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Abstract

Profiles or soundingspf atmospheric temperature and water vapor from remegziged
platforms provide critical observations within the temporal and spatial gaps of the radiosonde
network.The 2017 National Academies of Science Decadal Survey highlighted that observations
of the planetary boundary layer (PBL) from the current si@sed observing system are not of
the necessary accuracy or resolution for monitoring and predicting high impact weather
phenomenarhe National Research Council (NRC, 2009) suggested the developiaemetwork
of groundbased profilers to supplement the existing sg@sed observing system in order to
improve observations of the PBIOne instrument that fits the requirements outlined by the NRC
(2009) for the grountbased network for profilers ishe Atmospheric Emitted Radiance
Interferometer (AERI).

This dissertation advans¢he understanding adhe benefits ofa synergybetween the
groundbasedAERI and spacéasedhyperspectral infrared (IR¥oundersas a method for
improving thermodynamic aunding using three studies: 1A synthetic information content
analysisin clear sky conditions to quantify improvements offered by the synergy of profilers in
terms of degrees of freedom, vertical resolution, and uncertai@)iés.synthetic information
content study in three cloudy sky scenes to assegsotbatialof the grounebased and space
based synergy agpassiblesolution to IR sounding in cloudy environments. 3) Develop an optimal
estimation retrieval that combisAERI with the spacdased Crosfrack Infrared Sounder (CrlS)
on SNPP and NOAA20to assess the performance of the synergy in practice, outside of synthetic
studies.

The clear sky information content study shows thairabination of AERI with any of the

three polaforbiting IR soundersThe Atmospheric Infrared Sounder (AIRS), the Crtssck



Infrared Sounder (CrlS), or the Infrared Atmospheric Sounding Interferometer (IASI), results in a
30-40% increase imegrees of freedonDOF) in the surface to 700 hRayer compared to the
spacebased instrument alone. Introducing AERI measurements to the observing system also
results in significant improvements to vertical resolution and uncertainties in the bottom 1000 m
of the atmosphere compared to CrIS measurena¢ons.

The cloudy sky information content analysis show that the synergy of CrIS+AERI has
greater temperature information in cloudy sky conditions than in clear sky because the cloud
provides an opaque layer that sharpens the Jacobians enabling atirapetdeval at that layer.

AERI and CrIS both lose water vapor information as the cloud becomes optically thick, though a
synergy of CrIS+AERI would minimize those losses. In partly cloudy scenes, the information
content of the synergy is most sensitivecloud cover at greater than 50% aerial cloud fraction.

The combined CrIS+AERI retrieval &ssessed for a single case study. CrIS+AERI did not
produce the best comparison to the radiosonde profile when compared to the individual instrument
retrievalsand was found to have greater uncertainty as well. It is shown that this is likely due to
the small uncertainties used for each instrument. The synergy of CrIS+AERI was found to replicate
the improvements in vertical resolution identified in the infornmationtent analysis. The vertical
resolution of the combined retrieval in this case study is found to exceed the 1 km resolution goal

stated by the 2017 Decadal Survey.
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Chapter 1: Introduction

Vertical pofiles, alsoreferred to as soundingsef atmospheric temperature and water
vapor, are critical foatmospheric diagnostics atite accuracy of numerical weather prediction
(NWP) (eg: Langland and Baker 2004, LaRoche 20Bxyundings enable the diagnosis of
atmospheristability, total precipitable water vapor, freezing levels, and precipitation type among
other applications. Radiosondes are considered the gold standard for atmospheric sounding.
However, radiosonde observations are generally taken every 12 hourdiaht80s to 1000s
of km apart. The large time and spatial gaps in observations cause the radiosonde network to be
unable to identify features in the mesoscale Wihzontallength scales around 10 to 100s of km
and time scales of a few hours. Of prignaoncern for this work, the radiosonde network in North
Americais unable toobsene transitionsin the planetary boundary layer (PBL) under daytime
heating, which is crucial famonitoring changes in atmospheric stabitiyidentify the location
and timng of severe convection.

Remotelysensed observations frasatellitebasednfrared (IR) and microwave sounders
and Global Positioning System (GPS) radio occultation, in addition to in situ observations from
commercial aircraft, are necessary for filling the temporal and spatial gaps in radiosonde
observations. The current observing system makes use of IR sounders anrlgbfay satellites.

In addition, the Fendfun 4 satellite, centered over western Asia, has demonstrated the utility of
hyperspectil infrared soundings from geostationary orbit. However, both the National Research
Council (2009) and 2017 NASA Decadal Survey (National Academies of Sciences, Engineering,
and Medicine, 2018; hereafter referred to as the Decadal Survey) have notkdrthatynamic
soundings from the current spdeased observing system lack the accuracy and resolution within

the PBL that is necessary to improve predictions of high impact weather phenomenon. The



Decadal Survey designated improving observations of thed2Bd priority for the next decade.
Previously, the NRC (2009) propostnd development of mationwidenetwork of grounebased
thermodynamic profilerdo supplement the spabased sounders in orderiteprove observations
of thePBL. This dissertation vlifocus on supplementing spabased IR sounders with a ground

based IR sensor in order to improve atmospheric sounding.

1.1 History of Infrared Sounding

Kaplan (1%9) is largely creditedvith developing theanitial concept @ how to infer
atmospheric temperatupgofiles using IR radiancemeasuremeniKaplan (1959)used simple
radiative transfer simulations ghow that radiances measured by a sjm@sed instrument at the
15 ¢ mab8&oéption band would originate from approately 100 hPaEach channel atna
incrementallyshorter wavelengthvould detect radiation originating from a lower level in the
atmosphereuntil reaching the surfacgt he 13 e m at mo s p HrelB69,¢hefivat n d o w
two atmospheric soundingstruments were launched into orbit on the NimBsatellite. One of
those instruments, the Satellite Infrared Spectrometer (SIRS) had eight total chaitm& s
resolutionspanning betweentheG@ b s or pti on band at 15 em to th
em. War k and Hilleary (1969) agirigVe aneedtimated e  t h e
temperature profile using a set of eight equations that are solved simultaneously. While the
comparison ofhteir retrieval to radiosondes was considered a success at the time, they identified
large errors neastrong vertical temperature gradiesuch as the top of the PBL and the
tropopauseConrdh et al. (1970) made a temperature retrielgilved frommeasuvements made
by thesecond instrument on Nimb3s thelnfrared InterferometefiRIS), with similar results to

Wark and Hilleary (1969)n contrast to SIRSRIS provided measurements frdsn € m5et no, 2



allowing for the retrieval of total column water pa@ and other trace gases addition to
temperature

Ohring (1979) provided a review of various impact studieg assessetthe valuethat
satellitebasedsounding data hadth numerical weather prediction. In general, satebiased
soundings provedot be useful to improving forecast accuracy in the -dpase Southern
Hemisphere (eg: Kelly et al. 1978) but impacts in the Northern Hemisphere were much smaller.
Ohring (1979)also documentednixed reactions tahis new satellitdbased sounding dathoth
the South African Weather Bureau and the French Meteorological Service believed that satellite
sounding data was considerable and impactful, while the German Meteorological Service would
not even assimilate treunding data because they felt the old system with eight weather ships in
the Atlantic Ocean provided more valuable information.

Chahine (1974and Kaplan etal. (1977)dent i f i ed tzlarm NO ébboeptioh . 3 € m
bands may be usedtoretidemppe r at ur e i n the | ower tropospher e
utilized in SIRS.In 1979the TIROSN Operational Vertical Sounder (TOVS, Smith et al. 1979)
was launched. TOVS was a combinationRfind microwave sounding instruments, of which the
High-resolution Infrared Radiation Sounder (HIRS) wadfheomponent. HIR®ad 20 channels
extending those i n t he tolnbludedmannels ipithe watet Ja@ot S| F
continuum and the ned#iR around those C&£and NO absorption bandsswassuggested by the
findings of Chahine (1974and Kaplan et al. (1977)n addition to the polaorbiting HIRS
instrument, the Visible and Infrared Spin Scan Radiometer (VISSR) Atmospheric Sounder (VAS,
Smith et al. 1981) was put in geostationary orbit on G@&$1980. The VAS had 12 channels
rangi ng fr om add itsgeostatiomarylotbit adlowed for thaetection of temporal

changes in thermodynamic profiles at a given locgi8mith et al. 1985)Given its geostationary



orbit, VAS also enabledthe calculation of upper tropospheric wind vectors, which improved
tropical cyclone forecasts (Velden et @8%). TOVS remained the polarrbiting sounder for the
United States from 1979 until the launch of the Atmosphericredr&ounder (AIRS) in 2002.

Phillips et al. (1979) found that the soundings from TOVS were improved compared to the
original SIRS instument but still had large errors nesirong vertical temperature gradie(as
originally found with SIRS by Wark and Hilleary 196%mith (1991) showed howthe poor
vertical resolution of th&@OVS retrievalsresultedin errors as large as 10 ear thetropopause
where the temperature changed rapidly with heighe VAS, using the same channels as the
TOVS, also had limited impacts because of the poor vertical resolution. Smith ¢b@@mmented
how NWP skill stagnated during the 1980s, coincident in time With stagnation isounder
technologyand suggested that improved sounding would lead to more accurate NWP

While it took two decades for a new instrument to be put into orbit, scientificvechénts
during the1980s andl990scultivated the successes that would come in the 2000&bly,
advances in engineering enabled the development of hyperspectral interferometers and grating
spectrometers. While the early SIRS and IRIS instruments hatta@pesolution of 5 crh and
the HIRS instrument had 10 chmesolution,newerinstruments such as thaircraftbasedHigh
spectral resolution Infrared SoundetlS) were able to achievepectral resolution of cm? or
better Hyperspectral resolution inecessaryo differentiate betweethe transparent and opaque
regions of individual absorption bangscrucial for high vertical resolution soundinghe
hyperspectral resolutiosharpenshe weighting functions for each channehat is sensitive to a
thinner layer of the atmosphe(&aplan et al. 1977, Smith 1991¥mith (1991)presented

experimental datdom the HIS when flown on an aircraft, with the sensor looking downward. In



this setting, HISvas capable of doubsig the verti@l resolution of the TOVS and redng errors
in the temperature retrievals by up to 50% compared to TOVS.

The launch of AIRS in 200¢till operationain 2021)marked the beginning of the current
era for IR sounding. AIRS is a grating spectrometer witlie than 2000 channedsid aspectral
resolution ranging fron0.55 cmt, in the longwave part of the spectrum to 2.0'cim the
shortwave. This was a significanpgrade from thel5 cm?! spectral resolution of thelIRS
instrument Early validation efforts byChahine et al. (2008pundthat AIRS retrievals achieved
root mean square errors (RMSE) of about K5or less throughout the tropospheieor
comparison, the RMSE values for TOVS presented by Smith (1991) were 2.5 K to 3)jkeatet
throughout the profile. An IR soundeapable okignificantly more accurate retrievaddressed
the primary areas of focus for the IR sounding community that Smith (1B&dhighlighted a
decade earlier.

Today, AIRS along with thénfrared Atospheric Sounding Interferometer (IASfiyst
launchedoy EUMETSATIn 2006 and the Crostrack Infrared Sounder (CrlISirst launchedoy
theUnited States National Aeronautics and Space Administration (NASANatidnal Oceanic
and Atmospheric Administtion (NOAA) in 2011 provide IR sounding/from polarorbit. Until
recently, hyperspectralsounders have been restricted to poldnt. In 2016, the Chinese
Meteorological Agency (CMA) launched the Geostationary Interferometric Infrared Sounder
(GIIRS), to be the first hyperspectral sounder in geostationary orbit. EUMETSAT currently plans
to put the Infrared Sounder (IRS) in geostationanyit by 2023as part of the Meteosat Third
Generation (MTG) deploymemth i | e N O AXOdpsogrdarEnends to put an IR sounder in
geostationary orbit around 2038he reader is directed to Menzel et al. @0fbr an additional

perspective on thieistoryand developmerdf IR sounding instruments.



While modern day NWP assimilates radiances from IR sounders instead of retrievals,
Smith et al. (2021) demonstrates that there is much more information available in these IR sounders
than is currentlpeing used in data assimilation techniques. However, thermodynamic retrievals
from IR sounders are used for nowcasting and have the potential to provide important information
on the preconvective state of the atmosphere (lturb8bnchez et al. 201&smali et al. 2020).
That potential has yet to be realized though, as extensive validations BOR& Unique
Combined Atmospheric Processing System (NUCAPS, Gambacorta BpIR8)n et al. (2017)
and Nalli et al. (2018) reveal large errors up to 3 K neasthtace. Gartzke et al. (201Znd
Bloch et al. (201phaveshown that calculations of Convective Available Potential Energy (CAPE)
from AIRS retrievals have no correlation to CAPE calculations from radiosondes, largely driven
by the near surface errorsthe retrievals. Despite the many technological and scientific advances
in the IR sounding field over the last 50+ years, thermodynamic soundingPBthizom space
remains challenging, just as Wark and Hilleary (1969) had found in the first knownirspund
efforts. These errors significantly limit the use of IR soundings in modern day weather forecasting

and analysis.

1.2 Motivation

Figure 11 shows an example of a Crtferived retrievafrom NUCAPS (Gambacorta
2013) compared to a bdocated radiosonde. The NUCARSNnus radiosonde difference lisss
than 1.5 K above 700 hPa, and less than 2.0"gakgve 800 hPa. From the surface to 800 hPa,
however, differences are much greateir,2K and 4i 5 g kg* in this exampleln particulay the

errors below 800 hPa cause the NUCAPS retrieval to completely miss the existence of the



nocturnal inversion centered at 875 hPa. These retrieval errors in the PBL significantly reduce the

utility of these soundings in operational weather forecasting.
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Figure 1.1: Comparison of AERie (AER}derived, red) NUCAPS (CriS-derived, blue) and

radiosondgblack) profiles of temperature (left) and water vapor mixing ratio (right)20 June
2015

Given these weaknesses of the sga&sed observing system at sounding the PBL, the
Decadal Survey made it a priority to improve observations of the PBL. The NRC (2009) proposed
the development of @ationwidenetwork of grounebased thermodynamic profileis supplement
the spacdased sounders anthprove observations of thBBL. The Atmospheric Emitted
Radiance InterferometeAERI, Knuteson et al. 2004a,ts) oneof the instruments that woufd
the criteria outlined by the NR@009 for the hypothetical network of grourbased profilers
(Hoff and Hardesty2012). AERI is a Michelson interferometer that measures downwelling
atmospheric emitted radiances betweet® and 3000 cth( 1 9. 2 t oand®asBeene m)

demonstratedo achieve an absolute radiometaccuracyof better than 1% of the ambient



radiance (Knuteson et al. 2004a,B)ERI has been widely used iRBL studies including
monitoring convective indice$-€ltz et al. 2003, Wagner et al. 20@8)3gravity wavesn the PBL
(Tanamachi eal. 2008, Loveless et al. 201HERI has been deployed around the world as part

of the ARM Program(Mlawer and Turner 2016and has provided observations critical for
improving and validatingradiative transfer modelling (Mlawer et al. 201€)jgure 1.1 also
displays the AERIoe (Turner and Léhnert 2014, Turner and Blumberg 2019) refivietved same

time and locationas theradiosomleNUCAPS matchup While NUCAPS had its greatest
differences near the surface, the AERIoe retrieval has a difference of less than 1 K up to 850 hPa,
and less than 2 g Kgup to 800 hParhis is in line with the larger validation performed in Turner

and Ldnert (2014).

Conceptually, the benefits of a combination of a sym=sed sounder with a groubdsed
profiler are intuitive.Satellitebased sounders have low information content near the surface but
greater sensitivity in the middle and upjpeposphee (eg: Ebell et al. 2013, Smith and Barnet
2020). Meanwhile, grountdased sounding instruments such as AERI or a microwave radiometer
are almost exclusively sensitive to the lowest 4 km of the troposphere (eg: Lohnert et al. 2009,
Turner and Lohnert 201&lumberg et al. 2015). The optimal combination of an upvidting
sensor and a downwapbinting satellitedh ased sensor woul d permit eac
represented in the final retrieved profile.

Given the wellestablished retrieval methodsr using IR or microwave radiance
measurements to produce estimated profiles of thermodynamic variables, one potential method to
combine the two sets of measurements would be g@osterioricombination of the single
instrument retrievals based on theertainties of each individual system. Aires et al. (2012) tested

this theory for a combination of spabased IR and microwave sounders, comparing a synergy



(both instruments in the same retrieval) to a combination of the individual retriagalg the
retrieval with the lesser uncertainty at a given height. They found that the synergy displays greater
improvements than a combination of sirgistrument retrievals. This isecause the combined
retrieval allows the shared information content of the tet® af measurements to interact within

the retrieval procesand improve the accuracy of the retrieviahell et al. (2013) showed that
information content for a groudohsed microwave radiometer plus the sgaased Infrared
Atmospheric Sounding Interfemeeter (IASI) would be nearly double that of a grodrased
microwave radiometer alone. This provides the basis for the underlying hypothesis for this
dissertationby adding groundbased sensarto the satellite observing systenthermodynamic
soundings of thePBL will be greatly improved andavill approach the desired accuracy and

resolution outlined by th&017 Decadal Survey

1.3 Background on Instrument Synergy Studies

Instrument synergies have become comnpactice in situaions where multiple
instruments are making simultaneous observations of the same envirqeoenas ddocated
instruments at research facilities or on the same satellite platfduhnert et al.(2009
demonstrated a synergy between the grenesbd ARI and a groundbased microwave
radiometer finding that the microwave radiometer provides additional information to the AERI in
high moistire environments, when the IR signal from the AERI is attenuated. Turner and
Blumberg(2019 experimented withhe syrergy betweena water vapor Differential Absorption
Lidar (DIAL) andAERI. Despitethe DIAL only offering information on water vapor, combining
AERI with the DIAL actually improvesboththe temperaturandwater vapor retrievatompared

to AERI alone.In spaceR and microwave sounders have been flown together on the same
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satellite since the launch of TOVS in 19T&e current NUCAPS retrieval utilizesretrievafrom
a microwave soundas a first gueskor the IR retrievalm clear sky conditiondn cloudy sky
conditions NUCAPS will supplement the IR retrieval (which can retrieve above the cloud layer)
with the microwave retrieval below the cloud layer

Despite the widespread use of instrument synergfesm the same resech facility or
satellite platform limited research has been done combingpgcebased and grourbased
sensors togetheBoth Gartzke et al (2017) and Bloch et al. (2019) showed that calculations of
Convective Available Potential Energy (CAPE) fromapbased retrievals had poor correlations
with CAPE calculated from radiosondes. By replacing the estimate of temperature and water vapor
at the surface from the retrieval with a surface observation, the correlation with radiosonde
calculations was drasatly improved

The aforementioned study I&bell et al. (2013rompared information content for space
based IASwith agroundbased microwave radiometer. THeynd that the combination of IASI
with thegroundbased microwave radiometeearly doubledhetotalinformationcontentof both
temperatureand water vaporcompared to the grourdshsed microwave radiometer alone.
Specifically, the combination with IASI resulted in small increases in informeatintent near the
surface, even though the groubdsed microwave radiometer was found to have significantly
greater information in that layer than IAShe synergy also resulted in significant reductions in
uncertainties: in particular a 20% reductionnearsurface uncertainties for absolute humidity.
Overall, their results proved that the synergy of sgmsed and grourblased instruments had
greater information content and smaller uncertainties than either instrument individually: the same

result thatAires et al. (2012) found for a synergy of two sphesed sensors.
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Ho et al. (2002) developedsgnergistiaetrieval between the downwalaoking, aircraft
mounted Scanning Higresolution Interferometer SounderkBS) with the grounebased AERI.
Compared to radiosonde measurements, the combined#&RIS retrieval displayed a decrease
of 1.5 K in root mean square error (RMSE) in the near surface layer versubitBeatone. Near
surface water vapor mixing ratio retrievals improved from RMSE of ahéug kg* to about 1.5
g kg? for the combined retrieval.

Toporov and Léhnert (2020) utilized synthetic retrieval (based on reanalysis data)
combiningsimulatedneasurementsfor RS ( EUMETSATO6s futur ewitheost at
those ofa groundbasedmicrowave radiometeiSimilar to the findings of Gartzke et al. (2017)
and Bloch et al. (2019), they found that CAPE calculated from IRS had only had a correlation of
0.68to the true CAPE. Thgroundbasedmicrowave radiometer alone had a correlatb.77.
However,whencombinedin a synergistic retrievathe two sensors had a correlation of &4
the true CAPEN clear sky conditions. They also demonstidteat the combination of the two
sensors performed well at identifying temporal changes in CAPE, while the IRS alone struggled
to identify periodof veryhigh CAPE.

The results of Ebell et al. (2013) and Toporov and Lohnert (202§)est that a synergy
of spacebased sounders with groubdsed sensors will significantly improve remotely sensed
soundings of the atmosphere. However, Ebell et al. (2048Ja small sample size of only 100
profiles. Toporov and Lohnert (2020) had a larger sample size, iyt dmcumented the
improvements inretrievals based on the accuracy of convectinelices derived from those
retrievals.Both of these studies focused on assessingriiendandspacebasedsynergy within

atmospheric conditions foundvestern Europelhis dissertatiorinas three goals that wékpand



12

upon the work presented by Ebell et al. (2013) and Toporov and Léhnert (2@20¢r to further
guantify the benefits of a synergygrfoundbased andpacebased sensars

1) Expand upon the clear sky &rsas of Ebell et al. (2013) to consider conditions from
multiple climate regimes and document improvements in vertical resoluitiorthe grouneand
spacebased synergy

2) Assessinformation contentof the grouneandspacebased synergy ircloudy sky
environmentaising three case studiedth varying cloud heights

3) Create a groundnd-spacebasedsynergistic retrievain order to demonstrate that the

improvements suggested by the information content stuthgsppear in practice.
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Chapter 2: Retrieving Thermodynamic Information from Radiance

Measurements

Hyperspectral sounders make radiance measurements of upwelling (froaft airspace
based platforms) or downwelling (from groubdsed platforms) atmospheric emitted radiation at
spectral resolutionsroundl cnttor better By utilizing prior estimates of the atmosphere (referred
to as an a priori), the emission from tra@eses such asater vaporCQOz, and @, at particular
frequencies enable the retrieval of thermodynamic information from these radiance measurements.
An example of IR radiance measurements from the grtvaséd AERI and the spabased CrIS
are shown in Figurg.1. One thing to note about Figri2.1 is how the observed spectra from the
two instruments are largely mirrors of each other. For example, consider treb&xpption band
near 700 cm. I n this region, AERI &6s radiance i s gr e
the atmospherenithis spectral region: the AERI observations are sensitive to the warm near
surface air immediately adjacent to the sensor while the CrIS observations can only observe the
cold upper troposphere and stratosphere as the atmosphere is completely opaqubdselo
levels. The opposite pattern is observed in the relatively transparent window channels between 800
cm! and 1000 cm, where CrlS is most sensitive to the warm surface and AERI has little
sensitivity to any part of the atmosphere in this regiorafB}, by combining upwargointing
and downwarepointing views of the atmosphere from these two instruments, a more complete
view of the atmosphere emerges than what is possible from a single instriimemetrieval
process originally outlined by Kaplail9%) assigned the brightness temperature of a single
channel as the temperature at a given level. However, that process has many flaws and limited

applications as the radiances at each spectral channel are frequently highly correlated with each
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other aml are sensitive to many layers of the atmosphere, not just a singleBagause of this,

the retrieval process is ndinear and has an infinite number of potential solutions that exist for a
given set of radiance measurements. As a result, iterativenzal methods that utilize prior
estimates of the atmosphere are required to retrieve thermodynamic information from radiance

measurements.
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Figure 2.1: Radiances fotheupward looking AERI (red) and downward looking CrIS (blue).

2.1 GaussNewton Estimation

Turner and Lohnert (2014) describe a GalNssvton optimal estimation retrieval using
AERI, and a similar approach will be made here in order to demonstrate thgysyhiére ground
based AERI with spaekased IR sounders. A simplified derivation of the Gaveaton method
described in Rodgers (2000) is presented here, along with the modifications to the method

suggested by Turner and Léhnert (2014). In order toedlad measuremenectory to the
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atmospheric stateectorx, a forward model F is needed to physically relatetiwlee In this case,
y is an mdimensionalvector of radiance observations whids an n-dimensionalvector that
contains the temperature and moisture profiles. In essence, our goal is to take our observations of
y and return the most likely valuesxathat are physically capable of producingVe can describe
this system in the following manner:

W &w - (2.1)
whereUis theerrorvector, encompasag both instrument noise and errors of the forward model.

Linearizing this system about a reference stateill yield:
0w &w —S W W - (2.2)
where the Jacobian matrix, commonly referred to as the weighting function nkatcian be

defined as the partial derivative of each element of the forward model with respect to each element

of the state vector:
€ F —_— (2.3)

wherej is an index of the measuremgnandk is an index of the state vecterK is am by n
matrix wheremis the number of measurements ans the number of elements in the state vector
x. K describeghe sensitivity of each element thie measurement vectgrto each element of the
state vectok. SubstitutingK into equatior2.2 and rearranging some terms
W &w Ew o - 2.4)
For IR sounders making thermodynamic retrievals,nilmaber of measurements is typically
greater tharthe number of elements in the state veatowhich would technically make this
problem overdetermined if the measurements were independent from one another. For example,
AERI has 2655 channels and we can consider AERIoe (Turner and Lohnert 2014) which w

retrieve temperature and water vapor at 55 different levels in the atmosphere, resulting in a state
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vector with 110 elements. However, the measurements are not independent of one another, but
rather highly correlated. This can be seen in Figures B@&.2b which display$e temperature
Jacobians for AERI and CrIS respectivalre Jacobians show how each measurement is sensitive

to many layers instead of just origecause the measurements are correlated with one another,
there is actually far lessformationthan the number of measurements. As will be shown later,
these measurements result in about 5 independent pieces of information about temperature from
the surface to 200 hPa. Comparatively, there are approximately 40 levels in the grid tiseskfor
calculationsso40 elements in the state vectdhus, this retrieval process is actuallypthsed or
underdetermined because there is less information than the number of variables we are seeking to
retrieve. This results in a problewhere annfinite number ofsolutionsfor x may be physically
possible given measuremgrandthereforerequires a prior estimate of the atmosphere in order to
overcome that lack of information compared to number of variables being retrieved.

AERI Temperature Jacobians CrIS Temperature Jacobians

200

200 gy

b)

Pressure [hPa]
Pressure [hPa)

0 0.1 0.2 0.3 04 0.5 0 0.1 0.2 03 0.4 05
dRadiance/dT [mWm ™ str’' em™ K] dRadiance/dT [mWm™Z str' em™ K]

Figure 2.2: Temperature Jacobians for AERI (a) and CrIS (b).

Because there are an infinite number of solutions,reétréeval process is inherently a
conditional probability problem: given some measuremyemhat is the most likely solution for

the state vectot?We can consider Bayes06 Theorem for con
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0o 20 (2.5)

which describes the probability of the state vector bgigiyen some measurementP() is the
prior probability distribution functionpdf) of the stateector. This is what is known aboubefore
a measurement is made (e.g.: a climatologyy) B(the prior of the measurement before the
measurement is made .y is the probability of measuremengiven some state vectgr If we
assume that the eno of our linearized system (described in equafot) are Gaussian in
distribution, then we can describeyR) as:
iy o 8o © £ o (2.6)
whereSuis the error covariance matrix. We can also descrikpa(
cidoo ® o 1 ® © (2.7)
wherexais the a priori ana is the a priori covariance matri&a is calculated as:
Sdk = CORR,X) i k. (2.8)
w h e rja n &aré the standard deviation of the atmospheric state (temperature or water vapor
mixing ratio) at height levelsandk respectively, and CORR(x) is the corrtation between the
atmospheric state at height leveéndk. The constants: andc: in equations 2.6 and 2afe both
independent ok are important for normalizing thepelfs. If we substitute equatio2s6 and2.7
into Bayeso6 TmMRéweacandetarmine dpgftoravhat werare interested in, which
is theconditionalprobability of a state vectorgiven some measurementP (x]y):
clDomdo ® &0 N ® & O ®n oo o (29
Since we are looking for the most likely solution, maximize the probability by taking the
derivativeof equation2.9 and seing it equal to zero:
noo¢l D caw n&® A © & N ® ® T (2.10)

We can substitut(x) =n & w:
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Ew N 0 & n 0 o T (2.12)
where " indicates an estimated variable. In particeberepresents the most likely state vector
given measurement While we can solve fowin equation2.11, the nonrlinearity of the system
requires an iterative method to minimize the difference éetwthe measuremeptand the
modeled measurement given our estimated state We consi der Newtonés
vector equatiomg(x) = 0:

® ® " "Ho  "Ho 8 (2.12)
wherei is the iteration numbeBubstituting the lefhand side of equatiaa 11 for g(x):
n "Ho N EN € NE N w Ow (2.13)
Note that thel € termis a second derivative of the forward model (recall the definitidd of
equation2.3). For cases that are not too Amear, this term is smadnd can be ignoredVe can
substitute equatiord11 and2.13 into equatior?.12 and find the Gausslewton Method:
W W n En € En o Ow n o o . (2.19)
This equation providex at the next iterationt1 based om at the current iteration This method
will move incrementally toward the final solution fe(which is the most likely solution given
measurementg). Because is a function of the state vectryit should be reevaluated at each
iteration such thai is the Jacobian evaluatedxatMasiello et al. (2012) an@urner and Léhnert
(2014) utilize @ factor to weight the prior information relative to the obseoves. This factor is
used to change the weight of the prior information compared to the observation. This acts to
stabilize the retrieval, dsis initially large ands decreased in value with each iterafiery.: 1000,

300, 100, 3 Gslowyhl®dwing 3nore idformafioé@ from the observation to be used in

each successive iteration ufitiE 1. We will alsoconsider the departure ofir final solutionxi+1
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from the a priorixa instead ofx and rearrange some terms to provide us the final equation for our
GaussNewton optimal estimation method:

W @ N En &€ EnNn o O E O w0 . @.15)
Following Turner and LohnerRQ14), he retrieval is deemed to converge when:

W ® 1 o w L O. (2.16)
whereN is the number of variables in the state vector 8his the posterior error covariance
matrix. Physicallyspeakingthe retrievals deemed to havenvergd when thechange inx from
one iteration to the next is smaller than the uncertainties of theviedt Note thatthe posterior
error covariance matrix is typically referred toSarowever in order to avoid confusion with the
traditional Rodgers (2000) formulation 8fwhich will be used in the next section discussing
information content, we willefer to the error covariance matrix for the modified Gausaton

method asS':

nrn &€né& rn  E€n €& o En €& . (217)
When =1, S will collapse to equal the traditional version®presented by Rodgers (2000).

A radiosonde climatology will be used for the first guesand a priori covariance matrix
Sa. Since model errors are difficult to quantify, the noise characteristieafr instrumento be
describedin Table 3.1, will be used forSa This will result in an underestimation of the
uncertainties of the retrievadmith et al. (2021) suggests performing a dry temperature retrieval
on bands not sensitive to water vapor, and then performing the water vapor retrieval with the
knowledge of the temperature profile. However, this method would omit temperature information

contained in the water vapor channels. We choose to follow the decisions of Ebell et al. (2013)

and Turner and Lohnert (2021) and calculate the averaging k&rfogl both temperature and
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water vapor simultaneouslfhapter6 will demonstrate the optimadstimation retrieval for a

synergy of the grountlased AERI and spadmsed CrlS.

2.2 Information Content
Instrument studies will often quantify the information content that an instrument can

provide to a retrieval. Information content is a conveniergsuee to compare instruments without
the computational complexities of an iterative retrieval. For example, the Jacobian matrix only
needs to be computed once when calculating information content but multiple times in the retrieval
method. Chapter4 and5 will assess information content of the groeambtspacebased synergy
in clear sky and cloudy sky environments, respectively. There are several methods that may be
used to compute information content of an instrument (such as change in entropy or Shannon
information content) but in this study we will compute degrees of freedom (DOF) because it is
calculated using variables that are already needed for the optimal estimation retrieval. Following
Rodgers (2000), we know the Bayesian solution for the retrigtage in a linear system is:

w 0w €n € 0 En o £w 8 (2.18)
We can see that the retrieved solutiois a function of the prior knowledge of the statg and
the change to that prior expected value as contributed by the measurement. The second term on
the righthand side of equatiah18 is commonly called the gain matréx

€ EN € n € N (2.19)

The gain matrixG is composed of the posterior error covariance m&rixhich is spread across
the instrument space by the Jacolifaand the instrument nois

S=(KTSeIK + Syt 2.20)
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Thediagonal elements of the posterior error covariance nfapmvide the expected uncertainties
of the retrieved state vectgr The posterior uncertainties are a function of the instrument noise
(spread across the state spacekKyand the uncertaintiesf the a priori. This may also be
calculated for an iterative retrieval by evaluatiigat state vectox (referred to a¥i in the
previous section). Thikeads us to the averaging kerAelvhich may be calculated :as

A €€ neEn E. (2.21)
The averaging kerndl describes the subspace of the state in which the retrieval must lie and thus,
contains descriptions of the information content in a retrieval. In essenedhe contribution of
the measuremen@) spread out over the state space based on the sepsitithie measurement
to changes in the state, which is the JacoKian

From the averaging kerné, two variables can be computed that we will center our
information content analyses .0Rirst, the DOF is calculated as the tra@e the sum of the
diagoral elementspf A:
DOF = Tracef) 2.2)
Given the relation to the gain mati®& DOF quantifies the additional information contributed to
the retrieval due to a signal from the instrument beyond what is already known from th&rpsior
allows us to compare differences in information provided by different instruments and different
instrument synergies, as has been previously shown in Ebell et al. (2013) as well.
Second, the averaging kern&l may also be used to derive the vertical resolution.

Physically speaking, the vertical resolution describes the depth of the atmospheric layer
contributing to the measured signal that is being used to estimate the atmospheric state at a given

level. Following Hewison (2007) the vertical resolution may be approximated by scaling the
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inverse of the diagonal elementsfo{note: the same elements that get summed to calculate DOF)

by the vertical spacing of the grid:

AT HT e (2.23)

wherezis the height. Note that the vertical resolution cannot exceed the resolution of the grid used
for radiative transfer calculationshe nstrument noise described in TaBl& in the next chapter

will be used for the error covariance matsix This will result in an oveestimation of information
content and vertical resolution, and underestimate the uncertainties described by the posterio
covariance matris since additional sources of error (such as errors in the forward model) are

unaccounted for.
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Chapter 3: Instrumentation

This dissertation utilizelR instruments to study a synergy of grotrased and space
sensors for thermodynamic sounding. While microwave sensors have the advantage of non
precipitating clouds being largely transparent at the frequencies used for microwave sounding, this
dissertaibn focuses on the IR because of both the greater vertical resolution and smaller footprints
(allowing for a better match up with the point observations of a grbasdd sensor) offered by
IR sounders compared to microwave sounders. Tallles a summaryof the instrumentation
considered in this study, which includigge different spacdased IR instruments along with the
groundbased AERI. We include three polanbiting spacebased hyperspectral IR soundérkse
Atmospheric Infrared Sounder (AIRS) dmetAqua spacecraft, the Cresack Infrared Sounder
(Cr1S) flown on Suomi NPP and NOA20O, and the Infrared Atmospheric Sounding
Interferometer (IASI) onboard MetOp A, B, and C. With the potential for hyperspectral IR
sounding from geostationary orbit leeging a key component of the future observing suite, we
include the proposed Geosynchronous Imaging Fourier Transform Spectrometer (GIFTS,
described in Elwell et al. 2006) to explore the benefits of soundings from geostationary orbit when
combined with impoved by grounébased systems. Lastly, we utilize the 12 IR channels on the
Advanced Baseline Imager (ABI) as the only current instrument in geostationary orbit over North
America offering measurements that could be used for sounding information to @dadeline
for comparisonThe noise characteristics for each instrument described in Table 3.1 will make up
the error covariance matrBoused in both the optimal estimation retrieval (equation 2.15) and in

the calculation of the averaging kernel (equag.21)
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Instrument  Platform Orbit -type Spectral Range Range of Noise
Instrument Noise  Reference
(MW nr?sricnr?)

ABI | GOES16, GOES Geostationary 3.90, 6.19, 6.93, 0.0038 to 0.52 Schmidt et al.
17 7.34,8.44,9.61, 2017
10.33, 11.21, 12.29
13.28em
AERI | Multiple locations Groundbased 520- 1800 cmt 0.01t01.8 Loéhnert et al.
2009
AIRS | Aqua Polar 649- 2665 cmt 0.0015to0 0.79 Pagano et al.
2014
CrlS | SNPP, NOAA20 Polar 650- 1095 cmt, 0.1, 0.04, 0.005 Zavyalov et
1210- 1750 cmt, al. 2013
2155- 2550 cm*
GIIRSGIFT | FengYun 4 Geostationary 700- 1130 cmt, GIFTS noise: Elwell et al.
S| /Proposed 1650- 2250 cm* 0.4, 0.06 2006
IASI | MetOpA, B, C Polar 6457 2760 cmt 0.005 to 0.45 Hilton et al.
2012

Table 3.1: Summary of instrumentation considered in this study.

AIRS (launched in 2002 on the Aqua satellite) and CrIS (launch2@lih on SuomNPP
and in 2017 on NOAAO) are part of the A'rain (Stephens et al. 2018) with an approximate 1:30
pm local time equator overpass. AIRS (Chahine et al. 2006) is a grating spectrometer with 2378
channels spanning 650 to 2665 £rAIRS has anoise equivalent differential temperature ranging
from 0.1 to 0.7 K, described in Figure 5 of Pagano et al. (2014). CrIS (Han et al. 2013) is a
Michelson interferometer with three distinct spectral bands ranging from 650 to 109Gittm
spectral resolidn of 0.625 crt, 1210 to 1750 crhwith spectral resolution of 1.25 cinand 2155
to 2550 cmt with spectral resolution of 2.5 cCrIS noise is described in Figure 1 of Zavyalov
et al (2013), ranging from approximately 0.1 mW?msr! cni?! in the lmg- and midwave bands,
and about 0.01 mW thsr! cnttin the third band.

IASI, first launched in 2006, is deployed on Met@p-B, and-C with equator overpass
times of approximately 9:30am local time. IASI is similar to CrIS in that it is also a Marhels
interferometer It provides continuous coverage of the radiative spectrum from 645 to 2760 cm
at a spectral resolution of 0.25é¢m | ASI 6 s noi se equivalent diffe

in Figure 3 of Hilton et al. (2012), and ranges fromK.® 0.5 K at a reference temperature of
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280 K. This results in noise ranging from approximately 0.1 to 0.45 mA&rincnt? in the long

and midwave bands, and 0.1 to 0.01 mW&sn! cnt in the shortwave bands. While AIRS, CrIS
and IASI are very simdlr instruments, we consider all three as part of our study because they differ
in spectral resolution and error characteristics, which could result in different impacts on
information content and the resulting synergy with grebasded instruments.

While the ABI, on GOES16 and GOES{7, only offers 12 IR broadband measurements
over wider spectral bands, it is the only instrument in geostationary orbit over the United States at
this time that provides thermodynamic sounding information. The broadband shann&BI
have broad sensitivity across a large depth of the atmosphere and provide little information for
sounding compared to the hyperspectral sounders. However, the nearly continuous observations
from ABI over the United States would mean that the fiesnef a grounebased synergy would
not be limited to specific overpass times.

Given the community interest in moving towards IR sounding from geostationary orbit, we
consider the Geostationary Interferometric Infrared Sounder (GIIRS) that is currantly i
geostationary orbit on the Feiagin 4 satellite (Yang et al. 2017). Work by Elwell et al. (2006)
assessing noise characteristics of a different hyperspectral IR sounder for geostationary orbit
suggest that GIIRS has greater noise than expected. Thusiline noise characteristics of the
GIFTS instrument, a prototype geostationary IR sounding instrument studied by NASA, the
University of WisconsirfMadison, and Utah State University (Elwell et al. 2006) in conjunction
with the GIIRS spectral channels.&hoise characteristics of GIFTS are closer to what is expected
from the future geostationary sounders proposed by EUMETSAT and NGGEO-XO
program. We denote this hypothetical instrument as GIFTS throughout this paper to avoid

confusion with the full chracteristics of the GIIRS instrument.
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The grounebased instrument of focus in this study is the AERI. The AERI is also a
Michelson interferometer, similar to CrlS and IASI, that measures downwelling atmospheric
emitted radiance between 520 and 3006 atmapproximately 1 crhresolution at better than 99%
radiometric accuracy (Knuteson et al. 2004 a,b). The temporal resolution of the AERI is ideal for
studying PBL processes (e.g., Tanamachi et al. 2008, Loveless et al. 2019), as a data source for
data asimilation experiments associated with severe weather (e.g., Degelia et al. 2020, Hu et al.
2019, Coniglio et al. 2019), and the temporal evolution of static stability FeltzandMecikalski
2002 Feltz et al. 2003Wagner et al. 2008). The AERI is aten because of its worldwide
deployment in multiple climate regimes as par
Radiation Measurements (ARM) program (Mlawer and Turner 2016). Since ARM launches
radiosondes at each of its sites between two amdtimes a day, we have a myygar collected
dataset consisting of radiosonde thermodynamic profiles and AERI radiance observations. These
radiosonde profiles provide the thermodynamic profiles used for radiative transfer simulations for
this synthetistudyand will be described in the following chapter

Previous information content analyses and retrievals utilized limited selections of the
thousands of channels available on each of these instruments. We choose to consider all channels
on all ofthese instruments in order to identify itheull capabilities. Utilizing the full spectral
coverage of these instruments would also allow thermodynamic retrievals to overcome poor

estimates of trace gases.



27

Chapter 4: Radiosonde Data

The information content analys presented in Chapters 5 and 6 utilize radiosonde profiles
to provide thermodynamic information for radiative transfer modelisdditionally, these
radiosonde profiles provide observations for the calculation of the a priori covariance $aatrix
(equaton 2.8) as part of the optimal estimation retrieval (equation 2.15) and for calculations of the
averaging kerneh (equation 2.21)Given that one of the goals of this study is to better understand
the effects of water vapor on information content, thislgutilizes ARM observation sites in the
East North Atlantic (ENA; Dong et al. 2014) on the Azores islands, North Slope of Atlantic (NSA;
Verlinde et al. 2016) in Barrow/Utgiagvik, AK, and Southern Great Plains (SGP; Sisterson et al.
2016) in Lamont, OK.This provides the analysis with profiles from a marine subtropical
environment, a polar environment, and a4taiitude continental environment in order to assess
the gains in information content of a synergy of grebaded and spadmsed instruments in
varying climate regimes. While SGP and NSA have radiosonde archives that extend back more
than 15 years, ENA only has radiosonde data available beginning in September 2013. In order to
maintain uniformity, this study uses profiles from 1 October 2013 t8&flember 2019 for all
three stations to make up our radiosonde profile database. With six years of observations available,
this will provide a large range of environments to simulate for the information content experiment
in Chapter 5 and for the calctitan of the a priori covariance mati®s throughout this dissertation

The first analysis presented in Chapter 5 will utilize clear sky profiles. This is because
radiative transfer calculations in cloudy sky scenes require several orders of magnitede mor
calculations than clear sky scenes and one of the goals of the information content an@lysis is

expand upon the work of Ebell et al. (2013) amdude a large number of profiles. Three cloudy
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sky profiles will be selected from SGP for analysis in Gaia@ These cloud free profiles are also

used in the calculation &. Profiles are flagged as possibly containing clouds if any relative
humidity measurement in the radiosonde profile is greater than 90%. We also require a radiosonde
to reach 100 hPa tnsure that the entire troposphere has been obsé&wsdmmarized in Table

4.1, these quality control measures result in a dataset that consists of 464 clear sky profiles at ENA,
491 at NSA, and 3765 at SGRvhich will be used for analysis in ChapterS85P has many times

more profiles that meet the clear sky requirements than ENA and NSA in because SGP has nearly
double the total number of archived radiosondes (as SGP launches four radiosondes a day while
the other sites only launch two) but also elgreres fewer clouds and thus a lower percentage of

profiles are flagged for being cloudy.

Station SGP ENA NSA

Total Radiosondes 8536 4739 5037
Removed for Quality Control 42 18 15
Removed for ndkReaching 100 hPe 112 36 25

Total CloudyProfiles 4617 4221 4506

Total Clear Sky Profiles 3765 464 491

Table 4.1: Overview of radiosonde data considered for this study. Total radiosondes are the
number of radiosondes in the ARM archive from 1 October 2013 to 30 September 2019.

Since the radiative contributions of the atmosphere above the typical heights that
radioondes reach are necessary for radiative transfer calculations, the radiobsened
profiles are augmented with the United States Air Force standard atmosphere geophysical model
(McClatchey 1972) to provide a continuous profile up shbight that islesignated as thep of

the atmosphere in each experimefihe model atmosphere is blended with the radiosonde
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observations such that threodeledlapse rates of the upper atmosphere are preserved while
increasing or decreasing the temperature and wateorvemixing ratio to match the top

measurement of the radiosonde
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Chapter 5: Clear Sky Information Content Analysis

5.1 Introduction

Ebell et al. (2013)presentd the benefits of a synergy of a grotbabed microwave
radiometer with the spadmsed IASI interms of the increase in DOF and reduction in
uncertaintiesThey found that a synergy of the grodingsed microwave radiometer with 1ASI
resulted in greater information content and reduced uncertainties compared to thebgseohd
sensor alone. Notablhese improvements were seen in the 1seaface layer, even where 1ASI
provides very little informationThe results of their study are promising for firespects of a
synergy of grourndbased and spadwmsed sensors offering a significant improvement in
thermodynamic sounding of the troposphere, especially the RBWever, their study utilized
only 100 profiles from a single site in Germany. They also i their results are highly
dependent upon the atmospheric state, in particular water viapoer and Lohnert (2014) also
identified that A HSRépénsatonmwate vapoeGiventhe smallcsantple n t
size of the stdy presented by Ebell et al. (20X8)d their focus on a single site, the variability of
information content and uncamtties with the atmospheric state are not fully charactebyed
their study

Additionally, while the 2017 Decadal Survey and NRC (2009) reports set goals for the
vertical resolution of soundingmstrument studies have focused on information conteajrig
the vertical resolutions of both single instrument and synergistic retrievals-inndstigated.
Given the results dEbell et al. (2013) that the synergy increases DOF compared to a single sensor
and the relationship between DOF arettical resaltion where bothdepend on the diagonal

elements of the averaging kere(shown in equations 3and 3.3), it is reasonable to conclude
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that the vertical resolution of a grouaddspacebased synergwill be improved compared to a
single sensor aloneédowever, mantifying those improvements and comparing the vertical
resolution of the synergy to the goals of the 2017 Decadal Survey are necessary for proving the
benefits of the synergy.

The analysis presented this sectionwill build upon the clear sky information content
study presented by Ebell et al. (2018)e will extend the analysis to include multiple climate
regimes, utilizing radiosonde profiles from the ARM stations at ENA, NSA, and SGP, described
in Chapter 4This provides our analysis with profiles from a marine subtropical environment, a
polar environment, and a mldtitude continental environment in order to assess the gains in
information content of a synergy of grouhdsed and spadmsedmstruments in varying climate
regimes.The analysis focuses on clear sky profiles because simulating clouds in the IR requires
several orders of magnitude more calculations to account for the radiative effects of clouds, which
would make an analysis likéis on such a large set of atmospheric profiles impracfides.
vertical resolution of single instrument retrievals from grebaded and spadmsed sensousill
also bequantifiedin this analysisas will the improvement#n vertical resolution offerethy a

synergy of the twaets of sensors

5.2 Radiative Transfer Modelling

The input profiles for this analysis are the 4,720 clear sky prdfites the three ARM
stations, ENA, NSA, and SGBummarized in Table 4.These radiosondarofiles (augmented
with upper atmosphere information from the United States Air Force standard atmosphere
geophysical modelqre interpolated onto the 1-0dvel AIRS pressure grid for radiative transfer

modeling. The AIRS pressure grid is chosen duetdomdespread use in the satelliased
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sounding communityTo make it practical to compute radiative transfer calculations over such a
large number of profiles for all of the channels on each instrudesdribed in Table 3,%his
analysisuses an optal spectral sampling (OS$#)st radiative transfer model (Moncet et al. 2008

and Moncet et al. 2015). OSS is written by Atmospheric Environmental Research Inc. (AER) and
produces radiances and temperature and tracdagabians for a given atmospherictstalrhe

model is a lookup table with coefficients specifically derived for each instrument, derived from
the LineBy-Line Radiative Transfer Model (LBLRTM, Clough et al. 2005). Currently, OSS is
designed to simulate the spectral characteristics of AERRSALCTrIS, and IASI. Because of the
continuous coverage and high spectral resolution of IASI, radiancdaaobian simulations for

IASI are used to calculate those measures for ABI and GIIRS (what we are designating as GIFTS)
by using their spectral respgfunctions to the IASI channels. Radiative transfer calculations for
the geostationary sensors, ABI and GIFTS, simulates those instruments from the viewing angles
of GOES16 (longitude of 75.2° W) for SGP, and Meteesat(longitude of 0° E) for ENA. The
geostationary sensors are not simulated for NSA because of the oblique viewing angle for the polar
regions from geostationary orbit. The petabiting sensors (AIRS, CrIS, and IASI) are simulated

at nadir.

Radiative transfer calculations using OSS aot®dor absorption by water vapor and the
trace gases of carbon dioxide, methane, ozone, and nitrous oxide. In order for the analysis to focus
on the effects that changes in the thermodynamic profiles (specifically water vapor) have on
information content,similar to the study done by Ebell et al. (2013), the same trace gas
concentrationsre usedor every profile, regardless of the station. A representative trace gas
profile is chosen from a NUCAPS (Gambacorta 2013) retrieval over SGP, since the nadjority

profiles are from the SGP sit€he decision is mad® focus the information content analysis on
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parameters both instruments can retrieve. Therefore, emissivity and skin temperature are specified
in the calculations and not included as part of theamreg kernel calculations for the satellite

based sensors. The NASA Combined Aster and MODIS Emissivity for Land (CAMEL, Borbas et
al. 2018 and Loveless et al. 2021) monthly climatology of surface emissivity is used for each of

the three stations to prowddharacteristic surfa@missivityfor the calculations.

5.3 Constructing the A Priori Covariance Matrix :

Calculations of the averaging kerr{e¢call equation 21) neededo computeDOF and
vertical resolution require an a priori covariance magix(equation 2). Given the large
differences in surface pressure across the three statitims analysisthe natural log of the ratio
of the surface pressure to each pressure level is used as a vertical coordinate to ensure that the
surface informatiorirom each profile is covaried togethé& is calculated as a pseudtobal a
priori T including profiles from every statioifhis is done to ensure th&f is constant across the
stations in order to highlight the relationship between information coatehvariations in water
vapor. Thus,50 profiles from each season at each stadw@nrandomly selecteahd those 600

radiosonde profileare combinedo form Sa, which isdisplayed in Figure 5.1.



34

Pseudo-Global A Priori Covariance Matrix
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Figure 5.1: A priori covariance matrix used in this analysis. Botilef is temperature covaried
against itself. Topight is water vapor varied against itself. Figft and bottorright are
temperature and water vapor covaried agaash other.

5.4 Results

5.4.1 Degrees of Freedom

We begin by considering the results of the D@Ee equatior2.22) analysis for all 6
instrumentdescribed in Table 3.7The DOF calculations across the full troposphere (which we
denote as the surface to 200 hPa) are displayed in BEguioth Ebell et al. (2013) and Blumberg
et al. (2015) presented DOF calculations for AERI alone, finding roughly 5.5 DOF for tennperatu
and roughly 3 DOF for water vapor across a similar layer, largely consistent with the full
troposphere results we find for AERI. Ebell et al. (2013) finds about 4 DOF for both temperature
and water vapor for IASI alone. Our methods produce about 5 DOtEmperature and 6 DOF
for water vapor from IASI alone. This difference is likely attributable to the coarser grid of only
43 levels that Ebell et al. (2013) used compared to the AIRS 101 pressure levels used in this study,

but channel selections, thepdori covariancamatrix, and model differences may also contribute

to the differences.
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ENA Full Troposphere DOF for Temperature ENA Full Troposphere DOF for Water Vapor
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Figure 5.2: DOF for temrature (ac) and water vapor (f) for the full troposphere (surface to
200 hPa). DOF fothe individual sensors is displayed in black. DOF for the synergy of the AERI
with each respective spabased seor is displayed in red.
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Assessing the results in FiguBe2, AIRS, CrlS, and IASI (the three polarbiting
hyperspectral sounders) all haxexy similar DOF to one another. While the results presented here
for those three instruments are nadir only, we did not find significant changes in DOF with changes
in scan angle (up to 35°) as we found that the Jacobians did not change much with kcan ang
GIFTS has about 0.5 to 1 DOF less than the paibiting sounders. We found that this is more
of a result of the noise characteristics and the fewer total channels of the hypothetical

GIFTS/GIIRS sensor compared to the AIRS, CrIS, or IASI than theosamgle used to simulate
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geostationary orbit. ABI has less than half of the information that the sounders offer, as would be
expected given the few broadband channels that it ha® D4 for temperature from ABI come

from a combination of approximajel DOF near the surface from the window channels land
DOF in the free troposphere from the water vapor channels.

The combination of AERI with the spabased hyperspectral sounders (AIRS, CrlS,
GIFTS, and IASI) results in a 3@0% increase in tot&dOF compared to the spabased sounder
alone while the addition of AERI to the geostationary ABI results in more than doubling the
information when compared to the ABI alone. The variations in DOF across the three sites are
relatively small. Informationa@ntent for AIRS, CrlS, and IASI at NSA is about 1 DOF lower for
temperature, compared to SGP and ENA, and 1 DOF higher for water vapor. For the-upward
facing AERI, profiles at NSA and SGP result in largely similar DOF for temperature, while the
DOF for tenperature at ENA is only marginally less. AERI gets about 4 to 5 DOF for water vapor
at NSA, but only about 3 to 3.5 DOF at ENA and SGP. The synergy combinations largely follow
the patterns of the spabased sensors, resulting in greater temperature iafammat ENA and
greater water vapor information at NSA.

Figureb.3 focuses on the PBL and lower free troposphere by displaying DOF calculations
for the surface to 700 hPa layer. ABI only offers 1 DOF for temperature, while the (sjsext
hyperspectral amders produce about 1.5 to 2.5 DOF (more at ENA, less at NSA) for temperature
in the PBL. The spaelkased hyperspectral sounders have about 1.5 to 2 DOF for water vapor
while ABI has less than 0.5 DOF in the PBL. The benefits of grdnaséd remote sengirn the
PBL are clear as AERI by itself produces about 1.5 times greater DOF for temperature in the
surface to 700 hPa layer than any of the sfsed hyperspectral sounders. However, the synergy

of AERI with the spacdased hyperspectral sounders psmraieven greater benefits, with results
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indicating a doubling of DOF for temperature, and an increase of ab&@®%40dor DOF for water

vapor as compared to the spdisesed hyperspectral sounders alone. The synergy of AERI with
the spacéased hyperspectraounders producegeaterDOF than AERI alone in the surface to

700 hPa layer. AERI paired with a spduased hyperspectral sounder would result in about 4 to
4.5 DOF for temperature and 3 to 4 DOF for water vapor. This would present a significant
improvement in PBL sounding, compared to what is currently provided with $jzesssl
hyperspectral sounders aloriéhe increased DOF enables the retrieval of greater detail in the
structure of variations in loMevel temperature and water vapor, thus producimgeniinely
resolved inversion and moist layers. Similar to the patterns identified in the full troposphere view
in Figure5.2, the spacdased hyperspectral sounders provide marginally greater temperature DOF
from the surface up to 700 hPa at ENA, withagest water vapor DOF at NSA. AERI provides
similar temperature information across the three sites, but greater water vapor information at NSA
than at ENA or SGP. The variation of the synergies once again more closely follows the variation

of the spacdased sensors more than that of the AERI.
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ENA Surface to 700 hPa DOF for Water Vapor
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Figure 5.3: Same as in Figurg?2 but for the surface to 700 hPa layer.

5.4.2 Varidionsin Information with Precipitable Water Vapor

While comparing DOF across the different sites may allow for broad generalizations (as

ENA usually has greater atmospheric moisture content than NSA, for example), the profiles

compiled for each site exhibigsificant variability throughout the duration of the analyzed period

so that some profiles at SGP may have greater moisture than profiles at ENA. To gain a better

understanding of the effects of moisture on information content for each of these semsors, w

compute the precipitable water vapor (PWV) of each profile using the SHARPpy program

(Blumberg et al. 2017). Given how similar AIRS, CrIS, GIFTS, and IASI are in the DOF
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calculations, we focus the remainder of the results section on CrlS since itnosh&ecent
sounder put into operation by NOAA, while keeping in mind that we expect these results to be
consistent with AIRS, GIFTS, and IASI. Given the relative lack of sounding information that ABI
provides, we omit it from the remainder of the discoissi

To assess how DOF varies with PWV, we bin profiles for every 1 cm of PWV and compute
the range of DOF for those profiles. While every PWV bin less than 4 cm contains greater than
650 profiles, the 4+ cm bin only contains 128 profiles. This 4+ cratbishould be a large enough
sample size to draw conclusions from, given that Ebell et al. (2013) had a sample of only 100
profiles.

Figureb54a di spl ays AERI &s DOF for temper at ur e
variation in DOF with PWYV at eithehé full troposphere view (surface to 200 hPa), or in the near
surface layer (surface to 700 hPa). Since DOF is an integrated quantity, it is difficult to discern the
heights at which the variations may be found. In order to determine if PWV variatiores caus
changes in what height levels the information is, we create composite mean averaging kernels from
the profiles with 4+ cm of PWV (high PWV composite), with 3 cm (medium composite), and
with less than 1 cm (low composite). Since DOF is the traceeohWeraging kernel (equation
2.22), we can assess the changes in information at different heights by plotting the diagonal
elements of the three sets of composite averaging kernels; this analysis for temperature with AERI
is shown in Figureéb.4b. Just ashtere was no variation in DOF with varying PWV, there is no
difference in information at different height levels with the varying precipitable water composites.
This suggests that greater water vapor does not result in greater attenuation of the temperature
signal aloft, compared to dry environments. Figls@g, 5.5b, and5.5¢c display the temperature

Jacobians for AERI in the high, medium, and low PWV composites, respectively. Comparing the
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three figures, only the shortwave channels at 1206amd greatechange with changing PWV.

The signal from the Cgband, around 650 chremains the same in each composite, resulting in

the pattern seen in Figurbgla ands.4b.
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Figure 5.4: AERI DOF for temperature (a) and water vapor (c) binned for every 1 cm of PWV.
Number of profiles in each PWV bin is displayed as the gray bars, DOF for the full troposphere
(surface to 200 hPa) is displayed in black, and the DOF for the surface to& @displayed in

red. The diagonal of high (4+ cm, green), mediun8 (@n, orange), and low (less than 1 cm,
purple) PWV composite mean averaging kernels for AERI for temperature and water vapor are
shown in b and d respectively.
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Figure 5.5: Composite temperature {ac) and water vapor (df) Jacobi‘ans for AERI in the high
(4+ cm, a and d), medium (23 cm, b and e), and low (less than 1 cm, c and f) PWV composites.

However, A farRviatér sapdd i© susceptible to changes in the PWV content of
the environment, as shown in Figukedc. AERI has greatest water vapor DOF in dry
environments, and a minimum in DOF in very moist environments; this is in agreement with
Turner and_6hnert (2014). On average, there is approximately a 1.5 DOF difference between the
07 1 cm bin and the 4+ cm bin for the surface to 200 hPa layer, and a difference of about one DOF
for the surface to 700 laRayer. Figureb.4d reflects this pattern asehow PWV composite has
the greatest information throughout the profile compared to the high and medium composites. The
water vapor Jacobians for AERI for each of the three precipitable water composites are shown in

Figuresb.5d, 5.5e, andb.5f. ComparingFiguress.5d and5.5e, it is seen that the high and medium



42

precipitable water composites have very similar water vapor Jacobians, which matches the relative
similarity seen in Figuré.4c. However, the water vapor Jacobians for the low precipitable water
composite in Figur®.5f has weaker sensitivity to water vapor in the window channels from 800

to 1000 cmt compared to the high and medium composites, but much stronger signal in the far IR
from 520 to 600 crh. Thus, it is the far IR channels providedtbg AERI, that result in the greater
water vapor information throughout the profile in very dry environments (which tend to also be
cold) that was seen in Figuke3d. The advantages of water vapor sounding in cold and dry
environments using the far IR fealso been documented by Bianchini et al. (2011).

Unlike AERI, the DOF for temperature from CrIS does vary with PWV, as is shown in
Figureb.6a. Across the surface to 200 hPa layer, CrlS has the least DOF in dry environments and
maximizes DOF in the B4 cm and 4+ cm bins. The difference between thd @m bin and the
4+ cm bin is approximately 1.75 DOF on average. CrlS temperature DOF for the surface to 700
hPa layer, like the surface to 200 hPa layer, is also at a minimum in the driest environments.
However, DOF for the surface to 700 hPa layer increases from about 1.5 in then®bin to 2.5
in the 2i 3 cm PWV, bin but remains around 2.5 for the48cm and 4+ cm bins as well. Figure
5.6b reveals more detail on this difference between the sutéa200 hPa layer compared to the
surface to 700 hPa layer DOF for temperature. The medium and high PWV composites have nearly
the exact same information below 2500afmove ground levelAGL), reflective of the lack of
variation in CrlS temperature DOFtime surface to 700 hPa layer between 2 cm and 4+ cm PWV.
The difference between the medium and high composites is above 2500 m AGL, where the high
composite has greater information than the medium composite, resulting in the DOF pattern in the
surface t®00 hPa layer. The low PWV composite has the least information throughout the profile.

Figures5.7a,5.7b, and5.7c display composite temperature Jacobians for CrlS, which reveals that
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only the water vapor channels in the midwave band are changing dwerabS8drent composites.

Note that this indicates that iif a retrievald
retrieving temperature, then its DOF will not be sensitive to variations in PWV. Synthesizing these
pieces together, higher concextions of water vapor generally result in increased temperature
information for CrlS. However, beyond very dry environments, greater PWV will not result in

greater information in the PBL.
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Figure 5.6: Same as in Figurg4 but for CrlS.
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Figure 5.7: Same as in Figurg5 but for CrlS.

Figure5.6¢ displays CrIS DOF for water vapor with varying PWV. In general, across the
surface to 200 hPa layer, CrIS has greater DOF for water vapor in dry environments than in moist
environments, opposite the pattern seen for temperature with CrlS. The mediavapateDOF
in the 0T 1 cm bin is about 1.5 greater than the median DOF in the 4+ cm bin. The variation in
DOF across the surface to 700 hPa layer is similar to the surface to 200 hPa layer, with the greatest
information in dry environments and the 4+ bin having about 0.5 DOF less than thi D cm
bin. Figure5.6d reveals that the dry environments result in greater water vapor information
throughout the profile, while the very moist environments result in the least water vapor

information throughout # profile. Figures5.7d, 5.7e, and5.7f show that the water vapor
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Jacobians in the midwave band from 1210 ¢rto 1750 cmt are strongest in the low PWV
composite, resulting in the patterns seen in Figure 5d.

Figure5.8 displays the variations in DOF and information with PWV for the synergy of
CrIS and AERI (referred to as CrIS+AERI for the rest of this paper). As will Indaglisd in the
vertical resolution and uncertainties sections, signal from CrlIS informs the synergy aloft, while
AERI informs the synergy very close to the surface. Fi§8& reveals that the surface to 200 hPa
DOF for temperature from CrIS+AERI variesimarily like temperature DOF for CrIS alone
across the surface to 200 hPa layer with about 1.5 DOF less ini the® bin than in the 4+cm
bin. There is small variation across the PWV bins in the surface to 700 hPa layer. The diagonal
elements ofA in the three composites in FigubsBb gives a sense of how AERI and CrIS are
blended in the synergy. Below 500 m AGL, the information of the composites is all the same,
similar to what was seen for AERI in Figs@8b. Increasing in height from 1000 m AGL t6(3
m AGL the pattern of information transitions to reflect CrIS alone more than the AERI alone, and
thus the low PWV composite has less information than the high and medium composites. Above
4000 m AGL, CrIS+AERI mirror the pattern seen for CrlS alon€igure5.6b.

As shown in Figuré.8c, the DOF for CrIS+AERI for water vapor across the surface to
200 hPa layer has a maximum in thie Dcm bin and decreases with increasing moisture to have
a minimum in the 4+ cm bin. The difference in DOF betweer®th& cm bin and the 4+ cm bin
is about two. The same pattern as was described for the DOF in the surface to 200 hPa layer is
present in the surface to 700 hPa layer, with a difference of about one DOF between the maximum
in the O 1 cm bin and the 4+ cin. This is approximately the same difference that was seen
between the same bins in Figusdc for AERI water vapor DOF. Figurg&8d shows how the

AERI 6s sensitivity to water vapor in cold and
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the patérn in information near the surface, driving the variations seen in the DOF for the surface

t

increased difference in DOF across the surface to 200 hPa layer betev@éniltiem bin and the

0]

700

hPa. Thi s [

4+ cm bin compared to the pattern seen for CrIS alone.

ncreased

water vapor

nf or

We will conclude this section noting that despite these variations in DOF across the two

layers we have considered, CrIS+AERI offers greater DOF in every PWV bin than AERSor Cr

alone. This indicates that the synergy would be expected to provide an improvement in

thermodynamic sounding accuracy in all ranges of environments.
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5.4.3 Vertical Resolution

As noted in equatio®.23(from Hewison 2007), the averaging kernel allows for calculation
the vertical resolution of a retrieval by spreading the diagonal elemetiie averaging kernel
(the same elements used to calculate DOF) across the vertical grid used for calculations. The
vertical resolution of a retrieval is analogous to the thickness of the layer over which the signal is
coming from when the retrieval makes an estimate at ecpkatilevel. Vertical resolution for
AERI, CrIS, and CrIS+AERI is shown in Figus®. The shadings for each sensor are between the
25" and 79 percentiles of all 4,720 profiles included in this analysis. As noted earlier, the vertical
resolution of a reeieval is dependent on the grid used in calculations. Since we use the AIRS 101
pressure levels, this coarser grid undstimates the vertical resolution that AERI is capable of
near the surface. This can be s eesremperatera ¢ o mp
resolution over the lowest 200 m of the atmosphere with those presented by Turner and Lohnert
(2014) and Blumberg et al. (2015), who did their vertical resolution calculations on a grid designed
for the AERI. As seen in Figurg9a, the vertal resolution of the AERI below 200 m AGL is
never better than about 250 m, which is the resolution of the grid near the surface. [Note that
Turner and L°hnert (2014) and Blumberg et al
resolution for temperate at any height below 1 km is approximately that height; i.e., at 50 m
AGL the vertical resolution is 50 m, whereas at 500 m AGL the vertical resolution is 500 m].
Above 250 m AGL, the vertical resolution for temperature for the AERI largely increasasyi
with height such that it has a resolution of about 1000 m at 1000 m AGL, and 2000 m at 2000 m
AGL. AERI and CrIS are comparable in vertical resolution between 1000 m and 2000 m AGL,
with a resolution of about 1500 m. The vertical resolution of @i$emperature is about 2500

3500 m through most of the free troposphere, gradually getting larger with height. CrIS+AERI
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provides the greatest improvements, compared to CrIS alone, in the bottom 1000 m. The synergy
of CrIS+AERI results in an improvemeaf about 400 m in vertical resolution compared to CrIS
alone in the bottom 1000 m. The synergy of the two instruments is better than that of the individual
instruments between about 500 m AGL and 5000 m AGL, though marginal improvements are seen

all theway up to 8000 m AGL.
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Figure 5.9: Vertical resolution for AERI (red), CrIS (blue), and the synergy of CriIS+AERI (gray)
for temperature (a) and water vapor (b). Shading is between than2679' percentiles for all
4,720 profiles in the analysis.

Vertical resolution for water vapor goding is displayed in Figur@9b . A ERI 6s vert
resolution for water vapor (Figue9b) is about 800 m at the surface and increases with height.
[Again, the vertical grid chosen does matter, as the vertical resolution of the water vapor profiles
from Turner and Lohnert (2014) is about 200 m at the surface and rapidly decreases to 700 m at
approximately 300 m AGL, which is in rough agreement with this work]. The vertical resolution
of the water vapor profiles from the AERI and CrIS are comparable 0®@m to 3000 m AGL
range, with AERI having better resolution below, and CrlS being better aloft. Overall, vertical
resolution of water vapor for CrIS is better than 2500 m throughout the lowest 8000 m of the

troposphere. CrIS+AERI provides an improvemehabout 400 m in resolution over the bottom
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2000 m of the troposphere. Similar to what was shown in Fig9agfor temperature, CrIS+AERI
is better than either instrument individually from about 500 m up to 4000 m AGL.

The 2017 Decadal Survey seg@al of 1000 m resolution soundings, which is exceeded in
the bottom 1000 m AGL for both temperature and water vapor by CrIS+AERI. Neither temperature
nor water vapor sounding above 1000 m for CrIS+AERI meets the 1000 m resolution goal.
However, the impro@ments in vertical resolution made by CrIS+AERI near the surface improves
the retrieval in the PBL where sharp gradients in temperature and water vapor are present. These
improvements will aide in detecting the strength and vertical location of the capypéngion and
detecting lowlevel variations in water vapar two important features that would improve
monitoring of both the timing and severity of severe convection.

Figure 5.10 displays the composite vertical resolution profiles for AERI, CrlS, and
CrIS+AERI in the high, medium, and low PWV composites. Given the relationship that the
averaging kernel has with the calculation of DOF and vertical resolution (again, recall equations
2.22 and 2.23), it is expected that the patterns displayed in FigWe® kimilar to what was
discussed in the previous section.

AERI 6s vertical resolution for temperatur e
variations in precipitable water below 3000 m AGL. Above 3000 m AGL, the vertical resolution
inthelowPWVcomposite becomes worse than the medi un
information content above 3000 m AGL is limited anyway, and thus the A&iRéved profiles
are typically not used above that level (e.g., Hu et al. 2019; Coniglio et al. 268@6lidet al.

2020). The vertical resolution of water vapor for AERI is shown in Figure 5.10d. As was shown
previously, the sensitivity of the AERI 6s f ar

dry environments, resulting in improved verticaakition in the low PWV composite.
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Figure 5.10: Vertical resolution for temperature-¢ and water vapor ¢f for AERI (a and d),
CrIS (b and e), and CrIS+AERI (c and f) in high (4+ cm, green), mediuBnc(®, orange), and
low (less than 1 cm, purple) PWV composites.
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Vertical resolution of temperature for CrlIS is shown in Figutéb. The PWV composites
result in similar vertical resolution for temperature below 500 m AGL, but the vertical resolution
of the low PWV composite is about 100 m worse than the high and medium composites. Above
500 m AGL, the low PWV composite is about 10@0worse than the medium composite. The
high and medium composites are similar from the surface up to 2000 m AGL. The high PWV
composite results in the best vertical resolution above 2000 m AGL. The variations in vertical
resolution across the three PWVhgoosites shown here range from about 500 m at 1000 m AGL
to almost 2000 m at 5000 m AGL. This suggests that temperature soundings from CrlS would
have notably better vertical resolution in moist environments than in dry environments. However
as was showmithe previous section, this effect would only be seen if the CrIS midwave bands
(which are sensitive to water vapor) are included in a given temperature retrieval. A method
retrieving temperature separately from water vapor (as suggested by Smitt021 plv8uld not
see this effect. In contrast to our results for temperature, dry environments result in the best vertical
resolution for water vapor sounding from CrIS, as seen in Figlife. The high PWV composite
results in the worst vertical resolutidar water vapor throughout the profile. The difference
between the high and the low PWV composites is about 2000 m throughout the profile.

The vertical resolution composites for CrIS+AERI in FiguselOc and5.10f result in a
blend of the resultsf the composites for AERI alone and CrlIS alone. For temperature, there is no
variation in the vertical resolution of temperature soundings by CrIS+AERI below 800 m AGL.
Above 2000 m AGL, CrIS+AERI behaves like CrIS alone for temperature, with betteutresol
in the high and medium PWV composites than in the low PWV composite. Both AERI and CrIS
have better vertical resolution for water vapor sounding in the low PWV composite than in the

high and medium PWV composites, which results in CrIS+AERI alsonbavetter vertical
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resolution of water vapor in the low PWV composite throughout the profile as well. In general,
CrIS+AERI presents an improvement to vertical resolution of sounding both temperature and

water vapor in all environments.

5.4.4 Uncertaings

The 10 uncertainties are calculated by taking the square root of the elements of the diagonal
of the posterior error covariance mattéescribed in equation 2.2@igure5.11 displays the &
uncertainties for AERI, CrlS, and CrIS+AERI. The temperature uncertainties of the AERI increase
with height while the uncertainties for CrlS are greatest near the surface, as is expected for the
upward and downward pointing instruments respectively. B&RI and CrIS have a maximum
in water vapor mixing ratio uncertainty at about 1000 m AGL, roughly corresponding to the mean
inversion height in the radiosonde dataset used in this study. If skin temperature Jacobians for an
unknown skin temperature werelde included in the calculation of the averaging kernel, the near
surface uncertainties for CrlS would increase. Future work is needed to better understand the
effects of skin temperature and surface emissivity on these uncertainties. Combining the
temperdure and water vapor mixing ratio uncertainties we consider the relative humidity
uncertainties of each instrument in FigBrElc. The relative humidity uncertainty has a maximum
for CrIS at the inversion height, where its water vapor mixing ratio anpei&ture uncertainties

were greatest as well. AERIO&6s relative humidi
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Figure 5.11: 1 (uncertainties for AERI (red), CrIS (blue), and CrIS+AERI (gray) for temperature
(a), water vapor mixing ratio (b), and relative humidity (c). Shading is between thend5’ 5

percentiles for all 4,720 profiles in the analysis. For reference theaemainties of the a priori
are about 14 K and 4 g ®at the surface.

The temperature and water vapor uncertainties for AERI very closely resemble the
uncertainty profile displayed by Blumberg et al. (2015) and Turner and Lohnert (2014). Klein et

al. (2015) also found very good agreement between thesoeface temperaturen AERI
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retrievals and collocated-situ observations. While a different type of analysis, the radiosonde
validation of NUCAPS presented in Sun et al. (2017) does not identify the local maximum in
uncertainty at the top of the inversion around 1000 m At we identify here. This could be a
product of the majority of profiles in this analysis coming from SGP. Also note that Sun et al.
(2017) has differences between radiosonde and NUCAPS retrievals about 40% greater for
temperature for CrlS than this syyes expected given the noise assumptions.

CrIS+AERI results in a decrease of 0.3.5 K or about a 50% reduction in uncertainties
in the lowest 1000 m AGL, compared to CrIS alone. Similarly, CriIS+AERI results in a decrease
of about 50% in the water vap mixing ratio uncertainties and reduces the relative humidity
uncertainties by half in the lowest 1000 m AGL. While the greatest improvements are in the lowest
1000 m, improvements of CrIS+AERI compared to CrIS alone occurs up to 4000 m AGL. Similar
to what was seen with vertical resolution, between 500 m and 4000 m AGL CrIS+AERI is better
than either AERI or CrlIS alorieonce again emphasizing the benefits of a combined retrieval.

Given that these instruments have far less information than the numbgers used in
the radiative transfer calculations, the information gained at each level is spread over multiple
levels. Similarly, uncertainties associated with one layer result in uncertainties in other layers as
well. As has been shown in Turner andiBberg (2019), the posterior correlation matrix offers a
useful view to understand the improvements of an instrument synergy by looking at tHay@pss
correlations in uncertainties. The posterior correlation matrices for AERI, CrlS, and CrIS+AERI
are siown in Figures.12. CrIS+AERI reduces the crofsyer sources of uncertainties compared
to each instrument alone in the lowest 1000 m AGL, the same region that CrIS+AERI was shown
to have the greatest improvements in vertical resolution and uncertaligesnprovement that

the synergy offers in the lowest 1000 m compared to CrIS alone presents the case for why this
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groundbased/spaebased synergy should be considered as a solution to the difficult problem of

PBL sounding.
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Figure 5.12: Posterior correlation matrix for temperaturecjeand water vapor (f) for AERI (a
and d), CrIS (b and e), and the synergy of CrIS+AERI (c and f).
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Figure 5.13: 1 (uncertanties for temperature {&@) and water vapor f for AERI (a and d), CrIS
(b and e), and CrIS+AERI (c and f) in high (4+ cm, green), mediufhd@, orange), and low
(less than 1 cm, purple) PWV composites.
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The composite mean profiles for uncertainty for the high, medium, and low PWV
composites are presented in FigbE. Overall, the environment has very little effect on changing
the uncertainty profiles as the high and low PWV composite profiles areatjgveithin 51 10%
of the medium PWV composite. However, a general pattern can be identified that temperature
uncertainties are slightly greater in dry environments, and water vapor uncertainties are greater in
moist environments. CrIS appears to be rsasteptible to changing environments, as water vapor
uncertainties below 1000 m AGL can differ by as much 50% compared to the medium PWYV state.
CrIS+AERI reduces the variance in uncertainty that is dependent upon the atmospheric state and
provides greateronsistency in the uncertainty profiles, in addition to the reductions in uncertainty

compared to CrlIS alone.

5.5 Summary and Conclusions

This information content study haemonstratedhe benefits of adding the AERI to the
existing spacéased operatital hyperspectral IR sounding systé@mclear sky conditionsWe
have assessed these gains using DOF as a measure of information content and assessing the vertical
resolution and uncertainties of temperature and water vapor sounding for AERI, CrlS, and
CrIS+AERI for cloudfree conditions in three different climate regimes.

Addingthe AERI to a retrieval with a spat@ased hyperspectral IR sounder, such as CrlIS,
results in a 3810% increase in information across the entire troposphere for both tempenature a
water vapor. When focusing on the nsarface layer below 700 hPa, a synergy with the AERI
provides double the temperature information and 1.5 times more water vapor information over

what is currently provided by the spdeased sounders alanghisimprovement is consistent in
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both dry and moist environments, despite the ranges of information content that both sensors have
across varyingpWv.

The combination of AERI with a spatmsed hyperspectral IR sounder results in
significant improvements to thertical resolution of the retrieval below 1000 m compared to what
is currently available with a spabased hyperspectral IR sounder alone. The grédspatebased
synergy results in improved vertical resolutions from the surface up to 4000 m AGL.fibalve
resolution of the CrIS+AERI synergy is better than the 1 km vertical resolution goal stated by the
Decadal Survey below 1000 m AGL. While synedpes notneet the 1 km resolution soundings
goal of the Decadal Survey above 1000 m AGL, the improvesrtenvertical resolution offered
by a ground'spacebased synergy would improve the ability of retrievals to resolve PBL features
like a capping inversion, resulting in better monitoring of convective initiation. We found that
vertical resolution of tempature is best in moist environments, while the vertical resolution of
the water vapor retrieval i's best -lRmharmhelsy envi
being most sensitive to water vaporsmidwavadry en
bands to wat er sinmprpowedsoundng afltempeiatare i€ mdisSedivironments.
This effect for CrIS would not be realized in retrievals that omit water vapor channels from its
temperature retrieval (such as the method of Smith 203aL).

Similarly, the synergy between AERI and a sphased hyperspectral IR sounder results
in a 50% decrease in uncertainties (compared to a-fj@see hyperspectral sounder alone) in the
lowest 500 m. The Decadal Survey set a goal of 1 K unceesimthich the CrIS+AERI synergy,
explored in this study, exceeds throughout the troposphere. Water vapor mixing ratio uncertainty
is reduced by 25% in the lowest 1000 m AGL but does not meet the 0-Bgpébof the Decadal

Survey. We have shown that this reduction in uncertainty is a result of the two instruments, with
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their different views of the atmosphere, reducing the diags correlations of uncertainties in
the posterior correlation matrix. lak been shown that the groutspacebased synergy produces
a reduction in these uncertainties in both dry and moist environments, though the temperature
uncertainties are somewhat greater in dry environments and water vapor uncertainties are greater
in mast environments.

While the discussion in thishapterhas focused on the improvements that AERI brings to
the existing sounding methods with sphaesed hyperspectral IR sounders, users of grbasdd
sensors may realize benefits of a grodsphcebaed synergy as well. We have found that the
inclusion of a spaebased hyperspectral IR sounder results in about a 20% increase in DOF across
the surface to 700 hPa layer, compared to the grbasdd AERI alone. The synergy also offers
improvements to veral resolution and uncertainties above 500 m AGL. Given that the ABI is
the only instrument currently in geostationary orbit providing nearly continuous observations over
North America, it may be worthwhile for growfihsed instrumentation users to coesi@synergy
with the ABI. While we have found that a synergy with an imager like ABI does not result in
increases in DOF near the surface (compared to the AERI alone), the ABI does increase DOF by

about 15% in in the free troposphere.
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Chapter 6: Cloudy Sky Information Content Analysis

6.1 Introduction

Theeffects of clouds othesynergy of upward and downward pointing sensars under
researched as previous studmsch as Ebell et al. (2013) and the analysis presented in Chapter
have primarily focusd on clear sky conditionslowever,in an assessment of the HIRS sounder,
Wylie and Menzel (1999) found that only 25% of observations were clear sky soaihne32%
of observationsbeing opaqueclouds and43% semitransparent cloudswith the possible
exception of the clear sky po®nvective environment, observations in cloudy sky conditions tend
to bemore important for reducing forecast errors (McNally 200#)ile norprecipitating clouds
are largely transpareat frequencies used faricrowavesounding clouds areignificantemitters
in the IR. Thus, the presence of clouds will significantly affect the shafscobians and in turn
the retrievaland NWP assimilation techniquésat depend on thoslacobians.

Both NWP and thermodynamietrievals that utilize IR radiancdsom spacebased
sensorwwill use variougloud-clearingmethodsin partly cloudy sceneand along the edges of
cloudformationsto make greater use of IR sounding datimud-clearingattempts toemove the
signal of he cloud in the radiance fielth order toestimate the clear sky contribution to the
observed radiance3he data assimilation atetrieval then use that estimatectloud-cleared
radiance.The NUCAPS retrievalsupplements cloudleared IR radiances withmicrowave
observationgor its thermodynamic retrieval

Outside of partly cloudy scenes and cloud edges wtletgtclearing methodsnay be
applied only microwave sensors offabservations below a cloud layar the spacdased

observingsystem However, Turner and Lohnert (2014) demonstrates that a grbaseéd IR
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sensor may retrieve thermodynamic profiles up to the cloud base (and by the same logic a space
based IR sensor may retrieve down to the cloud taghis regard, the grourahd-spacebased
synergy of IR sensors would pose a potential solution to IR sounding in cloudy enviranrhents

setup would allow for the groudshsed sensor to inform the retrieval below the cloud layer and
the spacéased sensor inform the retrieval abdhe cloud layer. While it seems intuitive how
each sensor would inform the retrieval@nvironmentswith optically thick clouds, how that
information would blendvhen clouds are not completely opaaunel in partly cloudy scenes is an

open question. Howloud cover affects the information contevailableabove the cloud for a
spacebased sensor, and below the cloud for a grehaskd sensor, is undiewvestigated as well.

This section will present three case studies to incrementally advance the amdiagsiof the

information content of a grourahdspacebased synergy of IR sensors in cloudy sky conditions.

6.2 Experimental Design

Designing a synthetic study for cloudy sky sceiselfficult because cloudsavea large
amount of variability in terms of their height, thickness, and droplet size and density. Additionally,
simulating cloudy sky radiances for IR hyperspectral sounders requires several orders of
magnitude more calculations than clear sky radiancesdier to account for the radiative effects
due to the emission and scatterimigclouds in the IR This significantly limits the size of an
analysidike thisthat attempts to account for cloud$ws, this analysiwill explote the synergy
of CrISFAERI usingthree case studied single layeldiquid waterclouds Recall that the results
of the clear sky information content analysis in Chagtarggest that AIRS and IASI would have
similar results to Crl$ so the results with CrlIS in this analysis wobklexpected to be similar if

the analysis were to be appliedtiese other instrumentEhe three case study profiles are taken
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from the radiosonde dataset at the ARM SGP (Sitsterton et al. 2016)he cloud height will
significantly affect the location at which temperatdaeobians peak, while cloud properties will
only somewhatalter the scattering properties of the clouderBfore it is assumed thathe
information content okach sensor antle synergywill be more dependent on the height of the
clouds than the cloud properti@ge droplet size and number densityhe three cases will vary
the cloud baseheightsat 3000 m (Case 1) 2000 m(Case 2) and500 m (Case 3)AGL while
simulations vill maintain the same cloud propertiaseach caselrhe temperature and dew point
temperaturerofiles for the three cases asbownin Figure6.1. For each case, the information
content of the synergy will be assessetdossvarying cloud optical depth€COD) andvarying

cloud fraction

m%loudy Case 1: SGP Radiosonde 22 October 2013 ﬁ?udy Case 2: SGP Radiosonde 26 November 2013 mgloudy Case 3: SGP Radiosonde 2 October 2013
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Figure 6.1: Temperature (red) and dew point temperature (lpue)lesused for each cloudy
sky caseinterpolated to the 500 m grid used for radiative traresulations The black lines
indicate the location of the cloud layer in the simulations.

6.2.1 Constructing the A Priori Covariance Matrix

Recall that calculatig the averaging kernel (recall equation 2.21) reguae a priori
covariance matria (equation 2.8). The clear sky analysis in Chapter 5 utilized a psgabal
a priori which comprised of profiles from all three ARM stations. This was done to ensuse that

was constarthroughout the calculations to highlight the variations in inforonatontent caused
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by water vapor. Both Aires (2011) and Ebell et al. (2013) have highlighted the sensitivity of
retrievals t0Sa. In practicejt is likely thatthe prior will be derived from a single location that is
climatologically similar to the locain of the soundingFor example, NUCAP&gambacorta
2013)will utilize a climatology on a 2.5° grid as part of its prior lookup table. For the analysis in
this section, since the three profiles are chosen from the SGP site, we utilize the 3,765 clear sky
radiosonde profiles from SGP to constr8et This result is shown in Figu@2. Overall, while

the magnitude of the values are different, the general patterns remain similar to thegiskaldo

prior used in Chapter 5 (Figure 5.1).
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Figure 6.2: A priori covariance matrix used in this analysis. Botileft is temperature covaried
against itself. Topight is water vapor varied against itself. Figft and bottonright are
temperature and water vapor covaried against each other.

6.2.2 Radiative Transfer Modelling
The LBLDISORT (LBLDIS Turner et al. 2003, Turner 2008 0del is used to simulate
cloudy sky radiances for CrlS and AERIBLDIS utilizes layer optical depths for a given

thermodynamic profile from LBLRTM (Clough et &005) which are calculated assuming a



64

cloud-free atmosphere. LBLDISomputesthe scattering and absorption of the cloud layer and
combines that information with the cloticce layer optical depths from LBLRTM in order to
simulate cloudy sky radianceBhe COD is variedto be run atO (clear sky), 0.1, 0.5, 1, 5, 10, 20,

and 401n all three cases,lmuid water cloud is simulated with a gaussian distribution of droplets
with an effective radius set to 7eBn. Conceptually, this is similar to a stratuewd LBLDIS is

limited to 66 height levels, so instead of using the AIRS pressure grid, a 500 m grid is used up to
32.5 km (approximatel hPa). The vertical resolution of the grid is balaneg&ti having layers

in the upper stratosphere to account for radiativéritutions above the tropopause that strongly
impact spacdased radiance measuremeiiseach case, thgeometridhicknessof the cloudis

500 m, or one model laydPerturbations of +1 K and 0% water vapor mixing ratio are used at
each level in ordeo calculateJacobians for AERI and Crl&side from the model difference, the
radiative effects of carbon dioxide, methane, ozone, and nitrous oxide are considered in these
simulations, just as in the clear sky analysis in Chaptdihe same trace gas profilesed in
Chaptel5 are applied in this analysis as wé&lhe CAMEL dataset (Borbas et al. 2018 and Loveless

et al. 2021) is also used to provide surface emissivity for the SGP site for these calculations.

Finally, CrlS is simuaitedto havea nadiroverpassjust as in the clear sky analysis in Chapter

6.2.3 ComputingJacobians in Partly Cloudy Scenes

Because the sensitivitgcrossthe field of view (FOV)or field of regard (FORDPf an
instrument is not unifornradiances (andacobian¥in partly cloudy scenes depend not only the
aerial cloud fraction but also on the location of the clouds within the BOROR Being a ground
based i nst rHRDYissosmall thaEitRsbagoaable to assume that cloud cover is binary

for AERI: eithercompletelyclear orcompletelycloudy. However, CrIS has a 14 km diameter
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FOV at the surface wheat nadir and a FOR that consists of nine FOVs aligned in a 3x3 grid. At
this point the decign is made to simulate a matap between CrlS and AERI where the retrieval
is performed on the FOV that encompasses AER
footprint of the FOR. While most spabased retrievalgsuch as NUCAPS)itilize a radiace
measurement averaged across the nine FOVs in a FOR, the decision to use a single FOV is made
because the smaller FOV ensures the environment viewed by CrlS is closer to what is being
measured by AERFurthermore, there is precedent to utilize thevilial FOVs in this scenario,
as doud-clearingtechniqueswill identify andutilize clear sky FOVs adjacent to the partly cloudy
FOVs (eg: Susskind et al. 2003, Li et al. 2005).

Smith(1967) first showed thathetotal radiancd at frequencyt in partly cloudy scenes
may be calculated as

O 00 p 00 (5.1)
whereN is the cloud fraction antto is the radiance from the cloudy part of the scenel anis
the radiance from the clear part of the sc&ugiation 5.Jassumes a uniform sensitiveigross the
FOV though The sensitivity of the CrIS FOV to the scene is quite complex (see Han et&). 201
though itis generally most sensitive in the center of the FOV and least sensitive on the edges.
Thus, the sensitivity of the FOV is approximated as a cone herd-i(pae 6.3). Returning to
equations.1, rather than the cloud fractidf the clear andloudy radiance contributions need to
be weighted by the fraction of the total FOV sensitivity that is clomdered(we will call this
variableScp). Thus, our partly cloudy radiantenay be computed as:
O Y ©° p Y O (5.2)

This method to calculate the radiance assumtsn the FOV, the clear and cloudy regioase

homogenouswithin themselves Radiative transfer calculations also assume that the same
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thermodynamic profile is present across the FOV, with the presence of the cloud layer being the

only difference between the clear and cloudy regions.
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Figure 6.3: Approximate sensitivity of the CrIS FODots represent th&75 m gridof the
resolution of the Visible Infrared Imaging Radiometer Suite (VIIRS).

Lastly, the locations of the clouds within the F@Wst be simulated in ord&y calculate
radiances irthe partly cloudy scene. In practice, knowledge of the location of clouds within the
CrIS FOV can be known from the Visible Infrared Imaging Radiometer Suite (VIIRS) that is
onboard SNPP and NOAA20 with CrlIS. The University of Wisconsilladison and University
of Maryland Baltimore County produce collocated CrIS and VIIRS data for NASA (Revercomb
and Strow, 2020). Li et al. (2005) has utilized a similar data product to performat&arthg for
AIRS radances by using the Moderate Resolution Imaging Spectroradiometer (MODI® that
onboard the Aqua satellite witAIRS. Therefore, a grid with spacing of 375 m (the spatial

resolution of VIIRS, Hillger et al. 2013) is overlayed on the approximated CrERigép in order



67

to calculatescp (as shown in Figuré.3). The selection of which pixels are clear or cloudy are
selected randomly. Figurdsda, 6.4b, and6.4c display the histograms die total CrIS FOV
sensitivity that is cloudy for 25%, 50%, and 7%3f#&al cloud fractions respectively. Randomly
selected pixels may roughly approximate scattered cumulus in the real world but will not simulate
the scenario when clouds are completely contained to one side of the FOV. This additional scenario
is accountedor in what will be referred to aSloudy Scene 2, which simulates a cloud mass
approaching from the south. The orientation of clear and cloudy pixetpfwoximately25%,

50%, and 75% areal cloud fraction in this scenario is displayed in Figueis6.4e, and6.4f
respectively which correspond to cloudy FOV sensitivities of about 16.6%, 52.6%, and 83.4%

respectively.
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FOV Cloud Sensitivity for 25% Cloudy CrlS FOV: 25% Cloud Fraction in Cloudy Scene 2
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Figure 6.4. ac display the histograms of the fraction of the total CrIS FOV sensitivéy is
cloudy, given random placements of the clear and cloudy pixels, for 25% (a), 50% (b), and 75%
(c) areal cloud fraction.-fidisplay the pattern of clear and cloudy pixetsen simulating a cloud
mass approaching from the south with 25% (d), 50% (e), and 75% (f) areal cloud fractions.
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6.3 Results

The results will be organized such that we first consider the scenario with 4e0%
cloud fractionand observe changes in DOF (equation 2.22) with varying the COD for each of the
three cases: Case 1 with a cloud base at 3000 m AGL, Case 2 with a cloat 2@ m AGL,
and Case 3 with a cloud base at 500 m AGL. In the second section of the results, we keep COD
equal to 40 and assess thamtes in DOF for Case 2 (with a cloud base at 2000 m AGL) with

respect to varying aerial cloud fraction.

6.3.1 Information Content with Varying Cloud Optical Depth

6.3.1a Case 1: 3000 m AGL Cloud Base

First, we will consider how information content varies wi@loD, given a cloud fraction
of 100% andbeginning withthe Case lwith the cloud base at 3000 (@nd cloud top at 3500 m)
AGL. DOF calculationdor AERI, CrlIS, and CrIS+AERI are shown in Fig&. Across the full
troposphere (designated as the surface to 200 hPa to maintain continuity with the clear sky analysis
in Chapter5), Figure6.5a shows thabothCrlS and AERI have greater DOF for temperathen
the cloud isoptically thin COD less than 1) than in clear sky conditions. Optically thick clouds
result in nearly the same total DOF as in clear sky conditionsaidn sensahough the vertical
location of that information is very different in the two scenarios

In Figure6.5b it is shown thatlzove the clouddesignated as the cloud top up to 200 hPa)
AERI 6s DOF for t &ampaeCOR of 0 to@a CODf 0.5 with & rmaximumin
DOF occurringwith a COD of 0.5. AERI 6 s -clauth temperaturdOF decreasewith
increasing CODfor CODs greater than dnd approaches zewith a COD of 40.t would be

expected that AERI has no information abopécally thickclouds. ComparativelyCriSésabove
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cloud DOF for temperature increases with increasing COD, resulth@@F greatethanclear

sky conditionsvhen the COD is greater than 5

1IBuII Troposphere Temperature DOF - Cloud 3000 - 3500 m AGL 1|0:U|| Troposphere Water Vapor DOF - Cloud 3000 - 3500 m AGL
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Figure 6.5: DOF for AERI (purple), CrIS (orange), and CrIS+AERI (green) for the full
troposphere (a and d), abesieud (b and e), and belegloud (c and f). DOF for temperature is
shown in the left column {&) and water vapor in the right columnfjd



71

Figure6.5c displays the DOF for temperature below the cloud (designated as the surface
up to cloud base). Below the cloud, the sensors have the reversed relationsh@ith AERI 6 s
DOF increases as the cloud becomes optically thickeri mi | asmabovedoudDOF)E® IsS 6
below-cloud temperatur®OF marginally increasess COD goes from 0 to 0.5. However, CODs
greater than fesultinlessDOF t han i n c¢cl ear sk yempemiunrddOE i ons .
above t he skAFdalow the dbudinédectedlyapproaches one instead of zefbis
will be addressed in further detail below

Across Figures6.5a, 6.5b, and 6.5¢c, it is shown that CrIS+AERI has greater DOF
throughout the troposphere than AERI or CrIS alone. WhdeDOFfrom the surface to 200 hPa
for both AERI and CriQlecreasemarginally at high CODs compared to clear sky, CrIS+AERI
actually has greater DOF at high COD (Figérea). This is because CrIS+AERI benefits from
the increased DOF at high COD from CrIS above the cloud (Fi§bl®, in addition tothe
increased DOF at high COD from AERI below the cloud (Figu.e). Figures.5b and6.5¢c also
confirm the hypothesis that at high CODs, the synergy of CrIS+AERI will revert to what CrlS
provides above the cloud and what AERbvides below the cloud.

The DOF for water vapor across the full troposphere is displayed in FdutreUnlike
the sensorsod r es pcCOBiacreasedboth AEReandpCel3loaet water &gpor a s
information: CrlIS losing2 DOF and AERI losing3 DOF compared to clear sky conditions.
However,CrIS+AERIonly losesabout 1.5 DOt high COD compared to clear sky the above
cloud layer (Figureb.5e), the water vapor DOF from CrIS remains unchanged despite varying
COD. AERI 6s wat easescompared to de& Bky cbeddion® as soon as the cloud

is introduced (COD of 0.1) and goestat CODs greater thad0. CrIS+AERI has greater DOF

above the cloud layer than CrlS in clear sky conditions, benefiting a small amount from the
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additional iformation AERI provides above the cloud lay&ut for CODs greater than 1,
Crl S+AERI 6s DOF for water vapor above the clo
provides above the cloud lay@elow the cloud layer (Figuré.5f), DOF for CrIS decre&s to
less than onat high CODsAERI losesl DOF at high COD compared to clear sky. For CODs
greater thari, the DOF for CrIS+AERI below the cloud iearly equal to what igrovided by
AERI.

Figures 6.6a and6.6b display the diagonal of the averaging kernel for temperature for
AERI and CrlIS respectively for simulations at sel€@Ds Given that DOF is the trace of the
averaging kernefequation 2.23)this shows the levels at which changes in information content
are occurring. For both sensors, the cloud presents a bouwndiéei acts tosharpen the
temperature Jacobiaasthe level of the cloud, thus increasing information at that level. For AERI,
that peak in information comes at the cloud base, while thatquea&s at the cloud tdpr CrlS.
The optically thick cloud allows each sensordtrievethe temperature ahe cloudayer, whereas
in clear sky it would have very little information about that layer

Figures6.6¢c and6.6d display the diagonal of the water vapor averaging kernels for AERI
and CrlS respectively. Increasing COD results in less water vapor information for AERI above
1000 m AGL despite the cloud base being at 3000 m AGL. This is because the cloud saturates the
AERI radiance measurement and in doing so, reduces the sensitivity of AERI to perturbations in
the water vapor field at those levels. This can be seen in F@yarehere AERI has large
sensitivity to water vapor perturbations below 3000 m AGL in cleprcskditions but becomes
less sensitive to perturbations in the water vapor profile as the cloud becomes optically thicker.
Figure6.6d s h o ws stwatex vapo€infdrrgaton does not change above the cloud, despite

varying CODs.
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Figure 6.6: Diagonal of the averaging kernel for AERI (a and c) and CrIS (b and d) at select

cloud optical depths. Diagonal of the averaging kernels for temperature are shown in a and b, and
water vapor is displayed in ¢ andAbsorption only refers to the LBLDIS calculation that only
considers the absorption of the cloud layer and notdhé&ibutions fronscattering.
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Figure 6.7: AERI water vapodacobians for clear skia), a cloud optical depth of 1 (b), and
cloud optical depth of 40 (c).

Figures6.6b and6.6d also provide perspective for why the belowud DOF for CrIS is
not zero (as would be expected) for a COD of 40. Some of the {obdand DOF for CrIS comes
from the cloud base, but there are also contributions to DOF from the surface and 500 m AGL. In
order to test if this is a result of scattering of information through the cloud, LBLDIS is run to only
consider the absorption of the cloudhis result is alsalisplayed in Figure$.6b and6.6d. The
absorptioronly run produces nearly the exact same result as the full LBLDIS calculations. Similar
results are found when setting surface emissivity equal to zero. Temperature and water vapor
Jacobians for CrIS with a COD of 40, presented in Figé8a and6.8b, reveal that this
information comes from a weak sensitivity at 500 m AGL and below in the longwave from 700
cnrtto 1100 cmt and in the midwave from 1400 chto 1800 cmt. These unexpected results will

be discussed further in the next section.



75

CrlS Temperature Jacobians, - Cloud 3000 - 3500 m AGL, COD = 40

a)

8000

7000 -

o
%)

6000 |

o
(=]
I}
o
o
=

4000 |-

L
3000

2000 - 1

o

Height [m AGL]

=)
o

[ W0 NS . w pmw] |p/eoueipeyp

1000 - 1

& &
w no

0 L L | i L I . I
600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600

Wavenumber [cm™]
CrlS Water Vapor Jacobians - Cloud 3000 - 3500 m AGL, COD =40

ST -

6000 -

5000 1 200

4000

o

3000

Height [m AG
Y
(=
o

2000

1000 -

[1~5>‘ Y] LWo  as . w MW] mp/eouelpeyp

o & &
S © o
& © o

0 L L L L L L L L L
600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600
Wavenumber fem™']

Figure 6.8: CrIS temperature (a) and water vaporJijobians for a cloud optical depth of 40.

6.3.1b Case2: 2000 m AGL Cloud Base

Figure6.9 displays the DOF fo€ase 2 witha cloud base at 2000 m AGL. Overall, similar
patterns to what was seanCase lpersist with the cloutbasejust 1000 m lowerWhile AERI
and CrIS lose about 0.5 addOF respectivelythroughoutthe troposphere for temperature in a
scene with an opticlyl thick cloud compared to clear sky, CrIS+AERI gains 1 DOF (Fig.8&).
CrIS+AERI benefits from both the increased aboleid DOF (Figures.9b) for CrlS, and the
increased belovweloud DOF (Figurés.9c) for AERI, without suffering the loss of informatigdhat

both sensors have at high CODs.
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1IO:I.III Troposphere Water Vapor DOF - Cloud 2000 - 2500 m AGL
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Figure 6.9: Same a in Figure6.5 but for a cloud base of 2000 m AGL.

As seen in Figuré.9d, water vapor DOF across the full troposphere for the 2000 m AGL

cloud base behaves similarly to the 3000 m AGL cliou@ase Jas well. While CrIS loses almost

1 DOF at high CODs compared to clear sky

DOF for water vapor across the full troposphere. Above the cloud &oRe ) ,

and AERI I@e©F, CrIS+AERI only loses 0.75

AERI 6s

vapor DOF decreases as the cloud becomes optically thicker and goesab@éios of 20 and
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greater Cgabo$etloud water vapor DOF remains nearly the same across the range of CODs
simulated here. Below the cloud (Fig@éf),Cr IsB&t er vapor DOF goes to
decreasedy about 0.5 DOF at high CODsompared to clear skyCrIS+AERI reverts to CrIS
above the cloud and AERI below the cloud at CODs greater than 5.

The trace of the diagonal of the averaging kernek&dect CODs is presented in Figure
6.10. Just as was shown with a cloud base at 3000 m AGL, increasing the COD of the 2000 m
AGL cloud results in an increase of temperature information at the cloud top foa@d& the
cloud base for AERI. IncreasingdD has minimal effect on water vapor information above the
cloud for CrlIS but results in a decrease of water vapor information between 1000 m AGL and the
cloud base for AERI. AERI 6s decrease in water
the claid saturating the spectrum, reducing the sensitivity to small perturbations in the water vapor
field (as was shown for the 3000 m AGL cloud in Figo®).

One key difference between the 2000 m AGL cloud base case and the 3000 m AGL cloud
base case BrIS $informationbelowthe cloudlayer at high CODsNhile Case Iwith a 3000 m
AGL cloud base showed CrIS having information at 500 m AGL and the surface for both
temperature and wat er sinfopnation atva QOD of 40 iS<z&®below 4 0,
the cloud base for both temperature and water vapor in the 2000 m AGL cloud case. This is the
pattern that would be expectefiCrIS at high CODsas opposed to the unexpected result of Case
1. As will be shown in Case 3, it is not likely that this difference is a result of the differing cloud

heights.
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BUOIOAEF" diag(A) for Temperature - Cloud 2000 - 2500 m AGL BUDSREFH diag(A) for Water Vapor - Cloud 2000 - 2500 m AGL
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Figure 6.10: Same a in Figure6.6 but for a cloud base of 2000 m AGL.

6.3.1c Case3: 500 m AGL Cloud Base

The DOF for Case 3 with the cloud base at 500 m AGL is displayed in FEddrén Case
1 and Case 2-clouddh BOFIfar semperatorer iacreased compared to clear sky
conditions for the simulations with COD less than 1 (Fig6réis and6.9b). In this case, the cloud
layer is so low that AERI s adioodVDOF for temperature only decreasth increasingcOD
compared to clear sky. At high optical depths, AERI only lost 1 DOF for temperature above the

cloud in Case 1 (Figuré.5b) and 2 (Figuré.9b) but in Case 3 AERI loses 2 DOF compared to
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clear sky. Figuré.11c shows that below the cloud layer AERI doesses an increase in DOF
with increased COD as what shown in Case 1 (Figibti® and 2 (Figuré.9c), but this is because
there are only two model layers below the cloud so 2 DOF is the maximum DOF possible below
the cloud Figure6.12a shows that the cloud so low that AERI has the maximum information
from the surface to 500 m AGL layer in clear sky, so the additional absorption of the cloud does
not provide additional information as was seen in Case 1 and Cébke ihcreasing COD only
r educ es mdiaRuteinormatien above the cloud. In FigbuEe it is shownthaA ER | 6 s
abovecloud DOF for water vapor decreases with increasing COD, just as was seen in Case 1 and
Case 2. Below the cloud Figure6.11f, the cloud is again so low that changing @OD does not
affect the DOF for AERI. Synthesizing the three cases together, the lower the cloud is, the less
information that AERI may derive from the atmosphere.

While AERI is significantly limited in its total DOF by low clouds, CrlS is least afficte
by the 500 m AGL cloud compared to Case 1 and Case 2. The total DOF for CrIS for both
temperature and water vapor (shown in FigarEla and6.11d respectively) across the full
troposphere changes very little with varying C@&nilar to what waseen in the previous cases,
the increased absorption by the cloud results in CrIS gaining temperature information about the
cloud top (Figure6.12b) at the expense of information below the cloud layer. Combining the
informationshownin Figures6.11b, 6.11c, and6.12b, CrlIS has so little information below tB60
m AGL cloud base to start witlhatthe increased temperature DOF above the cloud cancels out
the losses below the cloadl high CODs. This combinatigesulsin nearly the same DOF across
the trgposphere in clear sky as with a COD of 40. The water vapor DOF for CrIS has very little

change either aboveoud (Figures.11e) or below the cloud (Figu11f).
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Figure 6.11: Same a in Figure6.5 but for a cloud base of 500 m AGL.
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While the total DOF for CrIS is similar in both clear sky and with a COD of 40, the vertical
location of that information changes, resulting in CrIS having very little information below the
cloud. WhileAERI provides very little information at high CODs in this case, it still provides

observations of the PBL where CrlS cannot make observations due to the absorption of the cloud.
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BDDDAERl diag(A) for Temperature - Cloud 500 - 1000 m AGL EUUD»C\ERI diag(A) for Water Vapor - Cloud 500 - 1000 m AGL
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Figure 6.12 Same as in Figur&6 but for a cloud base of 500 m AGL.

In Figure6.12d, we can also see that the model produces an unrealistic signal for CrIS
bel ow the c¢cloud at hi gh Csw@les vapoairsformanos threuglmut wi t h
the troposphere is nearly identical for every simulation above 1500 m AGL. At the cloud top (at
1000 m AGL), the clear sky simulation results in the greatest information, and increasing optical
depths result in decreasedormation (COD of 40 results in the least information). The same

pattern is seen at 500 m AGL at the cloud base. However, the varying CODs does not result in a



