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Abstract

This study examines ERS-1 three day repeat orbit scatterometer wind data from
January through March 1992. The study region encompasses the north Pacific from
30°N to 50°N latitude and 160°E to 130°W longitude. The data are separated by orbit
trajectory and binned to a 26 km by 26 km grid. These data are examined by direct
comparative analysis to surface ECMWEF model analyses on daily, monthly and three
“month time scales. The scatterometer wind fields compare favorébly but distinct, non-
isolated differences exist. These differences, exhibited in the scatterometer winds,
include slightly stronger wind speeds, more distinct curvature, and detail on structures
smaller then the ECMWE resolution. The scatterometer wind retrieval algorithm
(CMODEFED / NSCAT MLE) demonstrates some difficulty in sclecting the true wind
vector. Most of the difficulty appears to be related to u'pwind-downwind symmetry
problems and are generally identifiable by inspection. Complex empirical orthogonal
function (EOF) analysis on the ascending and descending scatterometer wind fields
reveal [requency and amplitude information about the sampled variance. The first four
EQOFs, those for which the results suggest physically motivated phenomena, account
for 50-60% of the total variance sampled in the data. The EOF results partition the
sampled variance in the ascending and descending data and suggest the more

sienificant EOFs depict spatial/temporal "bands" of 18-21, 8-10, and 6-8 days,
sampled variance in the ascending and descending data and suggest the more

significant EOFs depict spatial/temporal "bands" of 18-21, 8-10, and 6-8 days,
reflecting the planetary wave cycle, large scale general circulation systems, and
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smaller scale storm structures; respectively. The partitioning of the variance

demonstrates only limited filtering capability in removing erroneous wind vectors.
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1. Introduction

Wind observations near the Earth’s surface play a vital role in atmospheric
forecasts. The wind transfers momentum and energy to the upper layers of the ocean
and provides a substantial source of energy tor a varicty of oceanic processes.
Theretore, the structure of the near-surface wind field over the ocean is of
considerable interest.

The climatological mean wind field is fairly well established for the northern
latitudes and tropical ocean. Climatologies such as (Hellerman and Rosenstein, 1983,
Oberhuber, 1988, Wright, 1988, and Trenberth et al., 1990) incorporate the National
Climatic Center data set, TDF-11, containing millions of surface observations covering
the world ocean trom 1870-1976. Analyses of monthly (or more frequent) fields such
as Halpern et al. (1993a) display the analysis of several-data sources including the
Special Sensor Microwave Instrument (SSMI), buoy-drift, and European Center for
Medium-Range Weather Forecasts (ECMWE) model output Lor the years 1988-1991.
Others are specialized regional wind analyses, e.g., Stricherz et al. (1993) which usc
all in sm‘(, data (ship reports, buoys, and other marine observing stations) in a
variational direct minimization objective analysis for the Indian Ocean.

These averaged wind tields lack the detail necessary to resolve the shorter

atmospheric scales associated with day to day wind patterns. These scales contain
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atmospheric scales associated with day to day wind patterns. These scales contain

significant energy and can be an important driving force in the dynamics of the



atmosphere and the ocean. Atmospheric global general circulation model, GCM,
output, as in the case of the ECMWEF model, often assimilate data with analysis
algorithms imposing relatively heavy filters, therei)'y, loosing much of the detail found
in the original data. Evidence indicates, the incorporation of smaller scale, "high
resolution”, wind fields can improve both oceanic and atmospheric model performance
(Satellite Surface Stress Working Group, 1992 and Anderson et al., 1992) but
difficulty arises in establishing reliable winds fields, depicting a broad range of scales,
over shorter periods, i.e., 1-30 days.

Ships, buoys, and other marine observing stations represent an irregular,
spatially and temporally limited, observation network. This netwérk possesses only
limited capabilities for measuring small scale atmospheric features and lacks sufficient
density to produce high resolution wind fields with the bulk of the observations
confined to the major shipping lanes. Additionally, some in siti observations are
dominated by to mesoscale variability (atmospheric phenomena ranging from one to
tens of kilometers; i.e., gust fronts, down bursts, ctc., and possessing time scales of 1
hour to several minutes) These features are not resolvable by present GCM’s. Satellite
borne scatterometer instrumentation provides a sensible solution to the limited
obscrvational network providing near real-time area wind vectors over the world ocean
- irregularly sampled in time. These area wind vectors do not completely remove or
[ilter out the mesoscale, particularly over the ocean, where the low frequency end ol
the mesoscale extends into the synoptic scale (Pierson, 1983). Numerous works

highlight the importance, validity, and application of remotely sensed winds; Brown
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(1983), Katsaros and Brown (1991), Estoque and Fernandez-Partagas (1983), Hoffman
(1992), Freilich and Chelton (1986), Legler and O’Brien (1985), Legler and O’Brien
(1993), Barnier et al. (1993) and Miles (1993) in alddition to those previous mentioned.

The sampling characteristics (limited temporal coverage of the same location and
temporal shifts between adjoining ground tracks) of satellite scatterometer winds
complicate studies of the wind fields. The work of Freilich et al. (1986) analyzing the
wave number spectra of Pacific winds derived tfrom Seasat scatterometer data avoided
the sampling problem by limiting the analysis to one dimension (along the satellite
ground track). This study analyzes the two dimensional variability of the scatterometer
wind field over the North Pacific and represents the first such \le1‘1< done for any
portion of the Pacific utilizing ERS-1 scatterometer data.

In July 1991, the European Space Agency (ESA) Jaunched the ESA Remote-
Sensing Satellite, ERS-1, providing the first space-borne scatterometer data since
Seasat in 1978. ERS-1 provides measurements of radar backscatter, o°, with empirical
models supplying the relationship between ¢® and 10m winds. From January through
March 1992, ERS-1 employed a three day repeat orbit representing the first time such
an orbit has been used to produce active microwave instrument (AMI) winds. The
frequency, multiple antenna design, and polarization technique used in measuring the
radar backscatter provide a highly capable configuration less susceptible to signal
degradation from precipitation as the Seasat and USAF DMSP satellites. The three day
repeat orbit produces poor spatial coverage but represents an improvement to in sifi

measurements. The three day repeat orbit and the improved spatial coverage over in
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situ data afford a unique opportunity to examine the information content of the ERS-1
scatterometer winds for synoptic scale features.

The focus of this study is to explore the inf‘érmation content of ERS-1 three day
repeat orbit scatterometer wind vector data utilizing direct comparative examination
and empirical orthogonal function (EOF) analysis. The study location provides a rich
environment of synoptic scale features, Fig /-1, as well as a limited number of in situ
observations. This study capitalizes on the natural partitioning of the variance seen in

the atmosphere (Boer and Shepherd, 1983) and highlighted in the analysis technique.
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Fig. [-1: Geographical region in the Pacilic used for the present study.
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The first part ol results examine the information content in the scatterometer
winds through two direct comparative analyses using ECMWE model analysis wind

fields. The first comparison encompasses a direct correlation between the scatterometer
winds through two direct comparative analyses using ECMWE model analysis wind

fields. The first comparison encompasses a direct correlation between the scatterometer



winds and ECMWEF model analyses with the model analyses linearly interpolated in

time to match the scatterometer sampling times. The second comparison involves the
correlation of monthly and three month vector ave.raged mean wind fields from both
data sets.

The second portion of the results examine the partitioning of the variance
exhibited in the EOF analysis. The EOF analysis methodology allows for "filtering" of
the data based on the individual EOF contributions to the total variance exhibited in
the system. The study examines the individual EOFs and suggests physically
motivated phenomena for the first few significant EOFs and explores the capability of
the EOF analysis in filtering out erronecus wind vectors. Additi(;nally, the study
explores the combination of ascending and descending wind vectors (separated by 12
to 60 hours) using a vector average of the EQOF reconstructed wind field. A more
complete discussion of the study results follows a briet description of the North

Pacific climatology, data and analysis methods.



2.  Winter Climatology of North Pacific Winds

The study period, January-March, represents a period of highly active transient
cyclonic activity. The winter, mean sea-level pressure distribution over the North
Pacific highlights a general zone of subpolar low pressure, commonly referred to as
the Aleutian Low, centered north of the Aleutian island chain and south of the Bering
Strait. The presence of the low pressure zone on mean pressure maps depicts the
passage of deep depressions across the region downstream of the upper air long-wave
trough. Major storm tracks pass through the western boundary of the study region,

Fig 1-1, and migrate along the northern border of the study region. Several secondary
storm tracks originate within the interior of the study region and exit through the
northeastern section of the study rcgion into the Gulf of Alaska before continuing into
North America (Bairy and Chorley, 1987).

The structure of the mean wind field as presented by Wright (1988) resembles a
geostrophic approximation to the mean seca-level pressure patterns with strong winds
(6-8ms™) in the western area generally decreasing in strength (< 2ms™) towards the
southecastern portions of the study region. These resulls are not surprising, the
Kuriosho influences the western portion of the study region through the introduction ol
warm water aiding in the development and/or enhancement of storm systems. The

stronger mean winds illustrate the relatively frequent and stronger storm systems
warm water aiding in the development ana/or SNNANCEHICIIL UL SIULIIL Sy otits. 4 v

stronger mean winds illustrate the relatively frequent and stronger storm systems
evident in the region. Weaker winds characterize the southeastern portion of the study
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region and represent the influence of a weak subtropical high pressure cell. This cell
of the subtropical high pressure belt strengthens through the study period and provides

the only exception to the generally zonal character of the mean winds over the North

Pacific during the study period.



3. Data

ERS-1 mounts a suite of instrumentation for the expressed mission objective of
remotely sensing the Earth. The wind scatterometer, employing a 5.3-GHz (C-Band)
signal, accounts for one of two radars comprising the Active Microwave Instrtument
(AMI) and is referenced as the wind mode of the AMI. The other radar, a synthetic
aperture radar (SAR), provides either high resolution radar imagery (image mode) or
information on sea surface wavelengths and direction (wave mode). Power
requirements prevent the operation of the AMI in all three modes (wind, wave, and
image), concuirently. Further, radar imagery excludes operation in the wind mode
although wind/wave operations may operate in an interleaved fashion. Therefore,
mission objectives may prevent scatterometer measurements through the course of an
orDbit.

The ERS-1 satellite employs a sun synchronous polar orbit with an inclination
of 98.5% Pertinent orbital paramecters include a descending equatorial node at 1030
local time, a nominal altitude ol 785km, and repeat orbits of 3, 30, and 176 days
through .;ligh[ altitude adjustments. The European Space Agency (ESA) maintaing the
orbital parameters to produce a ground track repeatability to within =Tkm at any point
in the orbit.

The wind scatterometer employs thiee sideways viewing anlennac, one pointing

in the orbit.

The wind scatterometer employs three sideways viewing anlennac, one  pointing
normal to the satellite flight path and one ecach pointing 45 degrees torward and
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backward. While in wind mode, the radar beams continuously illuminate a swath 500
km wide and 200km to the right of the nadir path. Each antennae measures the
strength of the resonant Bragg scattering produced from approximately 5-cm wave
length capillary surface waves for an overlapping 50km diameter foot print and a
25km pixel spacing. This produces three independent backscatter measurements, ¢°, at
cell center nodes on a 25km grid separated by only a very short time delay.
Calculation of the surface wind vector in terms of speed and direction uses these
"triplets” within an empirical model relating ¢°, wind direction, and incidence angle of
the observation. Brown (1983) provides a detailed description of the process as
applied to the SEASAT-A scatterometer.

The amplitude and density of the capillary waves depend upon the wind speed
and directly affect the strength of the return signal. The wind direction strongly
influences the shape of the waves but the details defining these relationships represent
some of the most challenging problems in geophysical fluid dynamics; stability, wave
generation, and wave propagation and interaction theories. The mechanics of wind
generatec‘i waves remains one of the fundamental unsolved problems of fluid dynamics.
The interaction of the short gravity waves and capillary waves with longer waves
remains a significant and complex obstacle as is the relation between the 10m wind

and the momentum flux into the ocean surface. Rain, white caps, and breaking waves
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and the momentum flux into the ocean surtface. Rain, white caps, and breaking waves

further complicate the problem [Brown, 1983]. Additionally the problem associated



with atmospheric attenuation, principally due to rain, deteriorates the return signal,
thus significant uncertainties exist in scatterometer data.

Despite the formidable obstacles complicatir;g the use of scatterometer o°
measurements, several empirical methods provide tractable solutions. This study
utilizes the January - March 1992 V-A data product distributed by JPL and generated
from re-processing ¢° with the Freilich and Dunbar (1992) model function (herein
reterred to as CMODED) coupled with the National Aeronautics and Space
Administration (NASA) Scatterometer (NSCAT) maximum likelihood estimation
(MLE) retrieval algorithm. CMODEFD is an empirical C-Band scatterometer model
function relating ¢° to surface wind velocity (speed and directior.l) over a full range of
incidence angles, speeds, and azimuths. The functional relationship, or model function,

is expressed in the form of a cosine expansion about the wind azimuth, .

o (U, 6) = 4, + A COS(x) + A, COS2y) (3.1) '

|[U| = wind speed, 8 = incidence angle, and - x = wind azimuth.
The coefticients are determined through the correlation of the return signal to
collocated comparison wind data for the [irst six months of 1992. Comparison wind
data were primarily high resolution global surtace wind analyses produced by the U.S.
Nzuionnl‘Mctcorological Center (NMC). In the process ol computing wind speed and
dircction, the model function typically produces a sct ol wind vector solutions or
ambiguities, generally possessing similar magnitudes but deviating extensively 1

direction. These ambiguous solutions result from symmetrics in the model function but
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direction. These ambiguous solutions result from symmetrics in the model function but

only one wind vector solution corresponds to the true solution, the others are generally
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aliases. The NSCAT MLE algorithm is used as an ambiguity selection scheme. The
MLE algorithm is in the form of a joint probability density function and assumed to
be directly proportional to the likelihood that a pa[.'ticular (|U], ©) solution
corresponds to the true wind speed and direction (Schultz, 1990).

CMODED represents an improvement to the Stoffelen and Anderson (1992)
model function (herein referred to as CMOD?2) employed by ESA (prior to 1993) and
used to provide original ERS-1 ESA wind vectors for the analysis period. Halpern et
al., (1993b) evaluated the two C-Band model tunctions (CMOD2 and CMODED),
concluding CMODEFD more accurately represented the 10-m height wind vector field.
The average rms ditference and average correlation coefficients Between the monthly
mean and daily averaged CMODFED and moored-buoy matchups of the cartesian wind
components were 1.25 m/s and 0.84 (monthly) and 3.0 m/s and 0.74 (daily averaged).-
Halpem er al (1993b) listed three factors contributing to the conclusion that CMODED
more accurately represented the near-surtace winds than CMOD2 (/) CMOD?2 does not
produce winds below 4m/s, (if) the CMODED wind vectors more accurately portrayed
the climatological-mean wind systems over the Pacific Ocean, and (iif) CMODFEFD
more strongly corrcsponded to moored-buoy data.

As mentioned previously, this study utilizes the CMODED processed winds with
the NSCAT sclected ambiguity for the period, January through March 1992, This
study considers only scatterometer winds computed during optimal satellite operational
status, e.'g., winds computed from only two ¢° values instead of the three nominally

nvailahla rdnring antennae avcing or dorine sienal threshold limitations are not used in
status, e.g., winds computed from only two ¢® values instead of the three nominally

available, during antennae arcing, or during signal threshold limitations are not used in
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this study. The January - March study period was the first scheduled three day repeat
orbit portion of the ERS-1 program. The spatial coverage produced in any one day of
the three day repeat orbit exhibits large horizontal .gaps in the study region. The
horizontal gap for successive passes varies from approximately 25° longitude at the
equator to overlapping sample areas beyond 79° latitude. In contrast, the spatial
coverage produced over the three day repeat orbit provides an extremely dense
network, Figs 3-1 and 3-2, particularly in comparison to ship and buoy data over the
study region for the entire three month period (28,000+ possible satellite observations
in a three day period compared to 21,000+ in situ observations for the entire three
month period).

Though capable of 28,000+ observations (14,000+ each for both ascending and
descending orbital trajectories) over a three day period threughout the study region,
scatterometer wind data availability throughout the study period suggests mutually
exclusive mission requirements, intermittent technical difficulties, and/or signal
calibration. As mentioned previously, the wind scattcrm.ncter represents one of two
radars comprising the AMI and while in image mode, scatterometer winds are
unavailable. ESA routinely produces technical notes (e.g., Amans and Marcorelles,
1993) documenting AMI unavailability since launch, but this accounts only for
approximately 5% ol the missing observations. The present study does not posses the
additional documentation detailing mission profiles (Image vs Wind mode) and the

operational status ot the individual antennae to account for the remaining missing

observations.
operational status of the individual antennae to account for the remaining missing

observations.
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Fig 3-1: Sample coverage from ascending orbits of ERS-1 scatterometer wind data (using CMODFED),
22-24 March, with every 5" measurement plotted illustrating daily coverage; (-) first, (I) second, and (x)

third day of the cycle.
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Fig 3-2: Sample coverage from descending orbils of ERS-1 scatterometer wind dala (using CMODFEFD),
4-6 March, with every 5" measurement plotied illustrating daily coverage; (-) first, (1) second, and (x)

Fig 3-2: Sample coverage from descending orbils of ERS-1 scatterometer wind dala (using CMODED),
4-6 March, with every 5™ measurement plotted illustrating daily coverage; (-) first, (1) second, and (x)
third day of the cycle.
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This study employs two additional wind vector data sets for comparative
purposes, the European Center for Medium-Range Weather Forecasts (ECMWE) /
Tropical Ocean Global Atmosphere (TOGA) Advalnced Operational Data Set and in
situ observations (primarily ship reports, assumed to be measured at 19 meters height).
The ECMWE/TOGA data are operational model analyses (provided in support of the
TOGA program) and include numerous global products. The 10 meter longitudinal (u)
and meridional (v) wind components from the Surtface and Diagnostic Fields Data set
are available four times daily at 00Z, 06Z, 12Z, and 18Z on a 1.125 by 1.125 degree
resolution. In situ observations used in this study come from the COADS (Slutz, 1985)
and constitute all individual observations in the study region ove.r the three month
period. To match the ECMWE/TOGA wind tields, this study computes ficlds of the in

sine observations on a 1.125 by 1.125 degree grid.
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4. Analysis Methodology

The analysis procedure employed in this study consists of four components;
preparation of the data arrays, Empirical Orthogonal Function (EOF) analysis,
comparative analyses of the scatterometer winds with independent wind vector data
sets (Section 5.1), and physical interpretation of the first few significant EOQFs
(Section 5.3). This section discusses the preparation of the analysis arrays, highlighting
the development and basis, and the EOF analysis.
4.1 Preparation

In preparation for analysis, the scatterometer observations are sorted by
trajectory (ascending and descending orbits) and scparated into threc day repeat orbits
or cycles with the longitudinal and meridional components of the wind vector
combined into its complex representation. The treatment of separale ascending and
descending fields avoids the problems associated with combining the information
content of two or more collocated wind vectors spanning 24+ hours. This obstacle
arises from the nonuniform sampling characteristics of the three day repeat orbit.

The satellite wind vectors are assigned to a horizontal array of uniformly
distributed grid points. This assignment process maps satellite observations onto
nonoverlapping, 26 by 26 km elemental areas with the origin of the gridded array

resting at 30°N, 160°E. This grid produces a relatively minor number of clemental
nonoverlapping, 26 by 26 km elemental areas Wil tne Ot1ghl UL WG giuucu aiiay

resting at 30°N, 160°E. This grid produces a relatively minor number of clemental
arcas with multiple wind vector observations over a given three day repeat cycle. The
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multiple observations occur within the same orbit (generally 4 to 8 seconds separation
in sampling time) and are arithmetically averaged to produce a resultant wind vector
for the elemental area. This array preserves the both integrity of the satellite ground
track and information content of the wind vectors.

The choice of grid scale stems from a data density study designed to maximize
the spatial and temporal coverage for both ascending and descending fields. The
results of the density study validate ground track repeatability and illustrate maximum
spatial and temporal coverage using the 26km grid spacing for both the North-South
and East-West directions. The 26 km grid resolution closely approximates the satellite
pixel spacing (utilizing 964-% of the available scatterometer observations to cover
~70% of the study region) and provides an optimal balance between resolution and
repeat observations. Additionally, the findings highlight areas of the study region (by
orbit trajectory) exhibiting poor temporal coverage and illustrate overlapping ascending
and descending spatial coverage [Figs 4-1 and 4-2 . This additional result coupled with
an awareness for the regional climatology accounts for ait't'el'ellces in the ascending
and descending EOF patterns. Basically, the descending fields do not sample the
variability in the western region because ol poor sampling in this area.

For reasons discussed in the previous section, data scarcity severely limits the
temporal densities available for the study. Simply stated, a temporal density defines
the set of spatial grid points exhibiting a minimal number ol repeat observations.
There is a maximum of only 30 observations in time for each grid point (i.e., 30 x 3

dav reneat orbit = 90 days), hence, a temporal density of 18 refers to the spatial array
There is a maximum of only 30 observations in time for each grid point (i.e., 30 x 3

day repeat orbit = 90 days), hence, a temporal density of 18 refers to the spatial array
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of grid points containing observations in 18 or more three day repeat cycles, Figs 4-1
and 4-2. Results show the selection of a temporal density of 18 optimizes spatial
coverage. Further decreases in the temporal densit}./ selection produce minimal
increases in spatial coverage with the descending orbits exhibiting generally poor
temporal coverage in the western half of the study region (less than 10 observations
during the three month period).

The preparation portion of the analysis procedure concludes with the
development of a complex, two dimensional analysis array (space and time) for each
orbit trajectory. The study addresses missing data through the removal of the time
average mean from all points and then substituting zeros for abs;:nt observations
(Jones et al. 1993). This produces the two dimensional analysis arrays, D, (ascent) and

D, (descent), of the ERS-1 scatterometer data for use in the EOF analysis.

4.2 Empirical Orthogonal Function (EOF) Analysis

EOF analysis, also known as Principle Component Analysis, provides a
methodology (e.g., Preisendorfer, 1988) for evaluating the linked spatial-ternporal
patterns of the winds. The goal of EOF analysis is to represent the data as a set of
spatial liclds modulated by orthogonal basis functions (here alter referred to as EQFs).
These EQFs partition the variance of the data. The first [ew patterns, accounting for
the highest percentage contributions to the total system variance, can olten be related
to identifiable, physically-motivated phenomena. The discussion to follow is, at best,

~=lenaneenea dacorvintinn af the mathematics involved in EOF analysis of two
to identifiable, physically-motivated phenomena. The discussion to follow is, at best,

only a cursory description of the mathematics involved in EOF analysis of two
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Fig 4-1: ERS-1 Scatterometer ascending orbit data density for Jan 1 - Mar 30, 1992,
Temporal densities indicated as follows; (x) 21+, (I) 18-19, and (-) 15-17 with every

3" elemental area plotted.
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Fig 4-2: ERS-1 Scatterometer descending orbit data density for Jan | - Mar 30, 1992.
Temporal densities indicated as follows; (x) 21+, (I) 18-19, and (-) 15-17 with every
3" clemental area plotied. The blank area in the western halt indicates there were less
than .15 scatterometer values from the descending orbits during the analysis period.
Temporal densities indicated as follows; (x) 214, (I) 18-19, and (-) 15-17 with every
3" clemental area plotted. The blank area in the western halt indicates there were less
than 15 scatterometer values trom the descending orbits during the analysis period.
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dimensional vector fields. For a more comprehensive discussion, the reader is referred
to Preisendorfer (1988). Legler (1983) developed the method for wind vectors used
here.

The EOF analysis procedure for the ERS-1 data begins with the computation of

the ascending and descending Hermitian spatial covariance matrices, C, and Cp,

respectively,
c.. = + (DI, - D 4.1
AD —ﬁ(A/D 4p ) 4.1
where N represents the number of spatial points and ( )" represents the complex
transpose. The mathematics of the EOF procedure separate the input data array into

temporal, T, time seriecs which modulate the spatial fields, S ;

DA/D - SA/D ' 'T;Ti/D 4.2)

The temporal component, 7, are complex time sevies (amplitude and phase). The basis

functions arise from the eigensystem solution as the eigenvectors;

Cyp~ Typ = *yp Typ (4.3a)
or
T D _
SA/D ) DA/D C D= )"A/D SA/D (4.30)

Obviously any multiple ol the eigenvector T will also be an eigenvector, but not
distinct. Clearly equation (3a) can hold only if

Det | Cyp = Ayp Il = 0 (4.4)

aisunct. ciearty CUALIUIL (Dd) Lail 1uia uiey

Det | Cyp =~ Aygpl| = 0 (4.4)



In the expansion of equation (4), a Nth degree polynomial in A is created whose roots

are the eigenvalues (Press et al., 1992). The normalized eigenvalues are,

r, = —*%t . (4.5)

They represent the contribution (percent variance) of the associated time series, T ,
and spatial field, S;, to the total variance of the system. A spatial component, S, is
computed from the "projection” of the 7} on the original data;

Diyp = Liyp = Sjup (4.6)

Thus from our data, 30 eigenvectors (actually 30 complex time series) and 30 spatial
fields are created.

As a check of the calculation, the study calculates a root-mean-square (1ms)
estimate for estimating the difference, £, between the data, D, and the EOF
reconstruction of the data, Dgyp, using all thirty eigenvectors and associated spatial

ficlds;

( DA/D B DEOF)2 @.7)
P - N '

where P 1s the number ol spatial points. As expected, the crrvor tor both ascending and
dcsccndi;lg EOF analyses is order (107). The study utilizes the LAPACK (Lincar
Algebra PACKAGE) and BLAS (Basic Linear Algebra Subprograms) FORTRAN
libraries in the solution of the eigensystem, development of the spatial fields, and EOQF

reconstruction ol the analysis lield.

reconstruction of the analysis lield.

2(0)



5. Results

5.1 Direct Comparative Analysis of ECMWF and ERS-1 Scatterometer
Winds:

The study directly compares scatterometer winds to the ECMWF operational
model analysis. A linear interpolation in time of the ECMWF analysis fields is
produced to facilitate a reasonable comparison between the data sets more closely
matching ERS-1 scatterometer sampling times. (Throughout the remaining portion of
this study, reference to ERS-1 model analyses at other than 00, 06, 12, and 187 refers
to model analyses linearly interpolated in time.) The complete comparative analysis
period includes 1-10 January and 1 February - 30 March. Due to the generally poor
data availability of ERS-1 scatterometer winds (discussed in Section 3), the study
omits the period 11-30 January for both the ascending and descending orbits
trajectories. The dissimilar array formats (ECMWI 15 on a 1.125 by 1.125 degree grid
array and scatterometer on 26 by 26 km grid array), the uneven sampling
characteristics of satellite observations, and data density diftferences prevent simple
quantitalive comparisons.

Qualitatively, the comparisons illustiate remarkably good agreement in both
speed and direction. This agreement includes frontal/trough placement, cyclonic

patterns, and coll positions through a wide range of wind speeds, e.g. Figs. 5-1 and
speed and direction. 1hIs AgICEIMENT INCIUUCS LLUNAY LU S pravaiiioiss, vy oruees -

patterns, and coll positions through a wide range of wind speeds, e.g. Figs. 5-1 and
5-2, preserving most of the kinematic structure. The comparisons also illustrate several
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Fig. 5-1: Comparison ftield, 08Z 23 March 1992, ERS-1 scatterometer derived winds
overlaying a stream line analysis of ECMWE/TOGA 10m wind analysis ficlds
interpolated to the same time. ERS-1 overlay illustrates every 5™ wind vector.
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characteristic differences evident in the ECMWEF and ERS-1 fields. They are the
definition or definability of small scale features, the center positioning of cyclonic
flow, and the wind speed structure associated with coll and cyclonic patterns.

As expected, the higher resolution of ERS-1 scatterometer wind fields provide
information on features beyond the resolution and/or adds detail to existing features of
the ECMWEF analysis fields. Previous studies involving assimilation of scatterometer
data (e.g., Anderson et al., 1987) note the ECMWF assimilation process exacts a
heavily toil on small scale features (where much of the new information exists) to
ensure computational stability. The resultant ECMWE wind fields demonstrate a
considerable measure of smoothness. Much of the differences i spatial scale
resolvability exist at length scales smaller than 200 km and emphasize the physical
ECMWI analysis limitations as dictated by the Sampling Theorem. Fig. 5-3
exemplifies the type of small scale feature resolved in the scattcrometer wind lields,
highlighting a minor trough near 44° N on the order ol 1° in size. Kinematically, the
trough illustrates a low-level (near-surface) confluence zone. Though ot liule
conscquence to the synoptic pattern, small scale features such as these may highlight
small regions where sufticient lifting exists in the moist occan-atmosphere boundary
environment to trigger mesoscale convective activity. Fig. 5-4 depicts enhanced detail

of the wind field provided by ERS-1 data. Comparison of the 10Z (approximate time)

environment to WIZger MeSOSCAIC CONVELUYE GULVILY. 1 15. — 1 wcpscsy cammeio oo oo oo
of the wind field provided by ERS-1 data. Comparison of the 10Z (approximate time)
field on 1 February suggests the ECMWF analysis either missed all together, mis-
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interpreted, or incorporated the small cyclonic feature displayed in the scatterometer
wind field into a much broader trough evident in the region. This much broader trough
is positioned approximately 2° north of the small c.yclonic feature. As in the previous
example, this small scale feature is smaller than the ECMWF spatial resolution (this
feature is approximately 1.5° by 1.5°).

The comparative results highlight position differences for cyclonic centers
depicted by the two wind fields. These ditferences are typically found in the ascending
data and are not isolated to a few cases. The scatterometer-located centers are south of
the ECMWF-located centers (illustrated in Fig. 5-3). The displacement varies between
cyclonic patterns and ranges from 1-3 degrees latitude. It is further noted, the study
finds no situations in which the scatterometer derived center position is north of the
position presented in the linearly interpolated ECMWE fields. The outer boundaries of
the cyclonic flow field (2-3 degrees tfrom the center of the cyclones) compare
favorably. The study tesults note this difference in center positioning in 16 of 17
(94%) cyclones in the ascending ocbits and only 4 of 9 (45%) cyclones in the
descending orbits. As criteria for consideration, the cyclonic center lics within the
horizontal boundaries of the satellite swath. Additionally, of the four occurrences
observeds in the descending data, only two of the differences arc displaced greater than
2 degrees. Limited evidence suggests the displacement is related to the strength ot the
winds in the cyclonic pattern, /.e., moderate to strong wind speed generally have the
larger displacements.

The third characteristic difference illustrated in the comparisons encompasses

larger displacements.

The third characteristic difference illustrated in the comparisons encompasses
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overlaying a stream hine analysis of ECMWE/TOGA 10m wind analysis fields
interpolated to the same time. ERS-1 overlay illustrates every 3™ wind veclor.
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the structure of the wind speed in coll and cyclonic patterns. The wind speeds of these
features are generally stronger in the scatterometer fields. The study finds the
scatterometer wind fields do maintain the kinematic structure, i.e., generally decreasing
winds progressing towards the center of these features. These results note the
scatterometer winds often demonstrate stronger, more distinct curvature in cyclonic
flow fields, more asymmetry in the colls, and occasionally, a smaller overall scale for
these teatures, particularly in coll regions. The differences in curvature, scale, and
speed are also depicted in a comparison of the vorticity fields computed from the
scatterometer and model analysis winds. The limited results indicate the scatterometer
“derived vorticity fields contain regions of higher absolute vorticity (by as much as
+50%) and include increased detail. This characteristic difterence likely reflects
limitations in ECMWEF resolution as well as smoothing of the model analysis. As an
aid in illustrating these differences in spatial resolvability, the study notes an 8.5 to 1
numerical superiority in ERS-1 observations to the ECMWIE model analysis grid
points. Further, these structural differences observed in the wind fields may retlect
observational limitations affecting the model analysis during the assimilation process.
Additionally, comparative results highlight wind vector "difficulties” in the
ERS-1 wind fields which could be attributed to possible problems with cither the C-
Band model function or the ambiguity selection scheme. These difficulties generally
illustrate an obvious error in the selected ambiguity, e.g. Fig. 5-6, and appear to be
associated with the difficulty in determining whether the capillary and small gravity

waves are traveling toward or away from the sensor. This is often refered to as
associated with the difficulty in determining whether the capillary and small gravity

waves are traveling toward or away from the sensor. This is often refered to as
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upwind-downwind symmetry. As discussed by Schulz (1990), the upwind-downwind
symmetry is not perfect; ¢° is not the same measuring upwind as measuring
downwind. With three or more antennae and in the absence of measurement and
modeling error, the maximum likelihood estimate (as described in Section 2) would be
the true solution.

This study does not attempt to discern the exact nature of observed difticulties
in the ERS-1 wind vectors. However, the study results do note a marked improvement
with time in comparisons of the ERS-1 wind vectors to ECMWF analyses, and
interswath ("nearest neighbor") comparisons. This improvement suggests the ¢°
calibrations are a large contributing factor to difficulties with the ERS-1 wind vector
ambiguity selection process, particularly during the early portion of the study period.

Difficulties in ambiguity selection are more pronounced in the descending
orbits. Both orbit trajectories exhibit erroneous ambiguity selections generally
identifiable through mterswath ("nearest neighbor") comparisons. Ot note, a large
number of the erroncous ambiguity selections are located on the north side of cyclonic
flow or in broad regions flanked (bordered) on the southern extreme by cyclonic
turning of the winds.

5.2 Monthly and Three Month Mean Comparative Analyses:
These comparative analyses involve direct comparisons of the monthly
and three month means computed from the ECMWFE and in sifie observations to the

respective means computed from ERS-1 scatterometer winds. All means represent
and three month means computed from the 2CMWE ana 171 S QUSELYAUULS W wic

respective means computed from ERS-1 scatterometer winds. All means represent
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vector averages and are compared to the climatological results presented by Wright
(1988) for representativeness.

In the absence of a reliable assimilation scl;eme (subjective or objective), the
vector averaged COADS individual observations from volunteer observing ships
produce unintelligentable patterns for monthly and three month means, Fig. 5-7
illustrates the three month mean. This results from poor spatial and temporal coverage
with each of the three months of COADS data containing approximately 7,000
observations. These poor comparisons serve to strengthen the usefulness of remotely
sensed winds.

The qualitative results from comparisons of ECMWF mo.nthly and three month
means to the corresponding scatterometer means demonstrate poor agreement between
the data sets for the month ot January with the magnitudes of the scatlerometer winds
generally stronger and directional correspondence providing only vague agreement. As
mentioned previously, January scatterometer data are scarce with a substantial period
of missing obscrvations. The limited number of observétions and the changing ¢°
calibrations account lor a large portion ot the discrepancy. The two data sets
demonstrate a greater correspondence during the months ol February and March,
improving over the period. This improvement reflects the increased scatterometer
observations and possibly the effects of improved calibration and/or less monthly
variability as compared to the month of January; hence making it easier to correlate
the two wind fields . The larger number of scatterometer observations serve Lo increasc

the statistical viability of the resultant mean wind field. The three month mean
the two wind fields . The larger number of scattecrometer observations serve Lo mncreasc

the statistical viability of the resultant mean wind field. The three month mean
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demonstrates good agreement with the ECMWF mean and climatology. The rms

differences for the three month mean wind field computed in the study compare

favorably with the results presented by Halpern er al. (1992). The monthly and three

month means computed from the scatterometer data represent the mean wind tield

removed from the original data prior to the EOF analysis, hence, only the data

locations containing 18 or more observations over the study period were used in these

comparisons, Figs. 5-8, 5-9 and 5-10.

The rms differences between the scatterometer and ECMWE mean wind fields

were computed separately for each orbit trajectory using coincident grid locations

(nearest ERS-1 wind vector within 13 km of the ECMWE comparison wind vector)

and an arithmetic average of the coincident and "nearest neighbors” (all ERS-1 wind

vectors within 37 kim of the comparison ECMWEFE wind vector), TABLE 5-1.

TABLE 5-1: Comparative rms results of ECMWE and ERS-1 mean wind fields.
Coincident indicates a calculation using ECMWFE wind vectors with the nearest
scatterometer wind vector within 13 ki and areal averages indicate calculation is

based on the mean of all ERS-1 vectlors wit

WIND SPEED

Coincident Grid Points

hin 37 km of ECMWE grid

value.

Areal Average

Ascending Descending
3.16 ms™ 2.46
2.11 2.15
2.02 1.54
1.28 0.97

WIND DIRECTION

Ascending Descending
Tanuary 3.48 ms! 2.78
Februdry 2.30 2.18
March 2.17 1.52
Jan-Mar .36 111
Coincident Grid Poinis
Ascending  Descending
an-Mar 17.4° 22.3
Coincident Grid Poinis
Ascending Descending
an-Mar 17.4° 22.3
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As expected, these results show improvement in the rms differences of wind speed
through the study period in both data sets. Based on uncertainties in interpreting rms
differences of direction, only the three month rms value fdr direction is presented
noting the individual months exhibited a wide range of rms directional values. Both
trajectories highlight the poor January data availability. Further, the results illustrate
smaller rms differences between the descending data and the ECMWE analysis fields.
As discussed previously, the bulk of the descending scatterometer observations are
confined to the southeastern portion of the study region. Climatology indicates the
winds in this area are generally weaker than the winds in the remaining portion of the

study region due to the influence of a weak subtropical high pressure system.

5.3 Description of Physically-Motivated Phenomena:

The first few EOFs and associated spatial patterns illustrate a partitioning of
the energy or variance into periodic or oscillatory structures. The first four
cigenvectors for both the ascending and descending data account for 50% or more of
the total variance sampled in the wind data, TABLE 5-2. As discussed previously, the
descending data array is limited in coverage, [7ig. 3-2. The absence of observations in
the wcslc;rn half ol the study region drastically limits the variability sampled by the
descending data, therefore, differences between the ascending and descending data
EOFs are expected. The limited data also provide an interesting opportunity (o

compare and contrast regional contributions to the total variance evident in the study
EOFs are expected. The limited data also provide an mieresung oppuriuiity w

compare and contrast regional contributions to the total variance evident in the study

region as a whole.



TABLE 5-2: Variance accounted for by the eigenvectors.

Eigenvector Ascending - Descending
Cumulative ' Cumulative
(%) Total (%) (%) Total (%)
E, 19.0 19.0 25.3 25.3
E, 12.6 31.6 15.1 40.4
E, 9.7 41.3 10.2 50.6
E, 8.7 50.0 9.5 60.1
E; 7.0 57.0 6.5 66.6
E; 5.8 62.8 5.5 72.1
E, 4.8 67.6 3.9 76.0
E, 4.4 72.0 3.7 79.7
E, 4.0 76.0 Within the level of noise

Based on climatology (Bairy ef «al., 1982 and Wright, 1988), the seasonal
variability in the winds is strongest in the western and northern sections of the study
region. FFurther, the inter-seasonal variability associated with storm systems is strongest
during the northern hemisphere winter in these same areas. The southeastern section of
the study region remains under the influence of a subtropical high pressure system
throughout the year. The strength of this system is weakest during the northem
hemisphere winter (study period). The structure of the mean winds, discussed in
Section 2, highlight this variability in the stronger mean wind speeds prevalent

1

throughout the western region. Both the ERS-1 (ascending orbits) and ECMWFE winds
reflect this structure.
Though not an area prone to frequent storm systems, the southeastern area does

include secondary storm tracks (Barry et al., 1982) defined by the limited, but
Lhougn not an dared Prolc LU LICYUTIHL SWULLE Oy otciing, wiav v ssersmuem o o

include secondary storm tracks (Barry er al., 1982) defined by the limited, but
decemable, frequency of low pressure systems migrating through the area. With the
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eastern portion of the study region under the influence of a weak subtropical high
pressure cell, the secondary storm tracks (generally associated with individual storms
rather than complex systems) are a strong source of variability in the descending data.
In the case of the ascending orbits, the contributions of the complex general
circulation systems (vigorous low pressure system(s) and associated strong frontal
activity) outweigh the contributions of the individual storm systems that may make up
the more complex structure.

The study explores the results of the EOF analysis to decern the possibility and
subsequent description of physically-motivated phenomena attributed to the EOF and
associated spatial patterns. The study examines the individual time series, evaluating
the amplitude and phase combination for definable periodicities. The limited number
of points (30) in the complex time series (EOFs) prevent the application of a robust
spectral analysis. Despite the limitations, the study utilizes a simple spectral analysis
of the first four significant EOFs in an attempt to descern periodicities. As expected
the results depict a large amount of "red noisc". Of note, the spectral analysis of the
tirst EOF does produce a strong, definable harmonic with a period of 22 days but
beyond this, the spectral analysis does not clearly illustrate definable periodicities.

Additonally, the study examines the spatial patierns for definable structures.
These spatial liclds arc reviewed separately and when modulated by the associated
time series. In the latter case, the EOF/Spatial pair produce a reconstructed wind field
representing a small portion of the total variability sampled in the data (TABLE 5-2).

Computer animation illustrates the details of the time series modulation and provides

s —
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Computer animation illustrates the details of the time series modulation and provides
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greater flexibility in decerning possible atmospheric features.

The study results suggest the first EOF and associated spatial field for both the
ascending and- descending data portray the long wave or planetary wave pattern.
Analysis of the ascending and descending time series (Figs. 5-11 and 5-12) depicts
periodicities of 18-21 days. The spatial field for the ascending data suggests a length
scale of approximately 5000 km roughly describing a planetary wave number of 5,
Fig. 5-13. This pattern is likely to be combined with other patterns (EOFs), in effect,
modulating the long wave pattern. Based on the phase of the temporal component, this
spatial field exhibits an oscillatory nature fluctuating between a trough and ridge
feature. A reconstruction of the wind tields using just the first EOF information
validates this oscillatory motion and pattern. These results follow the descriptions
presented by Carlson (1991) in describing the wavelength and growth rate of
baroclinic waves.

For the second EOF, the study results suggest regional differences between the
ascending and descending data sets. Based on the discu.ssions presented in Sections 2
and 3, these regional differences are expected. Examination of the individual time
series (Figs. 5-14 and 5-15) highlights definable harmonics, approximately 10 and 7
days for-the ascending and descending data scts, respectively. Both spatial fields
include recognizable anti-cyclonic flow patterns (Figs. 5-16 and 5-17). When
modulated by the associated time series, these regions depict cyclonic and anti-
cyclonic flow lields. Further, the spatial tields suggest length scales for thesc patterns

of 2000-2500 km in the ascending data and 1200-1800 in the descending data. The
cyclonic flow fields. Further, the spatial tields suggest length scales for thesc patterns

of 2000-2500 km in the ascending data and 1200-1800 in the descending data. The
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computer animation of the modulated spatial fields resemble large general circulation
patterns in the western portion of the ascending data and smaller scale cyclonic
activity in eastern section of the descending data.

The third and fourth EOFs, individually account for a sizeable contribution to
the total variance sampled in each data set (9-10% each). Examination of the
individual time series depicts periodicities of 7-10 days. The associated spatial patterns
include smaller scale cyclonic and anti-cyclonic tlow fields with smaller associated
length scales of 700 - 2000 km. Results of the computer animation suggest these
features depict smaller scale cyclonic activity.

The remaining EOFs for both the ascending and descending data sets add
increasing detail to cyclonic patterns and further modulate, "correct”, or are additive
terms to the previous spatial fields. These EOFs often incorporate multiple frequencics
and complex spatial patterns detying simplistic interpretations. This study does not
attempt to attribute physically-motivated phenomena to these remaining EOFs and
spatial tields. Adding these spatial and temporal con'tpo.nents to the first four EOFs
adds increasing complexity to the wind fields. As presented in the proceeding
subsection, incorporating the EOFs through the (irst § to 9 accounts for approximately
80% of the variability sampled in the original data ftield.

In short, the EOF technique demonstrates a partitioning of the variance into
spatial/temporal "bands". The study results suggest periods of 18-21 days, 8-10 days,
and 6-8 days. These reflect the expected time scales associated with the planetary

wave cycle, large scale generalscirculation systems, and smaller scale storm structures;
and 6-8 days. These reflect the expected time scales associated with the planetary

wave cycle, large scale generalcirculation systems, and smaller scale storm structures;
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respectively (Barry et al., 1987 and Carlson, 1991). The first four EQFs, those for
which the results suggest physically motivated phenomena, account for 50-60% of the
total variance sampled in the data. As a matter of interest, the partitioning of the
variance can be used to evaluate the filtering aspects of the analysis technique in

extracting information above the level of noise in an EOF reconstruction of the wind

fields.

5.4 EOF Reconstruction of the Scatterometer Fields:

In evaluating the physically-motivated phenomena associated with the first few
EOFs, the study also evaluates the filtering aspect of the EOF technique as a means
for removing noise and erroneous wind vector ambiguities. The study utilizes a Monte
Carlo simulation method to determine the significant EOFs. This tollows the PCA
statistical discussions presented by Preisendorter (1988). The study tinds the first 9
ascending and first § descending EOFs to be statistically signiticant, TABLE 5-3.
Individual EOFs beyond these can be considered within or below the level of noise.
The study conducted 100 simulations for cach 3 to develop the statistical limits. These
statistical limits compare favorably with the results of asymptotic theory prescnted by
Preisendorter (1988) and provide a major extension to his results (his results list only
through B=100) .

The study produces four reconstructed wind fields using first all 30, then the

first 8 (or 9 for ascending wind [ields), 6, and 4 EOFs and spatial ficlds for numerous
cm - .y . L N U L L T 1 2V PP (RN s |

lirst 8 (or 9 for ascending wind fields), 6, and 4 EOFs and spatial fields for numerous

small areas (5° Lat by 10° Long to provide greater detail) throughout the study period.
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The study actually applies this technique to the entire analysis region, but a focus on a

small area provides a clearer evaluation of the results (Figs. 5-18 through 5-21

exemplify the tests).

TABLE 5-3: Average eigenvalues, x (presented as the percentage contribution to the
total variance), for covariance matrices generated trom random data. P(x,B) is the
percentage ot remaining average eigenvalues, x, contributing less to the total variance
sampled in the random data. [3 represents the order of the data matrices, number of

rows divided by the number columns.

P(x,3) 100.00 90.00 80.00 7000 ©60.00 50.00 40.00 30.00 20.00 10.00

B=450 363 353 346 341 337 332 328 324 318 3.2
400 363 354 346 341 337 332 328 324 318 3.1
350 3.6 356 348 342 337 333 328 . 323 316  3.09
300 370 338 349 342 337 332 327 322 315  3.07
250 373 360 350 344 337 332 326 320 314 305
200 376 362 352 345 338 332 326 319 312 3.02

150 388 369 356 347 338 331 323 316 307 297

100 396 375 360 350 340 3301 322 312 302 239

75 410 383 363 350 340 329 319 310 208 243
5o 430 394 371 355 340 328 315 303 289 272

Reconstruction of the wind fieids using only the first 4-6 EOFs, significantly

reduces the magnitude and divectional error of the inaccurate wind vectors. The
success of this level of filtering is generally related to the type of ambiguity ervor
(upwind-downwind symmetry or other) and the number ol erroncous ambiguities
located in the arca. Isolated, erroneous wind vectors not associated with upwind-
downwind symmetry are eltectively removed in this level of filtering. Conversely,
numerous erroneous wind vectors or ambiguity errors associated with upwind-

Adownwind evmmetrv (a large area ot cironeous wind vectors are often, but not always,
numerous erroneous wind vectors or ambiguity ervors associated with upwind-

downwind symmeury (a large area ot cironeous wind vectors are often, but not always,
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associated with upwind-downwind symmetry problems) are only moderately affected
by this level of filtering. The filtering capabilities using only the significant EOFs (the
first 8 in the descending and 9 in ascending data) Z:IIC, at best, limited. The incorrect
ambiguities appear to undergo a 30-50% reduction in magnitude generally
accompanied with a directional change of 10-40 degrees. This is generally inadequate
in eliminating upwind-downwind symmetry errors.

As noted previously, the first 4-6 EOFs account for 50-63% and 60-72% of the
total variance in the ascending and descending data, respectively. The reconstructed
wind fields from the EOFs provide a good evaluation of the mean wind field over the
three month period due to the retention of the dominant long-scale features and the
elimination of the smaller scale weaker features lost in or below the level of noise. In
general, 4-6 EOFs maintain most of the kinematic structure but with weaker winds and
less curvature. These resultant wind fields retflect the simooth large scale structures of
the atmosphere.

For greater detail, the study uses all the significant EOFs (8 and 9 for the
descending and ascending data fields; respectively) to generate wind fields which
account for approximately 76-80% of the total variance. These reconstructed fields
generally maintain the original spatial level of detail with only a slight reduction in
magnitudes on the order of 5-10%. The filtering aspects of using all the significant
EOFs provide characteristically poor erroncous wind vector deletion/correction.

The most pronounced aspect associated with EOF wind field reconstruction lics
1 i mnnd mviardiAvealey A

The most pronounced aspect associated with EOF wind field reconstruction lics

in the possibilities associated with ambiguity selection. As discussed previously, the
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wind vector retrieval algorithm involves the C-Band model function and the ambiguity
selection scheme. As noted by Schultz (1990), quel and/or instrument error may
allow for an alias as the solution with the greatest ‘likelihood estimate. This study
notes, with a brief exception during the second week of January, the bulk (80-90%) of
the erroncous ambiguity selections appear to be associated with the upwind-downwind
symmetry problem. An EOF analysis from an independent data source (i.e., training
data set, e.g. the ECMWF analyses used in this test), could be used to select the
correct ambiguity. Of note, an atmospheric general circulation model (AGCM) analysis
fields are used in the formulation of the C-Band model function but not in the
ambiguity selection scheme. Further, the proposed EOF techniqu.c would represent a

correction for upwind-downwind symmetry problems only.

5.5 Combined Three Day Fields:

An underlying objective of this study is to c..\'ami.nc the possibility of
combining the ascending and descending data fields into one synthesized three day
field. The mtent of the combined tield is to encompass as much of the information
content exhibited in the ascending and descending scatterometer fields as possible. The
original premise for separating the scattcrometer data by orbit trajectory is to avoid the
problems associated with averaging wind vectors separated by more than 12 hours
while maintaining the three day variability. Using the EOF analysis technique to

partition the variance, two wind vectors, one from the ascending and descending

A L1l tiad mnhae AF ENRe ran he camhbined without

partition the variance, two wind vectors, one from the ascending and descending

orbits, reconstructed from a limited number of EOFs can be combined without



seriously degrading the information content. As discussed previously, the first few
EOFs of both orbit types share similar physical interpretations, thus the ascending and
descending EOF pairs depict approximately the sax:ne spectral band making it more
likely that a combination of the two will lead to improved wind fields. The study
combines ascending and descending data reconstructed from the significant EOFs for
each orbit type with a vector average of the two reconstructed fields. The study
evaluates two other methods for combining the ascending and descending fields but
~eliminates these from consideration due to the poor attributes of or the "zero sum
gain” in spatial coverage resulting from the synthesized field.

The first method involves projecting the ascending EOFs.onto the descending
data. The technique assumes the-ascending EOFs are representative of the region as a
whole and serve to accent, in the descending data, the spatial scales exhibited in the
ascending spatial fields. The resultant synthesized three day field resembles the simple
vector average method with a slight loss of detail. The second technique is the
construction of the synthesized field through the use of a combined complex tine
series (ascent plus descent) to modulate the ascending spatial field. This technique
assumes the ascending spatial ticlds are representative of the region as a whole. This
method does not increase the spatial coverage, hence "zero sum gain'.

The combination of the ascending and descending EOF reconstructed data
cffectively increases the coverage over the study region, Fig. 5-22. The total three day

coverage fills in many of the gaps found in the eastern section of the study region. In

-~ . Voo n M s fadianeila contored an AR deorere north

coverage fills in many of the gaps found in the eastern section of the study region. In

the absence of missing data, only small areas (primarily centered on 38 degrees north
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latitude) would be void of observations. The combined three day field provides a

exceptionally dense observation network, Table 5-4.

TABLE 5-4: The scatterometer wind field

coverage under optimum conditions.
[ == === S Y S |

Data Field Percent Coverage
Ascending 70
Descending 70
Synthesized 95

Current data assimilation techniques have demonstrated distinct improvéments
in AGCM forecasts when scatterometer winds have been incorporated; e.g., Anderson
et al. (1986) and Atlas (1994). The work of Barnier et al. (1993) evaluated the impact
of the band-like sampling of sﬁtellite scatterometers on the ability of the scatterometer
winds to force an ocean model. His results noted a strong similarity between the
seasonal ocean circulations forced with scatterometer measurements (based on rapid
repeat cycles) a.nd reference winds (ECMWE model analysis of the 10m winds) with
the perturbations from the band-like sampling and the persistence assimilation
demonstrating similarity to the impact of adding small uncorrelated noise to the
reference winds. The reconstiucted wind fields from the present study (employing only
the signif‘icant EQOFs) provide a dense network of observations. These three day ftields
still retain the satellitc sampling characteristics evident in the individual ascending and
descending data sets but contain additional information, a measure of the stecadiness

evident in the flow.

TTT o [

evident in the flow.
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6. Conclusion

In summary, the ERS-1 satellite provides the first spaceborne scatterometer
measurements since SEASAT. The ERS-1 instrumentation clearly employs the lessons
of SEASAT featuring an improved antennae and frequency design. The three antennae
layout allows for an exact solution to the ambiguity selection problem in the absence
* of measurement and model error (Schultz, 1990). Further, the 5.3 GHz frequency
implantation demonstrates only limited ¢°® degradation in the pre‘sence of precipitation
(Quilfen et al., 1993).

This study examines the information content of the three day repeat orbit
scatterometer winds and utilizes the wind vector ambiguity determined by the
CMODED / NSCAT MLE algorithm. The study methodology employs a separate
comparative and EOF analysis on the ascending and descending orbit wind data.
Comparative fields are primarily the ECMWE/TOGA model analysis.

The scatterometer wind retrieval algorithm (CMODED / NSCAT MLE)
performed reasonably well throughout the study period but does demonstrate some
problems. This assessment is based on subjective analysis, interswath comparisons, and
correlations with the ECMWE model analysis. The results indicate the difficultics in
the ambiguity selection are more pronounced in the descending orbits. Most of the

difficulties cited in both data sets (ascending an descending) appear to be related o

the ambiguity Seleclion are MOTE PrULUULCEU Lt LIS ULOUUIIUIIE Ut Giton 2t avus wa wee
difficulties cited in both data sets (ascending an descending) appear to be related o
upwind-downwind symmetry problems. In general, erroneous ambiguity selections are
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readily identifiable by inspection.

As expected, the scaiterometer derived winds provide detail to the existing
wind structures for scales smaller than 2° latitude and/or longitude. The comparative
results depict generally good agreement between the ERS-1 and ECMWEF wind fields
but distinct, non-isolated differences are noted. These difficulties include the center
positioning (characteristic. of the ascending data), generally stronger wind speeds and
more well-defined curvature in scatterometer cyclonic and coll regions, and contrasts
in the overall scale of various atmospheric wind patterns. The differences in center
positioning depict the ECMWEF-located cyclonic center north of the scatterometer
center position and is found in approximately 90% of the pattems reviewed. Placement
varies between cyclonic patterns and ranges from 1-3° latitude. The differences
demonstrated in the speed structure and curvature coupled with the smaller scale
features are likely to be retlected in the vorticity fields computed from the ECMWE
and ERS-1 velocity fields. The limited study results support this conjecture depicting
small regions of the scatterometer derived vorticity 1’ielcis with vorticity magnitudes
25-50% greater than presented in the ECMWIE derived vorticity tields.

The qualitative results from comparisons of ECMWFE monthly and three month
means to the corresponding scatterometer means demonstrate poor agreement between
the data sets for the month of January with the magnitudes of the scatteremeter winds
generally stronger and directional correspondence providing only vague agrecment.
The two data sets demonstrate a greater correspondence during the months of February

and March, improving over the period. This improvement reflects the increased
The two data sets demonstrate a greater correspondence during the months of February

and March, improving over the period. This improvement reflects the increased
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scatterometer observations and possibly the effects of improved calibration and/or less
monthly variability as compared to the month of January; hence making it easier to
correlate the two wind fields. The three month mean demonstrates good agreement
with the ECMWEF mean and climatology. The rms differences between the ECMWF
and ERS-1 three month mean wind field computed in the study were 1.28ms™ / 16.7°
and 0.96ms™ / 22.44° for the ascending-ECMWF and descending-ECMWE
comparisons, respectively. These results compare favorably with those presented by
Halpern et al. (1992).

The EOF results partition the sampled -variance in the ascending and
descending wind data and suggest-the more significant spatial/temporal EOFs depict
definable trequency divisions. The study results suggest pericds ot 18-21 days, 8-10
days, and 6-8 days. These reflect the time scales associated with the planetary wave
cycle, large scale general circulation systems, and smaller scale storm structures,
respectively, in the mid-latitudes (Barry er al., 1987 and Carlson, 1991). The lirst four
EQFs, those for which the results suggest physically motivated phenomena, account
for 50-60% of the total variance sampled in the data. Employing this partitioning of
the variance as a filtering mechanism demonstrates only hmited capability in removing
erroneous wind vectors and is generally inadequate in eliminating upwind-downwind
symmetry errors.

The combined three day wind fields provide dense spatial coverage over the
study region (~90%). These fields still retain the much of the sampling characteristics

found in the individual ascending and descending data sets (irregularly sample in time

study region (~Y0U%). 1NESE I1E1AS SUIL TELUHL LI 1IULIL UL LU 9010 [Jaking wiiis ares soe s ou

found in the individual ascending and descending data sets (irregularly sample in time
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across satellite swaths) but contain additional information (at the coincident ascending
/ descending grid points) on the measure of the steadiness exhibited in the winds.
Further, using the EOF analysis technique to partition the variance, two wind vectors,
one from the ascending and descending orbits, reconstructed from a limited number of
EOFs can be combined without seriously degrading the three day variability sampled
in tﬁe individual data sets.

Current data assimilation techniques have resulted in distinct improvements of
AGCM forecasts when scatterometer winds have been incorporated; e.g., Anderson et
al. (1986) and Atlas (Personal communications, 1994). For ocean processes, the work
of Barnier et al. (1993) notes a strong similarity between the ocean circulations driven
by simulated scatterometer winds and ECMWE analysis winds, used as reference
winds. Additionally, he notes the "band-like" sampling of the scatterometer preduces
perturbations are similar to the nimpact of adding small uncorrelated noise to reference
winds. The reconstructed three day wind fields from the present study may help,
particularly in regions where the persistence of the winds are greater than three days
(exceeding the satellite ground track repeatability). These combined three day wind
fields employ only the significant EOFs and provide a dense observational network
over the three repeat cycle. These wind [ields retain the longer time scale variability.
In effect, retention of only the significant EOFs appears to remove the variability
contributed by the shorter time scales, i.e., variability (atmospheric phenomena)
sampled in only one or two satellite swaths (1-3 days).

The work and results of this study highlight several areas deserving of
sampled in only one or two sateHite swatns (1-3 uays).

The work and results of this study highlight several areas deserving of
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continued research. The research opportunities associated with ambiguity selection
provide promising prospects as does continued work into the development of three day
wind fields for possible oceanographic applications. Ongoing research into the impact
of assimilated ERS-1 scatterometer winds on AGCM forecasts, e.g. Atlas (Personal
communications, 1994), clearly illustrate a positive impact in the southern hemisphere
but only of limited iﬁﬂucnce in the northern hemisphere. Much of the new information
scatterometer winds provide exists at scales beyond the resolvability of many AGCMs
(i.e., smaller than the 2 delta x limitations dictated in the Sampling Theorem,
limitations driven by computational stability, and/or limitations in the assimilation
methodology). This "lost" information provides a cornucopia of related research topics
and interests for future work, e.g. frontal location and dynamics, small scale
atmospheric and oceanographic dynamics, etc.

In conclusion, the ERS-1 three day repeat orbit winds provide useful
information on atmospheric time scales from 7-21 days -and length scales frem 700 -
5000 km. These measurements are a rich source of data capable of resolving
atmospheric wind structures smaller than 100 km and providing valuable information
in otherwise data sparse regions. The greater spatial resolution, enhanced small scale
structurey and observed reliability illustrate the ERS-1 scatterometer wind fields
represent a signilicant data source for operational and research use. Coupled with the
continuing improvements in wind retrieval algorithms and ambiguity selection

schemes, the ERS-1 scatterometer data will only serve to strengthen the utility and
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schemes, the ERS-1 scatterometer data will only serve to strengthen the utility and

functionality of remote sensing.
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