiversal Coordinated Time (UTC)

7.1 08 May 205

During the afternoon of 08 May 2015, mutgllular convective storms developed

over the soutitentral states of the US, resulting in multiple reports of severe weather

(tornados, high winds and large hails) (Flid).
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Figurell Filtered Stornreports product for 08 May 2015. Product covers the period betwe
May 1200 and 09 May 1159 UTC. (Courtesy of the NOAA/Storm Prediction Center (.
Available online at www.spc.noaa.gov/climo/reports/150508_rpts.html.)

Marman, Okishoma,

Strong to severe thunderstornesolved in the warmer, moist and unstable
environment ahead of a surface cold front (E®. Persistent lowevel southerly winds
provided the inflow of warm moist air from the Gulf of Mexico into the region
throughout the day. The dryline at the surfaoelysis map indicates the boundary
bet ween the warm moist air ahead (dewpoints

continental air mass behind it.
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Figure 12 1200 UTC surface analysis map for 08 May 2015. (Courtesy of
NOAA/NCEP/Weather Prediion Center (WPC). Available online
http://www.wpc.ncep.noaa.gov/archives/web_pages/sfc/sfc_archive.php.)
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The GOES13 IR imagegFig. 13) showthe development of the convective cells

over the focus area on that day (Figcrefers tothe closest time to the NPP ascending

passagever the regioh

(e) (f)

Figure 13. GOES13 IR images from 1200 UTC 08 May 2015 to 0300 UTC 09 May 2
Sequence covers (a) 1200 UTC; (b) 1500 UTC; (c) 1800 UTC; (d) 2100 UTC; (e) 0000
and (f) 0300 UTC. (Courtesy of the San Francisco State University. Available onli
http://squall.sfsu.edu/crws/archive/satimgs_month_archhtml
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