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ABSTRACT

Satcllite soundings from the TIROS N\ Operational Vertical Sounder (TOVS) arc
used to study the Experiment on Rapidly Intensifving Cyclones over the Atlantic
(ERICA) Intensive Observation Period-2 (10P-2), 13-14 Dec §8. TOVS data are com-
pared with dropwindsondes and coastal rawinsondes, and Spectral Grid Model (SGM)
analvses of stability, geopotential height, and temperature. The impact of the first guess
on the TOVS retnieval is studied by comparing four first-guess methods: 1) regression
without surface data; 2) regression with surface data; 3) climatology with surface data;
and 4) SGM analvses with surface data. Ship reports and moored and drifting buoys
were objectively analvzed to obtain the surfuce data for the first guess. The retrievals
with 6-h old SGM analvses as a first guess best captured the low level structure of the
in situ soundings. The TOVS stability anzlvses defined the rapid cvclogenesis environ-
ment, In advance of the developing cvelone. The TOVS height and temperature analvses
successfully deseribed the structure of the developing cvelone, in reasonable agreement

with experimental data and svnoptic-scale analyses.
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I. INTRODUCTION

Historicallv, accurate weather forccasts have been limited by the availabilitv and
accuracy of observauons. Even with increases in computer speed and the finer resol-
ution of current numerical models, forecasts are still limited by the amount and quality
of observed duta. Over large data-sparse areas, such as oceanic regions, important at-
mospheric properties, such as temperature, pressure, humidity, and wind velocity, are
not adequately measured. These limited data come from coastal rawinsondes, ship and
buoy reports, and aircraft observations. An additional concern is that the middle part
of the troposphere (about 500 mb) is infrequently sampled by these data, although con-
sidered by meteorologists to be a keyv level for weather forceasting.

Onc obscrvation source thut is capable of retricving global temperature and
moisture profiles is satellite soundings. Satellite-derived measurements of temperature,
geopotential height, and ozone have been available since the 1970's. Their use in ini-
tializing numerical forecasts has been steadiy increasing. Over the data-sparse southern
henusphere, satellite soundings are a primary observation source for NMC's current
global forecast models (Dev 1989).

Satellite soundings arc important for military applications as well. In wartime when
some data sources may 1ot be availuble, satellite soundings can give forecasters a dv-
namica! perspective of the atmosphere over @ much larger region than would be avail-
able from a partial rawinsonde network. Particularly over the oceans, satellite sounding
data could be especially valuable for military operations.  The U.S. Navy pians to im-
plement real-time satellite sounding retrievals with the third phase of their Tactical I'n-
vironmental Support Svystem (TESS-3) in the 1990°s. They will collect data {rom the
NOAA polar-orbiting satellites to use as a nowcasting aid at sca and coastal locations.
These data will include profiles of temperature and moisture from the Tiros-N Opera-
tional Vertical Sounder (TOVS) onboard the NOAA satellites. The software available
for retrieving TOVS soundings, during the carly development phasce of TLSS-3, was used
in this thesis rescarch.

The purpose of this thesis is to evaluate the accuracy and synoptic utility of TOVS
soundings over a coastal and occanic environment during a rapid cvelogenesis event.
Data from the Experiment on Rapidly Intensifving Cyclones over the Atlantic (LRICA),

conducted from December 1988 to February 1989, wili be used for the evaluation. Re-
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scarch will concentrate on Intensive Observation Period-2 (I0P-2). 13-14 December
1988.

In this study, TOVS soundings for IOP-2 will be compared with coastal rawinsondes
and aircraft dropwindsondes. TOVS geopotential height and temperature plots and
TOVS potential temperature cross sections will be studied in significant regions of the
ERICA cyclones. Of particular interest is the determination if TOVS soundings can
describe regions of low static stability observed by dropwindsondes and coastal
rawinsondes available during ERICA. Lmphasis will be placed on svnoptic evaluation
of the TOVS soundings and asscciated horizontal ficlds rather than computing error
statistics {such as rms difterences).

The TOVS-derived soundings were preparcd from the Naval Oceanographic and
Atmospheric Research Laboratory {NOARL) version of the Simultancous Physical Re-
trieval TOVS LExport Package, version 4.0, March 1988, developed by the Cooperative
Institute for Meteorological Satellite Studics (CIMSS) at the University of Wisconsin
(Smith et al. 1983). All software was run on a microVAX 1] in the Interactive Digital
Environmental Analvsis (IDEA)Y Laboratory at the Naval Postgraduate School (NPS).

The thesis 1s organized in the following manner:  Chapter 2 discusses different
sounding methods and their advantages and disadvantages; Chapter 3 describes the re-
sults of vartous TOVS retrieval methods; Chapter 4 gives a background on ERICA
[OP-2 and a more detailed description of the software used to produce the TOVS
soundings for this thesis; and Chapter 5 describes the results of this study. All figures

discussed in the thesis appear in Appendix A.
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II. SOUNDING METRHODS

A. THE TOVS PACKAGE

The TOVS consists of three sensors that measure the emitted radiance at the top
of the atmospherc. Thev are: the second version of the High-resolution Infrared Radi-
ation Sounder (HIRS). the Microwave Sounding Unit (MSU), and the Stratospheric
Sounding Unit (SSU). The HIRS contains 20 (19 infrared and one visible) channels to
deternune temperature, water vapor concentration, cloud height and amount, and ozonce
concentration in the troposphere and lower stratosphere.  The MSU contains four
channels in the cloud-penetrating nucrowave spectrum to supplement the HIRS over
ciouay regions. The SSU contains three channcls to determine the temperature profile
of the upper stratosphere. Iig. T{NOAA 1981) gives the physical characteristics of each
of the wavelength bands of the 27 TOVS channels. Lach channel is sensitive to a dif-
ferent  wavelength  and 18 dependent  on  the absorpuion charactenstics  of
CO.. .0, 0,. O, and N,0 1n the visible, infrared, and microwave spectral regions. Ra-
diance measurements are made by the three sensors and converted into temperature,
ozouc, and moisture profiles by various retrieval methods,

For each channel, the level of peak energv contribution  the atmosphere comes
from the vertical layvers indicated by the peak of the weighting function, or the change
of atmospheric transmittance with height.  The weighting function weights  the
blackbody radiance {rom the atmosphcere, so it 1s sensitive to changes in atmospheric
temperature for a particular laver. The TOVS weighting {funcuons for all 27 channels,

giving the laver of peak energy contribution, are shown in Fig. 2 (NOAA 198 ).

B. STATISTICAL RETRIEVALS

Varjous methods have been devised to retrieve the TOVS radiance measurements
and convert them into soundings of temperature, moisture, and ozone. Smith et al
(1979) describe a statistical approach. A databuse of climatological temperature profiles
(training Jdata set) based on latitude and surface type (Jand or ocean) is used as a first
guess for the final retrieved temperature and moisture soundings. The traiming data set
is needed to derive regression coefficients for converting the observed radiances to tem-
peraturce and water vapor. It also gives the retrieval method a physically reasonable
temperature profile that could have produced tiie observed radiance values.  The re-

gression coceflicients are updated weekly




The horizontal resolution of temperature and moisture soundings from the stutistical
retricval method is determined from interpolated HIRS and MSU scan spots, or fields
of view (FOV's). LEach FOV is about 23 km in diamcter. Radiance values are limb
coirected so all FOV's can be treated as if they were a* nadir. A 9 X 7 FOV arrav is used
to prepare one TOVS sounding with a horizontul resolution of about 250 km.

The statistical method requires such a large FOV array because it requires clear-
column radiances to determine the most accurate temperature and moisture profiles.
TOVS soundings are based mostly on infrared wavelengths since 20 of the 24 sounding
channels arc from the HIRS. There{ore, the soundings are very sensitive to clouds.
Channels that saturate when the atmosphere 1s too cloudy are avoided in the final tem-
perature retrieval because they would produce temperatures that arc too cold. A
sounding is considered to be dear i at least four FOV's are clear, If fewer than four
clear FOV's are found, the retrieval tries to determine clear-columin radiances {rom
partly cloudy scan spots by determuning the differences in cloud amount of adjacent
pairs. If at least four adjacent pairs are found m which cloud differences can be dis-
cerned. the sounding is judged to be partly cloudy. If fewer than {four adjacent pairs arce
found. the sounding is determined to be cloudy, and the temperature retrieval is at-
tempted with the MSU and stratospheric Jevels of the HIRS only.

The retrieval then produces vertical profiles of temperature, water vapor, mixing
1°t10, geopotential thickness, and total ozone concentration using regression methods.
This statistical retrieval method was used operationally by NOAA from 1979 to 1989 for

NOAA satellite soundings.

C. PHYSICAL RETRIEVALS

Another aprroach for temperature and moisture retrieval solves the radiative trans-
fer cquation (RTLE) for brightness temperatures from the observed radiances. The so-
called “physical retrieval method” described by Smuth et al. (1983) accounts for terrain
clevation, surface emissivity, and surface temperature in solving the RTE. The phvsical
reirieal uses a 3X3 arrav of interpolated HIRS and MSU scan spots [or cach sounding.
As in the statistical retrieval, each FOV is checked for cloud contamination. ach 9-
FOV box gives a sounding with a horizontal resolution of about 75 km.

Unlike the statistical retrieval method, a statistical set of coincident rawinsonde
profiles is not needed.  Instead, first-guess temperature and moisture profiles must be
speaified by one of three options: a climatological profile, a regression estimate from the

observed radiances in the MSU channels and stratospheric HIRS channels, or profiles




produced by a numerical forecast model. The final temperature profile is determined by
an iterative formula thut requires first-guess temperature and brightness temperature
profiles, weighting fur<tions for 15 mandatory levels in the troposphere and stratosphere
interpolated from all the HIRS and MSU channels, and the calculated brightness tem-
peratures from the RTE solution.

The weighting functions required by the iterative formula are derived from calcu-
ated transmittances.  The transmittances arc derived statistically using a set of re-
gression coeflicients that relate atmospheric absorption characteristics to temperature
and moisture. The coefficients are generated for each of six equally spaced scan angles,
alleviating the necd to limb-correct the radiance measurements, They are constant for
cuch satellite. but can be changed if the sa ellite characteristics change (ie. sensor tem-
peratuic change, ete.).

The 1terative formula is solved for temperature at 15 mandatory levels. Iteration
stops when the difference between the brightness temperature and guess brightness
temperature from the previous step is less than .03 K. Total ozone concentration is also
calculated with an iterative formula. using the observed radiance of the ozonc-sensitive
HIRS channel (CIT 93 as a first guess.  The water vapor profile s calculated using a
mean relative hunudity solution (described by Smith et al. 1983) from the observed ra-
diances in the HIRS water vapor channcls, and the finul temperature estimates {rom the

iterative solution.

D. SIMULTANEOUS RETRIEVAL

A more recent version of the phyvsical retrieval method, described by Smith et al.
(1983), solves for surfuce skin temperature, temperature profiles, and water vapor pro-
files simultancously. The interdependence of the three parameters is taken into account
and the importance of the first guess is reduced. The radiative transfer equation is solved
in perturbation form, with respect to a mean atmospheric state. The solution for tem-
perature and moisture perturbations requires a matrix inversion by least squares method.
Weightung functions, as described in the physical retrieval method, serve as the basis
functions for the matrix inversion.

The simultancous physical retrieval method 1s more computationally efficient than
the iterative physical method. Instead of an iterative formula, a two-step method is
emploved for solving the perturiation form of the RTE. In the first step, the first-guess
profiles of temperature, moisture, and skin temperature with their corresponding

weizhung functions, arc used to solfve for brightness temperatures at cach pressure level,
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The same types of first-guess options arc available as in the iterative physical retrieval
method.  The regression estimate uses THIRS CH's 1-3 (stratospheric channels), MSU
CIl's 2-4, and IHIRS CII's 11 and 12 (sensitive to water vapor), along with an estimate
of the surfacce skin temperature from the warmest window channcl. The RTL is then
solved once more for surfuce skin temperature, and temperature and moisture profiles.
using all channels determined to be [ree of clouds. The method for retrieving ozone
concentration is the same as that described for the physical (iterative) method.

The problem of determining cloud-frec arcas and retrieving profiles in cloudy regions
is the most limiting factor in retrieving accurate profiles of temperature and moisture.
In the simultancous retrieval method, cloud contamination is determined by comparing
the observed channel radiances with the first-guess skin temperature, the visible
reflectance frem THIRS CIT 20, and the radiance values of the three IHIRS window
channels (8, 1S, and 19). Once the cloud contamuinated channels are found. cloud
amount and height arc specified by using absorption characteristics of CO, in adjacent
channels and the CO, slicing technique (Smith et al. 19835).

A more recent version of the simultancous retrieval method. deseribed by Huang
and Snuth {1956), improves upon the retrieval of temperature and water vapor profiles
in cloudy regions. This later version includes the simultancous retrieval of cloud amount
and cleud top temperature in the inverse matrix solution of the perturbation form of the
RTE. Although the later version was not available for this thesis, 1t will be available for
incorporation into TESS-3. Preliminary results from the latest method are described in

Chapter 3.

E. COMPARISONS BETWEEN THE RETRIEVAL METHODS

The simultancous and iterative phvsical retrieval methods, described carlier in this
chapter, were designed to be portable.  They have been sent to many different users
around the world. The latest version, the Simultancous Physical Retrieval TOVS Export
Package (Smith et al. 1983), version 4.0, was sent to NOARL in March 198S.

The advantages of physical retrievals over statistical methods are tha. the RTE 1s
solved in the retrieval and. thus, physical processes are used throughout. Also, the data
do not need to be limb corrected (a possible source of error). Visible channel reflectance
(from HIRS CI1 20) is accounted for in the calculation of surface temperature.  And
finaliv, cloud contamination of the HIRS channels is accounted for to allow maximum

use of the HIRS channels in a cloudy atmosphere.




Disadvantages of physical retrievals are that the transmittance coeflicients are con-
stant and assumed to be accurate. Poor quality soundings will result if the coeflicients
arc not accurate and operational processing of the TOVS data mayv have to stop until
the cocflicients arc corrected.  Statistical retrievals avoid the transmuttance calculation
problem because of the continuous updating of regression coeflicients using radiosonde

observations.




HI. BACKGROUND

This chapter describes several studics that evaluated the ability of TOVS soundings
to describe significant svnoptic and mesoscale features defined by in situ data. These
investigations ilustrate that TOVS soundings provide an excellent supplement to

radiosonde data in analyzing a varicty of mcteorological phenomena.

A. STATISTICAL RETRIEVAL STUDY

Smith ct al. (1979) evaluated the statistical retrieval method by compositing TOVS
soundings and radiosondc reports over N. America (Fig. 3). They found that TOVS
soundings were within about 2°C of the radiosonde observations. The largest diflerences
in the satellite and radiosonde observations were at the surface and tropopause, where
the vertical resolution of the TOVS is not fine cnough to resolve inversions in the tem-
perature profile.

In the same paper, Smith et al. also cvaluated the ability of the TOVS statistical
retricval method to describe the environment of an intense storm over Texas in March
1979. They related TOVS 300 mb geopotential heights to a satellite image of the storm
and plotted rawinsonde winds observed 9 h before and 3 h alter the satellite pass on a
TOVS 500 mb geopotential height analysis (not shown). The TOVS 500 mb and 200
mb analyses showed a trough over Texas between the rawinsonde report times.  This
trough led to heavy snowfall on the Texas-Oklahoma border. The rawinsonde reports
before and after the satellite pass did not clearly delineate the storm: however, the 300
mb rawinsonde winds did show a wind shift between observation times, supporting the
development of the trough.

Smith et al. also evaluated opcrational TOVS 1000-500 mb thicknesses over the
Northern Hemisphere. NMC 1000-500 mb thickness analyses were compared with and
without TOVS data. The plots were strikinglv similar (Fig. 4). The largest differences
were associated with the more intense troughs over the castern North Pacific Ocean and
castern Lurope on the TOVS analysis. In summary, the study showed that TOVS data

have a strong positive influecnce on global and local forecasting.

B. PHYSICAL RETRIEVAL STUDY
Smith ct al. (1983) used the Physical Retrieval TOVS Export Package to explore the
Alpine Experiment (ALPEX) data in LEurope during March 1982, They compared TOVS




gcopotential thickness analvses with thickness analvses produced from radiosonde data
by the European Center for Medium-range Weather Forecasting (CCMWIE), A re-
cression first-guess with surface data was used to retrieve the TOVS temperature and
geopotental height profiles. The TOVS thickness analyses were prepared using a Barnes
objective analvsis with a 75 km grid spacing. while the ECMWT analyses were based on
optimal interpolation with a spatial resolution of 200 km. Smith et al. found that the
TOVS 1000-300 mb thickness analysis resolved a higher amplitude ridge between En-
gland and Spain, and a deeper trough over the Mediterranean Sea (Fig. 3) for onc of the
ALPEX cases. This difference was partlv due to the coarser horizontal resolution of the
ECMWT analysis. However, in the low stratosphere the situation was reversed. The
300-100 mb TOVS thickness analysis (not shown) revealed a weaker horizontal gradient
than the LCMWFE analysis. The CCMWI analvsis showed a stronger trough and ridge
in these upper levels. The cause of the poorer 300-100 mb TOVS analvsis was attributed
to coarser TOVS verticul resolution in the upper ievels,

This study also looked at the imipact of the first guess and surface temperature
options in the physical retrieval by comparing standurd deviations between TOVS and
radiosondce profiles for four different cases. The cases werer 1.) regression first-guess
with surface temjperature, 2.) climatology first-guess with surface temperature, 3.) re-
gression first-guess without surface temperature, and 4.) climatology first-guess without
surface temperature. The greatest impact of using the surface data was below 700 mb.
When surface data were included in the retrievals, the 1000-700 mb crror was signif-
1cantly less (1-2°C for the regression first-guess option and 1-2.3°C for the climatology
first-guess option).  Without surface dzta. the crror increased to 2-2°C {rom 1000700
mb for the regression first-guess option and 2.5-3.5°C for the climatology first-guess
opuon. In conclusion, this phyvsical retrieval studv showed results similar to the statis-
tical retrieval studv. TOVS data gave physically reasonable estimates of atmospheric

structure when compared with “ground truth” radiosonde data.

C. SIMULTANEOUS RETRIEVAL STUDY

Smith et al. (1983) applicd the simultancous retrieval method to the same ALPLEX
data sct. Objective analyses of temperature and dewpoint, derived {rom radiosonde ob-
servations at 1200 UTC 4 March and 0000 UTC 5 March 1982, were compared with
TOVS analyses at 30, 700, 500, and 300 mb.

This study first compared two first-guess options of the simultancous retrieval

method: regression and climatology. Smith et al. found that the two first-guess meth-
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ods gave similar results for all levels except 300 mb. The regression first-guess retrievals
were slightly better at all levels, except 300 mb, when compared with the CCMWI ana-
lvses. However, in all cases, the diffecrences were generally within 3°C of the ECMWF
analyvses. The largest differences were found over the radiosonde data-void arcas. Also,
both analyses revealed the rapid intensification of a trough over western Europe between
1200 UTC 4 March and 0000 UTC 5 March 1982, The first guess did not have a major
1npact on the temperature retrievals in this study.

Next, the simultaneous retrieval method was compared with the phvsical (iterative)
retricval method. The temperature profiles derived by the simultancous retrieval werc
more accurate than the physical retrieval method by .5°C at nearly all levels up to 250
mb (Fig. 6). The RMS difference for the simultancous retrieval method with a regression
first-guess was generally the same as that with a climatology first-guess {rom 1000-300)
mb. The difference between the two was signilicant only between 300-300 mb and at
200 mb, showing an improvement of 0.5-1.0°C for the regression first-guess.  Smith et
al. stated that the cocflicients used for the regression first-guess heiped the retrieval
method derive a more accurate tropopause structure.

However, the greatest difference found between the two methods was in the
dewpoint results. Smiuth ct al. found a significant improvement in the dewpoint analvses
using the simultancous method. The simultancous method also resolved larger and more
meteorologically consistent dewpoint gradients.

Finaity, the study explored the impact of surface data on the first guess in the si-
multancous retrieval methed. The greatest eflect of surface data on the retrieval was
from 1000-700 mb (I'ig. 7). Near the surfuce. the error decreased by half when surface
data were used. In summary, this study showed that the simuitancous retrieval wus an
improvement over previous retrievals, It gave better results than the physical retrieval
and was more eflicient. The investigation emphasized that TOVS soundings are uscful

and provide an cxcellent supplement to other data sources.

D. SIMULTANEOUS RETRIEVAL WITH CLOUD PARAMETERS

Huang and Snuth (19%6) revised the simultancous retrieval method to include cloud
amount and cloud top temperature in the matrix inversion solution of the RTE. Ina
2-step simultaneous method, the CO, shcing method (Smith ct al. 1985) 1s performed
after the temperature and dewpoint retrieval to determine cloud paramcters (height,

amount, and temperature).
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The study compared TOVS temperature retrievals with and without cloud parame-
ters during ALPEX. The soundings improved during all comparisons of clear, moder-
ately cloudy, and extremely cloudy conditions, but the greatest hmprovements were
achieved in the extremely cloudy cases. RMS differences throughout the troposphere for
the extremely cloudy cuases (around 2°C to start with) decreased to an average of 1.3°C

with the revised simultancous retrieval mcthod.

E. OTHER RETRIEVAL STUDIES
1. Goddard Laboratory for Atmospheres (GLA) physical retrieval

Other groups besides the University of Wisconsin CIMSS have made progress
using TOVS. Susskind et al. (1984) deseribed a physical retrieval method developed at
the GLA. The retrieval miethod is iterative and produces soundings with a resolution
of about 125 km. The RMS statistics showed that the GLA physical retrievals were
much better than the operational soundings for a Iwst GARP Global Experiment
(FGGL) data set. The largest errors were at the surface (2.8 K), deereasing up to 700
mb (2.2 K). and remaining the sanie throughout the rest of the troposphere.

The GLA retrieval also gives derived sca-surface temperature fields, {ractional
cloud coverage, cloud top pressure, cloud top temperature. surface emissivity, and sca
e extent by interpreting the radiance observations of ali HIRS and MSU channels,
Retrievals for all of these fields were found to be rcasonably consistent with ground-
truth data.

2. Dependence of the first guess on the GLA physical retrieval

Reuter et al. (1988) investigated the dependence of first-guess data on the GLA
physicaliv-based retrievals.  Their study, hke Smith et al., used the ALPEXN data (1200
UTC 4 March 1982 - 0000 UTC 3 March 1982). The retrieval used for the study niodi-
fied the Susskind et al, (1984) physical retrieval by improving the moisture retrieval al-
gorith.n,  In addition. experinients were conducted to improve the first guess if
determined to be poor. Susskind and Pursch found that the thickness ficlds showed a
low first-guess dependence.  This result agrees with the Smith et all (1985) study,
However, the precipitable water fields did show a stronger first-guess dependence, espe-
aally close to the surface.

3. Using a forecast model-output first-guess to improve TOVS soundings

Daniels et al. (1989) described a study to improve the NESDIS operational

temperature and moisture retrievals by mputting NMC's Mcedium Range Forecast

Model 6-h forecast as a first guess instead of the (then current) operational method of
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using a data set of radiosonde temperature and moisture retrievals and satellite radiance
measuremients as a first guess. Their results showed a significant improvement over the
operational method.

4. Simultaneous retrieval over Australia

Le Marshall et al. (1989) studied the accuracy of the simultancous retrieval
method (Smith ct al. 1985) over Australia. The retrievals uscd cither a statistical
retricval-based or a model forecust first-guess for temperature and moisture profiles.
The retrieval method has been operational since late 1987. The study compared TOVS
retrievals over the Austrahan region with NMC analyses.

TOVS potential temperature cross sections, 1000-500 mb thickness analvses,
ozone concentrations. temperature profiles, and temperature analvses were compared
with in situ data. The largest RMS diflerence between TOVS and NMC temperature
profiles occurred at the surfuce and tropopause (2.5 K} The study found a high corre-
lation between TOVS and NMC 500 mb temperatures over Australia. TOVS potential
temperature cross sections and 1000-300 mb thicknesses were also very smmilar to the
NMC analvses. Overall, the TOVS analvses compared extremecly well with the NMC
modci data.

The above studies have shown that atmospheric structure c¢an be accurately
described by TOVS data. TOVS structure supplements in situ data sources, such as
radicsondes, by detection of mesoscale features (both temporally and spatiallv) within
the radiosonde network. TOVS data. using the Simultancous Retrieval Method with a
varicty of first-guess options, and with and without surface data, will now be applied to
the ERICA data scet




IV. ERICA: BACKGROUND AND DATA DESCRIPTION

A. ERICA BACKGROUND
As indicated in the previous chapter, the rapid cvclogenesis event investigated in this
studv is TOP-2 (13-134 December 19881 Some preliminary research has already been
completed on this case. Chalfant (1989) showed that the carly cyclogenesis period was
characterized by multiple surface centers. The eventual rapid deepener formed as a wave
along a pressurc trough cast of Cape Hatteras at about 1800 UTC 13 December 1988,
It rapidly intensified over the next 12-24 hours, decpening more than 30 mb {rom
0000-1200 UTC 13 December, as 1t tracked slowlv castward.  Chalfunt found that
NMC's Spectral Grid Model (SGMy was unable o accurately predict details of the de-
velopment of this cvelone during TOP-2. However, longer runge forecasts (8-l were
successful i capturing the magnitude of the deepening. Miller (19903 showed that the
Naval Operational Regional Analvsts and Prediction Svstemi (NORAPS) forecasts for
! 1OP-2, were quite sensitive to the inital analvzed fields. Miller’'s study also showed that
| NORAPS had difficulty resolving the multiple surface centers present in the carly [OP-2
peried.  Additional data now available for further rescarch include dropwindsondes
around the storm and TOVS soundings covering the whole ERICA region.

The additionai mesoscale observations available during ERICA are proving critical
in the diagnosis of rapid cvclogencsis.  Unfortunately, those observations will not be
avatlable in a future operational environment.  On the other hand, satellite soundings
may be able to provide some of this kev information over the data-sparse regions. If
important features such as low static stability regions and short wave troughs and ridges
cun be accurately described by the TOVS data, this additiona] information cun be -
corporated into analvsis and forecast models to more successfully predict rapid
cvclogenesis.

B. DATA DESCRIPTION

The dropwindsondes and rawinsondes available during ERICA provided a uscful
data set to compare with the TOVS soundings. However, rawinsondes give a much
better resolution than the TOVS soundings. The TOVS onlyv contains 12 HIRS channels
for determining temperature profiles in the troposphere and lower stratosphere (up to
100 mb). Recall thut the TOVS weighting functions (Fig, 2y have a fairly broad verucal

width of approximately 300-300 mb.  This means that the radiance i cach TOVS
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channel comes from a relatvely thick laver of the aumospherc. Therefore. a point com-
parison between a TOVS sounding and a rawinsonde mayv be mislcading, especially over
a rapidly evolving cyclogenctic environment. So, for this study, additional comparisons
were made between TOVS geopotential height and temperature ficlds. The ability of
TOVS to physically represent the environment described by the SGM (not taking nto
account possible SGM errors) then can be assessed.

As mentioned earlier, a cloudyv atmosphere presents the biggest challenge m retriev-
ing an accurate satcllite sounding. The problem with retrieving TOVS soundings over
cloudy arcas is that the HIRS channels cannot sense through clouds. Because the TOVS
contains only four MSU channels, vertical resolution in cloudy regions can be expected
to be poor. However, the simultancous method trics to account for this problem by
using all HIRS channels sensing above the cloudy Javer and determining a “reasonable”
profiie below the top of the cloud and adjusung it with the MSU-deternuned profile.
Unfortunately, if the top of the cloud 1s determined to be at the 700 mb level (MSU Cl1
2y or higher, TOVS cannot determune any structure in the critical low troposphere below
700 mb. MSU CI1 1 (window channel) can penctrate through clouds, but will give an

maccurate profile in precipitating regions.

C. NOARL/NPS TOVS RETRIEVALS

The retrieval method used for this study was a version of the Simultancous Physical
Retrieval TOVS Export Package (Smith et al. 1Y8S) version 4.0, restructured by
Richardson and Haugen at NOARIL. The NOARL version, redesigned i Fortran 77
format, speeds up the retrieval and allows for casier upgrades. A description of the
processing steps in the NOARL version follows.

The retrieval process begins with a check of the warmest HIRS CIT § (IR I un
window channel) brightness temperatures (7;) in a 9-FOV box. Reccall that each 11IRS
FOV is about 26 km in diameter, so the resultant resolution of an individual sounding
(with MSU interpolated I'OV's) represents about a 75 km volume. Next, the scan angle,
local zenith angle, and surface elevation are determined. For this thesie, surface topog-
raphv with 111 km resolution was used.  Ihigher resclution topography (18.5 km),
available in the original export package, was not available in the NOARL version. Thas
higher resolution topography is not critical for this study since most of the arca of in-
terest 1s over the ocean. Alter the elevauon is deternuned, the retrieval then finds all

CIT § 7,'s within 3 K of the warmest FOV in the 9-1'OV box.  This determines which




FOV’s to use throughout the retricval process. It then averages all of the warm IOV
temperatures for cach HIRS tropospheric channel to represent one TOVS sounding.

The next step of the retrieval method is the most eritical of all. The retrieval requires
first-guess temperature and moisture profiles and 1000 mb heights for the initial solution
of the RTE. Three options arc available. Tirst, it obtains climatological profiles of
temperature and relative humidity (40 levels in the troposphere and stratosphere). 1000
mb heights, and a surface temperature extrapolated dryv adiabatically from 1000 mb.
The climatological values are based on five latitude zones, summer and winter. The re-
trieval interpolates between the zones and seasons depending on the date of the satellite
pass. Using the hvdrostatic approximation and equation of state, the retrieval also cal-
culates a station pressure.  The user can replace chimatological profiles with modcl-
gencrated temperature and moisture profiles, including surface temperature, dewpoint,
and 1000 mb heights. Also. if a regression {irst-guess is chosen, the chimatological tem-
peratures are replaced with the regression estimates from RS Clil's 1.2, and 3
(stratospheric channels) and MSU ClI'« 2, 3, and 4.

As mentioned in Chapter 3, Smith et al. (19885) showed that the difference between
climatology and regression first-guess options was not significant, but tat surfuce tem-
perature and dewpoints estimates were critical in the final retrieval. If surface data are
avatlable. the retrieval method accepts the estimate as “ground truth” and weights 1t
higher in the final retrieval. In that wayv, the TOVS radiance estimates of surface tem-
perature do not contaminate good estinwutes of the low level atmosphernic structure.
Uscr-input 1000 mb heights arc also accepted as ground-truth and are not adjusted in
the final retrieval. The use of model-generated temperuature, moisture, and 1000 mb
heights as a first guess was not discussed in Smith et al.’s study but will be used in this
thesis. In addition, the regression and climatology options will also be emploved 1n this
study.

I no surface data are available, the retricval tries to improve the initial estimates
of surface tempcerature and dewpoint. First, it scarches {or the closest pressure level to
the surface. 1f the station pressure is [ess than 1000 mb (high ground). it recalculates the
surface temperature, dewpoint, and mising ratio based on the maximum of HIRS CII §
and 10 (8.3 pumlI,0,), MSU CI1 1 {microwave window), and the 1000 mb first-guess
temperature. I @ super-adiabatic lapse rate is found at the surface, it is reduced to
drv-adiabatic between the surface and the closest pressure level. Finally, if the closest
pressure level is not equal to 1000 mb, the retrieval extrapolates the temperature of the

closest pressure fevel isothermaliy to 1000 mb.



The surface skin temperature is also required in the sitmultancous retrieval method.
[t is derived from 1HIRS CH 8§ or 18 (IR 4 pwm window) or MSU CII 1. Tirst, the re-
trieval uses the solar zenith angle to calculate visible reflectance from HIRS CH 20, If
the reflectance 1s less than 25”0, then the CH 18 7, 1s used as the skin temperature .
Otherwise, the maximum between CH 8§ and MSU CIH 1 1s used, to avoid the cloud-top
temperatures scen by CH 8.

The retrieval then attempts to find which HIRS tropospheric channels aie too
cloud-contaminated to use. It assumes a cloud level where the diflerence between the
CH 10 T, (900 mb 11,0,) and the guess 7, for each channel 1s less than 10 K, or wherever
a temperature inversion is encountered.  The matrix inversion is then performed to ob-
tain temperature and moisture profiles. The weighting functions for HIRS CH | and
MSU CH's 2-4 serve as the basis functions {or temperature and HIRS CII 7 and CH
12 weighting functions serve as the basis functions for water vapor in the initial retrieval.

After the matrix inversion, the skin temperature is updated and used in a repeated
matrix-inversion solution {second step). Cloud height and amount are redetermined and
HHIRS channels contaminated by clouds are rejected before the sccond siep. However,
the retrieval only rejects the shortwave channcls (4.3 um) or the fongwave channels (15
unt), but never both. The influence of HIRS channels below cloud level is reduced i the
second step. Also, if the cloud height is determined to be above 430 mb, the final tem-
perature and moisture soundings arc output as “cloudy” and the second step 18 not per-
formed. 17 the cioud height is below 430 mb, the second step is preformed to determine
a new temperature and moisture profile.  Cloud height and amount is again checked.
If the cloud level 1s above 370 mb, the final retrieval 1s output as a “cloudy” sounding.
Otherwise, the sounding is output as “clear”. Geopotential heights for all mandatory
levess are caleulated using the hydrostatic approximation and equation of state. 1ow-
ever, if 1000 mb heights are not available in the {irst guess, they should be used with
caution, since a climatological 1000 mb height 1s used.

For this thesis, the various [irst-guess options were studied to determine the best
combination of choices. Four first-guess options were explored. First, the retrieval was
run with a regression first-guess and no surface data to determine the accuracy of TOVS
data in a region where no other data sources may be avallable, such as in a wartime
environment.  Next, the impact of surfuce temperature on the retrievals using both
climatologv and regression first-guess options was studied to deternune how much -
provement, if any, could be made to the TOVS data. Tha surfiace data included addi-

tional marine data ¢buoys and ship reports) available during ERTICA. The data were
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objectively analyvzed using the Barnes analvsis within the General Meteorological Anal-
vas Package (GEMPAK) (des Jardins and Petersen 1985).  Tinally, SGM analvzed
temperature, relative humidity, and 1000 mb height fields, valid 6 h prior to cach NOAA
pass, were used as a first guess to compare with the other retrieval options. The retrieval
process, with a regression first-guess and no surface data took about 13 min to run on
a microVax I in the IDEA Lab. at NPS. The addition of surfuce data increased the
processing time to about 30 min. The addition of SGM ficlds increased the processing

time to neariv 1 h.




V. DATA ANALYSIS

A. 0644 UTC 13 DECEMBER 1988
1. Overview

The analysis of TOP-2 starts with an evaluation of TOVS data from the
NOAA-11 pass just off the east coast of the L.S. at 0644 UTC 13 December 1988, The
initial JOP-2 cvclone was developing off the Carolina coast at this time. The NOAA-11
pass (AVHRR, CH 4) (TFig. 8) shows multi-layvered cloudiness associated with the de-
veloping low extending from the North Carolina coast castward. Scattered low clouds
are present northward along the coast {from North Carolina to Cape Cod, with broken
to overcast low clouds ofl the coast of Mainc. Mostly high clouds extend from the Ohio
Vallev northward to Hudson Bay. These clouds are in advance of the upper level trough
moving castward into the Mid-Atlantc states.

Scventecen ERICA rawincondes and dropwindsondes were available for com-
parison with collocated TOVS soundings (I'ig. 9). Dropwindsonde and rawinsonde 700
mb winds werc also plotted (Fig. 9a). A total of 600 77775 <oundings were retrieved
from cach NOAA-11 pass. Tor cach case 1 tius swdy, all dropwindsondes and
rawinsondes launched within 3-i1 of the TOVS soundings were used for comparison with
the TOVS data. Dropwindsondes e named according to the aircraft tvpe and time of
launch. Those prefixed with an "A” were launched from USAT WC-1307s, while those
prefixed with "N were launched from NOAA P-3'<. The number codes represen. the
hour and nearest 10 min. they were launchied. Tor example, A0V was launched at ap-
proximateiv 0910 UTC, nearly 2 1 2 h after the NOAA-11 pass at 0044 UTC. TOVS
soundings prefixed with an "7 are clear, while soundings prefixed with an "IF” are cloudy
{see Chapter 4 for definitions of clear and cloudy TOVS soundings). Also, note that the
TOVS soundings are not equally spaced, but represent the location of the warmest FOV
in the 9-'OV box. So, some TOVS soundings overlap while others arc scparated by a
distance greater than 75 km.

As discussed in the previous section, four different first-guess options were used
to compare the TOVS retrieval data with the in situ data during TOP-2. They were:
regression without surface temperature or dewpoint, regression with surface temperature
and dewpoint. climatology with surface temperature and dewpoint, and SGM temper-

atures, relative humidity, and 1000 mb acight ficlds with surface temperature and
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dewpoint (hereafter referred to as retrievals RN, RS, CS, and SS, respectively). The
purpose of using all four methods is to understand the importance of the first-guess to
the retrieval and to achieve the most accurate TOVS description of the ERICA cvclone
environment.

2. TOVS sounding comparisons with dropwindsondes and rawinsondes

Three dropwindsondes, A091, AOS3, and AOSI, were launched in the cloudy
baroclinic zone north and west of the initial [OP-2 cvclone. The 0600 UTC rawinsonde
for Bermuda (NXKI') was available cast of the low center, while IHAT and other coustal
rawinsondes, availoble at the same time. were far to the west of the low. All four re-
tricval methods for cloudy sounding, I'454, aic compared to the XKI" sounding. The
regression with no surface (RN) and spectral with surfuce (8S) retrievals are presented
in Fig. 10, while the regression with surface and cimatology with surface retrievals are
shown in Ing. 11

The XKT temperature profile shows a stable region fromy 830-700 mb that sep-
arates weak easterlv flow from the stronger westerlies aloft. The moisture trace indicates
moist low level (1000-§30 mb) and upper level (300-300 mb) conditiens. The RN re-
trieval (Fig. 100 failed to completely capture this stabie structure, but the §§ temper-
aturc retrieval (g 10by was very accurate. It resolves the stable temperatu, ¢ structure
from §30-700 mb and agrees well with the XK temperature trace to 200 mb. However,
the moisture profiles for both methods were too moist from 1000-700 mb and too dry
above 700 mb. A comparison between I'd34 RS and €8 retrieval methods and NKF
shows the RS and CS retrievals resolving the general temperuature profile but unable to
detect the Tow level inversion. All the moisture profiles indicated the low-level moisture
but, in general, were poor. The NKI' comparison clearly indicates the importance of the
first guess to the retrieval.

TOVS soundings were also comparcd with coastal rawinsondes in the mostly
cicar atmosphere west of the [OP-2 cvclone. In general, the TOVS SS retrieval method
produced accurate temperature profiles compared with the rawinsondes. as found with
XKF. TFor example, HAT was compared with the collocated TOVS sounding. E424. in
Fig. 12, The dilference between the L4240 RN and SS retrievals with TIAT is striking,
The RN retrieval misses the cold low-level laver and associated inversion from 900-750
mb. In contrast, the SS sounding doces resolve the general structure of the low
troposphere. However, both retrievals miiss the sharp tropopausce at 350 mb in the HAT
counding.  Although the RS and CS§ retrieval methods for 2424 (not <hown) were not

auite as accurate as the §S retrieval, they did accurately depict the low Jevel temperature
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structure because of the inclusion of surface temperatures in the first guess. The
moisture profile from 1000-500 mb was [airly well represented by all four retrieval
methods. However, the shallow dry laver near §50 mb was not resolved. It is unlikely
that this dry laver would be captured by the coarser vertical resolution of TOVS.

A comparison between other coastal rawinsondes and collocated TOVS
soundings produced similar results to the 1HAT case. The TOVS soundings with the SS
retrieval method captured most of the thermal structure measured by the rawinsondes.
The RS and CS methods, although not as accurate as the SS method, were able to ac-
curately capture the colder air from 1000-700 mb. The RN method was not successful
i resolving the low level inversion. The collocated TOVS soundings using all four
methods gave successfu] retrievals compared to rawinsondes located further inland (P1T
and FNT). Thesc soundings had a fairly constant lapse rate and were easicr for TOVS
to retrieve. However, the SS retrievals remained the most accurate for temperature and
moisture.

Over the cloudy region associated with the initial [OP-2 cvclone, the TOVS
sounding comparisons were not as success{ul.  Dropwindsonde A0OSL, at 35°N 74°W,
was launched in the western edge of the baroclinic zone associated with the developing
cvclone. It shows stable frontal structure in the Jow levels and wind shear similar to the
XKF case (Fig. 13). The AOSI sounding is saturated to 800 mb and suggests that rain
1s probably falling in the vicinity. TOVS sounding E426 was used for comparison with
AOSI. The RN retrieval (not shown) failed to capture any of the temperature structure
of A0SIL. Insteuad, it showed a smooth temperature curve throughout the troposphere,
3°C too warm at 1000 mb and 3°C too cold at 300 mb. The RS E426 retrieval (g, 13a)
shows a more accurate profile from 1000-§00 mb than the RN method, but fuils to show
the inversion from 830-700 mb. The CS method (not shown) produced a profile identical
to the RS method. The SS retrieval (I'ig. 13b) does suggest the inversion structure {rom
$30-700 mb. Although it is too cold above 830 mb, it represents the weak temperature
inversion better than the other options.  All four retrieval methods derived uscful
moisture profiles indicating the saturated state of the A081 profile. One other compar-
1son (not shown) was made between A0S1 and a collocated TOVS retrieval, 327, a
cloudy sounding just southeast of ACSI (sce Iig. 9), was quite similar to AOS1. The SS
retricval resolved the weak inversion, while the other retrieval methods produced smooth
temperature profiles.

The remaining overwater dropwindsondes, A091 and A083 (not shown), were

locuated closer to the surface Jow. Both were saturated up to 500 mb, indicating precip-




itation in the region. They also showed a stronger stable region in the Jow troposphere,
sinular to the NKIF sounding. The collocated TOVS soundings using all four retrieval
methods were too warm at 1000 mb and too ¢old at 5300 mb. However, the SS retrievals
were still the most accurate. A comparison between all four TOVS retrieval methods
with the dropwindsondes and rawinsondes in the region indicated that only the SS re-
trievals were successful in capturing some of the structure of the cloudv atmosphere
shown by the in situ data. The RN retrievals gave smooth profiles, attempting to rep-
resent the average temperature in the troposphere and lower stratosphere. The RS and
CS retrievals produced more accurate temperature profiles from 1000-700 mb. but sull
failed to capture the thermal structure in the lower troposphere. Towever, even though
the SS retrievals were the most accurate, onlyv the TOVS (8S) retrieval collocated with
XK depicted all of the cloudy temperature structure shown by the rawinsonde.

The TOVS overland retrievals were much better than the overwuter retrievais
for this pass. However, the land arca was donunated by high pressure and mostiy clear
skies with a constant lupse rate for most soundings. Thus, the temperature profile was
considerably casier to recover from the satellite data. Over wuter, where cvclogenesis
was occurring. the TOVS soundings were less  accurate compared  with  the
dropwindsonde measurements.  Rain appeared to attenuate most of the TOVS
soundings in the region, making them too cold at 500 mb. As a result, the inversion
structure of the dropwindsondes was not totelly resolved in the TOVS soundings. The
use of SGM analvses for the first guess, even though 6 b old, improved the TOVS tem-
perature structure considerably. The surface data were critical to TOVS resolving the
boundary laver structure, particularly for the coastal rawinsondes,

3. Cross section comparisons

Another useful method in diagnosing cveiogenesis is constructing potential
temperature cross scciions through interesting regions of the cvelene. Significant com-
ponents of the cross sections include steeplv-sloped or pucked isentropes and wind speed
and direction changes to identify the location and strength of fronts. The TOVS duta
do not inciude actual wind information. but location and intensity of fronts and the
tropopausc level can be determined by the slope and packing of the isentropes.

I'or this first case. a cross scction was constructed using HAT, AOSL, ADS3,
A091, and XKT through the northern quadrant of the initial 10P-2 cvclone (g, 9a.
[F1g. 14 compares this cross section with a collocated overwater TOVS cross section us-
ing the S§ retrievals. The observed cross section located along the warm front, and the

packed isentropes in the region between AUNI und XK1 indicate the strongest part of
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the front. The TOVS cross section {[Fig. 14b) resolves some of the frontal structure.
Also, note the steeply sloped isentropes between 424 and 427, showing the cold air
along the coast similar to the isentropes between HAT and A0OSI. Even though the
TOVS cross section isentropes are not as tightly packed as observed farther cast (be-
tween FA30 and F434), thev sull indicate the strongest area of the baroclinic zone fairly
well. The tight gradient of the isentropes from 300-200 mb also resolves the location of
the tropopause quite well. The TOVS tropopause corresponds to the levels of maximum
winds at HHAT and XKT.
4. Static stability comparisons with SGM ficlds

The the static stability parameter, %, described by Chaifant (1989) in a previ-
ous study of IOP-2, was cvaluated for the TOVS data set. Low static stability provides
a more {avorable environment for upward vertical motion and cvclogenesis. During the
mitial stages of TOP-2. at least two cvelones were present. The first evelone, analvzed
by Chalfant to be east of Florida at this time, was forecast to rapidly develop by the
NMC and NORAPS models (Miller 1990). But a second low developed to the northwest
of the initial low. It was this svstem that rapidlv deepened from 0000-1200 UTC 14
December 1988,

Chalfant found a minimum in i—{i S00-1000 mb, in the NMC SGM analvses
oiT the Carolina coast for 1200 UTC 13 December (F1g. 18b). The second cyvclone de-
veloped in this region during the next 12 hours. The dropwindsondes zlo confirmed this
lower stabiiity near the coast. The AOSI profile was more unstable than the coastal
rawinsondes to the west and the dropwindsondes to the cast. Stabilits from the TOVS
0644 UTC data was also evaluated to determine if the arcas of low static stability de-
scribed by the SGM analyvees were alco present in the TOVS data. The TOVS stability
analvsis at 0643 UTC (Fig. 130y shows lower static stability ofl the North Carolina
coast, in the region where the eventual rapid deepener began to develop at 1800 UTC.

‘his is in agreement with the SGM analvsis that shows the lower static stability over a
much broader region. Note that operational TOVS soundings would be included in the
SGM analyses via the data assimilation cvele. So it is not surprising that the two ana-
lvses are similar. Also, note that the TOVS stability analvsis has less meaning on the
castern cdge, as the TOVS data did not extend that far cast (I1g. 9.

Although bothi the TOVS and SGM regions of low static stabilitv are partially
confirmed by the dropwindsondes and indirectly by subseguent surface evelogenesis, the
spatial distribution and absolute magnitude is somewhat uncertain. This is partially due

to the tendency of the cloudy TOVS soundings to be too warm at the surfuce and too
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cold aloft, effectively lowering the static stabilitv.  While spatial smoothing removes
some of this error, a future study to determine the error distribution and its relationship
to cloudy retrievals would be illuminating.

5. Height and temperature comparisons with SGM fields

One final comparison was made between TOVS and SGM geopotential heights
and temperaturcs.  Of interest wus the quality of the TOVS (plus surface data)
geopotential height and temperature analvses for this initial cvclogenesis period.  All
mandatory levels from 1000 mb to 300 mb were evaluated. Only 700 mb level compar-
isons will be shown. as this level proved to be the most accurate. However. the inclusion
of a 1000 mb height analvsis in the first guess is critical to the retrievul of accurate
heights at all mandatory levels. Otherwise, fess accurate clinatological heights are used,
which produce poor heights at all levels.

Iig. 16 compares the TOVS 700 mb height and temperature analyses at 06-M4
LTC with the SGM analvses at 1200 UTC, The TOVS 700 mb analvses (Fig. 1621 show
the weak trough associated with the first cvelone off the North Carolina coast. The
height analvsis also shows general ridging over New Ingland. The TOVS analvses are
in general agreement with the SGM analvses, 6 h later (g, 1ob).

In conclusion, the overali effectiveness of TOVS data at 0644 UTC was very
encouraging, especially with the mclusion of SGM fields in the first guess and the use
of a surfuce temperature analvsais. The TOVS cross section using the SS retrieval method
resolved the warm frontal region associated with the first 10P-2 low. The TOVS sta-
bihitv analvsis 1solated the lower static stability over the coastal waters, which was con-
firmed by the dropwindsonde data. The TOVS analvses did resolve the 700 mb trough
associated with the developing cvelone. Because the SS retrieval method was so superior
to the other miethods, only the SS retrieval will be shown for comparison with the other

data sources for the remainder of this thesis.

B. 1820 UTC 13 DECEMBER 1988

Twelve hours later a second NOAA pass covered the western North Atlantic at 1820
UTC. By this time, the second surface low had developed cast of N. Carolina, near
37°N 72°W, in the relatively unstable air northwest of the inttial low. The AVIIRR
iumagery (Fig. 17) shows the cloudiness with both cvelones and strong convection around
and south of the new low. The imagery reveals the rapid cloud growth of the second low

in response to the movement of an upper level short wave trough over the coastal arca.




Twentv-eight rawinsonde and dropwindsondes were collocated with the TOVS
soundings froni this NOAA-11 pass (Fig. 1S). Dropwindsonde and rawinsonde 700 mb
winds were also plotted (IFig. 18a). Five dropwindsondes (N140, N142, N[44, N130, and
N152) were launched at approximatelv 1300 UTC. Their locations arc indicated on an
AVHRR CII 1 subscene (Fig. 19). The evaluation of the TOVS retricvals at 1820 UTC
starts with comparisons in this convective region near the old {rontal zone, but ahecad
of the intense convection of the d'cvcloping 10P-2 storm (see I'ig. 19). The satellite im-
agery shows partly cloudy conditions in the vicinity of N150 and N1434. Their locations,
along with collocated TOVS soundings, E316 and E318. arc displayed in Iig, 20. The
only significant variation in the vertical structure shown by the dropwindsondes is a
weakly stable laver from 850-700 mib by N150 and from about 680-600 mb by N14d.
The temperature profiic for the TOVS sounding, E3 1o, was very accurate compured with
N130 (Fig. 20u). The TOVS profile was within 1°C of the dropwindsonde from [000-500
mb, except {or a shightly larger departure near 900 mb. In the comparison between N34
and E318 (Fig. 20b), E318 was not quite as successiul. It was about 57°C too warm at
1000 mb, but within 2°C at §30, 700, and 300 mb. The weuk inversion at 080-600 nib
1s not resolved by the TOVS sounding. And the large temperature discrepancy at 1000
mb may be due to inaccuracies in the surface temperature analysis used in the retrieval
or because of the time difference between N 144 and L2318 (at least 3 b

Two other comparisons were made further north along the {rontal zone in cloudier
arcas. In these areus, the dropwindsonde temperature profiles, N142 and N140, showed
a stronger inversion than the two previous profiles. N142 and Nido were compared with
TOVS proiiles. E300 and E282, respectively (g, 21). In both cases, the TOVS profiles
were too warm from 1000-700 mb and too cold above 700 mb. Both dropwindsondes
show a stable laver near 700 mb that is too shallow to be capuured by the TOVS re-
tricvals. However, the E282 temperature profiie (Hig. 21b) shows some indication of
attempting to represent the stable laver, but only weakly.

Other comparisons between overwater dropwindsondes and TOVS soundings
showed sinular results. The TOVS soundings were {airly accurate, but were the least
accurate where shallow inversions eaisted between mandatory levels.  The TOVS
soundings were more accurate when the inversion Javer was deeper and best deseribed
the soundings with a constant lapse rate. The TOVS moisture profiles did not compare
favorably with the dropwindsondes as, in general, they were too moist.

The comparisons mude between TOVS soundings and coastal rawinsondes showed

less success than earlier. For exampie, the HAT and WAL temperature profiles were




much different than their collocated TOVS profiles, £294 and E257 (Fig. 22), even
though the atmosphere was mostly clear. The tropopause lowered to about 400 mb at
both locations duc to the strong upper level trough over the region (Refer to previous
figure of HAT at 0644 UTC). The TOVS retrievals analyvzed the tropopause at 300 mb,
and the resulting TOVS temperature profiles were 4-8°C too warm {rom about 700-300
mb for both cascs. The lower level temperature structure was f{airly accurate though.

The coastal rawinsondes and TOVS profiles further north compared more favorably.
For example, the ACY and CIHII temperature profiles were very well represented by the
collocated TOVS soundings, E221 and 205 (not shown). The E221 temperature profile
was within 2°C accuracy of the ACY profile from 1000 mb to about 550 mb, except for
a very shallow inversion laver at 700 mb shown by the ACY profile. The tropopause
level of ACY was at about 350 mb, while E221 indicated a 300 mib tropopause, mini-
mizing the upper tropospherce errors. The tropopause at CHIT waus at 250 mb, and the
E203 tropopause matched 1t almost perfectly.  The result was an almost perfect match
between the two soundings (< 1°C error), except for the laver from 1000-850 mb, where
the TOVS profile wus warmer.

A cross secuon in the region of the dropwindsondes launched at 1500 UTC (Fig.
23a), shows the {frontal structure between the two surfuce centers. The collocated TOVS
cross scction (I'ig. 23by reproduced this thermal pattern. The slope of the isentropes in
the two cross scctions is nearly identical.  Also, the packing of the TOVS low
troposphere 1sentropes indicates the location of the [ront in the cross section 600-SU0
mb luver. The tropopause also is easily identified on the TOVS cross section,

Another TOVS cross section was constructed across the large-scale baroclinic zone
associated with the developing low, from E221 (J07N 74°W), northwest of the cvelone
along the New Jersev coast, southeast to 2357 (33N 67°W) in the warm sector. The
cross section (Fig. 24) depicts the thermal structure of the developing cvelone. It shows
steeply sloped isentropes just cast of the low and more tightly packed isentropes associ-
ated with the large-scale baroclinic zone and the tropopause aloft. The weak vertical
stability is also evident in the lowest 200 mb southeast of sounding E200.

TOVS statc stability from the 1820 UTC 13 December pass (Fig. 25a) was com-
pared with the SGM stability at 0000 UTC, 14 December (17g. 25b). The TOVS stability
analysis continues to indicate a stability nuimimum near the center of the developing
cvelone. The SGM stability field shows a larger region of weak stabilitv. Unfortunately,

the dropwindsondes are cast of the TOVS minimum and cannot confirm this feature
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cither analysis. However, this region of weak stabilitv does correspond to the region of
subsequent vigorous surface development. which is dyvnamically consistent.

The TOVS 700 mb temperature and height analyvses for 1810 13 December are now
compared to the SGM 0000 UTC 14 December analvses (Fig. 26). The TOVS height
analysis successfully captured the developing trough cast of North Carolina associated
with the rapid cvclogenesis event. Also evident is the warm advection region located in
the vicinity of the growing comma cloud (I'tg. 19). The trough location is consistent
with the 0000 UTC SGM analyvsis which shows castward movement and continued am-
plification. The TOVS isotherm pattern captures the 700 mb frontal zone off the East
Coast. but fails to show the characteristic “S” shuape 1sotherm pattern of a developing
disturbance.

In conclusion, the TOVS evaluation at 1820 UTC showed that the TOVS data were
very useful in diagnosing the details of the 10P-2 cvelone.  The collocated TOVS
soundings continuvd to compare fuvorably with the dropwindsondes.  Ilowever, the
TOVS soundings were the least accurate i regions of strong inversions or thick
cloudiness, analvzing the surface too warm and the mid levels too cold. The sounding
temperatures were the most accurate at about 700 mb. The only significant limitation
of the TOVS soundings was their inabilitv to capture the lowering tropopausc in the
segion of the upper level trough along the coust. The low level temperature profiles were

successful in nearlyv all of the comparisons.

C. 0637 UTC 14 DECEMBER 1988

Explosive developnient of the extratropical cvelone was now in progress at 0G37
UTC, the ume of the next NOAA-11 pass. The storm’s central pressure dropped about
30 mb from 000D-1200 UTC, as 1t moved castward (Chalfant 1989). ERICA aircralt
launched three dropwindsondes around its center near the time of this pass. Fig. 27a
shows the dropwindsondes and rawinsondes launched within 3 h of the NOAA-11 pass
at 0037 UTC, along with 700 mb winds. I1g. 27b shows the collocated TOVS soundings.
One of the dropwindsondes, N0O23 (not shown). failed, only sampling the atmospheric
laver from about 700-500 mb. The other two dropwindsondes, N020 and NO70, were
used for comparisun with collocated TOVS soundings (Fig. 28).

The sateilite imagery over the region (not shown) shows thick cloudiness over the
arca. Iowever, the TOVS sounding, L182. collocated with N020 (Fig. 28a), produced
a fairly accurate temperature profile. compared with the dropwindsonde. It was ap-

proximately 37°C too warm at the surface and missed a shallow mversion laver between
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700-500 mb, but otherwise produced a useful temperature profile. The TOVS sounding,
7204, collocated with NO70 (Iig. 28b). produced a fairly accurate profile, but it was
3-3°C too cold throughout the lower and nud troposphere. This cloudy TOVS sounding
1s cold hikely due to the effects of precipitation attenuation of the MSU channels,

Other comparisons between rawinsondes and TOVS soundings for this time period
(not shown) produced sinular results to the previous time periods. The TOVS temper-
ature profiles were generally within 2-3°C of the rawinsonde profiles at all the mandatory
levels in the troposphere. The largest errors were at 1000 mb and the tropopause. Un-
fortunately, no conclusions ¢an be made about their accuracy near an explosively de-
veloping cyclone, because only two comparisons could be made. However, additional
insight can be gained by comparing TOVS cross sections and objective analyses over a
larger areu.

A cross section of the 0637 UTC TOVS soundings (FFig. 29) was constructed through
the warm {ront of the rapidly developing cyclone, from F143 (41°N ¢7°W) north of the
low center near Cape Cod, southeast to 321 (30°N 63°W) in the warm sector. The
cross section shows steeply sfoped isentropes aliead of the warm front, but misses the
location of surface front ncar L2444, according to Chalfunt's (1989) analvsis. IHowever,
the cross section shows tighter isentropes associated with the warm front aloft.  Also
note the sloping tropopause and location of the jet stream clearly defined by the TOVS
Cross section.

The minimum stability {from the TOVS analvsis (Fig. 30a) was again located near
the center of the cvelone. The TOVS analvsis was comparced with the SGM analvses at
0000 UTC, 14 December (Iig. 25b) and 1200 UTC, 14 December (Fig. 30b). Notice the
simifarity of the TOVS analvsis to the SGM analvais at 0000 UTC, However, the TOVS
analvsis places the lower stability arca northeast of the SGM analvsis, and shows higher
stability southwest, where the SGM minimum stability arca is located. Recall that these
two analyses are not independent because TOVS data are used in the SGM analysis.
At 1200 UTC, the SGM analvsis concentrates the minimum stability area into a more
confined location, in the warm sector south of the position of the surface low at 1200
UTC 14 December 1988, The TOVS 0637 UTC minimum stability arca is in the ap-
proximate location of the surface low at 1200 UTC. Some of these diflerences between
the SGM and TOVS static stabilitv analvses mav be due to the retrieval problems in
cloudy areas as well as differences i time of analvsis. This point should be explored

morc thoroughly in a future study.




The TOVS 700 mb height and temperature analvses (Fig. 31a) at 0637 UTC 14 De-
cember indicates continued development of the 700 mb trough. The 0000 UTC SGNI
analvses (Fig. 26b) shows a strong trough developing just east of the nud-Atlantic coast.
By 1200 UTC (Fig. 31b), it has developed into a cutoff low near 35°N 65°W. The TOVS
analvsis decpens the trough more than the 6-h carlier 0000 UTC SGM analyvsis. The
TOVS temperature analysis looks fairly reasonable compared with the SGM analvses,
but mav be too cold north of the low. Suil, the TOVS analvsis shows strong warm

advection occurring ahead of the low, consistent with vigorous cvclogenesis,

D. 1810 UTC 14 DECEMBER 1988

The analvsis of TOP-2 ends with an evaluation of TOVS data at 1810 UTC 14 De-
cember 1988, The NOAA-T1I AVIIRR nmmagery (not shown) portravs a well-wrapped
cvelone at the far eastern edge of the pass near 38°N 63°W. Many dropwindsondes were
launched withi 3 h of the NOAA-11 pass around the storm center. Their locations and
700 mb wind observations are depicted in Tig. 324, Note how well the dropwindsonde
winds delineate the center of the 700 mb trough.  Unfortunately, the region of TOVS
soundings (Fig. 32b) onlv - ads to the evdone center. The intense frontal zone cast
and north of the low ic 1 .- covered by this pass.

Dropwindsondes, N171 and N203, were comparcd with TOVS soundings, 205 and
2225, respecuvely (Fig. 33). In both cases, the TOVS soundings represented the
dropwindsonde temperature profiles reasonably well. The TOVS soundings were colder
than the dropwindsondes likely due to preapiiation in the region. The SGM first-guess
ficlds 1. the TOVS retrievals were extremcely important for retrieving accurate TOVS
profiles, as seen at all the previous thmes.

A cross section (Tg. 34) {rom F1d9 (44°N 63°W) north of the storm ncir the Nova
Scota coast, through the low to E263 (37°N 62°W) along the cold front. showed the
location of the surface trough (denoted by the slope of the isentropes near E187) and a
barocknic zone north of the low. It also depicted the location of the tropopause quite
wello In summary, the TOVS analvses at 1810 UTC were still very useful in describing
the cyclone environment. TOVS geopotential height and temperature anajyses were not
presented for this case because the TOVS data covered only the western hall of the

cyclone circulation.




VI. CONCLUSIONS AND RECOMMENDATIONS

A. CONCLUSIONS

This thesis examined the effectiveness of TOVS in describing the environment of the
IOP-2 cyclogenesis event.  Numerous dropwindsondes and TOVS comparisons were
made to assess the ability of TOVS to retrieve temperature and moisture profiles. Em-
phasis was placed on the svnoptic evaluation of the TOVS soundings and associated
horizontal fields rather than computing crror statistics. TOVS soundings were found to
be ciicctive in describing the synoptic-scale distributions of static stability and upper
level herght and temperature ficids associated with @ developing cvclone. TOVS poten-
tizl temperature cross sections also successfully deseribed the larger-scale structure of the
cold frontal or warm frontal region associated with the TOP-2 cvclone, as well as the
location of the tropopuise.

However, a hmitation in the overall effectivencss and use of TOVS soundings is that
TOVS retrievals reguire an accurate first guess to derive accurate profiles. In the si-
muliancous retneval method, surface data in the first guess proved to be crucial in the
accurate retrieval of temperature from tie surface to 700 mb.  And, the addition of
model gridded temperatures was important for retrieving vertical structure in the lower
troposphere. The further addition of 1000 mib heights in the first-guess was crucial for
obtaining a physicaliyv reasonable height ficld from the TOVS data. Finally, an impor-
tant observation of this studyv waus that the TOVS overland soundings gencerally were
more accurate than the overwater soundings. A primary reason for this was that most
of the overwater soundings were in arcas associated with evclogenesis during [OP-2.

The least accurate soundings were those affected by clouds and or precipitation.

B. RECOMMENDATIONS

[Further study of TOVS data should include the use of forecast fields in the first
guess instead of 6-h old observations. Now that an interfuce is available to input model
gridded data in the IDEA Lab., compurisons can casily be made between othier gridded
data sets. such as the NORAPS forecast fields or NGM forecists, to compare the ac-
curacy of the retrievals with diflerent first-guess methods.  The use of gridded duta
greatly enhanced the TOVS retrievals in this study, but the inclusion of surface data was
also crucial. Unfortunately, the additional surfuce duta included i the TOVS retrievals

for this studs will not be available operationaliv,
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Another option to test is the use of thie National Environmental Satellite Data and
Information Service (NESDIS) operational gridded sea-surface temperatures derived
from multi-channel NOAA AVIHRR. This option was already explored by NOARL
scientists (Richardson and Haugen 1989). Sea-surface temperatures were input into the
simultaneous retricval as surface skin temperatures (versus first-guess surfuce temper-
atures) during the Genesis of Atlantic Lows Experiment (GALE).  Their inclusion
produced more accurate overwater surface temperatures compared to a NORAPS sur-
face analysis. Additonally, the sea-surface temperatures improved low level cold frontal
structure on cross scctions. However, very little difference (with and without sea-surface
temperatures) was observed in the temperature profile above 1000 mb. The study con-
cluded that the use of sea-surface temperatures in the retrieval needs to be studied fur-
ther.

Several options described 1 the original Export package were not available {or in-
corporation into this thesis.  Thev include:  the filtering of redundant or indccurate
TOVS retrievals before they are used in objective analvses: the denvation of geostrophic
wiinds based on the temperature and geopotential height retrievals; and the availability
of ligher resolution geography in the determination of surface elevation. As discussed
in the previous chapter, a study exanuning the error distribution of TOVS soundings in
cloud vs. no-cloud retrievais would be helpful in making better use of TOVS soundings
in weather forecasting. The [iltering option, mentioned above, should be incorporated
into such a study to determine its significance. And finallv. TOVS MSU channel images
might provide sonie useful informution in determining the location of low pressure cen-
ters and frontal regions and should also be evaluated in {uture TOVS studies. In con-
clusion. TOVS data provide a uselul supplement to other data sources and should be

mcorporated into future cvclogenesis studics.
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Fig. 3. TOVS and radiosonde composites.  The rms difference between North
American interactively derived TIROS-N soundings and radiosondes, 22 March-19
April 1979 (From Smith et al. 1979).

kR




'T“ ‘.‘,iﬁ‘.@; X DY
% ’3%”’6‘}3
2 ' f&l R
"“\»‘@

i E L o
N e .y
; /
:

Iig. 4. Hemispheric analvsis with and without TOVS data.  Comparison of
1000-500 mb thickness charts obtained solely [rom TIROS-N sounding data on 1800
UTC 29 Apr-0600 UTC, 30 Apr (I'ig. 44, top) and from conventional data on 0000
UTC 30 Apr (Fig. 4b, bottom) (From Smith ct al. 1979).




Iig. S Comparisons  of TOVS and ECMWIE  1000-5300 mb  thickness
analvees. ‘The TOVS analyses (I'ig. 51) shows a higher amplitude ridge between
England and Spain and a deeper trough over southern Europe than the ECMWE
analvsis (Fig. 5b) (From Smith ct al. 1983).
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RETRIEVALS VS. ECMWF
MARCH 445, 1982
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Fig. 11b compares XK with a CS retricval.
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Fig. 17.  Same as Fig. 8 except for AVHRR CII 1, at 1820 UTC 13 December
1988.
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Dropwindsondes N15O and N144 with collocated TOVS profiles E316
Fig. 20a shows the difference between N130 and E316.

Fig. 20b shows
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Dropwindsondes N142 and N140 with collocated TOVS profiles [:300
Fig. 21a shows the diflerence between N142 and E300.

Iig. 21b shows
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Dropwindsonde and TOVS cross sections at 1820 U1,
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a cross section through the dropwindsondes at 1500 UTC. Fig. 23b shows a cross
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Fig. 25, Same as Lig. 15 except for TOVS data at 1820 UTC 13 December 1988
and NMC data at 0000 UTC 14 December 1988 Tig. 25a shows the TOVS sta-
bility analysis. Fig. 25b shows the SGN stability analvsis.
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Rawinsonde and dropwindsonde locations at 000-0900 U] C

and
14 December 19880 Tig. 27a shows
Iig. 27b shows TOVS sounding lo-
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Fig. 300 Same as Fig. 15 except for TOVS data at 0637 UTC 14 December 1988
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TOVS cross section over developing cvelone at 1810 UTC 14 December
Cross section extends from F149 (447N 63°W) to E263 (37°N 627W),
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