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Application of Satellite Data to Tropic/Subtropic Moisture Coupling
James P. McGuirk and Aylmer H. Thompson
Final Report
1. INTRODUCTION AND SUMMARY,
a. Accomplishments:

The goal of the proposed research was to define a common tropical

disturbance (which we have named a moisture burst), to describe its

synoptic appearance, and to place it in the context of the tropical general

circulation. Because moisture bursts usually develop over the tropical
oceans, thev are poorly observed by the operational data network.

Therefore a second, but equally important, goal was to develop QUantitative

methodology, based on satellite derived data, to observe synoptic systems

like moisture bursts. We focused on three case studies during the First

GARP Global Experiment (FGGE) of 1979 so that we would also have some
special conventional data available.

This introduction summarizes, the accomplishments of three years of
research effort. More detail is provided in the enumeration of findings in
sections 2-6, and more detail still in the documentation listed in section
7. Section 8 recommends future tasks. In accord with the two general
goals, the major accomplishments fall in two broad classes: new findings
of atmospheric phenomena; and documentation of data and technique
development:

1. Phenomena. We have developed an objective definition of
moisture bursts which describes a specific class of tropical atmospheric
system. This definition has been utilized to prepare a climatology of
moisture bursts over the tropical eastern North Pacific Ocean. The

climatology is based on cloud imagery and upon 850 and 200 mb streamline



analysis. The typical behavior and temporal variation of moisture bursts
have allowed them to be interpreted in terms of the tropical general
circulation. Three dimensional fields of numerous variables were prepared
for three case studies, two in January 1979 and one in May 1979. These
case studies describe many structural elements of moisture bursts: the
evolution of moisture distribution and its transport into midlatitudes; the
development and intensification of the subtropic jet; the development of a
mid-latitude or subtropical trough to the northwest of moisture bursts, and
the concomitant intensification of frontal-like features; the interaction
of larger and smaller scale waves with moisture bursts; and the
distribution of horizontal winds. Of special interest was the lack of
moisture burst activity associated with the 1982-83 El Niﬁo. One major
shortcoming was the lack of data to diagnose divergence and the vertical
motion field. Because of this type of data sparsity, we have only begun to
consider the causes of moisture bursts.

2. Data technique development. The scope of the project was set

by identifying two short case study periods and investigating all available
data over the tropical Pacific (rather than looking at long time periods
and a restricted range of data types). Several problems were identified in
the official FGGE archive at the World Data Center in Asheville. The most
serious were associated with the archiving of cloud drift winds and TIROS
radiance soundings, and with the moisture analysis.

The quantitative satellite channel radiance data were found to be at
least as useful as any other data type. Statistical analysis revealed
quality synoptic scale signal. EOF analysis indicated that the two most
reliable signals, averaged over the whole Pacific domain, were

tropospheric averaged temperature and moisture signals. These two numbers




distribution of higher order EOFs, and relations between channel data and
conventional data explained over 80% of the total variability of satellite
channel data. Closer inspection of individual channel horizontal structure
functions, the distribution of higher order EOFs, and relations between
channel data and conventional data provided convincing evidence that nearly
every channel contains useful information in synoptically active regions.
;n fact, the satellite moisture channel data generally verify the less
certain ECMWF moisture and dynamic analyses. Decomposition of channel data
into eigenvectors was a usefb]'synoptic technique, and the statistically
derived eigenvectors could usually be interpreted physically. A regression
technique was developed to convert TIROS observations in cloudy regions and
NOAA 5 observations to full "bogus" TIROS observations; large areas devoid
of complete satellite data could then be filled in. The satellite channel
data, both in individual mappings and in EOF form, were used successfully
to assist in the diagnosis of moisture bursts.

b. Fulfillment of proposed task statement:

In our proposal, two separate work statements were enumerated: The
first was a list of four scientific objectives pertaining to moisture
bursts. They were stated as:

1. Complete a diagnostic study of moisture bursts.

2. Develop a theoretical model of moisture bursts, with emphasis on

the cause of moisture bursts.

3. Use theoretical studies to estimate the role of moisture bursts in

the tropical general circulation.

4, Relate the moisture burst to the STJ and to downstream effects.

We have satisfied objectives (1) and (3), although better analysis

techniques will result in commensurate better understanding. (2) was



overly ambitious and probably exceeds our capability based on currently
available data. This conclusion is one of the hard truths learned in this
data analysis. We have made progress on (4), but felt that more intense
study of the moisture burst origin region would be more fruitful than
downstream studies, which could be approached with conventional data; we
have outlined a study of downstream effects in a new proposal.

A more appropriate statement of accomplishments is the following
procedure/task statement, taken directly from the proposal submitted in May
1981:

Procedure/Task Statement:
1. Assemble data--IIb and IIIb (Accomplished).
2. Prepare maps of data availability (Accomplished).
3. * Merge the data for case studies (Accomplished).
4, * Relate the satellite information to conventional data
(Accomplished).

5. Diagnose the moisture burst (Accomplished).

6. Begin preparation of a theoretical model of a moisture burst
(Accomplished).

7. Test the model (Premature).

8. Prepare a quantitative description of a moisture burst (Partially
Accomplished).

9. Establish a chronology of moisture bursts (Accomplished).

*Tasks (3) and (4) involved far more effort than was initially antici-
pated. A number of problems discovered in the data have not been solved to
date. These problems are not unique to this research. Six and one half
years after the FGGE observational year, the ECMWF has still not completed

the final three dimensional analysis (III c) envisioned in the early




planning documents of FGGE.

On the other hand, the time spent on these tasks was worthwhile. We
have identified a number of useful techniques of satellite data analysis
which will be developed under new contract. We have also defined more
precisely the synoptic information content of quantitative satellite data
over the tropical oceans.

Tasks (6) and (8) have not been accomplished in a way to make (7)
feasible. Although we have deduced much quantitative information on burst
structure, the limits of data analysis in this region of the atmosphere
precludes definitive conclusions. Further technique development will
result in further quantitative understanding of moisture bursts.

In the remainder of this report, we elaborate on these

accomplishments. We conclude with some remarks on future work.



2. DATA DEVELOPMENT.

Moisture bursts must be studied in the data-sparse regions where they
occur. Our philosophy was to investigate all possible forms of data to
minimize, as far as possible, the problems of insufficient data. This
philosophy required us to restrict the number of days chosen for the study.
In retrospect, the work would have been reduced tremendously if we had
restricted, rather, the kinds of data we utilized, and examined these data
over much larger time intervals. Each data type had its own format, its
own distribution and error characteristics, its own information content and
its own "best" analysis technique. Merging disparate data types is a task
still in its infancy. The current prescribed procedure is optimal interpo-
lation, a procedure which may not be optimal at all for synoptic diagnosis
in data-sparse tropical regions.

a. Data:

Satellite data, conventional data and analyses were used. Imagery
was obtained from a number of NOAA sources and from Marshall Space Flight
Center (MSFC). Channel radiance data were obtained from the FGGE archive
at World Data Center A (Asheville, NC). ECMWF III(b) gridded fields and
II1(b) observations were obtained from the archives of the National Center
for Atmospheric Research (NCAR). Finally, hard copy analyses were obtained
from publications of ECMWF and NOAA's Geophysical Fluid Dynamics Laboratory
(GFDL).

The following tabulation summarizes the data sets we utilized:

1. Satellite Imagery. Daily GOES full disk visible imagery;
6-hourly GOES full disk infrared imagery; 30-minute GOES full disk infrared
jmagery in the form of time-lapse motion pictures; color enhanced Pacific

sector GOES infrared imagery; full disk water vapor imagery from GOES (VAS)



for a pilot study of 1982 moisture bursts.
2. Published Analyses. Daily ECMWF and GFDL 200 and 850 mb

streamline and isotach analyses for tropical and subtropica]vregions; daily
data distribution maps from ECMWF; moisture analyses, incorporating TIROS
moisture data for a few days in January 1979 (from GLA).

3. Gridded III(b) data. u, v, h, q, p, and T available on a

1.875° lat/lon grid (these fields were consolidated onto a 3.75° lat/lon
grid, to minimize computations and to agree better with data resolution);
winds were also recomputed into irrotational and nondivergent components.

4, 1I(b) Satellite observations. Brightness temperatures for 26

TIROS N radiance channels, including HIRS, MSU and SSU channels (these were
available twice daily, with HIRS channels missing in overcast regions;
horizontal spacing for soundings is approximately 250 km); retrieved layer-
average temperature and moisture profiles (SATEMS) for each of these
soundings; a smaller set of channel brightness temperatures from the VTPR
instrument on NOAA 5.

5. II(b) Conventional observations. Single station/level

observations from islands, ships and North America; constant level
balloons; and aircraft; temperature, moisture and wind profiles from
radiosonde, dropsonde, pibal and special FGGE scientific shipsondes.

In spite of this considerable collection of data, observations within
the overcast cloud of moisture bursts were still infrequent. Only sporadic
soundings were favorably located. VTPR and HIRS infrared observations were
not recorded. Low level cloud drift winds could not be obtained, and only
a few appropriate upper level clouds could be tracked. The region is not
crossed by a common shipping route. Islands do not exist where,

meteorologically, they are needed most.



b. Discrepancies and data irregularities.

The following is a list of irregularities in acquired data, unexpected
missing data, and other anomalies in the various data archives. The
purpose is to document those previously unknown problems we encountered in
the generally high-quality FGGE archive, and also to point out possible
limitations in the interpretation of our subsequent data analysis.

1. The satellite sounding data obtained from NCAR formed a
highly abridged set. It contained only about 10% of the available
soundings and was not appropriate for synoptic analysis. To date, neither
NCAR personnel nor we ourselves have discovered who prepared this set and
why.

2. The complete TIROS N data set obtained from World Data Center
A was, in a sense, too complete. It contained over twice as many soundings
as the ECMWF claimed were available. The problem was twofold. First, a
complete set of retrievals and brightness temperatures was prepared
erroneously. When a new set was prepared properly, these soundings were
added to the existing set and erroneous soundings were not deleted.
Incomplete documentation remains a problem. The second source of excess
soundings was the U.S. Special Effort, which computed a high-density set of
satellite retrievals for additional studies. Documentation constraints
leave the source of these data unclear. Care must be taken to separate
good from bad when using this set.

3. A surprising number of missed TIROS N passes existed through
our study region during the first Special Observing Period. Had we known
this beforehand, we might have selected different case studies. On the
other hand, we selected the most interesting appearing moisture bursts

during SOP 1. Several swathes of satellite data are missing during the




crucial initiation stage of the first, and strongest, moisture burst.

4. Two problems were belatedly discovered pertaining to the
individual channel radiance data:

i) Brightness temperatures for channel 10, the boundary layer
moisture channel, were computed incorrectly in the preprocessing. Although
this defect can be repaired, it requires reprocessing at NOAA from the very
first step and has not been attempted.

ii) After subjecting the channel data to EOF analysis, it became
obvious that at least one of the eigenvectors represented a signal related
to limb-darkening. At large scan angles left-looking and right-looking
measurements are oppositely biased. This bias can be removed from our
data, but we have not yet done so.

5. Several files of cloud drift winds, in the FGGE archive, are
incorrectly identified as GOES Indian Ocean data, a geometric impossibil-
ity. These data are of lower quality than the GOES cloud drift winds and
their source has yet to be identified.

6. A serious problem exists with the ECMWF moisture analysis.
An erroneous parameter used jn the analysis cycle caused the systematic
exclusion of all tropical moisture soundings. Secondly, a decision was
made to exclude satellite moisture channel information in the III(b)
analysis; given the problem with channel 10, this decision was fortunate.
However, the result of these two developments was that no upper air mois-
ture data were available for the III(b) moisture analysis. It was
therefore based on only weakly varying, and sporadic, surface data, and on
model integrations.

c. Verification:

A number of data intercomparisons were conducted to both verify and



merge data of different type and quality. This task was necessary, in
general, to qualify the use of satellite channel data for tropical synoptic
diagnostics. The key results are summarized.

1. SATEMS (retrijeved layer-averaged temperature profiles).

These soundings are computed routinely for initialization of numerical
forecast models. It was not clear a_priori that they could be used for
quantitative synoptic analysis. Comparisons of vertically-oriented cross
sections of radiosonde and SATEM data along the west coast of North America
were discouraging. Over a period of several days of strong frontogenesis
associated with a moisture burst, almost no synoptic signal could be
detected in the SATEM sections. Based on this result, no further use was
made of the SATEM profiles in our research; rather, we opted for analysis
and interpretation of individual channel brightness temperatures.

2. Winds. A number of wind comparisons were made with various
data sets:

i) On synoptic scales, spatially coherent differences exist
between III(b) winds and cloud drift winds. It remains unclear whether
these coherent differences are wunutilized information or spatially
correlated error.

ii) Subjective analysis of all wind observations resulted in
streamline and isotach analysis quite different from ECMWF analyses,
particularly in the upper troposphere and during the time of most rapid
moisture burst development. Apparently, optimal interpolation does not
make full use of available data in active, data-sparse regions; the reason,
most likely, is that stronger emphasis is placed on minimizing potential
error,

iii) Analysis of low level radiosonde winds, observed from ship,

10




strongly suggests only weak correspondence between surface and 850 mb
winds. Wind shear is almost independent of wind direction. Therefore,
extrapolation of cloud drift winds downward or ship winds upward, as done
in optimal interpolation, will not carry a strongly reliable signal in
synoptically active regions. This problem is particularly acute in the
investigation of moisture bursts. Data availability along the axis of the
case study moisture bursts is only about one observation per 3.75°lat/lon

box per five days.

iv) Histograms of differences between co-located cloud drift winds
and ECMWF analyzed winds indicate signal-to-noise ratios approaching 1 in
moisture burst regions.

v) Systematic errors in the coded wind direction in all constant
level balloon data resulted in their exclusion from our analysis.

3. Moisture.

Moisture, as certainly one of the most significant meteorological
variables, but difficult to measure, analyze and interpret, received most
of our analysis attention, especially given the lack of data input to the
ECMWF moisture analysis.

i) Intercomparisons were made between III(b) moisture estimates,
raob moisture measurements, and the satellite moisture channel observations
for co-located data at the nominal Tlevel of the satellite weighting
function maximum. Correlation between the three sets was poor. However,
for moist soundings (relative humidity greater than 50%), correlation
coefficients exceeded 0.7 for all sets tested. Near dry soundings
(relative humidity less than 30%), both III(b) and satellite observations
spanned the entire observed range.

ii) Maps were made of temporal standard deviation of moisture

11



channel data for the nine-day case study period. The same calculations
were made using III(b) data. The patterns matched very closely, with
maximum variability occurring along the moisture burst axis.

iii) Using these same data, correlation coefficients were computed
between III(b) and gridded moisture channel data at each grid point.
Although there were large regions where the correlation was statistically
significant, 25% of the gridpoints possessed correlations of the wrong
sign; that is, III(b) saying wet, and satellite dry, or vice versa. The
only encouraging feature of the maps was that the regions of agreement were
generally those along the moist, synoptically active moisture burst axis.
[As an aside, these same calculations were carried out for III(b)
temperature analyses and corresponding temperature sensing channels, and
the results were much more satisfactory; satellites detect temperature
variation better than they detect moisture variation.]

jv) Summarizing these results, we conclude that the ECMWF analysis
yields surprisingly realistic moisture fields in synoptically active
tropical systems--surprising in that no upper level moisture data went into
the analysis. This realism implies that the dynamics of the ECMWF model

are doing a credible job over the data-sparse eastern tropical Pacific.
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3. SATELLITE STATISTICS.

The following sections summarize three analysis methodologies
developed to utilize satellite channel radiance data: Empirical Orthogonal
Functions (EOF), horizontal structure functions, and individual channel
analysis. The approach consists of both technique development and
interpretation.

a. Bogus channel data:

Before these techniques could be implemented, regions devoid of
satellite data had to be elfminated, insofar as possible. These regions
existed between adjacent satellite passes, in regions where passes were
missed for one reason or another, and in overcast regions where only
microwave and upper atmospheric infrared channels were available. Response
surface regression with a full quadratic model was used to predict missing
channels from available predictor channels. In the first two types of
regions, VTPR channels from NOAA 5 were regressed onto TIROS N channels; in
the third region, infrared channels were predicted from available TIROS N
channels.

1. Some confidence existed that meaningful differences could be
detected between clear and cloudy regions, because nearly all TIROS
channels available in cloudy regions were found to possess mean brightness
temperatures different than clear sky means, with a statistical confidence
exceeding 99%. These differences are larger in equatorial regions than in
subtropical regions.

2. Regressions from TIROS N are superior to those from NOAA 5 in
most channels. The significant exceptions to this superiority are the
better predictions of the moisture channels by the NOAA 5 VTPR channels.

An explanation is unknown at this time; NOAA 5 has some moisture detection

13



capability in a channel at 18 micrometers, but if this channel is not
responsible, this result must be spurious. The major reasons for the
superiority of TIROS N information are the deteriorated condition of NOAA 5
and the existence of colocation errors in time and space with respect to
TIROS locations.

3. TIROS N reconstructions were most successful in the thermal
channels in the 4.4 micrometer band, where better than 90% explained
variance was achieved. The worst channels were the water vapor channels,
where only about 40% of the variance was explained. Explained variance in
other channels was about 80-90%. The regression was robust and could be
applied equally well to non-calibration periods.

4, NOAA 5 reconstructions were also successful in the 4.4
micrometer band and in the 90 and 700 mb microwave channels, as well;
nearly 90% of the variance of these channels was explained. As previously
mentioned, about 70% of the moisture channel variance was explained. The
NOAA 5 regression was not robust. Behavior was superior within the
calibration set, and rms errors were much larger when the regression
equations were applied to independent data.

5. The bogusing procedure increased the available data
significantly: TIROS N regressions in cloudy regions increased the
available data by 25%. NOAA 5 regressions added yet another 35% increase.

6. Map comparisons at synoptic times and time series at specific
latitudes showed marked improvement in data coverage and resulting signal,
using the bogus data. Performance was best in regions where TIROS N passes
were missing. One unresolved problem is the existence of "bull's eyes"
introduced by bogus data. These are caused mostly by VTPR regressions. A

smoothing procedure will be developed to remove these anomalies. Some
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bull's eyes, however, are realistic. These are due to precipitation and
cloud water effects in the microwave channels of soundings retrieved from
cloudy regions. Care must be taken not to smooth these extrema.

b. Empirical orthogonal functions:

The highly correlated nature of the TIROS individual channels can be
used to advantage through EOF decomposition; sets of individual channels
can be collected into eigenvectors which more efficiently represent the
data. These eigenvectors are interpreted physically., The amplitudes of
each eigenvector can be mapped 1in the horizontal and can also be
interpreted physically.

1. Eigenvectors 1 and 2.

i) Eigenvector 1 is, unambiguously, a tropospheric - average
temperature signal. It explains nearly 65% of the total field variance of
the TIROS data set. It varies insignificantly from time period to time
period.

ii) Eigenvector 2 is, unambiguously, a tropospheric moisture
signal. Associated with this signal is a weak boundary Tlayer thermal
signal, such that, when the atmosphere is moist, the boundary layer is
warm, The variance explained varies between 12 and 18%. Occasionally,
this eigenvector is not number two, depending on synoptic condition.

2. Higher order eigenvectors.

Eigenvectors 3 through 5 are unique, but their relative order
varies from time period to time period. The principal channel contributors
are the moisture channels, the microwave channels, and two window channels.
One of the eigenvectors represents spurious scan angle bias, particularly
in the tropopause level channels; it accounts for 3 to 5% of the variance.

The other two channels are interpreted, alternatively, as either cloud and

15



precipitation effects in the presence of strong convection, or as
corrections to eigenvector 2 (wet regions that occasionally have cold
boundary layers, for example).

3. Principal Components (Spatial Patterns).

i) PC 1 accurately describes synoptic features such as
fronts and cold troughs. It seems to be more accurate than individual
channels and to describe more fine scale detail than is incorporated in the
ECMWF analysis.

ii) PC 2 accurately delineates the moisture associated with
the moisture bursts of the case studies. Time evolution can be followed
easily. Moisture variability along the burst axis can be resolved.
Moisture variation along the ITCZ is easily detected, as is the Pacific dry
zone in the extreme eastern Pacific.

iii) At first examination, it can be concluded erroneously
that only two significant degrees of freedom are contained in the entire 26
channel TIROS data set, based solely on variance explained. Inspection of
the higher order (lower variance) principal components suggest that there
are more physically-significant eigenfunctions and degrees of freedom. PC
3 through 5 compress most of their signal into the synoptically active
regions and into land/sea contrast along the coast of North America.
Variable lapse rate, precipitation cores, and high liquid water content can
be identified along the moisture burst axis and within the ITCZ.

jv) Items (ii) and (iii) above suggest the possibility of
constructing a "moisture burst function", a collection of several
eigenvectors and typical amplitudes which reproduce the significant
structure of moisture bursts,

v) The EOF analysis has been verified against individual

16




channel mappings and against cloud imagery and radiosonde time and space sections.
Often, the principal components can distinguish subtle differences 1in
moisture content and distribution. Although individual channel mappings

are similar to PC mappings (they must be), there are significant
differences near some of the relative extrema. Detailed examination should
uncover additional structural detail within moisture bursts.

c. Channel data:

Most of the significant channel data results have been
discussed already under separate.headings. We emphasize that maps of individual
channel brightness temperatures generally provide more detail than
equivalent III(b) analyses, particularly in the moisture and microwave
channels. Features which are not apparent in III(b), such as the split jet
which appears in the May 1979 case study, appear readily in the upper level
moisture channel. Regions of intense rising motion (convective cores)
appear as isolated cold cores in the microwave window channel. Comparisons
of Hovmoller-type diagrams for TIROS and III(b) moisture variables show
significant differences 1in moisture distribution in the vicinity of
moisture burst origin regions; there is more intense spatial variation in
the channel data, and a definite wet bias to the east of the burst cloud
axis compared to a slight III(b) wet bias to the west of the burst. This
last item has repercussions regarding source of moisture for moisture
bursts.

d. Structure functions:

For each TIROS N channel, the correlation coefficient was computed as
a function of the separation distance between pairs of observations. The
plot of this correlation as a function of separation distance gives a

measure of the horizontal coherence measured by each channel, and is called
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the horizontal structure function. These functions varied widely depending
on absorber, geographic region and synoptic condition. Because of the
differences 1in structure functions between the many channels, it is
concluded that the TIROS observation set possesses a number of degrees of
freedom, in spite of the high inter-channel correlation.

1. Variation by absorber.

i) The most significant difference between channels is
explained by sensitivity to moisture. Across the whole domain, the water
vapor channels had the smallest correlation, or integral length scale (the
area under the structure function curve). Channels insensitive to water
vapor — most microwave channels and infrared channels in the 14 micrometer
band — had the largest integral length scale. Infrared channels in the 4.4
micrometer band, which are somewhat sensitive to water vapor, are
intermediate.

ii) In subtropical regions, where water vapor is not a
strong factor for upwelling radiation, the integral 1length scale or
correlation was stratified by nominal elevation of the weighting function:
The higher in the atmosphere a channel's weighting function peaked, the
larger was the integral length scale. The physical implication is that
atmospheric length scales in the subtropics are larger in the upper
troposphere and decrease uniformly toward the surface.

iii) Microwave channels peaking at the surface and tropopause
were anomalous. The surface channel, which is sensitive to varying ocean
emissivity and to cloud and precipitation effects, had the smallest
integral length scale of all channels in all conditions; its magnitude was
sometimes less than 500 km. The integral length scale for the tropopause

channel was small for an upper atmospheric channel; this anomalous behavior

18




is thought to be caused by scan angle bias, which plagued this channel.

iv) Excepting the microwave channel, window and near-surface
channels generally had the largest integral length scales. Thus, if the
scales of surface thermal anomalies are reflected in the near surface
integral Tlength scales, atmospheric synoptic scale events respond on
different length scales than the surface forcing.

2. Variation by geographic region,

The correlation data were stratified by Tatitudinai band to separate
equatorial and subtropical behaviors. This stratification had, as a
necessary consequence, the effect of emphasizing east-west variations at
the larger scales. In a 15° wide belt, meridional variations with scales
larger than about 1000 km are not sensed.

i)  Structure functions in the subtropical strip (15-30°N)
followed trends established for the entire region fairly closely, except
the integral length scales were smaller; the large correlation associatea
with the north-south temperature contrast was poorly sampled. The integral
scale of the water vapor channel was smallest. Structure functions for
most channels became negative between 1500 and 2000 km, indicating wave-
type activity at about this same length scale.

ii) In the equatorial strip, 15°N-10°S, structure functions were
markedly different. A1l thermal channels were much smaller, with integral
length scales of about half their subtropical values. The largest integral
Tength scale occurred in water vapor channels. They exceeded subtropical
thermal length scales by about 50% and subtropical moisture scales by about
50% as well. Stratospheric integral scales are very small, suggesting
substantial tropical tropospheric contributions. Finally, negative

correlations are generally absent, indicating weaker equatorial wave
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behavior.

3. Synoptic variations.

Structure functions were computed for two different ‘days, each with
very different synoptic behavior. Integral scales for the thermal and
surface/window channels were about 20% smaller for the case of weaker
synoptic activity. Larger differences existed for thermal channels
sensitive to water vapor, even though the differences in the water vapor
channels themselves were not nearly so great. It is clear that more

synoptic variability comparisons need to be made.
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4, DEFINITION AND CLIMATOLOGY.

Moisture bursts, which have been known to exist for at least 25 years,
have only recently been evaluated quantitatively. This section summarizes
moisture burst definition and the mean behavior of moisture bursts over the
northeastern Pacific. Considerable development work preceded an objective
definition of the synoptic scale event. This definition was utilized to
develop a climatology of moisture burst occurrence, and to extend this
occurrence record to the atypicai E1 Nino/Southern 0Oscillation event of
1982-83. A subset of this climatology, based on infrared imagery, was
utilized to develop a circulation climatology at upper and Tlower
tropospheric levels.

a. Moisture burst definition

An objective definition was developed so that moisture bursts could be
jdentified and quantified nearly uniquely from unenhanced infrared imagery.

1. Definition. A moisture burst is defined as a continuous band
of upper- and mid-level clouds, at least 2000 km in length, which crosses
15°N. Bursts are defined to begin at the first evidence of poleward
progression of a cloud mass out of the inter-tropical convergence, or the
southward movement of a frontal cloud band south of 15°N. Both of these
types are included because, after initiation, these two kinds of events are
indistinguishable. Moisture bursts are defined to end when the cloud band
becomes shorter than 2000 km, or when it no longer crosses 15°N.

2. Motivation of Definition. This definition was formulated to

capture a specific class of similar-appearing events, which it did. The
essential characteristics of these events, from a morphological point of
view, are that they are synoptic in time and length scale (they last, on

average, 4.5 days), and that they represent tropic/extratropic interaction.
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Physical mechanisms are not emphasized in the definition because they are
not well known and are not objectively detectable in satellite imagery.
If other data had been used in the definition, such as water vapor imagery,
a slightly different definition would have resulted.

b. Climatology:

1. Distribution. About 10 moisture bursts per month develop

randomly between 160°E and 120°W during the northern hemisphere cool
season. The longitudinal distribution over the course of a six-month cool
season is nearly uniform. These conclusions are based on observation of
180 moisture bursts over three six-month cool seasons. Only the area
between 160°E and South America was examined for this study, though the
bursts occur in other areas also.

2. Extratropic Interaction. Nearly 60% of moisture bursts are

confined to the subtropics south of 35°N, although 10% of them cross 55°N.

3. El Nino Behavior. During E1 Nino and summer seasons, when

the Hadley circulation is strong, moisture burst frequency decreases
significantly. During the 1982-83 ENSO event, burst activity decrease 40%.
Bursts were not observed at all in the strongly convective zone over the
warm ocean anomaly that propagated eastward across the Pacific. Burst
activity was anomalously strong east of 120°W, where bursts are normally
infrequent.

c. Circulation:

Forty moisture bursts were identified to form a composite of upper
(200 mb) and lower (850 mb) circulation patterns from ECMWF wind analyses.

1.  Trough. An upper level trough within 2000 km to the

northwest of a moisture burst is a ubiquitous feature with all bursts. It

does not always precede the burst, but always intensifies as the burst
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develops. The trough commonly, but not always, propagates eastward with the

.burst cloud mass. In fact, one typical mechanism of burst cessation is the

over-running of the cloud band by the trough.
2. Winds. In all cases there is also a strengthening of the
southwesterlies along the moisture burst axis. In equatorial areas, this

jet is not well documented, but along the burst axis, it is generally

3. Low-level features. A number of typical equatorial features

are associated with the low-level circulation beneath moisture burst cloud
masses: easterly waves, cols, and equatorial-crossing vortices.
Unfortunately, different operational analyses identify different synoptic
features for the same burst. For the forty-burst climatology, nearly 50%
were associated with cols, 35% with wavelike features, and about 15% with
no particular disturbance. When disturbances are present, the cloud mass
usually has its origin in anticyclonically curving flow to the east of the
wave axis or col confluence line. These Tines normally are aligned with

the long axis of the cloud mass.
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5. SYNOPTIC CASE STUDIES.

Additional insight into the structure and behavior of moisture bursts
was sought by using case studies of individual bursts. Cases selected
include two consecutive winter bursts (20-29 January 1979) and a spring
burst (13-17 May 1979). These cases were selected because of the better
data coverage available form the Special Observing Periods of the FGGE.

a. Evolution of a moisture burst:

The following lists several of the features characteristic of the
evolutionary behavior of the moisture bursts:

1. About two-thirds of the bursts develop from an impulse
having a near-equatorial origin; the remainder are associated with a cold
outbreak or frontal impulse. An upper jet current develops and intensifies
over and west of the origin region and develops a distinct perturbation
which increases in amplitude as the burst develops. There is evidence in
the first January case and in the May case that the jet develops out of the
near-equatorial region. As its amplitude increases it merges with the
strong winds (subtropical jet?) of the associated subtropical or middle
latitude upper trough. This is not simply an intensification of
equatorward (southward) moving extratropical features (although this
evolution does take place with some moisture bursts).

2. There 1is often evidence of cross-equatorial flow at both
upper and lower Tlevels with the development of the moisture burst. Even
without cross-equatorial flow, strong meridional winds characteristically
occur in the origin region.

3. The cloud axis and the upper trough axis approach each other
as the cloud band widens to the north and elongates northeastward.

4. Dissipation of bursts is usually, but not always, triggered
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by cessation of the deep tropical convection associated with their origin.

The downstream consequences and developments of moisture bursts were
not examined in detail for reasons stated in the first chapter. We point
out that there are significant cases of extensive rainfall and/or
cyclogenesis over Mexico or the southern United Stated as moisture bursts
intrude on those regions.

b. Moisture distribution:

Conclusions about the moisture distribution associated with moisture
bursts are sensitive to the particular observing system. This shortcoming
must be corrected. Nonetheless, the following may be stated:

1. Moisture fields as developed dynamically in the ECMWF
analysis scheme appear reasonable and imply that the synoptic-scale
dynamical development is a relevant mechanism in establishing vertical
motion in moisture bursts. These analyses suggest that the primary source
of moisture 1is large-area-averaged vertical motion within the ITCZ.
Downstream, the moisture bursts cease looking like ITCZ systems.

2. The rawinsonde data available suggest that there is strong
convection underneath the moisture burst clouds throughout a significant
portion of the Tength of the system; thus the cloud mass is not simply
advected. Also, it is unclear whether the moisture source is to the west,
the east or the south of the origin region.

3. Moisture distributions in the May case and water vapor
channel imagery in a number of cases suggest that the moisture burst may be
a merging of both tropical and extratropical disturbances. This merging is
suggested as well in temperature fields determining from radiosonde data.

4. Not only are moisture bursts regions of high moisture

content; they are regions of high moisture variability as well. These
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signals are often undetected in the tropical boundary layer.
c. Baroclinity, jet structure and wind distribution:

1. 24-h thermal variations. Temperatures, both in the lower and

upper troposphere, show significant interdiurnal variations during moisture
bursts, occasionally exceeding 10K per day. These changes imply strongly
baroclinic mechanisms. Probably less than half of the baroclinity can be
attributed to the equatorward surges of middle-latitude air.

2. Frontogensis and Jet Acceleration. One consequence of the

baroclinity is the strong upper winds associated with the burst. Even
though the baroclinity associated with the bursts is much weaker than that
of middle latitudes, speeds often exceed 30 m/sec, with directions
significantly different from 270°. This jet often develops to the south of
what would customarily be identified as the subtropical jetstream. In
nearly 1/3 of moisture bursts, the jet is swept southward with a frontal
system and usually undergoes further acceleration.

3. Smaller Scale Features. The moisture bursts of the eastern

Pacific Ocean occur above the Tlow-level easterlies. Patches of strong
westerlies can occur west of the origin region. Transient easterly waves
have been observed to migrate through the origin region as well; the
cause-effect relation of these waves is uncertain. High amplitude
temperature anomalies (10K) have been detected in the upper troposphere.

Complex horizontal and vertical profiles of wind seem relevant.
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6. PROCESSES AND BUDGETS.

Only preliminary efforts have been attempted to ascertain cause with
respect to moisture bursts and effect mechanisms. Most of this work has
been Timited to FGGE III(b) data.

a. Moisture:

Attempts to estimate moisture fluxes and budgets associated with
moisture bursts of the eastern North Pacific Ocean area met with mixed
success. Two calculations, one based on the FGGE II-b data (radiosondes
and dropwindsondes) and the other on the FGGE III-b data set (the gridded
analyses) were employed. Conclusions based on the results and their
comparisons follow:

1. Calculations of water vapor flow across latitude lines (the
northward and southward fluxes) provided a fair representation of reality,
especially when based on the dropwindsonde data (however, there is concern
regarding the accuracy of dropsonde moisture profiles). The fluxes across
various segments of the latitude circle usually match what would be
expected from the synoptic behavior of the atmosphere in the vicinity of
the moisture burst.

2. MWater vapor flow into, or out of, small volumes does not seem
to be well represented by either form of data. The FGGE III-b analyses
likely are the poorer data for synoptic investigations because the data
analysis procedures tend to be biased toward the climatological structure
where data are scarce, as is always the case in the area being
investigated.

3. The results also may be biased because of the questionable
accuracy of the initial data. This is particularly true with the moisture

analyses of the FGGE III-b set because of problems with the handling of
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moisture by the analysis model used.

The results obtained from the moisture budget study are probably the
least satisfying and least reliable product of our efforts. Generally,
confidence of even the correct sign of the flux convergence is lacking. On
the other hand, this is where the satellite-derived information may prove
to be most valuable. By no means do we consider our efforts toward
evaluation of these moisture budgets to be completed.

b. Mass budget/vertical motion:

1. Surface Pressure. Fields of surface pressure were analyzed

to determine system movement and mass changes associated with synoptic
development. Although the data are noisy, time series represent a coherent
view of an intensifying low pressure system that moves slowly to the
east northeast.

2. Mass budget. The same analysis was repeated with surface
pressures computed kinematically from the vertically integrated divergence.
An incoherent noisy field resulted. Over the entire study region, a bias
in divergence existed such that a large systematic pressure increase should
have been observed across the domain; it was not.

3. Kinematics. Finally, the 850 and 200 mb winds were split
into non-divergent and irrotational components. Although the gross pattern
of velocity potential fit the cloud top brightness temperature pattern,
synoptic scale correspondence was lacking. The upper Tlevel center of
divergence, supposedly associated with the evolving moisture burst, did not
occur in even the correct hemisphere. Moisture channel brightness
temperatures, used as an alias for rising motion, did no better than the
kinematic analysis, although patterns were similar. Part of the problem of

deducing divergence from mean wind patterns is that the divergent component
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of the wind tends to align itself with the mean wind (or non-divergent
part); thus divergence seems to be caused more by speed changes than by
directional changes. The streamline pattern, therefore, will carry little
useful information pertaining to divergence.

c¢. Momentum budget:

1. Zonal winds. As moisture bursts develop, the vertically and
zonally integrated zonal wind increases magnitude significantly throughout
the domain from 30°N to 10°S. Two westerly maxima are observed, one at
23°N and the other at about 4°N. This momentum increase seems to propagate
weakly from the northern boundary at 30°N to the equator.

2. Boundary layer winds. Although observations are poor, the

moisture burst stratifies boundary layer winds and shear into four
different behaviors, including a strong equatorial westerly zone to the
west of the moisture burst. Time sections of wind sounding are indicative
of the variations to be expected with tropical upper tropospheric troughs
(TUTT). In many of the analyses, synoptic scale wind changes are difficult
to detect below 500 mb.,

3. Hadley Cell. In the zonal average, moisture bursts look Tike
local intensifications of the mean meridional Hadley cell. When moisture
bursts are absent, the mean tropical meridional circulation may reverse,
with near-equatorial subsidence.

4, Momentum Budget. Each term of the zonal momentum equation

was calculated and mapped for each time period and level, and for the
vertical integral. Only preliminary interpretation of this calculation has
been completed.

i) Almost no coherent pattern appears below 500 mb.

ii) The ageostrophic component (the difference between pressure
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and Coriolis forces) possesses a coherent pattern, but it is weak; this
pattern is limited to regions north of 10°N, as it is with nearly all the
terms.

iii) Boundary terms--fluxes and zonal pressure forces--are
small, except possibly along the western portion of the northern border of
the domain.

iv) As with most momentum studies, the residual term makes a
large coherent contribution to the momentum budget.

d. Objective analysis:

Comparison of ECMWF and GFDL streamline analysis with the II(b) data
suggests that significant pieces of wind information are not being accepted
by the Optimal Interpolation (0I) process. In data sparse regions, where
rapid synoptic development is occurring, accurate data are likely to be
flagged and deleted by the analysis because they differ too much from the
model-generated first guess. We subjectively re-analyzed a number of 300-
and 850-mb maps to examine the effact of incorporating the flagged,
questionable data into the analysis. Little could be done at 850 mb
because very 1little data existed at all. At upper levels, a
significantly-different, coherent picture emerged as an alternative
analysis. Development was much more vigorous, with winds in excess of 80
m/sec observed, twice the magnitude of those analyzed through OI. In the
reanalysis, the subtropical jet (supposedly) appears to emerge directly
from the moisture burst as a direct result of its development. Analysis of
the momentum budget, using this alternate wind analysis, has not yet been

attempted.
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7. PUBLICATIONS AND OTHER DOCUMENTS PREPARED FOR NASA CONTRACT NAS8-35182
The contract results are in the form of scientific articles and other
similar documents. These include articles submitted to scientific
journals, Texas A8M theses and dissertations, and extended abstracts and
preprint papers of presentations at scientific and technical conferences.
There have been 22 of these documents prepared as a part of the contract
activity. The total pages involved in all the manuscripts approaches 900,
far too many to include in this Final Report. Rather, we have chosen to
list all the documents, including the abstracts of the longer articles in
the remainder of this section. Since this would leave our Final Report
without any quantitative or pictorial summarization of the results of our
research efforts, we have chosen to include the dozen Conference preprint
papers as an Appendix, in the order in which they were prepared and
presented. They offer a summary of our studies; however, they do not span

Al

the entire range of accomplished tasks, reported in the longer documents.
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Published papers:
McGuirk, J., L. Anderson and A. Thompson, 1985:
Satellite-derived synoptic climatology 1in, data-sparse

regions. Adv. Space Res., Vol. 5, No. 6, pp. 45-48.

McGuirk, J. P., A. H. Thompson and N. R. Smith, 1987: Moisture

bursts over the tropical Pacific Ocean. Mon. Wea. Rev.,

115, 787-798.
Paper submitted and returned for revision recommended by editors and
reviewers; revision is being prepared now:
McGuirk, J. P., A. H. Thompson and L. L. Anderson, Jr., 1987:
Views of synoptic scale moisture variation over the tropical

Pacific Ocean. Submitted to Mon. Wea. Rev.

Paper submitted for publication.
Thompson, A. H., J. P, McGuirk and J. R. Schaefer, 1987:
Synoptic behavior of eastern Pacific moisture bursts. To be

Submitted to Mon. Wea. Rev.

Papers still in draft form, being prepared for submission:
Thompson, A. H., and J. P. McGuirk, 1987: Synoptic scale
moisture budgets of the tropical eastern Pacific Ocean
(tentative title). To be submitted to Weather and

Forecasting or Mon. Wea. Rev.
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Doctoral Dissertation:

Anderson, Lloyd L., Jr., 1986: "Multispectral Analysis of a
Tropical Radiance Set from the TIROS Operational Vertical
Sounder." Doctoral Dissertation submitted to Texas A&M
University. 228 pp.

Master's Theses:

Snyder, Bruce Alan, 1985: "The Divergent Wind Component in Data
Sparse Tropical Wind Fields." A Master of Science Thesis
submitted to Texas A&M University. 105 pp.

Schaefer, James Royal, 1985: "Observing the Synoptic Structure
of Two Moisture Bursts." A Master of Science Thesis
submitted to Texas A&M University. 145 pp.

Stockton, Jay Richard, 1986: "The Structure of a Late-Spring
Moisture Burst." A Master of Science Thesis submitted to
Texas A&M University. 90 pp.

Smith, Neil Ray, 1986: "A Climatology of Tropical Moisture
Bursts in the Eastern North Pacific Ocean." A Master of

Science Thesis submitted to Texas A&M University. 77 pp.

Papers presented at scientific conferences and printed in preprint or
proceedings volumes:

McGuirk, J. P., A, H. Thompson, L. L. Anderson, Jr., and N. R,
Smith, 1984: Reliability of circulation statistics over the
tropical Pacific Ocean based on FGGE data. Proceedings of
the Eighth Annual Climate Diagnostics Workshop, Oct. 17-21,

1983, Downsview, Ontario. pp. 247-257.
McGuirk, J., and A. Thompson, 1984: Transient tropical

disturbances within the Pacific Hadley cell. Postprint
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34

Volume, 15th Technical Conference on Hurricanes and Tropical

Meteorology., Amer. Meteor. Soc., Miami FL. pp. 137-142,
McGuirk, J., L. Anderson and A. Thompson, 1984: Satellite-
derived synoptic climatology in data-sparse regions. COSPAR

Symopsium on Space Observations for Climate Studies, Graz,

Austria, 25-29 June, 1984. Paper 4.6.1. This paper was

also published in Adv. Space Res. See jtem under "Published

paper."

Thompson, A., J. McGuirk , L. Anderson and N. Smith, 1984:
Analysis of  tropical synoptic  disturbances using
satellite-derived soundings and radiance data from selected

channels. Preprint Volume, Conference on Satellite/Remote

Sensing and Applications. Amer. Meteor. Soc., Clearwater

Beach, FL, pp. 137-142.
McGuirk, J., A. Thompson and N. Smith, 1985: Observing the

eastern Pacific Hadley circulation. Proceedings of the

Ninth Climate Diagnostics Workshop, Oct. 22-26, 1984,

Corvallis, OR. 429-436.
Thompson, A., J. McGuirk and L. Anderson, 1985: Comparisons
between tropical synoptic moisture fields as determined from

analysis and from observations. Proc. 16th Conf. on

Hurricanes and Tropical Meteorology., Houston, TX, Amer,

Meteor. Soc., pp. 54-55.

McGuirk, J., and A. Thompson, 1985: Two modes in the Pacific
Hadley cell. op. cit., pp. 136-137.

Smith, N., J. McGuirk and A. Thompson, 1985: The synoptic

structure of tropical Pacific moisture bursts. op. cit.,




pp. 192-193.
McGuirk, J. P., A. H. Thompson and B. A. Snyder, 1986:
Comparisons of FGGE IIb and IIIb winds in a tropical

synoptic system. Preprints, Nat'l. Conf., Scientific

Results of the First GARP Global Experiment. Miami, FL,

Amer. Meteor. Soc., pp. 40-43.

McGuirk, J. P., A. H. Thompson and L. L. Anderson, Jr., 1986:
Wintertime disturbances in the tropical Pacific: FGGE IIIb
and satellite comparisons. op. cit., pp. 44-47.

Thompson, A. H. and J. P. McGuirk, 1986: Moisture transports and
budgets of "moisture bursts." op. cit., pp. 212-215.

McGuirk, J. P., L. L. Anderson, Jr., and A. H. Thompson, 1986:

Tropical synoptic interpretation of inter-channel

correlations from TIROS-N. Preprints, Second Conf. on

Satellite Meteorology/Remote Sensing and Applications,

Williamsburg, VA, Amer, Meteor. Soc., pp. 118-122,

The reminder of this. section contains the abstracts of the published
scientific papers, the papers already submitted for publication, the
dissertation and the four theses.

Reprints of papers contained Conference Preprint Volumes are

continued in the Appendix.

35



SATELLITE-DERIVED SYNOPTIC CLIMATOLOGY IN DATA-SPARSE REGIONS

by
J. P. McGuirk, L. L. Anderson, Jr., and A. H. Thompson

ABSTRACT

Synoptic-scale "moisture bursts" are defined, based on infrared GOES
imagery, and their synoptic climatology 1is developed. Quantitative
analysis of satellite-derived individual channel radiance data and vertical
eigenfunctions of complete channel data yield rich structural detail; these
details do not appear in FGGE analyses in regions void of conventional

meteorological data.

Published in

Advances in Space Research, Vol. 5, No. 6, pp. 45-48, 1985.
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MOISTURE BURSTS OVER THE TROPICAL PACIFIC OCEAN

by
James P. McGuirk, Aylmer H. Thompson and Neil R. Smith

ABSTRACT

"Moisture bursts" are bands of high clouds or middle and high clouds
extending poleward and eastward from deep tropical Tlocations into
subtropical and middle latitudes. These events, synoptic in both temporal
and spatial scales, are extremely common, particularly over the North
Pacific Ocean.

We define moisture bursts objectively, in primarily geometric terms,
to emphasize both their synoptic scale and their tropical-extratropical
interaction. We apply this definition to infrared satellite imagery for
four 6-month cool seasons (November-April) in the eastern North Pacific
(160°E to the west coast of the Americas). The frequency of these events
is about 10 bursts per month during normal cool seasons, distributed
uniformly across the Pacific to the west of 110°W; east of this longitude,
few moisture bursts occur. Half of the bursts last two to four days, and
no burst lasted longer than 10 days.

Only 36 moisture bursts occurred during the 6-month EI Niﬁo cool
season of 1982-83, with the location of occurrence shifted eastward. Few
bursts occurred in the region of active tropical convection associated with
the E1 Nino event.

Because moisture burst frequency decreases at times when the ITCZ
strengthens, we hypothesize two modes in Hadley cell behavior: a strong
zonally-symmetric mode, and a weaker mode comprised of the statistical

ensemble of a large number of transient moisture bursts. Through analysis
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of wind fields, zonal averages across moisture bursts are shown to resemble
transient intensification of the mean meridional circulation in regions

where the Hadley cell is typically weak.

Published in
Monthly Weather Review, Vol. 115, pp. 787-798 (April 1987).
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VIEWS OF SYNOPTIC SCALE MOISTURE VARIATION OVER THE TROPICAL PACIFIC OCEAN

by
James P, McGuirk, Aylmer H. Thompson, and Lloyd L. Anderson, Jr.

ABSTRACT

Moisture observing capability is surveyed over the tropical northeast
Pacific ocean. Data are taken from late January 1979, during the FGGE
first special observing period. Diagnosis of synoptic scale systems, in
this case moisture bursts, in data sparse areas is emphasized. The charac-
teristics of five observing systems, and what they show about two active
moisture bursts during the study period, are described. The five systems
are: surface observations, satellite cloud imagery, radio- and dropsondes,
satellite individual channel brightness temperatures, and model analysis
from the European Center for Medium Range Weather Forecasting. The various
systems are examined individually and intercompared as well.

Surface observations carry almost insignificant moisture information
over the tropical oceans. Capability of GOES imagery is well known;
however, clouds hide a wealth of important moisture structure, and clouds
do not always define moisture patterns well, even at cloud level. Sound-
ings are adequate for synoptic diagnosis, if there were enough of them;
however, dropsondes carry significantly less detail than radiosondes.
Satellite channel data provide thorough coverage, and even show some detail
in nearly overcast regions; ambiguity of interpretation remains a problem,
although multispectral techniques (like EOF analysis) appear promising.
Given the lack of moisture observations for initialization, European Center
analysis provides surprisingly realistic moisture patterns. Certain model

biases must be treated carefully, however.
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Quantitative intercomparison of data, where possible, is generally
discouraging. Field comparisons of analysis and satellite observations are
poor, with only marginal statistical significance. Both systems, however,
clearly define the synoptically active regions 1in their variability
statistics; they both perform better in moist regions, where quantitative
estimates of moisture are most important. Comparisons with radiosondes are
poor as well. Correspondence of analysis, satellite and radiosondes is
good in moist regions, but all three have serious observational problems
when radiosonde-observed relative humidity falls below 50%.

The two most significant conclusions are: 1) The observational needs
for model initialization and forecasting are different than those for
system diagnosis, and initialization procedures may not be optimum for
diagnosis; 2) Although the east Pacific is data-sparse, an equally serious

problem is that it may be data-interpretation-sparse, as well.

This manuscript was submitted to Monthly Weather Review. It is now being

revised in response to Editors' critique.
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SYNOPTIC BEHAVIOR OF EASTERN PACIFIC MOISTURE BURSTS

by

Aylmer H. Thompson, James P. McGuirk and James R. Schaefer

ABSTRACT

Synoptic scale cloud/moisture systems, called moisture bursts, from
disturbances in the eastern Pacific ITCZ and in conjunction with amplifying
troughs to the north; a common spatial pattern and temporal evolution
accompany most events. This structure involves upper and Tower level wind
fields, thermal and moisture fields and vertical motion fields as well. In
spite of the data sparse area in which they evolve, a blend of many kinds
of data and analyses allowed us to deduce much of thiskstructure through a
case study of a typical system; this moisture burst developed during the
first Special Observing Period of the First GARP Global Experiment.
Conclusions are corroborated with a climatology of 41 systems and a less
detailed climatology of over 200 moisture bursts described by McGuirk et al
(1987).

Moisture bursts are associated with subtropical troughs to the
northwest, intense drying and subsidence within this trough, and a strong
subtropical jet accompanying the cloud mass, which is the moisture burst.
The subtropical jet may originate near the equator in moisture bursts. Low
level disturbances in the tropical easterlies are present when the burst
initiates, and these structures organize as the burst evolves. A variety
of smaller scale disturbances with both horizontal and vertical structures
appear within the burst cloud mass. A moisture burst may develop
simultaneously out of several of these systems. Evidence of frontogenesis

appears along the northwest flank and downstream of the moisture burst:
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intensifying moisture gradient, developing thermal gradient, jet level
winds, solenoidal overturning, deepening of the tradewind inversion and its
extension towards midlatitudes. Moisture bursts cease normally when their

tropical and non-tropical aspects become separated.

This manuscript was submitted to Monthly Weather Review.

It is now (June 1987) undergoing peer review.
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Doctoral Dissertation
ABSTRACT

Multispectral Analysis of a Tropical Radiance Set from the TIROS
Operational Vertical Sounder. (December 1986)
Lloyd Lynn Anderson, Jr., B.S., U.S. Air Force Academy;
M.Ed., Phillips University

Co-Chairmen of Advisory Committee: Dr. James P. McGuirk
Dr. Aylmer H. Thompson

Analysis of the state of the atmosphere is constrained by the quantity
and quality of the observations. In data sparse areas, meteorological
analysis relies heavily on remotely sensed data, especially those collected
by earth orbiting satellites. This research examines the information
content of the TIROS-N Operational Vertical Sounder (TOVS) during 20-29
January 1979 over the tropical Pacific Ocean. Vertical, horizontal, and
temporal statistical characteristics are examined. The TOVS channels are
highly correlated (|r|>0.6) except for the infrared water vapor channels
and the microwave window and 300 mb channels. The horizontal structure
varies according to spectral channel (absorbing constituent and effective
evaluation), geography, and synoptic condition. Horizontal correlation is
particularly sensitive to water vapor and cloud amount. In equatorial
sectors, moisture channels have higher correlations and larger length
scales than thermal sensing channels; in the subtropics, the opposite is
true. Temporal variation is largest in the water vapor and microwave
window channels, and in synoptically active regions with brightness
temperature variances typically ten times larger than in synoptically

quiescent regions.
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Attempts to augment TOVS data in cloudy regions and for missing passes
using a full quadratic response surface regression model were only
marginally successful. At some Tlocations, thermal infrared channels had
brightness temperature RMS errors of 0.5 to 2.5 standard deviations from
the mean, and the water vapor and microwave window channels had RMS errors
of 2.5 to 5.5 standard deviations from mean values.

The TOVS channels with peak energy contribution from below 90 mb were
synthesized using principal components analysis. Over 94 percent of the
areal variance at any particular time is represented by the first 5
eigenfunctions. The first two eigenfunctions, vertical mean thermal and
mid-tropospheric moisture representations respectively, typically account
for 65% and 15% of the observed spatial variance. Eigenfunctions 3 through
5 (each accounting for 5 to 7% of the variance are dominated by the
microwave window and 300 mb channels and the water vapor channels. These
eigenfunctions represent moisture structure, surface type, and/or
precipitation contamination discriminators. The leading eigenfunctions and
their horizontal patterns are consistént with the available sounding data
and satellite imagery.

This methodology can be developed to augment synoptic analysis in data

sparse regions.
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Master's Thesis
ABSTRACT

Observing the Synoptic Structure of Two Moisture Bursts. (December 1985)

James Royal Schaefer, B.S., University of Wisconsin, Eau Clairs;

B.S., University of Utah
Co-Chairmen of Advisory Committee: Dr. James P. McGuirk
Dr. Aylmer H. Thompson

The moisture burst is characterized by large amounts of cloudiness
emanating from tropical regions and often affecting middle-latitude
regions. Due to data scarcity, the study of moisture burst near their
origin is difficult. Supplementary data available during the First GARP
Global Experiment make such a study feasible.

Through the use of in situ observations and computer-generated model
analyses, this thesis presents results of a synoptic case study of two
moisture bursts. Satellite-derived data are shown to be useful in this
region, although lack of certain satellite radiance channels during the
time period precludes their use. The FGGE IIIb model analyses are first
proven to be reliable by comparison with satellite observations and are
then used extensively.

A significant upper-level trough, with strong subtropical jet stream
winds, existed during the origin periods of both bursts. A large northward
meridional component to the subtropical jet stream was found on the
downstream side of the troughs. There was a low-level easterly wave trough
near the origin of the first burst. Associated with at least the first
moisture burst, evidence was found suggesting an upper-level cold front

near an area of rapid development of the burst.
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Most importantly, it was found that these two moisture bursts were not
homogeneous masses of clouds, but were composed of several separate cloud
masses which combined to form the moisture burst. These cloud masses
include elements associated with the intertropical convergence, with a southward
moving frontal disturbance, and with convective development between the
first two. Additional evidence suggests that the moisture burst is not
merely an extension of ITCZ activity into the subtropics. Therefore, it is
proposed that the moisture burst is due not to any one, or even two, major

features, but is a combination of a number of interrelated elements.
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Master's Thesis
ABSTRACT

The Divergent Wind Component in Data Sparse Tropical Wind Fields.
(December 1985)
Bruce Alan Snyder, B.S. Texas A&M University:
M.B.A., Golden Gate University
Co-Chairmen of Advisory Committee: Dr. James P. McGuirk
Dr. Aylmer H. Thompson

Tropical wind field analyses produced by assimilation schemes, which
are extratropical techniques modified to function in the tropics, have been
shown to produce questionable results. A major problem has been the
underestimation of the divergent wind component by these schemes. The
gridded u and v wind data from the FGGE level IIIb analyses for a region in
the eastern tropical Pacific Ocean from 20-29 January 1917 were obtained.
Various analyses were performed on these data to gain an understanding of
the influence of the divergent component on the appearance of the tropical
wind field.

After testing a number of previously proposed boundary conditions for
the streamfunction and velocity potential, Sangster's (1960) method was
used to separate the wind into its divergent and nondivergent components.
The Liebman relaxation technique was used to solve Poisson equations for
streamfunction and velocity potential. Streamline analyses of original and
reconstructed wind fields were performed using the algorithm proposed by
Whittaker (1977). Insight intb the relationship of the divergent wind
component to the tropical wind field was obtained by computing various

estimates of divergence, studying the time continuity of the streamfunction
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and velocity potential fields, and by performing various wind vector error
analyses.

These studies were conducted on both the 850 mb and 200 mb wind
fields. The analyses generally indicate that the divergent wind component
has little effect on the appearance of the upper level wind field and the
lower level wind field is affected only in regions where the strongest
convergence/divergence occurs. The main problem in obtaining accurate
tropical wind field analyses seems to be the inability to resolve the scale
of the diabatically induced divergence field on either convective or smaller

synoptic scales.
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Master's Thesis
ABSTRACT

The Structure of a Late-Spring Moisture Burst. (May 1986)
Jay Richard Stockton, B.S. Texas A&M University
Co-Chairmen of Advisory Committee: Dr. James P. McGuirk
Dr. Aylmer H. Thompson

A case study of a May 1979 occurrence of a phenomenon known as a
moisture burst is performed utilizing the enhanced data coverage available
during FGGE SOP II.

Both +v ottf& and satellite data are developed and prepared for the
case study. A moisture burst climatology is developed and shows that burst
occurrence in the spring remains near winter levels in the 'normal year'
climatology. After the EI Niﬁo episode of 1982-83, burst activity
increased greatly in the spring after a lull in winter burst activity.

A useful framework for picturing the evolution of a moisture burst is
described in terms of the movement of moisture into and through the system.
The framework, or model, consists of the following four elements:

1) A low level moisture source;

2) A vertical transport mechanism;

3) An upper level horizontal transport mechanism; and,

4) Upper level conditions favoring the development of clouds
downstream of the moisture source.

The representation of the burst in GOES-W IR imagery is discussed and
the presence of points 2, 3 and 4 of the model is tentatively verified.
Upper Tevel moisture patterns associated with the burst are examined. A
detailed study of the model shows that: 1) The low level moisture source

is the low level tropical air located over the central tropical Pacific
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near the southwest extremity of the burst; 2) The vertical transport
mechanism appears as areas of enhanced convection in the ITCZ, but a single
cause of this enhanced convection could not be ascertained; 3) The upper
level transport mechanism is the subtropical jet, displaced well south of
its climatological position in association with a strengthening upper-level
trough and a possible large-scale wave instability located near the ITCZ;
4) The upper level conditions favoring cloud development downstream of the
source occur on the southern flank of the subtropical jet where upper level
divergence in the right rear quadrant of the jet maximum favors cloud

formation,
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Master's Thesis
ABSTRACT

A Climatology of Tropical Moisture Bursts
in the Eastern North Pacific Ocean. (December 1986)
Neil Ray Smith, B.S., Texas A&M University
Co-Chairmen of Advisory Committee: Dr. James P. McGuirk
Dr. Aylmer H. Thompson

A tropical moisture burst in this study refers to a continuous band of
high clouds that originates from a tropical disturbance and extends
poleward to extratropical latitudes. It is objectively defined in terms of
appearance in unenhanced IR satellite imagery as a continuous band of
upper, or middle and upper, level clouds which is 2000 km in length and
crosses 15°N. The definition is primarily geometric and does not
presuppose physical mechanisms.

Statistics of occurrence during three 6-month periods (November-April)
show that the moisture burst is a common event of the eastern North Pacific
(160°E to 90°W). An average of 60 events occur per cool season. Monthly
frequency is about 10 bursts per month. Spatial distribution is
essentially uniform west of 110°W with very few occurring east of this
longitude. Mean moisture burst duration is 2.6 days, while the maximum
observed was almost 10 days. The burst cloud band is confined to
subtropical latitudes in the mean, but during mid to late winter, a
majority of cloud bands extend to middle latitudes.

Only 36 moisture bursts occurred during the 6-month ENSO cool season
of 1982-83. Spatial and temporal frequency of occurrence was drastically

reduced west of 140°W. This region during ENSO was also an area of
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anomalously active ITCZ convection.

Upper- and lower-level wind fields are examined for a 4l-event subset
of the moisture bursts identified in the first three copl seasons. A 200
mb trough is a consistent feature of the upper-level moisture burst wind
field. The trough is present, on average, about 600 km upstream of the
burst origin cloud mass, and appears to play a significant role in cloud
band propagation and event termination. A majority of bursts originate in
anticyclonic flow with a southerly component at the 850 mb level. Though
there 1is no consistent low-level wind field configuration, the most
commonly observed pattern is a frontal-like col deformation of the wind

flow in the region of the moisture burst cloud band.
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8. DISCUSSION AND CONCLUSIONS

This Report, by design, is a summarization and discussion of the many
scientific papers, theses, dissertation and conference proceedings prepared
during the studies we have undertaken. These documents have been listed in
Section 7, which also includes abstracts of the 1longer scientific
documents, the dissertation and the theses. There seems no point in a
"summary of the summary." Instead, we conclude our report with some
pertinent comments on continuing and future work.

Although we have learned a great deal about moisture bursts and about
the synoptic scale properties of satellite channel data, we have barely
begun to tap the full capability of quantitative satellite channel data. We
make the following recommendations, and propose to tackle most of these
items under a new contract.

1. Moisture behavior,

i) Use the moisture channel brightness temperatures as a measure
of the top of the moisture layer; then use the temporal variation to
estimate middle and upper tropospheric vertical motion.

ii) Obtain moisture tracked winds for the February 1984 period
from the University of Wisconsin and dincorporate into our diagnostic
description of moisture bursts.

iii) Improve moisture advection estimates (in part from new
analyses to be available from ECMWF and GLA) and relate to precipitation
estimates (to be available from MSFC). Also, perform more complete budgets
based on ECMWF éna]ysis.

2. Synoptic and general circulation behavior.

jv) Define tropical synoptic variability over the eastern Pacific

using data over a much longer time period.
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v) Prepare more case studies (including events during February
1984) to better document typical moisture burst behavior and to investigate
the full range of moisture burst structural variability.

vi) Describe downwind synoptic effects, particularly baroclinic-
ity and jetstream intensification. Special emphasis should be placed on
the appearance of moisture bursts in moisture channel imagery. This view
is somewhat different than that seen in infrared window channel imagery.

vii) Investigate the dynamical causes of moisture bursts and the
associated jet acceleration.

3. Synoptic-scale satellite techniques.

viii) Define individual channel information content through study
of horizontal structure functions over a broader range of conditions.

ix) Refine interpretation of EOF patterns and develop other
multi-spectral techniques (split-window and overlaying, for example).

x) Implement a radiative transfer model to assist in the interpre-
tation of satellite channel brightness temperatures. Two models will be
available, one developed at GLA and the other developed at the University
of Wisconsin and available through MSFC. We currently envision two possi-
bilities: Extrapolation of features like inversions and moist layers away
from sounding locations and the definition of the signatures of specific
features of the tropical atmosphere.

xi) Investigate additional information on synoptic structure and
behavior contained in analyses of the synthetic brightness temperature
fields mapped from the various individual channels of the satellite-borne
sounding systems, such as HIRS, MSU, VAS and their successors. We have
developed already a significant ability to understand what the data from

the individual channels is telling us about the synoptic structure, but we
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must enhance further this understanding.

xii) Continue investigation of the water vapor (6.7 micrometers)
jmagery and Outgoing Longwave Radiation data (OLR) available routinely for
synoptic use from the GOES system and polar orbiters. We mention this
separately from the channel data mentioned in the preceding item in part

because availability of the 6.7 micrometer imagery and OLR Fields are so

-

<,
[

y of individual channels from the sounding

cr

different from availa

systems.
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APPENDIX

This Appendix contains reprints of all Conference Proceedings and
similar papers. See the discussion at the beginning of Section 7, page 31.
The order of the papers here 1is the same as the Tlisting of "Papers

presented at scientific conferences...," beginning on page 33.
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Reliability of Circulation Statistics over the Tropical Pacific Ocean
Based on FGGE Data¥*

J. P. McGuirk, A. H. Thompson, L. L. Anderson, Jr., and N. R. Smith
Texas A&M University, College Station, TX 77843

Satellite and FGGE Special Observing Period (SOP) data are used to examine
the structure and behavior of the tropical Eastern Pacific. atmosphere, a data-
sparse area nearly the size of North America.

We focus on a tropical synoptic feature, designated a ''moisture burst."
It appears as a stream of middle and high clouds, emanating from the ITCZ and
moving northeastwards out of the tropics and often into northern Mexico and
the U.S. A schematic of the temporal development of a burst during the FGGE
winter SOP appears as Fig. 1. Table I summarizes the definition of a moisture
burst in terms of objective geometric properties. Figs. 2 - 4 and Table II
document its "climatology,'" based on only two 6-month sequences of GOES West
infrared imagery during the 1977-78 and 1981-82 cold seasons.

The salient features of this brief climatology are:

a) Approximately 10 bursts occur per month between 160°E and 100°W,
lasting an average of 2.5 days each, but with 207 of them lasting four days
or longer.

b) The distribution of bursts along the ITCZ is nearly uniform between
160°E and 120°W, with decreasing activity approaching the coast of North America.

¢} Bursts occur less frequently in mid-winter (February).

d) At least one burst was active somewhere in the Pacific domain 757 of the
time; thus, periods exist when the Hadley circulation is not apparent in the
eastern Pacific.

e) Approximately one third of the events appeared to be related to a front,
which acted either as a trigger or as a phase of the burst development.

TIROS N soundings (TOVS) and other FGGE data for SOP 1 were obtained from
the NCAR archive. The NCAR's TIROS N data are an abridged FGGE set, containing
less than 10Z of the available satellite retrievals. Figs. 5 and 6 depict
typical coverage of sounding data. -Fig. 7 compares satellite/raob differences
for approximately co-located soundings. The clear sky satellite soundings were
systematically colder than co-located raobs by nearly 2°C; although this bias
is different than other published results, it is known to be sensitive to geo-
graphical regions and meteorological condition. Satellite moisture measurements
were systematically drier than and had a large rms difference as compared to
raobs; on the other hand, nearly every raob moisture sensor failed to yield
reliable information at some dry layer below 700 mb.

Fig. 8 - 14 summarize the time changes of the atmosphere's vertical struc-
ture at 6 locations over the Pacific as determined from TIROS N retrievals.
Except at location 2 and 6, under a pair of moisture bursts, approximate raobs
were present for comparison. Figs. 15 - 18 show related raob time profiles.

* This work is funded under Contract No. NAS8-35182 through NASA's George C.
Marshall Space Flight Center.

From Proceedings of the Eighth
Annual Climate Diagnostics Work-
shop, Oct. 17-21, 1983, U. S.
Dep't. of Commerce, NOAA. Pp.
247-257.




The following conclusions can be drawn from these figures:

a) Large temperature variations occur above 500 mb unaccompanied by
significant variations in the lower troposphere. The satellite detects this
variation, although it tends to underestimate the amplitude; small lower
tropospheric variations are also often detected (compare TOVS 1 with raob
91285 and 91165 over Hawaii).

b) TOVS 1 follows the low level moisture trend well at Hilo, even though
the trends at Hilo and Lihue are quite different. -

¢) Some raob temporal changes are well-matched by the satellite recon-
structions, whereas others are missed or are displaced in time. Problems
exist with distant co-location and the large time gaps between satellite data.

Fig. 18 in conjunction with fig. 10 and fig. 14 can be used for preliminary
examination of satellite representation of two moisture bursts.

d) The appearance of the burst in the upper troposphere occurs as an
initial cool event (around Jan. 21 and 22 over the ocean, Jan. 20-25 at San
Diego), followed by a strong warm departure, at least through the 27th at all
three locations.

e) Large stability changes accompany these temperature changes, at least
at group 6 and San Diego.

f) The group 2 satellite retrievals, which were taken both within the
high cloud region (at the edge) and under fairly clear conditions, exhibit
‘changes throughout the depth of the atmosphere between the 20th and 29th from
one anomaly sign to the other. All retrievals were, at least in part, cloud
contaminated. The observed temperature changes may be simply an artifact of
the retrieval procedure.

g) Many of the details at group 2 and San Diego are similar, particularly
the mid-tropospheric warm and cold anomalies. However, the strong cooling in
the upper troposphere (raob) is undetected by the satellite.

Fig. 19 - 23 depict classical cross-sectional analyses of the raob data
along the coast as the moisture burst crosses the section (see fig. 8). In
these sections, we see:

h) Frontal character and frontogenesis south of San Diego (MYF), between
the 22nd and the 24th, although the triggering of the event did not appear frontal
on satellite images;

i) Strong lower tropospheric stability decreases south of the apparent
frontal region;

j) Large temperature increases at tropopause level north of the moisture
burst;

k) A weakening, but spreading of the wind maximum, with the appearance of
at least four westerly wind maxima where, before the moisture burst, only a
.single westerly maximum was present;

1) An intensification of the lower tropospheric wind shear which is
consistent with the increased horizontal temperature gradient.
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Table [. Objective geometric definition of a moisture burst, as
observed on infrared imagery from geostationary satellites.

DEFINITION:
1} a continuous band of upper and middle clouds;
2) at least 2000 km in length;
3) a cloud source equatorward of 15°N;
4) a cloudband extending poleward of 15°N,

BEGINNING:
IR photo time and date of the first evidence of poleward progres-

sion of cloud cover.

ENDING:
IR photo time and date of any one of the following:
1) cessation of source convective activity equatorward of 15°N;
2) a break in continuous cloud band equatorward of 15°N;
3) recession of the cloud band equatorward of 15°N.

Table II. Distribution of moisture bursts as a function of duration
for two cold seasons. Numbers give bursts out of 124 events which lasted
the specified number of days.

DURATION 77-718 81-82
(DAYS) (NUMBER OF BURSTS)
1 32 19
2 14 19
3 6 n
4 4 S
5 4 3
6+ 4 3

Mean Duration = 2.5 Days

B - t
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Fig. 1. Schematic depiction of the time evolution of the high cloud boundary of a moisture burst
gccu:ring between Jan. 21 and Jan. 25, 1979. Squared numbers give the date of the associated cloud
oundary,
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Fig. 5. Sample of sounding-data coverage from NCAR data set on the day of
best coverage (most data ) during Jan. 1979 moisture burst. Squares represent
rawinsondes, crosses are windsondes, asterisks are satellite retrievals (TOVS),
triangles are dropsondes. Numbers under the symbols indicate hour of observa-
tion.  Not shown are the many single-level observations (cloud tracked winds,

aircraft, balloons, and surface ships).
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Fig. 8. Locations of thélsounding data which appear in Figs. 9-23. Locations of stations for time-section
soundings are marked by large X's; marked with small x‘s are soundings for the sections in Figs. 19-23. Groups

of co-located satellite soundings are marked by dots within the shaded regions. The arrow signifies the axis of
the two moisture bursts.

64




ORIGINAL PAGE IS

OF POOR QUALITY

‘(uoi3edo] 03 g "634 93s) p dnoab Joy 3dadxa ‘g *byg up sy -2

"by4
”n P il k3 oot
1 I W e T T v T
w 13 ]
a-nMW/ ///ll::' / 4w 1
= J /
s N 0 .
= N N / —lem d
L g (\ B
- + Jou
| 1 1 o7 | \ ] LJ 1
(2rn . (NASMMLL hdrayd) SAQL X
T T T T |
- TL\L_/W\\\..\,/”uH% ol
= ) N o 11 et
= 1 ray
b | 1 - —a—t t—H—g—o | .
"(uo}3e30| 4oy g "B}y 33s) ¢ dnoub Joy 3dauxa ‘G byy Ry

k-]
i 9 1

oan

Jaaddp

*Spno|d

MO| P343338DS = S 1354NQ IANISIOW = GW SSPNOLD MO| = I SPNOYD ILPPIW = IW
:o_ucuo_ J43A0 SUOLIJPUOD PNOLD 30udp dunbyy aaddn uy essyosqe buoje su9333)

*(uoj3edol 403 g *byy 29s) 2 dnoab uoy 303oxd ‘g ‘6yj uj sy

‘oL 633
gsn
T

Mvn- Tuu—. N

il

,., _: |

\\

| .u

WL

A \ \,, {
. ..7.

o. 1 * /J”Jil

I\ <~

1 bl B
CLtQ 3&\35 u.:&@hé.
b T 5 I T T Pl
° uol u.f
= .\0/’\ llllllll - g
L <"
1 | 1 1 | 1 1

*sBujpunos jo sawjy |eNIOP IJVDIPU} BSS|ISQE UO SJvq P}|OS

*{3 u}) aunjvaadwal Idvjans paJRWISI 3| |IINS pur (ud U}) qQu OOS PuR 002 UIIMY
-3q pue ne 00/ pue Q001 U33IMIIQ Ja3em QeI jdioaad $3o4dap aanbjj Iyl Jo uojjaod
*(Wg) uvaw dnoub 3yy woty (3, U}) SUCEIRJAIP 34NJeaaduR] JUISIUdaIL wIRQ
*(uojaedol 403 g 634 99s) sbuppunos | dnoab SAQL JO UOEIDIS Jwp)

6 644
Aot

k]
]

65



(6 613) | dnoab pue (g) "Brj) OLIH YIym paIeI0L-0d Ay93ewpxoadde,
“anyy1 s uoyleys jeyy 3dadxa ‘gt "6y uj sy

{ uciIels SpyL 91 by

P i NNy
D S

[ERTY

(V221450 59116 GOV

. -Q

L dnoub y3pm pa3el01-03 A{ajewixoudde S} uOjIRIS SKYyl ILNSeIw Sﬁm.:. www
113"} '2,0¢ 03 |enbd uojssSIudap Juiod Map ® paunsedw qu OO/ MO|3Q J43K®| Bwos
242yM 4nd320 sanfea pabbefy - (wd) u3ke| qu pOZ-000L @43 U} 433eMm a|qe3jdjdaud
30 s3paas w3 saAb aunbyy Jaddn - (9,) uesw sajsas awpy Yy woay danjaedap

.0 suJ3y up udAL6 ‘oY J0j Bujpunos aunjesadway pabesaae-uakey G| "6y4

”
1

(.02 /™850) S8e SOV

*(uog3RIOU 43A0D pno|d 403 Ol b3

pue ‘uoy3ed0| 40y g "634 3as) g dnoub 4oy 3dadxd ‘g 634 up sy gy "6yd
L
L)
el
d
ook
9/13Y9) SAX
R F————g | L3 @ T F "%
- o————o ”ﬂ L
- 1 |2
L 4
1 | ) L
*(uojaedo| 403 g ‘6)4 93s) § dnouab a0y 3dadxa ‘g By up sy °g| “bi4
Ve
”n hit " T =< P
T T T T T T T o § el T T 1
- // | - \ i \ + 4
= / //:\ \ ~{=e
b —pp
+ [ ~ I«
B \ / .
o (\ E
1 1 1 1 1 L0 1 L.
O (NI /MLhI SnRd) Smal
b 4 f — | T T T T |
- gt
- B '}
I I 1—e—{—o—1 t 1 uJI\H

66




OF POOR QUALITY

:

ORIGINAL PAGE IS

o
ecy| et

TN

och

o ’)‘\3
L1144

¢
ort b\}\\l\w&
bie "

ol

L4

\\ﬂ.\i wr - n m-«
gl /ﬂ —Cx
"3

“6L6L "uRp ¥Z ‘1 2L 3° piieA 210203 "6l 634 uy SY 02 "613
Y Ot | — HIRLETTI L
(2.) Jenivelaill WILN3I04 AMIWAINRD
e 08 i M ) AN %A ”o LT I )

(L4

(24

*6L6L "Uel 22 T ZL I® PILEA ‘NS 03 0Z WOJp ISTOD ISM A}

Suoie A|ajewjxosdde unyesadwal Lej3uajod Jua|eainba jo uol3dIs-ss04) "6l 614

ey 0OU* | — P 12 3¢ 6y vor 12
(¥.) TenLvydaNdl WIINDIOS ANDWVAINUD
™ WS I MY M IR TR ] [T}
- 18 " : e WT Joo0't
vowm A . <$00s
i .ﬂ. jo®
=T IJ\|/ s oo
! oef | o0
.:\ |I.\|\\I|||\’ nt
- ovC qoos
= Joon 3
o€ m
4 eoc
/\ (9
S VA
//I\'\Il\l/‘nn
(ﬂ. oot
Pz\n/\n/\l\\ll\/l\\ e
————— %S¢
\I\l-‘l"llll\l
‘ P P13
e \|\.\\|I\.\.\.\ [
- &( — " sa 00t
o} § -
o€ Wh O PTAT A T ganT -

*2 dnoab jo 3IseIYISOU
wy Q0o{ Inoqe ‘obajg ues s} uojIels Iyl adadxa ‘gL ‘6}4 up sy ‘81 6y

(VLZEMTUNOS2ZL FOVY

(21 *634) p pue (11 "Bi4) £ sdnoab yipm pazed0|-0d A|wwixoudde si uojIeys
SHYL  "pue|S] woISUyor S§ WoLILIS Ieyy 3dadxd ‘Gy “Bpj v sy L *Bid

( z.t\a.&.c B2V W10 7%

67



TewixXew 333uIS|p 4noy Jo aduedeadde Yy pue wnuixew K|J3SIM A3

0 Bujuapeouq ay3 ajoN  ‘6(s{ "uer ¥2 7 2L doj 3dadxa ‘22 ‘644 uy sy ‘gz "6y4
e w2t VOEI3AT 4O BuUV{d 01U} 2J8 SIN(FA BAJ}}SO4
slel ‘ue( 2 (335/) PA2uy Putyy PRAIITGG JO JUDUOGWD) | Paion
W 208 L 461 oM3 FIT " 7Y wy [T
ocon b P ¥ M M 40001
ot 0 ﬁlv <100k
co9 ) o+ 1o
o} LA
oorf ol+ 1°%
cos b cof
o+
ooe I
02+ ﬁ.s
o 4 oot
o€+ ocs
(3 ]
ooty °H4. °N+ o
ot
als
oo b ot+ 1ol
ow o1 Q7 3~ 0

NS¢

‘U0§333% W3 jo uoyysod

U4YIIOU YT LIA0 Buydsodouy Jaddn ay3 up e sew pups £1433503 ayy pue 0bayg ues jo

yInos $2§ (4331582 3d0)uns Ay} 0N
3A13}s0d) U0JIDIS-$$04D I 0 |WJOU JUIUOIWOD PUA Y SO SYIRIOS]

Lol “ver 2

I 08 1M M

*(*3as/m) 6161 “uep 2z °7 Z1 Jo) (3bed Wy ouy
"2 6u4
(08/0) posds puin PoasItY ;0 J8Ivedu) (Puiey

[ din YA v N

Lad b 3 T~ 0 T T Laddl
-L Oé {en
oo {ecn
onl k Ko
L . d 4 aot
LT3 qoer
“T 1" & o
oetl 1% R Ll
3
< e |
. ©
s b Laad
- 02
28
2
o
2.4
corp Jom (A “
(%4

“1Z ‘633 up eyl woay 02 614 up wyep ayy bupideaigns

Aq pauie1qo ‘9unjedaduldy |epjuajod Juajeajnba up abueyd Jnoy-gy 2 ‘644

G WY QUL | e

SLGL VOL 2T 221 SV gLel vt §2 220
(%) JWiVNIaIL WIINILOE ENIWALAOD NI 240D ¢-8Y

W XS 18 -) IR TR T [T 0 N
ceot v A =X ¢ T "ot
wif 0 \MV Q a?. el
Y243 ( M tiedq
ool ﬁ “ 0 Wl
09} T‘ e09
Q
o5 t ) {oes
ok wh R
oct @ s
ooy | Q- a1
)
ot -,
ot} 0 oot
0
a ©




ORIGINAL PAGE IS

OF POOR QUALITY

Paper presented at

15th Technical Conference on Hurricares

and Tropical Meteorology, American Meteorolio-
gical Society, Miami, FL, 9-13 Jan. 1984

See pp. 249-255 of Postprint Volume

TRANSIENT TROPICAL DISTURBANCES WITHIN THE PACIFIC HADLEY CELL

James P. McGuirk and Aylmer H. Thompson
Texas A&M University
College Station, Texas 77843-3146

1. INTRODUCTION

The Hadley cell is a statistical compo-
site, averaged over time and longitude. It is
the net result of many systems, covering a range
of scales from individual coavective towers to
continental~size monsoonal circulations. Often,
over the tropical oceans, an organized band of
middle and high level clouds develops in the
region of the ITCZ and extends eastwards and pole-
wards for several thousand kilometers into the
subtropics. Over the Pacific Ocean the cloud
band often sweeps northeastwards across northern
Mexico and the southern tier of states. In its
fully-developed stage, it is usually associated
with the subtropical jetstream and seams to be
related to cyclogenesis, particularly east of the
Rocky Mountains. We have termed the cloud band a
moisture burst, documented its occurrence over
three cold seasons, and made use of the detailed
data available during the January 1979 FGGE
Special Observing Period to investigate the
development of two individual moisture burscs.

An example of the progression of the
leading edge of the cloud band of a typical burst
appears as Fig. 1. This burst originated along
the ITCZ at about 4N and about 155°W betweea 00
and 15 Z 21 January 1979. The burst occurred
during the first FGGE Special Observing Period
and constitutes our first case study. The ex-
plosive development of this burst is clear in the
comparison of the cloud borders on 00 Z 21 and 22
January.

The cloud bands we refer to as moisture
bursts have been observed by others—Morel et.

Fig. 1.

Schematic depiction of the time evolution
of the high cloud boundary of a moisture burst oo-

curring between 21 and 25 January 1979. Flagged
numbers give the date of the aseociated cloud

leading edge.

‘ances; supplementary rawi

al. (1978), Davis (1981), and Thepenier and
Cruette (1981)--but & description of their origin,
structure, and relation to other circulation fea-
turag has not been developed. Thepenier and
Cruette have documented bursts' mid-latitude con-
nections, showing that they are often associated
with deep mid-latitude troughs which extend well
into the subtropics, and that the cloud band is
eventually collocated with the subtropical jet
axis. Although they show that the cloud bands
often become associated with mid-latitude cyclones,
they do not examine the bursts in the origin
region over the tropical oceauns.

Riehl (1981) and Cressman (1981) de-
scribe some of the problems with explaining the
source of kinetic energy in the origin regions of
the subtropical jet. If bursts are associated
vith jet formation, then it seems essential to
understand the triggering mechanisms and develop-~
went of bursts. Clouds in the region of burst
origins sometimes move into the cloud band from
the southern hemisphere; often the clouds exhibit
jet wind speeds in a nearly meridional directiom
in the vicinity of the ITCZ. Neither of thegse ob-
servatiouns is consistent with our understanding of
the aubtropical circulation. The Hadley cell may
be, in part, the composite of a large number of
bursts. We may be forced to re-evaluate our
thinking of this cell as the wmean result of a num-
ber of synoptic systemas, occurring nearly randomly,
at least on seasonal time scales, along the ITCZ;
the current view of the mid-latitude indirect cell
has already undergone this re-evaluation.

2. DATA

The FGGE Special Observing Period pro-
vides us with a unique tropical data set with
vhich to analyze eastern Pacific moisgture bursts.
Using these data, we examine two bursts, commenc-
ing on 21 and 25 January 1979. The data include
satellite-derived winds, temperatures and radi-
es, dropsondes, and
pibals; and an expansion of the operationally-
available aircraft, surface and ship reports. In
addicion to the FGGE set, we examined two six-month
sets of GOES infrared imagery and one six-month
set of infrared mosaics from NOAA-7. The GOES
imagery was used to produce a "climatology" of
burst occurrence and the NOAA-7 imagery was used to
examine bursts in the context of El Nino. Some
properties of these data sets in the context of
moigture bursts are described by McGuirk et al.
(1984). -

3. MEAN BURST BEHAVIOR

An objective definition of a moisture
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burst was developed so that quantitative informa-
tion could be extracted from the GOES imagery.

It is based solely on geometric properties to
maintain objectivity and to avoid anticipating
physical mechanisms or synoptic associations.

The definition is summarized in Table I.

Table I
Moisture burst definition.

DEFINITION:

1) A continuous band of upper and middle
level clouds;

2) At least 2000 km in length;

3) A cloud source equatorward of 15°N;

4) A cloudband extending poleward of 15°N.

BEGINNING:

Time and date of the first evidence of
poleward progression of cloud cover.

ENDING:
Time and date of any of the following:

1) Cessation of convection equatorward of
15°N;

2) A break in cloud cover equatorward of
15°N; ’

3) A recession of the cloud band equator-
ward of 15°N.

Based on this definition, 128 moisture bursts
were documented during the two six-month cold sea-
gons of 1977-78 and 1981-82 between 160°E and 90°W,
The mean distribution of the origin of these bursts
as a function of month and longitude is summarized
in Fig. 2. The frequency of occurrence is approxi-
mately constant west of 120°W and decreases abruptly
east of this longitude. Nearly eleven bursts occur
in an average month with a minimum in midwinter.
Additional important characteristics of the burst
are as follows: The average duration is 2.5 days
with 20Z of the bursts lasting 4 days or longer.
Somewhere in the Pacific domain, at least one burst
is active about 757 of the time. Approximately one
third of the bursts are related to mid-latitude
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Fig. 2. Distribution of the occurrence of

moisture bursts as a function of longitude of
origin and month. Numbere in the tabulation
give twelve-month totals; curves give cold
season or monthly average.
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frontal activity, as perceived from GOES imagery;
this relation occurs as either a causative mech-
anism, as a front moves southward into the deep
tropics, or can occur as a wave development on a
cloud band sometime after its inception. It is
likely that most of the cloud bands, not initially
related to fronts and the associated jet streams,
become associated with mid-latitude synoptic acti-
vity after their source region becomes inactive.
This occurrance is in accordance with the observa-
tions of Thepenier and Cruette (1981). A check of
15 consecutive bursts in January 1979 showed that
eleven were accompanied by a mid-latitude trough
extending into tropical latitudes (as observed
from European Center 200 mwb analysis). In four of
the five remaining, a weak trough could be infer-
red from cloud patterns in GOES imagery.
.Thepenier and Cruette's observation trat troughs
are associated with fully-developed moisture
bursts can be extended backward in time to include
the period of burst initiation.

4. BURSTS AND EL NINO

The 1982-83 El Nino event was a period
in which the tropical circulation was disturbed to
an extent unequaled during the modern data-gather-
ing era (Quiroz, [1983]). Examination of the
moisture bursts during this cold season allows
additional comment on the tropical circulation
typical of El Nifo, and also raises intriguing
questions regarding moisture-burst association
with the Hadley circulation.

A distribution of moisture bursts over
the time span November 1982 to April 1983 was pre-
pared similarly to the procedure above. Due to
the premature failure of GOES, it was necessary to
use mosaics prepared from the polar-orbiting NOAA-
7.. The photo reproductions were of slightly lower
quality than our GOES archive and were available
at only 12-hour intervals instead of 6. Neverthe-
less, reliable information was obtained. A sum-
mary of burst activity during the El Nifio cold
season appears in Fig. 3, which has the same for-
mat as Fig. 2. The difference in behavior from
"climatology" is immediately apparent. Fewer
bursts occurred in 1982-83, particularly in March
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Fig. 3. A4s in Fig. 2, except for the 1982-83 El
Nifio year. Dashed linee from Fig. 2 are for
reference. Shaded area emphasizes the mid-

Pacific quiescent regionm.
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and April; only six bursts occurred per month, on
average, compared with a "normal" eleven. Few
bursts occurred west of 140°W, with a large number
of bursts occurring in the normally quiescent re-
gion east of 110°W. Most of the winter bursts
occurred almost continuously in the narrow longi-
ture band between 135°and 105°W. After the break
of E1 Nino in late December, burst activity disap-
peared from the central Pacific for several months;
see the shaded region of Fig. 3. Because 1982-83
bursts last about as long as climatologically ex-
pected, their infrequency results in extended
periods of time during which no burst is active
anywhere in the Pacific domain: 59% of the time
quiescent compared to only 25X in the "climatology.”
We thus observe a curious feature of the
1982-83 winter Hadley circulation. Associated with
the E1 Nino, anomalously warm surface waters spread
eastward from ithe dateline, with temperatures ex-
ceeding 29°C. With this warm water, the ITCZ con-
vective activity becawe tremendously strengthened,
between 150°E and 100°W. OQutgoing Longwave Radia-
tion (OLR) anomalies, a gaod measure of ITCZ con-
vection, exceeded -80°W/m“, with mean values more
typifying the Indian summer monsoon. The OLR
fields also show a broad maximum centered at about
20°N, indicative of enhanced cloud-free subsidence
all the way across the Pacific. The high and low
OLR anomalies are both consistent with enhanced
Hadley circulation. See the data collection by
Arkin et al. (1983) for further details. In spite
of the anomalously active ITCZ, burst activity de-
creased considerably and adjusted its spacial dis-
tribution to fit the warm SST anomalies. In gen-
eral, the burst activity was centered more closely
at the region of maximum SST anomaly and not at
the region of maximum SST.

Apparently, increasing the strength of
the ITCZ is not sufficient to guarantee the en-
hancement of moisture burst activity. Secondly,
it is possible to increase the apparent strength
of the Hadley cell without increasing that compo-
nent of it which is controlled by burst activity.
Finally, the increase in strength of North American
West Coast storm activity and its accociation with
moisture burst activity during the E1 Nifio year was
not related to the frequency of bursts although it
was relatcd to their origin region and intensity of
individual systems.* It seems clear that something
more than merely a warm ocean and a weakened Walker
circulation is required in the vicinity of the ITCZ
‘to generate a moisture burst.

5. A MOISTURE BURST CASE STUDY

In an effort to understand the triggering
of moisture bursts and the coupling of the tropics
and mid-latitudes by means of moisture bursts, we
have begun a case study of a pair of bursts occur-
ring in January 1979. See Fig. 1 for the leading
edge cloud boundary of the first event. This burst
developed explosively along the ITCZ, spreading a
band of clouds northeastwards for over 4500 km in
less than 12 hours. Some of this development must
have occurred simultaneously along the burst axis.

* A, V. Douglas and P, Englehart, 1983: Factors
leading to the heavy precipitation regimes of
1982-83 in the United States and Mexico, presen-
ted at the 8th Climate Diagnostics Workshop,
Toronto, October 17-21.

The clouds then were advected northeastwards from
the 22nd to the 25th by which time the leading
edge had passed Louisiana. Eastwards of 120°W it
was associated with the sub-tropical jet.

What follows is an enumeration of the
findings based on analysis of the FGGE data. An
attempt to integrate these observations into a
complete explanation is premature at this time.
5.1,

West Coast Structure

Sufficient rawinsonde stations exist
along the west coast of North America to allow ex-
amination of the cross-sectional structure of the

- developed moisture burst as the leading edge of
the cloud band crossed land (see Fig. 1). Figs.
4(a) and 4(b) depict cross sections of equivalent
potential temperature (ee) 48 hours apart, bracket-
ing the motion of clouds through the section.
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Fig. 4(a). Cross-section of equivalent potential
temperature, approzimately along the west coast of
Nor?h America from 20°N (to the right) to 45°N,
valid at 12 Z, 22 January 1979. Isotherms in °K.
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The arithmetic difference between (a)

Fig. 4(c).

and (b), in °C. Positive values denote warming.

Fig. 4(c) shows Fig. 4(b) minus Fig. 4(a).
following points bear emphasis:

The

a) The increasing horizontal gradient
of 6 due to both temperature and humidity changes,
but Gue primarily to moistening south of LaPaz;

b) Destabilization of the lower- and
mid-troposphere south of Mazatlan;

¢) The upper tropospheric warming north
of Empalme due to the continuous lowering of the
tropopause;

d) The strong mid-tropospheric cooling
north of San Diego (MYF in Fig. 4) of over 10°C,
centered at 500 mb;

e) The associated weakening and south-
ward spreading of the jet maximum from 70 m/sec on
the 22nd to 50 m/sec on the 24th at 200 mb (figure
not shown).

A further examination of the changes in
vertical structure is shown in Fig. 5, a time sec-
tion at Empalme. The heavy lines delineate stable
layers and inversions derived from temperature data
(isotherms are not shown), and the light lines are
isopleths of dew point depression. In this figure
appears:

a) Moist convection with a top at 600
wb on the 22nd, at the same time the leading edge
of the moisture burst between 400 and 300 mb passed
Empalme;

b) A moistening of the entire tropo-
sphere on the 24th, just before the burst passed
out of the Empalme region;

c) Strong evidence of moist convection
at least as high as 400 mb at Empalme on the 24th;

d) Sporadic stable layers above the
trade wind inversion throughout the duration of
the first moisture burst;

e) No evidence of large-scale fronto-
genesis at Empalme although the lapse rate becomes
somewhat more stable below 500 mb;

f) The likely passage of a surface front
at about 00 Z on the 25th, just ahead of the second
moisture burst aloft (although the front is suppor-
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Fig. 5. Time section of dewpoint depression at
Empalme, over which both burste passed. Light
lines give § and 30°C depreesions. Shading de-
notes depressions lass than 5°C. Heavy lines
denote stable layers, inversions, and tropopause,
as depicted by the temperature field (not shoum).

ted by the thermal field at midlevels, no evidence
is found in the continuously dry air between 700
and 500 mb);

g) An unusual moist region below the
500 mb inversion on the 27th.

The time section in Fig. 5 suggests that
the two fully-developed moisture bursts appear to
be very different entities as they enter Ncrth
America. The first burst shows little fromtal
character, in spite of the increase in horizontal
gradients shown in Fig. 4. The second burst seems
to be strongly associated with a moving cold front
and seems to have no signal below 550 mb except a
slight cooling of the atmosphere expected with the
frontal passage.

5.2 Subtropical Pacific Structure

These bursts can be examined over the
subtropical Pacific with the aid of satellite-
derived soundings (TOVS) from the FGGE data ar-
chive. A time series of soundings (with time in-
creasing to the right) centered at 25°N and 121°W
appears in Fig. 6; this location is on the north-
western edge of the first burst and directly under
the second. Also shown in Fig. 6 is a similar time
series of rawinsonde data at San Diego, 900 km to
the northeast. Both of these time sections are
plotted in terms of departures from the section
mean. Available moisture data are not discussed.

Though more numerous than radiosondes,
the satellite soundings are not as detailed; in
addition, in the presence of clouds, different re-
trieval procedures are employed and these sound-
ings are bilased differently than clear sky retrie-
vals. A collocation study of radiosonde and satel-
lite soundings over the Pacific during this period
show that the clear-sky TOVS are sytematically cold
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Fig. 6(a). Time section of aatellite-deriqed
temperature (with time increasing to the right)
located approximately at 25 N and 121 W. The

isotherms are departures from the section meas
at each pressure level in C.

(8) P—

Fig. 6(b). A4s in (a), except the data are from
ravinsondes at San Diego.

and dry and the cloud contaminated TOVS are
systematically warm. See McGuirk et al. (1984).
These blases are different than indicated in pre-
vious reports; see Schlatter (1981), for example.

Satellite time section reveals the
following points:

a) The satellite shows large temperature
changes as the bursts pass, but the changes are of
uniform sign throughout the troposphere;

b) Cooling is observed before the burst
erupts and then warming occurs as the cloud band
passes on the 21lst and again on the 26th;

¢) For both bursts, the cooling occurs
with a maximum at the surface.

The rawinsonde section for San Diego
shows the following:

d) Temperature changes are similar in
the upper troposphere, except they are much larger
than the satellite-observed values;

d) In the lower troposphere, temperature
changes occur with signs opposite to those of the
upper troposphere.

It is uncertain whether the burst be-
havior is different over the ocean and over San
Diego. The burst is not completely an advective
effect; the first burst erupted as a band of clouds
extending from nearly 160°W along the ITCZ at 3°N
between 00 and 15 Z on the 2lst. For clouds to

have moved from the origin to the coast of Baja
California, they would have had to average 80
m/sec, even in the vicinity of the equator; there
is no evidence of these speeds. The clouds more-
likely appeared nearly simultaneously along a long
gtretch of the moisture axis. Thus, continuity of
structure between the TOVS location and San Diego
is not essential. Secondly, only one of the TOVS
retrievals was not cloud contaminated, and a four-
day gap appeared in the TOVS time section during
the period of the first burst.* Finally, careful
analysis 1is being initiated to determine the
ability of satellite to properly represent atmos-—
pheric structure in this normally data-sparse area
of the tropical Pacific.

5.3 Equatorial Structure

Moisture bursts' variation with the El
Nino event calls to question what kind of feature
can trigger the bursts. Although a definitive
answer is not yet available, certain observations
are apparent. As previously mentioned, bursts are
normally associated with troughs extending south-
ward out of the northern mid-latitudes; however,
bursts are not often triggered by obvious frontal
interactions.

200 mb wind fields prepared by the
European Center indicate a weak trough, centered
at about 165°W extending as far southward as 12°N
on the 20th. The trough intensified and extended
southward, so that by 00 Z on the 22nd, when the
burst had already appeared, the trough could be
seen at 8°S., The burst occurred in the region of
the southwesterly jet associated with this trough.
At the same time this trough amplified, a southern
hemispheric disturbance at 145°W intensified, so
that by 00 Z on the 22nd, stromng southerlies exis-
ted from 30°S, streaming across the equator between
130 and 150°W. On the equator itself, a southerly
jet of 25 m/sec was observed. If this wind maximum
is associated with the subtropical jetstream, it
does not fit the customary model. Huang and
Vincent (1983) show that these cross-equatorial
southerlies were a persistent feature for at least
ten days before the bursat.

Anomalous flows also occurred in the low-
er atmosphere. Figs. 7(a) and 7(b) show the
satellite-derived cloud-tracked winds before and
during the first burst. Cloud boundaries encircle
clouds above 770 mb and thick arrows indicate ad-
ditional rawinsonde and pibal data. The north-
easterly tradewinds north of the equator are close
to climatology. The easterlies on the equator be-
tween 210 and 235°E are also climatologically ex-
pected; however, the enhanced cloudiness in this
region 18 associated with a westward moving wave
centered on the equator and moving only a few
meters per second. The unusual feature of both
wind fields is the equatorial westerlies between
the dateline and 210°E. These westerlies cannot be
observed in the satellite data of the 20th because
of the presence of shielding middle and high cloudi-
ness. On the 24th, westerlies extended at least as
far as 5°N and 207°E. These westerlies can be ex-
prlained by two features. First, if the South

* The FGGE satellite archive available through
NCAR is an abridged set, and this type of gap will
be eliminated using the full FGGE set available
through the World Data Center.
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Fig. 7(b).

As in (a), except for 24 January 1979.

Pacific Convergence Zone (SPCZ) extended some 40°
farther east than its climatologically-expected
eastern margin, vesterlies would result (Atkinson
and Sadler, [1970]). Unfortunately, Huang and
Vincent's (1983) analysis shows no evidence of
these westerlies, even though they show that the
SPCZ was displaced far east of its normal position.
Second, a wave centered at about 10°S was observed
to move eastward at about 15 m/sec; the middle and
high clouds are associated with this wave.
these low-level waves are easily identified on NMC
low-level satellite-wind analyses.

As these two low level waves approached
each other, an interesting feature occurred.
they were well-geparated, the clouds associated
with them remained in the vicinity of the ITCZ.

The moisture burst erupted explosively when the two

waves approached and became indistinguishable from
each other,

It is not clear what role these two dis-
turbances played in the triggering of the moisture
burst. On the other hand, the disturbanceg and
the change of burst frequency during El Nino tndi-
cate that certain kinds of disturbances along the
ITCZ are necessary for moisture bursts. Without
them, the Hadley cell can be very active, but
bursts and the concomitant coupling between the
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Both of

While

tropics and the midlatitudes will not be observed.
6. CONCLUSIONS

Moisture bursts exist and constitute a
typical behavior along the ITCZ. The bursats are
synoptic in both length scale and duration. They
occur anywhere along the Pacific ITCZ but general
circulation anomalies--El Nino--can modify their
occurrence immensely.

Satellite and FGGE special data can be
used to investigate individual bursts, but the
data quality and frequency is still far short of
optimum. The two bursts studied are both related
to, and different from, frontogenmesis. The larg-
est changes downstream of the origin region on the
ITCZ include upper tropospheric warming, southward
expansion of the subtropical jet, and moistening
and destabilization of the troposphere south of
the jet core. )

In the origin region, the triggering of
the observed bursts are related to upper level
troughs from the northern mid-latitudes, strong
cross-equatorial flow at 200 wb from the southern
subtropics, and both eastward and westward moving
disturbances in the lower troposphere. Anomalous
lower tropospheric equatorial westerlies occurred
directly east of the point of origin and extended
underneath the cloud band as it extended north-
eastwards from the ITCZ.
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SATELLITE-DERIVED SYNOPTIC CLIMATOLOGY IN DATA-SPARSE REGIONS

J. P. McGuirk, L. L. Anderson, Jr. and A. H. Thompson
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ABSTRACT

Synoptic-scale "moisture bursts" are defined, based on infrared GOES imagery, and their syn-
optic climatology is developed. Quantitative analysis of satellite-derived individual chan-
nel radiance data and vertical eigenfunctions of complete channel data yield rich structural
detail; these details do not appear in FGGE analyses in regions void of conventional meteo-
rological data.

INTRODUCTION

Tropical circulation has been characterized as steady, sluggish, and dominated by convective-
scale events. Modern evolution of satellite observing systems has demonstrated the richness
and frequency of larger-scale circulation systems. Sophisticated analysis procedures have
contributed to the interpretation of diverse data sets, and have even made extrapolation into
data-sparse regions possible. These satellite-observed weather systems can be classified in
a synoptic climatology sense, and their mean structures deduced.

One stumbling block in the analysis and classification is the proper interpretation of the
various forms of satellite data. Satellite imagery generally is used only to delimit cloudy
and moist areas. Both temperature reconstruction /1/ and wind computations /2/ possess
serious biases dependent on the synoptic behavior they try to quantify. Temperature and
moisture reconstructions in the vertical are smoothed both by the satellite measurement
capability and by the statistical retrieval techniques invoked. In data-sparse regions in
the tropics, four-dimensional analysis schemes introduce large, and uncertain, errors /2,3/.
We present an example of a type of tropical synoptic system, outline how its climatology is
established from satellite imagery and introduce two quantitative satellite-analysis proce-
dures to summarize the system's thermodynamic structure.

QUALITATIVE METHODS

Often bands of middle and high cloud move
out of the ITCZ, extending thousands of
kilometers northeastward into the midlati-
tudes /4,5/. These synoptic-scale systems,
when fully developed, are typically linked
with the subtropic jetstream. An example
of the event, called a "moisture burst",

appears in Fig. 1. 1Its behavior can be Fig. 1. Schematic depiction of the time evolu-
rigorously documented through satellite tion of the high-cloud leading-edge of a mois-
infrared imagery by a judicious definition ture burst occurring between 21 and 25 January
of its typical appearance. The key 1979. Numbers give the date.
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elements of the burst definition, applied to infrared GOES West imagery, are: (1) continu-
ous high- or mid-level cloud band (detected from images of false-color brightness tempera-
tures), (2) at least 2000 km in length, (3) source equatorward of 15°N, and, finally (4)
extends poleward of 15°N. It begins when a cloud mass .is first detected in the burst's
source region and terminated when one of the four criteria above is violated. This defini-
tion can be extended by including other qualitative satellite products, though these proce-
dures are not discussed herein.

Based on this definition, 124 moisture bursts over the central and eastern tropical Pacific
Ocean were documented during the 1977-78 and 1981-82 cold seasons. The synoptic climatology
of these events, Fig. 2, summarizes their frequency and distribution with longitude and time
of year. About ten bursts per month occur with a relative minimum frequency in mid-winter.
They appear uniformly across the Pacific from 150°E (the western limit of the GOES field of
view) to 120°W; their frequency decreases sharply eastward of 120°W. Their mean duration is
2.5 days with about 25% of them lasting 4 days or longer. With more years of data, the
variation of this synoptic event can be linked to varlatlons in planetary-scale forcing; for

example, preliminary work indicates a marked decrease in sture burst frequency during El
Nlno- T T T T T T T Y T T T
16} 1 16F
12} 1 12f .
81 4 8} .
4} . 4tk .
1 L L L X L L 1 Il 1

0
160°E  180° 160°W  140Q° 120° 100° 0 Nov Jan Mar

Fig. 2. Frequency of moisture bursts. The average number of bursts per six-month
cold season occurring per 10° longitudinal sector (left); the average number of
bursts occurring between 160°E and 100°W per month (right).

Fig. 3 summarizes the vertical moisture and stability distribution, as depicted by radiosonde
data, of a pair of bursts as they cross the west coast of North America. Of particular
interest is the high variability in the vertical distributions. The burst is apparently much
more than a passive tracer marking the subtropical jet axis. In fact, as indicated in the
time section, the two bursts have very different structures: the first, moist throughout the
troposphere and accompanying frontogenesis; the second, essentially dry below 400 mb and
above the boundary layer.

L

Fig. 3. .Time section of moisture and stability at Empalme, Mexico during January 1979,
as two bursts passed over the radiosonde station. Thin lines represent the 5 and 30°C
dew point depressions, with the shading giving nearly saturated regions. Heavy lines
give temperature inversionms.
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QUANTITATIVE METHODS

To minimize the aforementioned vertical smoothing of satellite radiance data, we propose to
examine the horizontal structure of satellite radiances (reduced to equivalent brightness
temperatures) before these data are processed into vertically-reconstructed soundings /6/.
Two products have been prepared.

The first, Fig. 4 is the horizontal distribution of brightness temperatures of an individ-
ual spectral channel from TIR0OS-N. The channel is a microwave one with peak energy contri-
bution from near the surface, decreasing to 50% at about 700 mb. The heavy arrow represents
the moisture burst axis. The strong gradient in signal in the northeast corner is spurious
and due to the emissivity differences between ocean and land surfaces. The three warm cores
along the axis infer warm regions close to the surfacg and an absence of deep cloud layers.

A second channel, not shown, suggests that the warm cores appear under a cold trough extend-
ing southward across the equator at 700 mb. The reason for, and meaning of, these warm cores
is unclear, but they do not appear in the FGGE gridded analyses. Thus, Fig. 3 exhibits a
richness of structure which does not appear in current analysis products.

170° 160° 150° 140° V7 130° 120
-52.4 * ’
,_200 . -5 A
‘jv

10° -13 7

S 111

Fig. 4. Distribution of near-surface microwave channel brightness temperatures for 23
January 1979. Isopleth interval is 5°C. Heavy arrow and circle gives moisture burst
axis and origin. See text for interpretation.

\

C41.0D

The second satellite product is a statistical assimilation of a large collection of satel-
lite channel data, again emphasizing horizontal variability. The TIROS-N sounding data
are decomposed into vertical eigenfunctions (in a process similar to that used in sounding
reconstruction). The horizontal distributions of the amplitudes of these vertical eigen-
functions are then analyzed. Fig. 5 depicts a typical eigenfunction which, although it
explains only 1.8% of the total field variance for this time period, clearly represents a
portion of the moisture burst signal. This eigenfunction is essentially a tropopause and
surface~layer thermal and boundary-layer moisture signal. Fig. 5 indicates a strong grad-
ient across the burst axis, warm tropopause, and warm, dry boundary layer to the south of
the burst axis. A strong positive center southwest of the burst origin is related to an
easterly wave which appears in low-level streamlines analyses (not shown).

Two important additions to the eigenfunction and the channel-radiance analyses are being

developed. The satellite data base is plagued by occasional missing passes; further, no

tropospheric infrared information is available in overcast regions. We have used various
regression procedures to estimate TIROS channel data from NOAA 5 data, and from available
TIRCS microwave data in cloudy regions. Tests with this procedure reproduce 40 to 90% of
the variance of most TIROS-N channels. The only deficiency of the procedure is that the

moisture channels above 900 mb seem to be poorly reproduced.
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Fig. 5. Horizontal distribution of amplitudes of an eigenfumnction cf TIROS-N channel
radiance data for 23 January 1979. Positive values represent warm, dry boundary layer
and warm tropopause, approximately. Heavy arrow represents burst axis and the circle
the burst origin region.

SUMMARY

We have described one qualitative and two quantitative techniques for applying satellite
data to the development of synoptic climatologies in data-sparse regions. For the example
of synoptic-scale bursts, it is seen that simply-applied geometric definitions can effect-
ively characterize certain synoptic systems. The quantitative procedures utilize the
excellent horizontal and temporal resolution of satellites, while minimizing their relative-
ly poor vertical resolution.
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1. INTRODUCTION

Recent interest in the Southern Oscil-
lation, the Walker circulation, and El Nifio has
led to increased demand for reliable analyses of
the structure of the atmosphere of the eastern
portion of the tropical and subtropical Pacific
Ocean. Our own interest in these analyses is
related to the phenomena listed above, but also is
because of concern with plumes, or bursts, of
middle and high clouds which originate in or near
the intertropical convergence zone (ITCZ) of the
eastern Pacific Ocean. These bursts move north-
eastward into middle latitudes, as either a jet-
stream or merging there with the jet stream; they
are often associated with cyclogenesis and pre-
cipitation events over the southern tier of states.
We require analyses of the area mentioned above
to examine the origin and subsequent behavior of
the moisture plumes or ''moisture bursts" as we
have chosen to call them. The most satisfactory
procedure in attaining analyses for such data-
poor regions as the eastern Pacific is to combine
conventional meteorological data with data re-
trieved from satellite radiance measurements.
This paper presents some of the results of com-
paring and combining information from the two
sources (satellite and conventional) in deter-
mining the atmospheric structure associated with
a portion of the life cycle of an eastern Pacific
moisture burst.

The cloud bands we refer tc as moisture
bursts have been observed by others, for example,
Morel et al. (1978), Davis (1981), and Thepenier
and Cruette (1981). McGuirk and Thompson (1984)
describe the bursts in some detail and suggest
that they may be related to the behavior of the
Hadley circulation, Figure 1 shows a schematic
depiction of the moisture burst of the period de-
scribed in the paper. Thepenier and Cruette
suggest that 1if the bursts are associated with
(subtropical) jet formation and/or with subsequent
cyclogenesis and precipitation events, then it
seems essential to understand more of the trig-
gering and development processes. McGuirk and
Thoupson also note that clouds in the vicinity
of the burst genesis region sometimes move into
the region from the southern hemisphere. Further,
the clouds sometimes exhibit winds with the meri-
dional component exhibiting “jet stream” speeds
near, or south of, the ITCZ. Neither observatiom
is consistent with conventional understanding of
the subtropical circulation or of the Hadley cell.
Such concepts require further evaluation.

Fig. 1.
of the high cloud boundary of a moisture burct

Schematic depiction of the time evolution

occurring between 21 and 25 January 1979. Flagged
numbers give the date of the associated cloud
leading edge. (From McGuirk and Thompsor, 1984.)

2. DATA AND ANALYSES

The current investigation uses data
from the First GARP Global Experiment (FGGE)
Special Observing Period (SOP). The tropical east-
ern Pacific Ocean is characteristically a data-
sparse region. The supplementary radiosondes,
dropsondes and pibals, together with an expansion
of the operationally available aircraft, surface
and ship reports aid in making the FGGE SOP more
amenable to study. Even these special data,
however, leave the coverage far from ideal,

The satellite coverage also was in-
creased during the SOP., Enhanced coverage of
satellite-derived winds and temperatures and rad-
iance data for several wavelength channels were
available for melding with the conventional data.

. Data from two satellite systems were
used. These systems were the Geostationary
Operational Environmental Satellite (GOES) system
(especially GOES-West) and the sun-synchronous
TIROS~N satellite., Data from the NOAA-5 system,
in polar orbit, have been prepared but are not
included in this paper. Infrared radiances mapped
out as pictures of the cloud cover were obtained
from the GOES system. Information from the TIROS-
N Operational Vertical Sounder (TOVS) was also
used. The TOVS was described by Smith et al.,
(1979). We are using mapped data from several of
the individual channels of TOVS radiance measure-
ments, and also retrieved atmospheric temperature
soundings. In this paper we have used information
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from only four of the channels. The channels
used include Channels 10 and 12 of the High reso-
lution Infrared Radiation Sounder (HIRS-2) aand
Channels 1 and 2 of the Microwave Sounding Unit
(MS11), For convenience, we have chosen in our
dlaprams to refer to the two MSU channels as

Ch. 21 and Ch. 22, respectively.

Another form of information retrieved
from the gsatellite data is the wind obtained by
tracking identifiable portions of the cloud
patterns, or the "cloud-tracked winds". The upper
cloud-tracked winds are based on cloud elements
estimated to be at or above the 30 kPa pressure
level., The lower cloud-tracked winds are presumed
to represent flow below the 70 kPa pressure level.
These data are available from the FGGE Level II
archive, We have superimposed the upper-level
cloud-tracked winds on the brightness temperature
analysis of the Ch, 12 data, while the lower-level
winds are on the corresponding chart of the Ch.

10 information.

Extensive use was made of the Level IIb
and Level IIIb data as prepared by the European
Center for Medium Range Weather Forecasts (ECMWF).
Gridded data from the ECMWF set were extracted
for an area bounded by latitudes 20°S and 30°N
and bv lengitudes 180° and 90°W on a 3.75° x 3.75°
lat/lon grid. Analyses of the satellite-derived
data cover the same area when possible, and are
our own objective analysis based on the Level
IIb data.

The period examined in detail extended
frem 21 January 1979 to 28 January 1979. The
examples presented in this paper were selected
from mappings for the 24th and 25th.

3. STYNOPTIC PATTERNS DETECTED BY TOVS
MICROWAVE AND WATER VAPOR CHANNELS

The four TOVS channels are selecred to
depict svnoptic scale systems over the Pacific
Ocean, The two microwave channels discussed
herein represent, approximately, brightness tem=-
peratures in the vicinity of 70 kPa (Ch. 22) and
the surface (Ch. 21). The infrared channels
measure, approximatelv, moisture (expressed as
brightness temperature) at the 30 kPa (Ch, 12)
and 90 kPa (Ch. 10) levels. Additionally, 20 kPa
temperature and 85 kPa geopotential height and
relative humidity fields from the ECMWF Level
IZIb analvses are used. Comparisons are made
between the synoptic patterms for 00 GMT on 24
January and those for 00 GMT on 25 January.

The microwave cnannels are used because
of their abillity to probe through clouds where
{R channel data are not available. The water
vapor channels are used to delineate moisture~
rich areas and also to track wind maxima {Martin
and Salomounson, 1970, The cloud-tracked winds
ar2 unreliable in the presence of an overcast
cloud cover,

3.1 cagse !: 00 MT on 24 January 1979

i.1la Upper Troposphere (70 kPa and above)

There are two upper tropospherie
microwave channels avallaole from the TOVS MSU,

The uppermost channel has a peak energy contribu-
tion from near the 30 kPa level. The features in
this channel are not shown because they are very
broad and lack detail. The MSU Channel 2, [here
referred to as TOVS Channel 22] is discussed
ingtead. North of 20°N (see Fig. 2) the tempera-
ture field is predominantly zonal with small-ampli-
tude short waves embedded. The striking feature is
the deep cold axis near 145°W extending from 20°N
to a position south of the equator. In addition,
there is a southern hemisphere cold axis near

140°W which also extends across the equator Into
the northern hemisphere. These two cold axes

could be interpreted readily as a single cold axis
extending across the equator between 140°W and
150°W. The eastern and western equatorial regions
are dominated by broad zonally-oriented warmer
regions.

The HIRS Water Vapor Channel 12 (50 kPa)
and the cloud-tracked winds above 30 kFa are
illustrated in Fig. 3. As can be seen, there is
good synoptic-scale detail in the satellite-derived
pattern, with extensive troughs and ridges. There
also appear to be large embedded mesoscale (500~
1,000 km) features.

A wvarm (or dry) axis extends from 10°N,
170°W to 25°N, 140°W to 25°N, 120°W, where the data
become sparse; it appears again at 30°N, 95°W,
According to Martin and Salomonson (1970), certain
water vapor channel radiances have a strong rela-
tionship to the southwesterly subtropical jet
stream (STJ) maxima over the United States. The
suggestion is that the STJ parallels the high
(dry) temperature axis which extends deep into the
tropics. Other high temperature axes exist in
the eastern Pacific Ocean, and also one is centered
at 10°S, 135°W to 2°N, 142 °W. The cloud-tracked
winds, denoted in the figures by arrows, appear to
lie in the areas of tight gradient except at 15°N
between 125°W and 105°W, where they are transverse
to the low temperature (wet) axis.

Low temperature axes in this channel
should delineate moisture-rich areas. Since
this is an IR channel peaking at approximately
50 kPa, it is not a mapping of cloud tops, but
primarily of water vapor. An extensive cold (wet)
axis {Fig. 3) extends from 5°S, 165°W to the equa-
tor at 150°W where it splits into northern and
southern branches. The northern branch runs from
29N, 147°W to 20°N, 115°W while the southern branch
curves from 2°N, 147°W to 2°N, 131°W then south-
eastward. The two branches suggest a moisture
"canal” extending from the southern hemisphere
rropics into the mid-latitudes and also a branch
circulating near the equator in the southemn
hemispnere. These two features are well depicted
in the Level 1IIb relative humidity analysis
for 70 kPa (not shown).

The Level IITb 200-mb temperature anal-
vsis for 20 kPa (Fig. 4) shows an extensive cold
axis from 10°N, 145°W northeastward and a cold
core near 15°S, 140°W. By comparing Figs, 2, 3
and 4, we can see that the cloud-tracked winds
are closely assoclated with both microwave and
20} kPa1 temperature pacterns, Also, the moisture
"ranal" present in the water vapor channel lies
inst east of the microwave cold axis and generally
rarailels the cold axis at 20 kPa. The southern
hemisphere moisture "canal" i{s easily associated
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Arproz-mately 00 GMT 24 January 1979.

Fig. S. Mapping of grid-roint values of bright-
ness temperature (Celsius) of Ch. 21 (Ch. 1,
0.596 cm, of the MSU, with peak energy contribu-
tion from the surface) radiances. Approximately
00 GMT 24 January 1979,
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Fop 2900 GMT

with the microwave channel and the 20 kPa analysis

patterns,

Appropriate TOVS channels and Level IIIb
analvses in the lower troposphere are now
iilscussed.
2ib Lower Troposphere (below 70 kPa)

The lower tropospheric microwave channel
iMSU “hannel !, here referred to as TOVS Channel
211 is a "window" channel with peak energy con-
cri~ution from the surface. Figure 5 shows that
2wms:terable detail {s available in this channel,
4itl 1 major warm axis along the equator from
.3u’ .3 i55°W then northeastward to 30°N, 105°W.
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Fig. 6. Mapping of grid-point values of brigit-.
ness temperature (Celaius) of HIRS Ch. 10 (8.30
wn, a water vaper channel with peak energy con-
trikution from near 90 %Pa) radiances. The lower
eloud-track winds are superimposed (3peeds in
m/sec). Appreximately 00 GMT 24 January 1979,
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Fig. 7. Height (grm} of the 85 kPa (850 mb)
surface from the ECMWF Level IIIb analysis. The

stirpled areas have relative hmmidities at 85
kPa between 70 % and 90 %, For 00 GMT 24
January 1979.

This warm axis coincides very closely with the
upper tropospheric moisture "canal” (see Fig. 3)
and the upper microwave cold axis (Fig. 2). The
Channel 21 cold axis from 10°S, 115°W to 25°N,
135°W does not relate as well to the upper tropos-
pheric warm axis. Thus, the moisturé burst shows
its ‘signal throughout the depth of the troposphere.

TOVS Channel 10 is a water vapor channel,
peaking at 90 kPa., As with the upper tropospheric
water vapor channel, cold axes should delineate
moisture-rich areas ("canals"). The lower
tropoapheric cold (wet) axes (Fig. 6) reflect the
upper tropospheric patterns (Fig. 3) but with
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sannary 1979,

much less detail. There are broad warm (dry)
areas in the eastern and western parts of the
region which are similar to upper tropospheric
satzerns, but the upper warm (dry) axis parallel-
ing the STJ is not reflected near the surface.
The cloud-tracked winds (Fig. 6) indicate the
axpected casterly (trade) winds in the east and
rolatively strong easterlies a short distance
east of the dateline. The interesting feature
is rhe helt of strong westerlies, up to 16 m/s,
i1icng the equator near 175°W and along the
wnisture "canal" to 10°N. Although the South
Pacific Convergence Zone was located 30° to 40°
235t nf irs normal position, these westerlies do
7'C seem to be a northward extension of that
comriex. The lower water vapor channel does not
irnear to be as useful a signal of the wind
~ittern as the upper water vapor channel, with
zhe nossihle exception of the unusually strong
vescerlies feeding the moisture "canal’, Notice
iise rhe cross-equatorial flow in the moisture
":anal” denoting the southern hemisphere's con-
rribution to northern mid-latitude moisture.
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Fig. 13, Same as Fig. 7 except for 00 GMT 25
January 19739,

The Level IIIb height and relative
humidity fields for 85 kPa are shown in Fig. 7.-
The height field shows an extensive trough
throughout the tropics from 20°S, 160°W to 25°N,
125°W. This trough coincides with the microwave
warm axis and the water vapor channel cold (wet)
axis (moisture "canal"). The cloud-tracked winds
correspond quite well to the height field: paral-
lel to the contours at locations away from the
equator and blowing from high to low along the
equator. The 85 kPa relative humidity field is
captured well by the moisture "canals"” with the
exception of the eastern equatorial region in
which the Level IIIb analysis denotes high rela-
tive humidity and the satellite data indicate
dryness; which 18 representative in this case i3
uncertain,
3.2

Case 2: 00 GMT on 25 January 1979

We discuss the same TOVS Channels and
Level IIIb analyses as are presented for Case 1.
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3.2a Upper troposphere (70 kPa and above)

The synoptic~scale patterns detected in
the microwave temperature (Channel 22) data (Fig.
8) are eimilar to those 24 h earlier, but moved
10° to 15° of longitude to the east. Zonal
patterns still are predominant north of 20°N with
broad varm regions over most of the equatorial
region, The cross-equatorial cold axis 1is now
located near 140°W and {s less distinct than
before. The cloud-tracked winds (Fig. 9) indicate
that the southern hemispheric circulation has ex-
tended northward across the equator .to nearly 10°N,

The cloud-tracked winds (Fig. 9) also
indicate some upper-level troughing near the
equator in the eastern part of the region. This
is supported by a cold axis in the microwave
channel and a warm dry axis in the water vapor
Channel 12. The cloud-tracked winds, as earlier,
appear parallel to the warm dry axes in the Chan-
nel 12 high gradient areas. Also, the Channel 12
cold wet axes, or moisture "canals", coincide with
the circulation inferred from the cloud-tracked
winds with the exception of the troughing near
the equator in the east. The moisture "canal"
nnce again extends from the southern hemisphere
near 155°W northeastward into the mid-latitudes,
The southern hemisphere branch is still evident,
now near 130°W, The moisture "canal" branches
for the most part parallel the microwave cold
axes.

The Level IIIb 20 kPa temperature
analysis (Fig. 10) shows a strengthened cold cell
in the southern hemisphere which 1is gtationary.
The northern nemisphere cold axis has greatly
dininished while moving northeastward. The
cloud=-tracked wind trough near the equator at
195°W 1s not discernable in the 20 kPa temperature
analysis.

The features are consistent during the
24 hour period up to 00 GMT on the 25th except
for the appearance of a cold axis in the microwave
pattern from 15°N, 115°W to the equator at 105°W.
The new cold axis i3 reflected in the troughing
in the cloud=-tracked winds. It also appears that
the southern hemisphere circulation pattern is
nearly stationary near 140°W while the northern
hemisphere cold axis moves eastward.

3.2 Lower Troposphere (below 70 kPa)

The microwave channel (21) shows that
the warm axis has moved east approximately 5° of
longtcude to 10°S, 155°W northeastward to 25°N,
100°W (Fig. 11). This warm axis is the only clear
svnoptic scale feature as there are no continuous
cold axes present.

As before, the microwave warm axis is
acproximately colocated with the lower water vapor
chaunel (10) cold (wet) axis. This cold axis
iFig, 12) extends from the equator near 160°W to
0°Y, 105°W approximately 5° longitude east of
its previous position. Extension of the cold
auis, or moisture “canal", into the southern hemi-
sphere is not apparent at this time. Zonal warm
regicns flank the moisture "canal"” near 10°N.

The cloud-tracked winds (Fig. 12) indicate easterly

(trade) winds persisting in the east and northwest
wvhile the previous strong westerlies feeding the
moisture "canal" in the west are not detected.
However, higher level cloud-tracked winds are now
indicated (Fig. 9) over the low-level moisture
“canal", suggesting changes in cloud height and/
or depth, Thus, the low-level cloud motions
which would reveal the westerlies (if present)
have been masked by higher clouds. Comparison of
the two 85 kPa analyses (Figs., 7 and 13; see also
the next paragraph) suggests that the low-level
westerlies may still be present, though perhaps
shifted eastward a few degrees.

The 835 kPa Level IIIb height analysis
bears little resemblance to the microwave temper-
ature field. The 85 kPa trough (Fig. 13) extending
from 10°S, 160°W to 30°N,115°W, broadly bounds
the water vapor cold axis, or moisture "canal"”.
The trough in the height field has moved little
in the equatorial region and weakened somewhat.
Figure 13 also shows that the 85 kPa humidicy
field has become less distinct and the cross-
equatorial continuity, observed 24 hours earlier,
is no longer present.

3.3 Atmospheric cross sections

Vertical sections along the west coast
of North America and along zonal transects at 8°N
and 3°N were constructed using radiosondes and
dropsondes. Temperature retrievals from the TOVS
were utilized to prepare satellite-derived cross
sections for approximately the same times and
locations, Although these data are not described
herein, we expect to show and discuss results in
the verbal Conference presentation.

4. SUMMARY AND REMARKS

The.satellite—derived data, consisting
of microwave and water vapor channel brightness
temperature fields and cloud-tracked winds, de-
tect synoptic scale patterns of temperature, mois-
ture and winds. The water vapor channel data are
not available in overcast cloud areas; the
cloud-tracked winds are limited to cloudv areas
and are normally mutually exclusive high cloud
winds or low cloud winds. The microwave channel
temperatures provide "all weather” coverage but
require special interpretation in rain areas.

The satellite data do capture time variation in
svnoptic scale features, as {llustrated bv the
changes over the 24~h period between )0 GMT

24 January and 00 GMT 25 January 1979, even in the
equatorial tropics where horizontal contrasts are
thought to be weak.

Promising results include the ability of
the upper tropospheric microwave chamnel to detect
temperature variations in the tropical regilon
and the presence of a moisture "canal"” in the water
vapor channels. The moisture “canal"” extends frem
the southern hemisphere or near the equator ioerta-
ward toward mid-latitudes in both time pericas,

Microwave temperatures, the warer vapor
channel moisture ''canals" and the sloud-tracked
winds all suggest a quasi-stacionary southern
hemisphere circulation "coupled” with a tramsieat
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northern hemisphere system.

Strong equatorial westerlies are
initially present at low levels, apparently feed-
{ng the moisture "canal,” but are not detected
24 h later. Also, the lower tropospheric micro-
wave warm axis lying in the moisture "canal" is
a persistent feature. These two observations are
among features requiring further investigation.
Parallelism between satellite-derived analyses
and more conventional analyses is not perfect,
even though the satellite data are incorporated
into the FGCGE Level ITIb analyses. Continued
evaluation and experience should allow us to
improve our abilities to infer structure from the
satellite-derived information, Further investi-
gation will include analvsis of satellite channel
brightness temperature fields using an empirical
orthugonal function (EOF) synoptic mapping
techinique. Emphasis will be piaced onm using the
microwave channels because of their "all weather"
capability.
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Observing the Eastern Pacific Hadley Circulation

James P. McGuirk, Aylmer H. Thompson, and Neil R. Smith
Department of Meteorology
Texas A&M University
College Station, Texas 77843

Some aspects of the tropical Eastern Pacific mean meridional
circulation (MMC) can be interpreted in terms of the mean behavior of a
synoptic event called a "moisture burst”. This event is documented by
McGuirk et al., 1984 (8th Climate Diagnostics Workshop). Three diffe-
rent aspects of the interaction of moisture bursts and the Hadley cell
are described herein.

1. E1l Nino Behavior.

A distribution of moisture bursts during the 1982-83 E1 Nino cool
season was prepared from NOAA 7 photo-mosaics (fig. 1). It shows:

(A) During El Nino moisture bursts do not occur in the region of
strong ITCZ convection; that is, east of Australia and to the west
of the eastern edge of the outgoing longwave radiation (OLR)
minimum.

(B)° The central Pacific deficit of bursts is more than 5 standard
deviations below climatological expectations.

2. Mean Meridional Wind Behavior.

Calculations were performed on a nine-day gridded wind set (FGGE
IITI (b) analysis during the January Special Observing Period). "Zonal
averaging" was performed across the sector from the dateline to 112.5°W
(7500 km) and from 20°S to 30°N. Meridional sections of the mean
meridional wind component are shown for the 9-day average (fig. 2) and
for selected days (fig. 3). The time average differs significantly from
previous climatologies of the region.

(C) A thermally-direct MMC may be inferred. Climatology has this
indirect in the eastern Pacific. "

(D) A two-celled MMC appears in the vertical, with stronger
southerlies centered at 600 mb and a weaker southerly maximum at
the climatologically expected position at 200 mb.

The time sequence (fig. 3) shows large variations in the zonally-
averaged meridional winds on a day-to-day basis.

(E) At the peak of the moisture burst on the 23rd and 25th (fig.
3b and 3c), meridional confluence into the ITCZ below 800 mb is
intense, -




(F) Except on the 27th (fig. 3d), the strongest southerlies are
at, or even below, 500 mb, and the flow at tropopause level is two
times stronger into the southern hemisphere.

(G) The only "classical' Hadley cell flow appears at the end of
the moisture burst period on the 27th (fig. 3d).

(H) The weakest Hadley cell, as measured by low-level meridional
confluence, occurs on the 21st, when no moisture bursts were
present.

Based on (A), (C), (E), (H), and existing climatology, we tenta-
tively introduce the following speculaticn. In the ahsence of synoptic
or convective tropical forcing, the Pacific Hadley cell is weak, and may
even switch directions, with tropical subsidence. With synoptic
forcing, a Hadley cell develops, and its characteristics result as a
statistical composite of a number of synoptic events (moisture bursts).
This MMC appears primarily in the lower half of the troposphere. With
strong convective forcing, moisture bursts do not form, and a strong,
deep Hadley cell results--the classical picture.

3. Data Quality (FGGE SOP)

In spite of the intense observational coverage during FGGE, the
study area remained data-sparse. The following results are restricted
to the boundary layer (below 800 mb) and pertain to analyzed wind
(FGGE) , satellite winds (SAT), amd surface ship and island observations
(SFC). Fig. 4 shows the ‘distribution of SAT and total nine-day, obser-
vation frequency.

(I) Many regions in the equatorial band have no observations.

(J) SAT is synoptically biased, with a sparsity of data, particu-
larly, in the moisture burst region.

(K) Low-level ITCZ convergence calculations are based on SAT at
10°N and west of 150°W, and at 3°N and east of 135°W.

(L) In most regions, simultaneous SFC and SAT observations are not
available, making vertical extrapolation tenuous.

Hovmoller-type diagrams of low-level zonally-averaged meridional
winds in a time-latitude section appear in fig. 5; the three represen-
tations show analysis of SFC only, SAT only, and FGGE data. Analysis
assumptions require that these fields present the same signal (in
particular, FGGE is derived from SAT and SFC). Clearly, they do not.

(M) FGGE ©presents considerably fewer southerlies, and weaker
southerly amplitudes than either SAT or SFC; it also shows more
northerlies at 15°N then either SAT or SFC.

(N) Even where SAT and SFC are consistent, FGGE may "disagree" (at
10°S from the 22nd to the 24th, or 25°N on the 27th and 28th).

87



(0) There are significant regions of disagreement between the two
sets of observations (SFC detects more southerlies; SAT pre-
dicts stronger meridional confluence at the ITCZ; SAT 1s less
coherent, both temporally and meridionally).

(P) Similar sections of zonal winds (not shown) yield similar
inconsistencies; FGGE shows fewer equatorial westerlies than SAT,
but also less variability than SFC.

In an effort to resolve the inconsistencies between FGGE, SAT, and SFC,
additional analyses and intercomparisons were performed.

(Q) Examination of the 1000-850 mb wind shear of 50 ship soundings
between 9°N and 9°S showed a mean shear of only 1 m/sec but a
standard deviation of 7 m/sec with shear direction varying over
360°; in.other words there should be little ability to extrapolate
synoptic.signals upward or downward in the tropical boundary layer.

(R) Fig. 6 shows FGGE 1000-850 mb shear in the equatorial belt.
Four reglons are identified: I and II with surface winds increas--
ing strength with height; IV with easterlies shifting to westerlies
with height; and III, with the trades turning cyclonically with
‘height in the moisture burst region. It is unclear how accurately
optimal interpolation represents these regimes in data-sparse
regions.

(S) Shear magnitude is not well-related to surface speed.

Finally, an effective analysis error was computed between SAT and
FGGE at 850 mb, "Effective" is included because no attempt was made to
account for SAT observational errors or differences between observation
and analysis times and positions. Two histograms of analysis error are
presented in fig. 7 for a single time, comparing FGGE with two SAT sets:
GOES (West) and GOES (Indian Ocean). The GOES (Indian Ocean) represents
an erroneous calculation; the positions of observations are erroneously
located in °W longitude on the World Data Center archive tape, so they
were accidentally placed in the eastern Pacific for the analysis-error
calculation,

(T) Although there 1is 1larger analysis error for the erroneous
data, figs. 7a and 7b are quantitatively similar. Correct data
show rms analysis errors of 3.6 m/sec whereas the "random data",
correct in latitude, but moved from the Indian Ocean to the
Pacific, show rms errors of only 4.2 m/sec. Could it be that SAT
possesses only about 0.6 m/sec signal in the lower atmosphere?
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850-1000 mb wind shear in the equatorial belt from FGGE analysis.
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COMPARISONS BETWEEN TROPICAL SYNOPTIC MOISTURE FIELDS AS
DETERMINED FROM ANALYSIS AND FROM OBSERVATIONS

A. H. THOMPSON, J, P. McGUIRK, and L. L. ANDERSON, JR.

Department of Meteorology, Texas ASM University
College Station, TX 77843-3146

1. INTRODUCTION
Synoptic scale variations in tropical
moisture fields are difficult to diagnose because
of a relative absence of in situ measurements and
low correlation of vertical structure, making upward
extrapolation difficult. During the FGGE observing
periods several observation systems were operative,
making easier the comparisons between independent
Attention
is focused on two wintertime synoptic scale distur-
bances, or "moisture bursts", which occurred between
20 and 29 January 1979. These bursts are tongues of
moisture and clouds which originated near 7°N, 155°W
in the ITCZ and moved northeastward over Empalme,
Mexico (G in Fig. 1) (McGuirk and Thompson, 1984).
2. DATA AND ANALYSIS
"Two different perspectives of the temporal
and spatial variation of moisture are given, making
use of four nearly independent observing systems,
and emphasizing satellite data.

The first perspective is based on brightness
temperature from two TIROS N TOVS channels analyzed
onto gridpoints for the nine days of the burst
events. The temporal standard deviations for each
gridpoint are shown in Fig. la for the 700 mb
infrared moisture channel (HIRS Ch. 11), and in Fig.
Ib for the 700 mb microwave temperature channel (MSU
Ch. 2). The moisture signal shows large variability
from the equator near 180° ENE to Baja Califormia,
thus along the burst axis. Minimum variability

occurs roughly parallel to the burst axis and some
1200 km to the south.

Although the pattern of thermal variability
is weaker than that of moisture (due 1n part to the
decreased sensitivity of the microwave sensor), a
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pattern is still apparent. A weak maximum extends
acrogs the equator due south of the burst origin,
From this point, an axis of maximum variability
extends NNE to a second maximum near 25°N, to the NW
of, and not along, the burst axis.

The letters in Fig. 1 correspond to loca=-
tions where sounding data are available. Tempera-
ture and moisture variability at 700 mb are compared
in Table 1 betveen data from these soundings, the
gatellite-derived data, and colocated ECMWF analyzed
data. These point comparisons show that good
correspondence exists between satellite and raob
moisture and temperature variability. Less satis-
factory agreement is found between ECMWF and satel-
lite values, Little correspondence is observed
between thermal and moisture signals from satellite.

The second perspective of variability is
displayed in Hovmbller diagrams (Fig. 2), prepared
for a 1200-km wide band centered along 7.5°N.

Fig. 2a shows ECMWF analysis of relative humidity at
700 mb; Fig. 2b is the TIROS N moisture channel;

Table 1

Temporal standard deviations at points

Location Satellite Raob ECMWF
Ch. 2(°*C) Ch.11(°C) T(°C) RH(Z) RH(Z)
A 0.46 1.84 1.33 15 12
B 0.64 3.09 0.90 28 15
C 1.00 2.40 - 14 14
D 1.27 1.90 - 22 8
E 0.58 1.21 1.26 1 14
F 1.00 3.04 1.21 19 23
G 1.70 2.87 2.16 30 12
H 1.09 4,66 1.50 31 19
1 - - 5.14 28 -
J 0.76 4.01 2.47 36 16
7 RN 1
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Fig. la. Standard deviations of gridpoint values of
brightness temperature for the 700 mb infrared mois-
ture channel (7.3 um) for 20-29 January 1979.

Fig. lb. Same as Fig. la but for 700 mb microwave
temperature channel (53.73 GHz). Capital letters
here and in Fig. la are radiosonde stations.
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Fig. 2. HovmBller diagrams of moisturc distribu-
tion at 7.5°N between 180° and 110°W for 20-29
Janvary 1979. See text for explanation of lines.

Fig. 2c is a TIROS N microwave channel. The latter
two are brightness temperatures and represent energy
sources which peak near 700 mb heights. Also shown
on these sections are the extent of lower (heavy
dashied lines) and high (heavy solid lines) clouds,
as determined from GOES W enhanced infrared imagery
(prepared by F. P. Robertson of Marshall Space
Flight Center, NASA). Due to design and to
unanticipated problems, the ECMWF analysls depends
only on surface data and model initalizations based
on these data. Thus, both here (Fig. 2a) and in
Table 1, the moisture analysis {s independent of
satellite observations and sounding data.

There is good qualitative consistency be-
tween the three data portrayals and the cloud
imagery. Though not perfect, ECMWF data identify
both moisture bursts and the dry core on the 25th.
The highest relative humidity values are unambigu-
ously associated with the deepest clouds. There is
a modest tendency for relative humidities to be
elevated on the west side of the burst axes.

The satellite moisture signal (Fig. 2b) also
identifies two moisture bursts. However, the high-
est moisture signal 1is not nearly so well associated
with the deep convection. Generally, the wettest
air ‘lies east of the burst. It is not clear which
of these moisture evaluations correctly position the
moist air. The microwave signal (Fig. 2¢) indicates
that the burst region appears to be cold in the
middle troposphere. However, the "bull's eyes" are
probably heavy precipitation regions which are
affecting the microwave signal. These regions agree
well in position with the high cloud regions,
Outside the burst region, almost no vaviation is
picked up at this latitude, a result consistent with
Fig. 1b.

3. EVALUATION

Although not specifically about phenom-~
ena, this paper identifies interesting synoptic
behavior. There is considerable thermal and mois-
ture variability in the region of, but not limited
to, the burst origin. There are also unexplained
moisture variations along the burst axis, whereas
temperature variability is much smaller and wore
uncertain.

Conclusions on measurement capability are:

a. Satellite data, both visual and quantitative,
contain important temporal and spatial variability
not currently identified in analysis schemes.

b. The ECMWF model is remarkably ahle to antici-
pate upper level moisture filelds, given the actual
lack of obgervations in the area.

c. Point comparisons outside of the active burst
regions show systematic overpredictions of
mean relative humidity and underpredictions of
temporal variability by ECMWF analysis with respect
to observations.

d. Uninverted channel radiance data exhibit detail
not available in operational temnerature retrievals.
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9.4
TWO MODES IN THE PACIFIC HADLEY CELL
James P. McGuirk and Aylmer H. Thompson
Texas A&M University
College Statlon, Texas
1. TROPICAL CIRCULATION

A moisture burst is defined as a common syn-
optic-scale system developing along the ITCZ and
penetrating into midlatitudes. It is characterized
by northeastward moving cloud masses, and virtually
always occurs in conjunction with a deep tropospher-
ic trough and with exceedingly large northward
fluxes of westerly monentum. It plays a major role
in the temporal and zonal mean behavior of the
Pacific Hadley cell (McGuirk et al., 1984, Smith
et al., 1985).

Two different mechanisms of tropical mean
meridional circulation (MMC) are described herein.
The annual cycle and longer term secular variation
of MMC strength is reviewed., Climatological vari-
ations of moisture burst frequency are then de-
scribed as they relate to these variations of the
MMC. Finally, the contributions of moisture bursts
to the MMC are elucidated through three case studies
(two in January and one in May, 1979).

Variations in MMC are described in meridio-
nal cross sections at 80°W, 150°W, and 150°E by
Newell et al. (1972); Janowiak et al. (1985) used
satellite data to summarize MMC variations through-
out the Pacific. Based on these data, the ITCZ in
the mid Pacific 1is strongest in July and weakest in
January. The South Pacific Convergence Zone 1is
most intense in the central Pacific in July. The
meridional sections show a reversed MMC at 150°W
with actual tropical subsidence, apparently induced
by meridional confluence at 150 mb; in summer, this
pattern reverses, at least over the ITCZ region,
with difluence at 150 ob and weak boundary layer
confluence. At 80°W the situation reverses with a
MMC extending to the tropopause in winter and a
more complicated pattern in summer dominated by a
shallow MMC below 500 mb. At 150°E a weak MMC
appears which becomes weaker and shallower in
summer.

The most significant variation in strength
of the Pacific ITCZ occurs with the massive inten-
sif{cation associated with El Nino; this variation
overwhelms the annual cycle to give the strongest
observed Pacific ITCZ in (NH) winters of El Nino.
2. MOISTURE BURST BEHAVIOR
The frequency of moisture bursts varies
systematically in time and space with the strengths
of the ITCZ and the MMC (McGuirk et al. 1984).
Generally, where the ITCZ is weakest, moisture
bursts are most common: in the winter in the
central Pacific where about 11 occur per month
and a burst ig active at least 75X of the time;
in the vicinity of the dateline and close to Central
America in late spring when the MMC weakens in
these regions, and about 70X of the wintertime
frequency is observed; in these same regions at
the end of E1l Nino, but even less frequently.
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Bursts seldom occur in the central Pacific in
summer; they do not occur at all in the active El
Nifo regions.

Fig. 1 shows the time mean behavior of the
meridional winds between 180° and 110°W for two 9-
day periods in January and May, 1979 (based on ECMWF
analyzed winds). These figures depart from their
counterparts by Newell et al. (1972). One reason
is the much larger data base available for the ECMWF
analysis. More important, three moisture bursts
(two in January) appear in these time means.

Before the bursts develop (Fig. 2a and 3a),
the MMC is similar to Newell's climatology. As
bursts evolve (b), the zonally averaged MMC
strengthens; and, by the termination of the bursts
{c), the MMC assumes the shape of most classical
representations of the tropical meridional winds.

A second interesting feature of the sections is the
shallow MMC which generally appears below 500 mb
before and during the early portions of the bursts'
evolution.

One additional feature of the Hadley cell is
the strong northward transport of westerly momentum.
Moisture bursts account for a large portion of this
flux, at least when they are present. At jetstream
level, (uv) averaged over the Pacific sector
increases from 5 to 8 times as a typical burst
evolves. Tropospheric averages across 30°N are
shown in fig. 4. Moisture bursts are easy to iden-
tify in these time series.

Fig. 1. Time averaged cross-sections of meridional
winds, for Pacific sector for January and May 1979
cage studies. Units of m/sec.
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Fig. 2. As in Fig. 1, except for individual time
periods in January.

3. INTERPRETATION

Based on these data, a hypothesis is sug-
gested. The strength of the Hadley cell is con-
trolled by some zonally symmetric forcing. Where
this forcing is strong, synoptic disturbances do
not occur along the ITCZ, as during El Nino, or to
a lesser extent, in summer. Where and when this
forcing is weaker, a shallower, or even a reversed,
MMC results in the lower troposphere. In this en-
vironment, synoptic moisture bursts develop and the
statistical mean behavior resembles that of a zon-
ally symmetric, thermally direct MMC.

Perhaps the most interesting aspect of this
interpretation is that the zonally symmetric form
of the circulation does not substantially influence
mid-latitude weather, whereas the synoptic moisture
bursts commonly appear as, or with, midlatitude
weather systems.
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THE SYNOPTIC STRUCTURE OF TROPICAL PACIFIC MOISTURE BURSTS

N. R. Smith, J. P. McGuirk and A. H. Thompson

Meteorology Department, Texas A&M University

College Station, TX

1. INTRODUCTION

McGuirk and Thompson (1984) described the
synoptic climatology of the occurrence of moisture
bursts ~ synoptic scale cloud bands which move north-
eastward out of the ITCZ into middle latitudes. The
origins of these systems are linked to locally en-
hanced Hadley cell overturning and have appearances
typical of tropical disturbances. The midlatitude
extension is commonly related to the subtropical jet
stream, midlatitude troughs and downstream cyclogen-
esis (Thepenier and Cruette,.1981).

2. UPPER LEVEL PATTERN

Fig. 1 typifies both the burst development
conditions and its evolution; this burst occurred
between 17 and 22 January 1982.

‘The climatology of the 200-mb flow is con-
sistent throughout all observed events. In nearly
every burst, an extratropical trough extends into
the tropics before or as the burst develops on the
ITCZ. The trough often extends across the equator
(Fig. 6), leading to significant interhemispheric
momentum and moisture exchanges. The burst gener-
ally develops in the ITCZ region within 1,000 im,
and to the east, of the 200-mb trough. For the
burst in Fig. 1, the cloud origin region remained
consistently within 200 km of the trough axis.
Bursts move slowly eastward with the trough; west-
ward propogation is observed only occasionally 'in
intensifying bursts.

Detailed wind analyses of three 1979. bursts
show strong meridional overturning circulations in
the burst region and associated acceleration of the
zonal winds. Jet wind speeds at and downstream of
the burst origin in Fig. 1 accelerated from 35 m/sec
on the 17th to over 80 m/sec over the central United
States on the 2lst. Some bursts are observed to
develop with weak upper winds over the origin.

Significant moisture fluctuations appear
along the burst, but only small temperature changes
occur; temperature is more variable in the trough
to the northwest of a typical burst. As the leading
edge of a burst crosses the North American coast,
the horizontal temperature contrast across the burst
intensifies. This intensification is anticipated as
the geostrophic constraint becomes more dominant
and the upper level winds strengthen. No strong or
consgistent temperature signal has been detected in
the origin region in the early stages of a burst.
However, several strong bursts have been detected
in the region of intersection of the ITCZ with a
polar front associated with southward displaced
cyclones. These bursts may not develop immediately
as the front reaches the ITCZ.

77843-3146

3. LOW LEVEL PATTERN

The low level flow in the burst origin region
i3 not nearly as consistent as is the upper level
flow. Although a col often appears (56X of the time)
as the burst develops, other low level wind patterns
are common. These other patterns primarily include
cusps or weaker waves which resemble cusps, but bursts
also occur within unciassifiable wind fields. Typical
phenomena most commonly associated with burst develop-
ment are: 1) Fronts penetrating into the deep
tropics; 2) Easterly waves of either tropical or
subtropical origin; and, 3) Southern hemisphere
anticyclones which cross the equator. The common
link is that bursts develop in regions in which
the climatological easterly flow assumes a southerly
component.

Fig. 1 represents a typical col case. A
weak wind field exists as the burat develops (on
the 17¢h). Still, a col is apparent in the winds
away from the originating cloud mass. The col is
more apparent on the 19th. The precise position
of the burst origin varies within the col. It
almost invariably appears somewhere in the anti-
cyclonically curving flow east of the col center
(as in Fig. 1b) with the southern edge of the clouds
commonly south of the col's neutral point. In col
cases, the confluence axis normally aligns itself
with the burst axis and the winds under the clouds
blow parallel to the burst. In the non-col cases,
no uniform wind direction exists under the clouds.
The region directly east of the burst origin has
been typified as one of relative dryness, low
variability and anticyclonic circulation.

As bursts develop, northwesterly flow often
appears to the northwest of the origin, particularly
in col cases. These northwesterlies, particularly
strong in Fig. 1 b and c, are typically cold, and
most probably modified polar air; on the 17th, the
leading edge of this air is some 2000 km from the
burst origin. Other case studies show strong low
level westerlies and northwesterlies to the west of
the origin, even before the burst develops; although
climatologically unexpected, these winds may often
exist and go undetected under the ITCZ cloud mass
which is often present to the west of the burst
origin.

4. SUMMARY

.Many features observed in moisture bursts
are observed in midlatitude jet stream regions and
in tropical waves. These two events are connected
in moisture bursts, as is further downstream mid-
latitude synoptic development. The jet stream can

occasionally be traced back to the tropical wave and
across the equator into the southern hemisphere.
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mb chart are positions of the 200 mb trough.
Bursts develop as midlatitude troughs interact with 6. REFERENCES -
low level tropical disturbances in the easterlies.

Frequently, low level flow conducive to burst devel-
opment exists and no bursts result. Whereas fronts
are often found near burst origins, they are not es-
sential components of burst initiation.
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1. INTRODUCTION

Wind analysls over the tropical Pacific
Ocean is subject to a number of uncertainties.
Correlation of observational errors, dependence of
observational characteristics on the synoptic
systems themselves, limitations on the information
content of obscrvations, and problems with extrapo-
lation into data void regions all act to limit the
effectiveness of sophisticated analysis procedures.
Finally, the physics of the tropics itself acts to
decouple the divergent and rotational wind compo-
nents and to render divergence estimates uncertain.
Optimal interpolation (OI) cannot overcome data
sparsity and the lack of geostrophic control. This
paper examines these issues based on FGGE data and
ECMWF analyses for a nine-day period in January
1979. The investigation is centered on a synoptic
system, called a moilsture burst, over the data-
sparse tropical northeast Pacific Ocean. About 100
of these systems per month develop in this region
(Smith et al., 1985).

2. DATA AVAILABILITY

2.1 Synoptic Organization

The classic problem of data sparsity
occurring in the vicinity of ocean storms has
changed somewhat. Cloud drift winds now provide
observations in synoptically active regions, but
are still restricted: high clouds preclude low
level observations. McGuirk et al. (1985) showed
that nearly the entire synoptically-active moisture
burst region was devoid of both ship and low level

cloud drift wind observations. Nevertheless,
EMCWF analyses detected synoptic variations, pre-
sumably through an adequate initialization based
on upper level observations. Fig. 1 summarizes
the low level (850-1000 mb) equatorial wind shear
associated with a moisture burst. The burst is

in Region III in the inset to Fig. 1. The data
points demark the shear near the equator from the
dateline to about 110°W. These shears fall into
four groups, which are stratified geographically
as well. Region I consists of equatorial wester-
lies to the west of the moisture burst; the shear
is westerly, implying strengthening winds with
height. Region Il shows easterly trades becoming
stronger with height to the south of the burst.
Region 111 is the burst, with surface northeaster-
lies giving way to southerlies with height. Sur-
face easterlies becoming westerly with height
occur in Region IV. The conclusions are three-
fold: 1) With a moisture burst developing every
few days, synoptic scale wind variability may be
larger than generally thought in the tropics; ii)
Large organized differences in boundary layer
structure exist on the synoptic scale; iii) Verti-
cal structure functions currently in use in OI
schemes do not allow for complex boundary layer
structure; thus extrapolation of cloud drift winds
downward or surface observations upward may lead
to large errors.

2.2 Horizontal Correlation

One of the problems specifically treated
by O is the correlation between observational
errors. It occurs with synoptically biased
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Fig. 1.

850-1000 mb shear in the equatorial region from ECMWF wind analysis.

Data points locate the point of the shear vector, anchored at the origin.
Clustered groups correspond to geographical regions denoted in the inset.
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observations and particularly with cloud drift
winds. For example, if one low level cloud drift
wind is placed at an improper elevation, the en-
tire fleet of winds in the region will be improper-
1y located. It was found (figures not shown) that
vector differences between cloud drift winds and
850 mb winds at co-located grid points are spatial-
1y coherent on scales ranging between 800 and 3000
km. Within these regions the wind direction of the
vector differences were the same within * 20°. The
OI scheme interpreted this coherent structure as
observational error. In the absence of other data,
it might be better for the OI scheme to interpret
observations more flexibly.

2.3 Vertical Correlation

When data, such as the cloud drift winds
discussed above, are used for analysis at differ-
ent, but nearby, elevations, OI invokes vertical
structure functions. Winds are extrapolated up-
ward from the surface or downward from cloud level
by adjusting their speed but not their direction.
According to data of Kantor and Cole (1980), this
procedure may not be adequate. They show that the
correlation between 1000 and 850 mb rawinsonde
winds in the deep tropics can be nearly zero and
is usually less than 0.4. Fig. 2 shows the 850-
1000 mb shear vectors for wind soundings launched
from ships between 3°S and 9°N and east of 150°W.
Speed shear varies between 1 and 15 m/sec and the
directional shear at individual ships usually spans
180°. The shear direction over this equatorial
strip is randomly distributed.

2.4 Temporal Correlation

Fig. 1 indicated that the ECMWF analysis
can identify low level shear patterns. Fig. 3
shows Hovmdller diagrams (time vs. longitude) of
winds at 1000 and 850 mb along 3.75°N. The
"streamlines" do not indicate local parcel trajec-
tories, but the temporal change of wind direction
at fixed points. The active moisture burst region
lies between 130 and 160°W. Outside of this re-
gion, the directional shear between 850 and 1000
mb is small. Large temporal changes and differ-
ences between 1000 and 850 mb wind direction appear
in the burst region. Most of the large directional
changes occur in those regions where sounding data
are available; however, correspondence between the
analyzed streamlines and these dropsonde wind
directions is poor, even in regions of no other
data. Few cloud drift winds were available in the
burst region; where they did exist, they often
possessed large discrepancies with the analysis if
rawinsonde data were present. The obvious question
is whether or not the data void regions are equally
as variable as the burst region.

3. WIND INFORMATION CONTENT

3.1 Wind Accuracy

OI attempts to overcome imperfect observa-
tions. What must be defined, and has not, is the
information content of a data set. Whitney (1984)
has documented low level rms cloud drift wind
errors to be nearly 5 m/sec. Traditionally, this
number has been compared to mean low level winds.
The appropriate number, however, should be the rms
variation of the wind about its climatological
mean. If this variation is smaller, there will
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Fig. 2. 850-1000 mb wind shear, observed from
radiosondes launched from four ships between 150
and 90°W and equatorward of 10° for a nine-day
period in January 1979.

not be a great deal of information in cloud drift
winds not contained already in simple climatology.
A test was executed to evaluate this information
content over the tropical east Pacific. The vec-
tor wind difference was calculated between low
level cloud drift winds and 850 mb ECMWF analyzed
winds at nearby gridpoints. No attempt was made
to interpolate the gridded data horizontally or
vertically to the exact position of the observa-
tion. The histogram of these "observational
errors" is given in Fig. 4a. The rms difference
between observations and analysis 1s about 3.6
m/sec. The discrepancy with Whitney's value
occurs because the observations are compared with
analysis in Fig. 4. A second set of cloud drift
winds, observed from GOES (Indian Ocean), was
superimposed over the Eastern Pacific domain,
simply by reflecting the observations about the
dateline. The rms differences were computed using
these '"random" observations; their histogram
appears as Fig. 4b. 1If a few large errors are
ignored, an rms "observational error" of 4.2 m/sec
results. The implication is that the information
content of cloud drift winds over climatology may
be as little as 0.6 m/sec in an rms sense. Great
care must be taken in utilizing these observations
and in analysis over data sparse regions.

3.2 The Divergent Component

Divergence in the tropics is especially
difficult to estimate, not only because of the
limited information content of observations, but
also because of the lack of geostrophic balance
and because of the major divergent forcing by
diabatic processes (Julian, 1984). OI schemes
underestimate divergence, particularly on synop-
tic, and smaller, scales. To examine the problem
of linking divergent and non-divergent wind '
fields, we decomposed the ECMWF windfields into
non-divergent and irrotational components, in-
creased the divergence uniformly by a constant
factor, and reconstructed the two dimensional
streamlines, using the enhanced divergent winds.
Although the resulting divergence is not an im-
proved estimate, it still can be used to test the
effect of larger divergence on the streamline
field. Typical results appear in Fig. 5, din which
the non-divergent stream function (a) is compared
with streamlines (b) reconstructed using 4 times
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the divergent wind. The patterns are similar,
with major changes restricted to the proximity of
velocity potential extrema. Even in these areas,
the changes are restricted to the downwind (non-
divergent) side of the extremum. The reasons are
twofold: i) At low levels, the divergent wind is
usually smaller than the non-divergent wind, so
large increases are necessary before divergence
influences the overall pattern; 1i) A comparison
of these two analyses shows that the divergent
wind points in the same direction as the non-
divergent wind; thus, changes in magnitude of the
divergent wind will not change the streamline
pattern. Since the non-divergent wind dominates
at 200 mb, divergence fields have almost no effect
on the 200 mb streamline pattern. In fact, the
only significant change at 200 mb occurs over the
SPCZ,

If the ECMWF analysis correctly simulates
tropical divergence behavior, two conclusions are
clear: i) Divergence at 200 mb will be more dif-
ficult to estimate than at 850 mb; 11) Divergence
is so poorly related to streamline patterns that
dynamical or kinematic procedures are mot likely
to result in improved divergence estimates.

4. CONCLUSION

The material of Section 3 suggests that it
is extremely important to maximize wind accuracy.
At the same time, more credibility should be given
to the few observations available in data sparse
areas. New procedures for linking divergence to
synoptic activity (as suggested by Julian, 1984)
and other wind features should be explored. More
innovative OI schemes should be developed, allowing
more divergence (Daley, 1985), or keying structure
functions to the synoptic system. Methods of in-

corporating satellite imagery and other quantitative
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"Streamliﬁe" patterns at 1000 mb (right) and 850 mb (left) along 3.75°N between 180 and 110°W.
Circles at 850 mb give approximate dropsonde locations and circles at 150°W
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Fig. 4. a) Histogram of 850 mb "observational
errors with respect to cloud drift winds. b) As
in (a), except for randomized cloud drift winds,
observed by GOES (Indian Ocean) over the Bay of
Bengal and Western Pacific, and superimposed over
the Eastern Pacific.

data into the initialization or data correction
step should be developed.

5. ACKNOWLEDGEMENTS
The authors acknowledge the support of the

George C. Marshall Space Flight Center, NASA,
under Contract No. NAS8-35182.

ORIGINAL PAGE IS
OF POOR QUALITY




30

ORIGINAL PAGE IS
OF POOR QUALITY

20

N
<

LATITURE (OEG)

=
L
\‘%
\\

-20

LRTITUSE 10SH)

1220/1797

Fig. 5. a)

8281 vwoe toec-##8n 138 120, T

850 mb stream function derived from ECMWF analysed winds. b)

Streamline analysis resulting

from adding the divergent winds (arbitrarily increased by a factor of four) to the analysis in (a); dashed

lines give the modified velocity potential field.
6. REFERENCES

Daley, R., 1985: The analysis of synoptic scale
divergence by a statistical interpolation proce-
dure. Mon. Wea. Rev., 113, 1066-1079.

Julian, P. R., 1984:
tropics:
1752-1767.

Objective analysis in the
A proposed scheme. Mon. Wea. Rev., 112,

Kantor, A. J., and A, E. Cole, 1980: Wind distri-
butions and interlevel correlations, surface to 60
km. AFGL-TR-80-0242, Hanscom AFB, MA 01731, 115 pp.

McGuirk, J. P., A. H. Thompson, and N. R. Smith,

1985: Observing the eastern Pacific Hadley circu-
lation. Proceedings of the Annual Climate Diagnos-

tics Workshop, Oregon State Univ., Corvallis, OR,
429-436. [NTIS PB85-183911].

Smith, N. R., A. H. Thompson and J. P. McGuirk,
1985: Moisture bursts over the tropical Pacific
Ocean. Submitted to Mon. Wea. Rev.

Whitney, L. F., 1984:. Satellite-derived products,
winds, NESDIS. A CGMS XIII working paper for
April, 1984, Geneva, available from NOAA/NESDIS/
ASB(E/RA11), Suitland Professional Cntr,
Washington 20233,

103



104

PREPRINT VOLUME

NATIONAL CONFERENCE ON SCIENTIFIC
RESULTS OF THE FIRST GARP GLOBAL

EXPERIMENT, Jan. 13-17, 1986. Miami

FL. Amer. Meteor. Soc. Pp. 44-47. ’
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1. BACKGROUND

Data sparsity and flaws in the special ob-
serving network in operation during the FGGE first
special observing period make the unambiguous in-
terpretation of tropical synoptic systems nearly
impossible. Smith et al. (1985) described the
appearance of moisture bursts occurring in the
tropical northeast Pacific Ocean as seen by Euro-
pean Center (EC) wind analyses. Thompson et al.
(1984) gave examples of how these systems appear
in TIROS individual channel brightness tempera-
tures, interpolated and analyzed to an appropriate
grid. Thompson et al. (1985) made an intercompari-
son of moisture distributions, as described by
radiosonde and satellite observations, with the EC
moisture analyses. Although there was considerable
pattern similarity, correspondence between varia-
bles was poor near the equator and in dry regions.
When compared with independent observations, the
EC analysis appeared more realistic than would
have been supposed based on data availability and
analvsis procedures. We extend these efforts by
describing the synoptic development of moisture
fields associated with moisture bursts near the
ITCZ.

2. ITCZ DISTURBANCES

2.1 Sounding Data

Fig. 1 presents a radiosonde time section
from ship Pariz near the equator and 150°W. A
moisture burst developed during this period; de-
velopment began about 06 GMT 21 January. The sec=~

tion demarks a number of moist layers before and
after the burst event, with near saturation below

X “::h_( i
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Fig. 1.
Pariz (Eq. and 150°W) between 21 and 29 January,

Time section of radiosonde data from ship

1979. Isopleths give dew point depression in °C,
with shaded regions less than 5°C. Heavy lines
show inversjons and stable layers.

300 mb throughout the active phase of the burst.
Although the burst developed to the west of Pariz,
the section suggests that the burst involved the
equatorial region only after 24 to 36 hours of
development. Cloud imagery confirm that burst
clouds link up with SPCZ cloud mass along and
south of the equator only after the initial de-
velopment period. Prior to burst development, a low
level inversion was overlain by a 200 mb thick
layer of drier air. After the burst, the dry air
and stable layer returned. Appearing intermitten-
ly is an inversion at about 550 mb, often sugges-
tive of subsidence given the relative dryness
aloft. This inversion is a nearly ubiquitous fea-
ture of soundings over the tropical and subtropi-
cal north Pacific during this time period. Al-
though time sections at nearby dropsonde sites
look somewhat different than Fig. 1, it is curi-
ously observed that the time section of radiosonde
data at Isla Socorro, 4500 km to the northeast,
mirrors the pattern in Fig. 1 closely, but delayed
in time about 36 hours. The moisture burst cross-
ed Socorro as it streamed northeastward.

Although severe data gaps occurred in both
satellite and sounding data during the burst's
early development stage, a full range of observa-
tions was available by the 23rd. Fig. 2a shows
the distribution of moisture (dew point depres-
sion) as obtained from a series of dropsonde ob-
servations made along the southern edge of the
ITCZ. The dropsondes were launched between 12 and
23 GMT, 23 January along 4°N from 150 to 130°W;
the sounding near 160°W is Fanning Island where
the section turns northward (the figure should be
folded at a right angle) and the two leftmost
soundings are Hawaiian stations located 1500 km to
the north. The deep layer of moisture, noted in
Fig. 1, is centered at 135°W at this latjtude.

The dryness north and east of the burst is appar-
ent. The extremely rapid disappearance of clouds
to the north, viewed in GOES enhanced imagery,
confirms subsidence extending throughout the depth
of the troposphere.

2.2 Satellite Data

The curves below this sounding section
present a number of satellite observations and
their variability along 4°N. Fig. 2b depicts the
approximate cloud heights (as determined from
color-enhanced GOES infrared imagery at 00 CMT, 24
January). Agreement is good, with the highest and
convectively appearing cloud close to, but slight-
ly west of, the deep moist layer. The deep upper
layer of moisture at the eastern edge of the sec-
tion is not associated with high clouds. The
abrupt drying at Fanning is coupled with
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Fig. 2. Sections of meteorological data east of
160°W at 4°N. Data to the left of 160°W lie along
a line from Fanning Island to Hawaii at 20°N. a)
As in Fig. 1, except dropsonde data, with arrows
giving sounding locations. b) Cloud heights de-
termined from color enhanced GOES imagery. c)
TIROS N brightness temperatures for microwave and
infrared channels peaking at 700 mb. d) Moisture
channels peaking at 700 and 500 mb and a microwave
channel peaking close to the surface.

disappearance of clouds above the surface layer.
Discrepancies are explained in part by the dif-
ference in time of the observations. It is dis-
appointing that the cloud imagery is unable to
differentiate between the moisture structure to
the east and that to the west of the burst.

Fig. 2c depicts thermal signals, nominally
in a layer centered at 700 mb. The north-south
temperature difference (on the left side of the
figure) is easily seen. The microwave signal is
nearly flat, with only a broad minimum (0.5°C in
brightness temperature) centered over the moist
region. The 2.5°C decrease in brightness tempera-
ture in the infrared signal perhaps is caused by
cloud contamination. Although processing proce-
dures are supposed to eliminate cloud-contaminated
observations, they are apparently not entirely
successful.

Fig. 2d depicts TIROS infrared moisture
channels for layers centered on the 700 and 500 mb
surfaces and the microwave channel peaking near
the surface. The wettest areas (cold infrared)
agree well with the deep layer of moisture detect-
ed by dropsondes at 145°W, and noted by the deep
cloud in Fig. 2b. The signal is stronger in the
lower channel. It is surprising that, despite the
cloud cover (noted as contamination of the thermal

signal), both moisture channels recognize the
drier air east of the moist region. The peak in
the microwave signal corresponds to the high con-
vective clouds slightly west of the moist region.
The decrease from this peak follows the trend in
cloud height closely. This peak probably is due
to absorption by heavy precipitation and re-
emission in the rain shaft; this re-emission will
appear warm because the low emissivity of the
ocean surface makes the background radiation
appear to be coming from a colder source.

2.3 EC Analysis

These observations can be compared with EC
analysis along the ITCZ. Fig. 3a shows the verti-
cal section of analyzed relative humidity, compar-
able to Fig. 2a. 1In spite of the very low vari-
ability of EC analyzed moisture in this region,
significant synoptic variation occurs along the
section. The moist region, which peaks at 500 mb,
corresponds to that iu Fig. 2a, although the
analysis places it about 5° too far to the east.
Detail outside this wet region is lacking, al-
though there is some hint of 850 mb dryness at
about 137°W. The upper level dry regions are not
well simulated. (Thompson et al., 1985, showed
that the EC analysis has difficulty with tropical
dry regions.) Fig. 3b locates the equatorial sec-
tion with squares; it also demarks locations of
vertical sections perpendicular to the ITCZ.

These sections are shown in Fig. 4. The extreme
upper tropospheric dryness north of the ITCZ (Fig.
2b) is well simulated in Section 1. The four sec-
tions show that the mid-tropospheric moisture
maximum actually crosses the equator (it is cen-
tered at 3.5°S in Section 2) and moves through the
ITCZ latitudes (to 12°N in Section 4) and even to
20°N further to the east. On the extreme west
side of Fig. 3, the moist region is drier and
shallower, with relative humidity in excess of 70%
limited to the surface layer south of the equator
(Section 1 in Fig. 4). Subsequent moisture sec~
tions, however, show that this equatorial drying
to the west of the moisture burst is only a tempo-
rary event,

3. ON BURST DYNAMICS

Most of the analyzed data (soundings, map~
pings of satellite channel data, satellite imagery
and EC analysis) suggest that the moisture burst
develops along the north side of the ITCZ and only
later becomes linked to northern subtropical and
midlatitude disturbances, and also to cross-
equatorial circulations. Divergence estimates
based on EC wind analysis at single levels fail to
confirm this initial isolation from the southern
hemisphere. These analyses uniformly show this
moisture burst developing directly out of a
convergence/divergence center, located several de-
grees south of the equator at about 160°W, and
associated with a local perturbation of the SPCZ.
To test this aspect of the EC analyses, as well as
to examine the motion fields in conjunction with
the satellite data, we prepared two estimates of
vertically integrated divergence. A sample of each
is shown in Fig. 5. The first is the 24 hour
change in total mass field sensed by changes in sea
level pressure. The second is the vertically-
integrated mass divergence determined kinematically
and converted to surface pressure change, assuming
that omega is zero at 100 mb. The differences are
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striking.

The extrema of pressure change obseryed in
Fig. 5a follow the burst axis delineated by cloud
imagery rather closely. Two peaks of pressure in-
crease are observed, one at 10°S, 155°W and the
other about 2000 km to the northeast. Generally,

pressure falls occur to the west of the burst. At
no time during the burst development do strong
pressure falls occur in the burst origin region.
Where the burst crossed the American coast, large
pressure falls are assoclated with large areas of
deep clouds. The reason for pressure increases
along the convective cloud axis is uncertain. Al-
though there is no requirement for falling surface
pressure, rising motion is usually coupled with
falling pressure. If the observations are correct,
they imply simply that convergence at lower levels
is stronger than divergence at upper levels.

The kinematically-inferred surface pres-
sure change pattern (Fig. 5b) shows almost no
similarity to the observed pressure change.

Strong pressure falls are estimated immediately
southeast of Hawaii, but no pattern aligns itself
along the burst axis. More puzzling is the near
disappearance of vertically-integrated divergence
south of 12°N; this pattern is maintained over the
entire 9 day study period and must be considered a
spurious property of the analysis. Although a
number of authors have discussed the shortcomings
of tropical divergence schemes, and in particular
those procedures utilized by EC, this property of
nearly precise vertical compensation of conver-
gence and divergence which switches on impulsively
south of 12°N, has not previously been discussed.

Although the patterns of surface pressure
change are inconsistent and not always well-~
correlated to the satellite cloud imagery and
channel data, patterns like that of Fig. 5a sug-
gest that cross-equatorial connections are poten-
tially very strong. Because of the inconsistency
of patterns, no conclusions can be reached regard-
ing burst initiation regions.

4. SUMMARY

Important synoptic variations occur along
the winter ITCZ in the North Pacific. Operational
satellite data and special FGGE data describe
subtle detail of this variation. Although EC
analysis cannot be expected to reproduce this de-
tail precisely, it is still surprisingly realistic,
surprising in view of the excessive sparsity of
data for model initialization. Discrepancies occur
in the individual satellite observations, most of
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which have reasonable physical explanations.

When different channels are viewed simultaneously
these discrepancies can yield added signal~-the
existence of heavy precipitation cores, cloudy
data in supposedly clear sky retrievals, and so
forth. Unraveling synoptic development associated
with vertical motion is still a thorny problem.
While satellite data reveal important evolution
patterns, in both space and time, linking these
patterns to motion fields and other dynamic vari-
ables remains obstinately unsolved.
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Fig. 5. Sea level pressure change in units of
mb/day: a) Observations, with falls greater
than 2mb/day shaded; b) Derived data from verti-
cally integrated divergence, with falls greater
than 0.5mb/day shaded.
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1. INTRODUCTION and the other to the southwest. The flights

An understanding of the water vapor fluxcs
and water vapor budgets of all areas of the Latth
is desirable and for some problems essential. ke
ever, for most areas, particularly Llhe oceanic
areas of tropical and subtropical latitudes, data
routinely available are inadequate to allow deter-
mination of the fluxes and budgets. Recently, tne
tasks of the Clobal Atmospheric Researcn Program
(GARP) have included gathering data more adequate
for such evaluations. This paper describes the
results of calculations of meisture fluxes made
using data obtained during the first Special Obser-
ving Period (SOP-1) of the First GARP Clobal Exper-
iment (FGGE). The area examined was over the decp
tropical eastern Pacific Ocean north of the equa-
tor. The area specifically examined extended frow
the equator to latitude 20°N and from longitude
180° to 100°W, but with concentration on the re-
gion south and southeast of the Hawaiiun lslands.
The specific svnoptic feature to which the trans-
port and budgets were related was a pair of "mois-
ture bursts": the development of an extrusion of
cloudiness and accompanying moisture from the con-
vergence zone of the equatorial North Pacific
north-eastward toward North America (Smith et al.,
1985; Thompson et al., 1984).

2. DATA

Normally, the only upper air reports from
the area of interest are the radiosunde reperts
from the Hawaiian Islands and pilot reports from
conmercial and military aircraft. Surface reports
also are scarce except in Hawaii and tize shipping
lanes because of the few islands other thzn the
Hzwaiian group. During the FGGE SOP-1, special
olservations were made. These included reconnais-
sance flights with dropwindsonde capobility and
some weatlier ships with rawinsonce ctuipmeut.
While the data density remained tow compared to
scme land areas, it was much better thun ever be-
fore {or the area. The data became past of the
sv~called FGGE TI-b data set and make up the basic
data for this study.

2.1 The Dropsonde Data

Reconnaissance aircraft were used to fly
missions from the west coast of North America and
from Oahu. Tracks usually were flown diagonally
toward the equator, then along a latitude circle
near the equator f{or about 2,000 km, then north-
ward a few hundred km, then along a latitude cir-
cle in a direction opposite to that of the secund
leg, and finally back to home buase. Tligiit leveis
usually were near 10,000 m or a little higher. on
the optimum days, one flight was made from the
west coast and two from Oahu, one to the southeast

usually were made close enough to the samc time
that they were considered as synoptic. The second
leg of the flight scutheast of Oahu wag usually
close to 4°N, while one of the east-west iegs of
each of the other flights was also close to this
latitude; by displacing the dropsonde pesitions
for each of these iegs to a comnon latitude (4°N),
2 zonal section frem about the date line (lat.
189°) to 110°W could be prepared on most davs.
Also, cowmbining drogwindsonde data from two of the
flights (or in some cases using onlv a single
flight) allowed maiking computations for a volume.

Flights were made on only seven of the ten
davs investigated (20-29 January 1979), and on
some of those days at least one of tie recunnais-
sance fligiits never started or was aborted.

There is definite indication that the
vinds obtained by use of the dropwindsoudes con-
tain significant inaccuracies; however, so fur
there Las becn no atrempt to adjust the calcula-
tions reported in tuis paper; this wiltl be con-
sidered again later.

2.2 The FGGE III-b Data

The FGGE I1-b data have been analyzed by
the European Center for Mcdium Range Weather Fore-
casting (ECMWF) and producced as a set of gridded
data with a grid spaciug of 1.875°., Tiese ure
referred to as the 7 °GE I1I-b data set. These
data were used to produce moisture fluxes for the
same section (along 4°N) and volumes as thousec used
with tie dropwindsunde data.

3. CALCULATION PROCEDURLS

3.1 Horizoutal Flux Calculations

The calcuiation procedures used fer the
resulis presented heve are essentially the same as
used by several other investigators. Amonz them
are Saka and-Bavadekar (1973), Cadet (1983, linw=
land and Sikdar (1983) and Khatep et al. (1934).
All Jetermined the {iluxes across a verlice! sur-
face or across the vertical wulls of an atmospher-
ic volume by using the expression

% (L
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where F le net flux »f water vapor acress a houn-
dary wail,
! is horizeatal Jength along the beundary
will,
{ is the zotal length of the boundary wall,
7 is the compurent of the wind nurmal te the
boundary wall,




and the other symbols have their usual metecrologi-
cal or mathematical meanings. V and g may be ex-
pressed as instantaneous values, as mean values,

or as mean plus eddy values, as appropriate for the
particular problem being examined. For this paper,
instantaneous values are used; the values are de-
termined from the dropwindsonde datz or from the
FGGE I1I-b data and applied to a boundary wall
along latitude 4°N or to the vertical walls of the
volumes designated by the reconnaissance flight
tracks. It should be noted that the volumes vary
somewhat from one flight to another.

3.2 Moisture Budget

The usual assumption in determining mois-
ture budgets is to neglect any moisture above some
upper boundary, say the 30 kPa surface. This is
close to the reconnaissance flight level.

The difficult task in this study is the
determination of the vertical flux of moisture
across the sea surface. It does not seem proper
to use the lowest level reported by dropwindsonde
to represent the air at 10 m above the ocean.

Also, no sea-surface temperature value is available
from the aircraft report. Further, no research
ships were on the periphery of the selected volume.
Probably good mean values of the sea-air differ-
ences may be determined, allowing conventional bulk
transfer estimates of flux, but such walues would
give no added information on variability Leyond
that provided by the day-to-day values of the
fluxes through the vertical walls. Thus, an
attempt to compute volume budgets has not been

made as yet,

3.3 Period Studied

The dates selected for evaluation are be-
tween 21 and 29 January 1979, a period whlen two
moisture bursts evolved over the area described
above. This examination of the moistuve trausfers
is a part of an investigation of the miri=ture
bursts (McGuirk et al., 1985).

b RESULTS

4.1 Flux Across Latitude 4°N

Moisture transport across latitude 4°N is
examined first. The first calculation was for the
last few hours of the 20th, thus a few hours before
the initjation of a moisture burst early on the
21st (all times refer to GMT). This particular
line extends only from 170°W to 110°W, as indicated
in Fig. 1. The arrows normal to the line represent
water vapor flux across a unit length of the sec-
tion, with the length proportional to the flux mag-
nitude in accord with the scale on the figure. The
flow across any segment of the long section is
given by the product of the flux of that section
and the length of that segment, positive for flows
to the north; the net flow (upper left corner of
the figure) is the length-weighted sum of the flows
across each segment. The average moisture flux is
obtained by dividing the net flow by the total
length of the section. The moisture burst was
initiated near 150°W. To the east of this point
the flux was northward for some 2,000 km, while it
was southward further west. East of about 130°W
the flux was weaker, though mostly to the north.
The average flux and total water vapor flow are
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Fig. 1. Meridional component of water vapor flux
acruss 4°N on 20 January 1979 about 21 GMT, com-
puted using dropwindsonde data. Line segments
with arrowheads, directed normal to the latitude
line are the fluxes, positive to the north, with
the segment length proportional to the flux across
a 1 meter portion of the latitude circle. Note
the inserted flux scale.

toward the north.

The second woisture burst was initiated
the morning of the 25th near 140°W. The water
vapor f{lows across 4°N scveral hours before the
initiation are given in Fig. 2. The flows were
either near zero (tirue for most of the line) or
toward the south near the point of initiation and
even more strongly toward the south at the west
end of the section,.

A day later, on the alternoon of the 25th,
by which time the moisture burst was well estab-
lished, the moisture transports (Fig. 3) had
changed significantlyv. While the fluxes were
small for most of the scction, the places of large
flow had shifted position and direction radically.
Flux in the vicinity of the burst was toward the
north, thus changing direction 180°, while the
southerly flux had disappeared at the west end of
the scetion and had established itsell at the east
end.

Still another day later (on the 26th), the
flow of wmoisture in the longitudes of the moisture
burst was still from the sovth (pnot illustrated),
with a flux across ¢ unit width of the section
roughly twice that of a day earlier. Flow to the
south had been reestablished at the west end (west
of 170°W), with near-zero flow between 170 and
145°W and east of 110°W.

By the 28th (Fig. 4), west of 140°W the
flow was to the south; east of 140°W there was
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Fig. 2. Same as Fig. 1, but for 24 January 1979
about 21 GMT.
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Fig. 3. Same as Fig. 1, but for 25 January 1979

about 21 GMT.

nearly equal flow to the north. The total (net)
flow was an order of magnitude less than on the
other days.

The water vapor fluxes across 4°N were
also calculated based on the analyzed FGGE TI1I-b
data. Values of the mapped variables along 4°N
(actually 3.75°N) were inserted into the water
vapor flux equation. This calculation allowed an
estimate of the flux for each map time. The re-
sults of calculations for four map times are shown
in Fig. 5. The horizontal lines represent distance
along 4°N (actually 3.75°N), while the vertical
line scgments are proportional to the flux across a
unit length of the latitude circle.

The top line gives the fluxes for 21 Janu-
ary, 1979; the time corresponds approximately to
that of Fig. 1. The fluxes calculated from the
111-b analyses were toward the north between 135"W
and 130°W, thus about the longitude of the develop-
ing moisture burst. West of 155°W they were toward
the south. Weak fluxes were present east of 130°W.
This pattern is in phase with the fluxes based on
the dropwindsonde data (Fig. 1), though the magni-
tudes do not agree.

By the 25th (Fig. 5b), the [luxes east of
130°W were definitely from the south, while the
fluxes near 140°W and near 160°W had dropped to
near zero. Other sectors were similar to those of
the 21st. Comparison with Fig. 2 shows good agree-
ment west of about 160°W, fluxes of opposite sign
near 140°W, and differences of magnitude east of
130°W. Agreement between the two methods is less
satisfactory than on the 2lst.

Twenty four hours later (Fig. 5c), about
the time of the second burst, the fluxes were small
west of 150°W and from the south but variable in
magnitude east of 150°W. This behavior corresponds
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Fig. 4. Same as Fig. 1, but for 28 Jaruary 1979
about 21 GMT.

110

ﬁ?ﬁTWl“'h

b. 25 JAN 00 GMT

| B 1 ) ' Lt I L} gop

£100 kg/ms
c. 26 JAN 00 GMT l“lllll'
T T

— 4°N
T 1
TI 100 kg/ms

4N
1100 kg/ms

T

d. 29 JAN 00 GMT
| T T

—
180°

1l — I 141., 4°N

1100 kg/ms

| R

160°W

1 1
140°W 120°W
Fig. 5. Meridional component of water vapor flux
across 4°N lat. on four days in January 1979, com-
puted using FGGE III-b analyses. Line segments
running upward from the base line are fluxes to
the north, with the segment length proportional to
the flux across a 1 meter portion of the latitude
circle. Note the inserted flux scale.

favorably with that determined from the dropwind~
sonde data (¥Fig. 3); note though that the calcula-
tions represented in Fig. 3 extend significantly
east of those represented in Fig. 5.

By the time of the conclusion of the
second burst on the 29th (Fig. 5d), fluxes toward
the south had increased west of 165°W and fluxcs
toward the north had increased east of 126°W; the
fluxes between tended to be significantly weaker
and more variable in direction. By then the mois-
ture burst was dissipating.

4.2 The Lateral Flow from Volumes

Only two examples of the computation of
water vapor flow out of volumes are presented.
The first is for the afternoon of the 20th (Fig.
6). The moisture burst occurred near the center
of the area (or volume) encleosed by the dropwind~
sonde reports. The representation is the same as
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Fig. 6. Vertically integrated water vapor fluxes
and net flow scross the vertical surfaces of a
volume delineated by dropwindsonde observations
near 21 GMI or 20 Jauuary 1379. The vectors repre-
sent the water vapor flux, with magnitude given by
the scale st the upper left.



that in earlier figures, except that the direction
of the arrow indicates whether the flux is outward
(designated as positive) from the volume or inward.
An outward net flow is also indicated as positive.
The net moisture inflow of 5.3 x 10% kg/s probably
is related to the convergence of moisture and of
mass as the burst undergoes initial development.
Computation of the net moisture flow for the same
volume, but based on the FGGE I11-b data resulted
in an inflow of 1.3 x 10° kg/s, determined {rom the
24-h changes in relative humidity over the period
from 12 CMT on the 20th to 12 GMT on the 2ist. The
same computation carried out for a 12-h period end-
ing at 00 GMT on the 2lst resulted in an outf{low
(moisture divergence) of 6.0 x 108 kg/s, the same
magnitude as, but of opposite sign from the value
obtained from the dropwindsonde data.

On the 25th the dropwindsonde positions de—
fined a volume a little smaller than, but in about
the same position as on the 20th (Fig. 7). The
longitude of the origin of the second meisture
burst was near the center of the volume. Despite
strong fluxes across short segments of the north
boundary surface, the net outflow of 1.0 x 106 kg/e
was two orders of magnitude less than the inflow ¢n
the 20th. Calculations of the volume outflcw made
using the FGGE III-b data again led to conflicting
results: an inflow of 1.1 x 108 kg/s when computed
over a 24-h period and 2.1 x 107 kg/s over a 12-h
period, both beginning at 12 GMT on the 25th.

Calculations for other voluues and times
show similar inconsistencies when results based oa
the dropwindsonde data are compared with those
based on the FGCE 1I1-b analyses, whether calcula-
ted over 12-h or 24-h periods.

5. SUMMARY AND COMMENTS

This paper outlines the results of an
attempt to determine moisture fluxes and budgets
associated with moisture bursts of the eastern
North Pacific Ocean area. The FGGE II-b and III-b
data sets provide the basic information. A calcu-
lation based on dropwindsonde data and a second re-
sult based on FGGE ITT-b data (the analyses) are
discussed and coupared.

1. Calculations of water vapor flow across
latitude lines probably provide a rfair representa-
tion of reality, especially when based on the drop-
windsoade data. The fluxes across various segmeunts
of the latitude circle usually match what would be
expected from the synoptic behavicr of the atmo-
sphere at the moisture burst.

2. Water vapor flow out of small volumes
is not well represented by results frow either form

of data. The FGGE III-b analyses likely are the
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Fig. 7.
ary 1979,

Same as Fig. 6 but for 16 GMT on 25 Janu-

Several conclusions follow:

poorer data form when synoptic investigations are
being undertaken because the numerical analysis
procedures utilized tend to be biased toward the
climatological structure when data are scarce, as
is always the case in the area being investigated.

3. The results also may be biased because
of the questionable accuracy of the initial data.

This paper reports a first step of an on-
going study. Our goal is to use moisture data de-
rived from satellite-borne instruments together
with the conventional data to improve estimates of
water vapor flux and budgets.
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TROPICAL SYNOPTIC INTERPRETATION OF INTER-CHANNEL CORRELATIONS FROM TIROS N

J. P. McGuirk, L. L. Anderson, Jr., and A. H. Thompson

Department of Meteorology, Texas A&M University

College Station,

1. INTRODUCTION

In the tropical northeast Pacific, a
synoptic event, called a "moisture burst," occurs
commonly (Smith et al., 1986; McGuirk and Thompson,
1984). The data-sparse nature of the region pre-
cludes accurate diagnoses of the structure of these
events. The most appropriate data set for the
study of these systems is quantitative satellite
data, particularly individual channel brightness
temperatures. This data format is preferable to
the reconstructed temperature and moisture profiles
because the reconstructions have a tendency to
smooth in both the horizontal and the vertical.

This paper describes synoptic variability
contained in a set of TIROS N brightness tempera-
tures for a nine-day period during January 1979,
between the dateline and 90°W and between 30°N and
20°S. The spatial coherence of each channel is
described as functions of interchannel differences
and geographic and synoptic variatioms. Second,
norizontal and vertical patterns of individual
channels are examined through empirical orthogonal
functional (EOF) decomposition. Finally, response
surface regression models are developed to predict
missing TIROS N channels from available TIROS N
and NOAA~5 data.

All three analyses present considerable
organized synoptic variability in tropical systems
for which the synoptic thermodynamic signal is
normally weak.

2. SPATIAL COHERENCE

To examine the spatial coherence of the
brightness temperatures in a given channel, the
correlation coefficient was calculated for each
observation with respect to all other observations
during the same synoptic time and throughout the
domain. The correlations were stratified by
horizontal separation distance’between pairs of
observations. Separation distances ranged between
zero and 2500 km, in 250 km increments. For nearly
all channels and nearly all separation distances,
at least 150 pairs of observations contributed to
the correlation coefficient for a given time
period, yielding a 95% confidence estimate of *0.1
for the amplitude of the correlation coefficient
at any specific separation distance.

2.1 Inter-Channel Differences

A single time period, 24 January 1979 at
12 GMT, was selected to examine the differences in
horizontal coherence between the different TIROS N
channels. The channels were divided into six
groups, based on the absorb:ng characteristics at

TX 77843-3146

the specific wavelength of the chanrel, as well
as the shape of the channel weighting function.
The channels of a given group possessed similar
coherence properties. See Table 1 for these
groups and Smith et al. (1979) for a detailed
description of channel characteristics.

Table 1

Channel groupings for spatial correlations.

Emission source Channel numbers

Tropospheric (thermal) 13, 14, 12, 1¢

Tropospheric (thermal, HZO
sensitive)

Water vapor
Stratcespheric i,

Surface (window, boundary
layer) 8, 13, 14, 18, 19

Microwave (MSU 1, 2, 3, 4) noted as 21, 22, 23, 24

By way of example, Fig. la shows the
correlation coefficient as a function of separa-
tion for the two tropospheric thermal groups. Fer
zero separation, the correlation is 1.(; observa-
tions correlate perfectly with themselves. As the
separation distance increases, the channel obser-
vations become less correlated, as expected. Ffor
distances greater than 750 km, the correlation in
channels more sensitive to water vapor falls off
much more rapidly. These correlation profiles are
compared most easily through the integral length
scale (the area under the correlation curve to the
left of the first zero crossing). This scale pro-
vides a single number estimating the mean corre-
lation distance; it should be related to the
length scale of atmospheric variation. The maxi-
mum difference in integral length scales in Fig.
la (between Channels 4 and 14) is 650 km (1820 km
vs. 1170 km; these are the approximate distances
at which two observations in the same channel will
become uncorrelated).

Correlations for a typical channel from
each of the six groups of Table 1 are shown in Fig.
1b. Prior to interpreting this figure, some ex-
ceptions are first noted. The stratospheric
channels varied widely in length scale, from about
900 km to well over 2000 km, exceeding the detecte-
ble length scale within the observation domain.
The same was true of the microwave channels, in
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which unrealistically small length scales occurred
in the window and tropopause channels.

Three behaviors appear in Fig. 1lb. The
highest spatial coherence occurs in surface
channels with length scales exceeding 2000 km.
Tropospheric signals, insensitive to moisture,
possess length scales of about 1800 km, but are
nearly identical with surface correlations at dis-
tances less than 1300 km. Finally, the strato-
spheric and moisture sensitive tropospheric
channels are similar, with length scales of about
1000 km.

The implication of the first two results
is that the scale of the atmospheric system is
somewhat larger than the scale of imposed sea sur-
face temperature variation within this part of the
tropics. It is likely then that sea surface pat-
terns do not drive directly the most active synop-
tic systems over the eastern Pacific Ocean.

Connecting the second two results leads to
the implication that temperature and humidity
variations occur on two diverse scales over the
trepical eastern Pacific.

2.2 Geographic Differences

The correlations for each channel were re-
computed for two zonal bands, one between 10°S and
15°N (the equatorial section), and the other be-
tween 15°N and 30°N (the subtropical section).
These subsets, shown in Figs. lc and 1ld, minimize
the meridional temperature gradient in two ways:
the first separates the tropics from the sub-
tropics, while the second aliases out the north-
south separations at scales larger than about 1000

km for each subset. (The distance between 15°N
and 30°N is only about 1600 km, so most of the
longer separation distances for observations ron-
tributing to the correlation coefficient tend to
be oriented east-west).

Comparison of Figs. 1lb, c and d allow
latitudinal differences to be identified. Except
for water vapor channels, the apparent scale of
tropical systems is reduced in the zonal strips.
The integral length scales of the equatorial strip
are about 40% of the scales for the entire region.
Scales for the subtropical strip are about 75% of
scales in Fig. 1lb. Thus, for the five channels
associated with temperature variation, the domi-
nant variation appears to be associated with the
mean meridional temperature gradient. In the
equatorial region the integral length scale for
tropospheric disturbances is about 600 km. Length
scales at the surface are lomger, about 850 km.
The infrared water vapor channel possesses an
integral scale of 1300 km in the equatorial belt,
the same as its scale throughout the region. Not
only is moisture's coherence about twice as large
as that for temperature along the equator, it is
not sensitive to meridional variation. In the
subtropics, however, the scale of moisture varia-
tion is about 750 km, much smaller than equatorial
variation. Finally, the scatter in correlation
behavior for individual channels within each group
is much greater in the equatorial zone than in the
other zomnes.

The first conclusion is that moisture
variations are synoptic in nature, and not a re-
sult of a mean meridional gradient in moisture.
The scale of moisture variation is dominated by
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equatorial variation, not by that of the subtropics.
On the other hand, temperature variation is control-
led strongly by the mean meridional temperature con-
trast. This contrast occurs primarily in the north-
ern pertion of the domain. Equatorial thermal
coherance is very small. Finally, the TIROS N
roisture channels are truly sensing moisture sig-
nals, which vary distinctly from thermal signals,
even in the equatorial and subtropical regioms.

2.3 Svnoptic Differences

Finally correlations were computed for a
central Pacific sector between longitudes 140°W
and 180° for two different days separated by five
days. One day experienced heavy convection along
the equatorial section and in the northwest corner
of the region. The second day was relatively
cloud- and convection-free. In all channels, inte-
gral length scales were less for the day with weak
synoptic activity, approximately 25% or about 300
km less for the four tropospheric channels of Fig.
1b, including moisture. (The correlation figures
are not shown.) The decreases in scale ror the
surface and stratospheric channels were not signi-
ficant. The conclusion is that synoptic activity
makes. the horizontal patterns more coherent and the
satellite can detect this organization. The
stratosphere and surface do not appear to vary
importantly on time scales of a few davs.

3. SPATIAL PATTERNS

The horizontal and vertical synoptic pat-
terns in the TIROS channel data were examined
through EOF analysis. For a given synoptic time,
ail the satellite observations over the tropical
Pacific region were merged into eigenvectors
(vertically-oriented channel brightness tempera-
ture patterns) and EOFs (horizontal amplitude pat-
terns of the eigenvectors). EOFs are alternatively
called "principal components." This decomposition
was done for each synoptic time and the first five
eigenvectors for a typical time period appear as
Fig. 2. Eigenvector Numbers 3, 4 and 5 varied from
day to day, but Eigenvector Numbers 1 and 2 remain-
ed stable. Due to a retrival error, the "900 mb
moisture signal" is actually a low level thermal
signal. Thus, the first eigenvector is unambig-
uously a mean tropospheric temperature signal, with
near zero weight given to the surface microwave
signal and the moisture signals. It typically
accounts for 60% of the spatial variability of the
entire satellite channel data set. The second

ORIGINAL PAGE IS
OF POOR QUALITY

)
)

: nins

—

L

g NOISTURE bi

L h

x

<

> W 4

o

L

=R E

s

T -

> * % * & * %

wd I i A
112 1

) WCROWRYE SO J

T

|

I omllulxuns|nrﬁ WH 12 )

TIROS-N CHANNEL NUMBER

eigenvector is primarily a moisture signal,
accompanied by a weak surface thermal signal; the
signs are such that when the troposphere is moist,
the boundary laver is warmer than normal. This
signal tvpically explains 15% of the variabilicv.
The next three eigenvectors are more complex and
less physicdlly interpretable, but typically in-
clude large moisture, microwave and surface sig-
nals. They can be linked to moisture, cloud, pre-
cipitation and surface effects, and tvpically
explain about 5% of the variability each. Thus,
the first five EOFs explain over 90% of the varia-
bilitv.

The five EOFs, or principal components,
associated with eigenvectors in Fig. 2 are shown
in Fig. 3. EOF 1l shows the meridional temperature
gradient north of 10°N and the cold trough (cold
is shaded) associated with a moisture burst be-
tween 150°W and 120°W. EOF 2 shows the moist axis
corresponding to the moisture burst (with the
wettest areas shaded) and the strong moisture
gradient on the northwest flank. Highs in EOF 3
(shaded) generally show contamination by heavy
precipitation cores or a warm tropopause. Over
land areas surface emissivity dominates the sig-
nal. This pattern does not always correspond to
cold cloud top temperatures from GOES imagery,
suggesting that the GOES signal is not always a
good precipitation indicator. EOFs 4 and 5 are
more difficult tc interpret. They carry a non-
meteorological signal along the satellite track
in channels MSU 1 and 3, particularly along the
equator. This signal has not been discussed in
the literature. EOF 4 shows several minima along
the burst (shaded), adjusting observations in wet
areas which do not have a warm boundary layer,

EOF 5, with a warm tropopause and surface, shows
a weak maximum along the burst axis.

Most EOF analyvses of geophvsical data ex-
hibit a gradually decreasing scale in spatial pat-
terns. Except for the first amplitude pattern of
mean temperature, the TIROS N data set does not
follow this trend. Starting with the moisture
pattern, the spatial patterns show a surprising
complexity, a result of the atmospheric structure
of this portion of the tropics. It is not sur-
prising, then, that the integral length scales of
the preceeding section exhibited so much variation
or signal.

4. INTERCHANNEL COMPARISONS

Because of regions of missing satellite
observations, attempts were made to recomnstruct
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"bogus" TIROS N channel brightness temperatures
from two sources: NOAA-5 (VIPR) observations
where no TIROS N observations were available; and
TIROS N microwave and stratospheric channels for
cloudy/overcast conditions where tropospheric
infrared channels were not available. The pro-
cedure was statistical, involving a full quadratic
response surface regression model.

For the bogus data generated from TIROS N
data in cloudy regions, the tropospheric IR
channels were predicted by regression, using the
available TIROS data (MSU 1, 2, 3, 4; SSU 1, 2;
HIRS 1, 2, 3, 17). The model was constructed using
over 2500 complete soundings available in clear sky
conditions. The model was then applied to overcast
regions.

In an analogous model, NOAA-5 VTPR channel
data were regressed to predict TIROS N channel
brightness temperature. The model was constructed
with clear sky TIROS and NOAA soundings colocated
within 500 km in space, and 3 hours in time; only
300 colocated soundings were available for model
construction.

Figs. 4a and b depict the percentage vari-
ance predicted in each channel from the TIROS N
microwave and stratospheric channels, and from the
NOAA-5 channels, respectively. The heavy lines
show the linear terms; the light lines give the
improvement by including quadratic terms. Improve-
ments by quadratic terms in excess of 107% were
limited to only a few channels in the NOAA-5 model.
NOAA-5 predictions were only slightly less accurate
due primarily to time and space extrapolation and
to the degraded observing capability of the
deteriorating NOAA satellite. Generally speaking,
about 85% of the variance in each channel can be
predicted for the TIROS model, excepting the two
tropospheric moisture channels, where prediction
is less successful. About B80% of the variance is
recovered by the NOAA model, except for the micro-
wave window channel. Because NOAA-5 infrared
channels are sensitive to water vapor, their pre-
diction of moisture in clear sky conditions was
more successful; since they are, however, all
infrared, they will provide no new moisture infor-
mation in' cloudy regions.

5. SUMMARY

Individual channels of TIROS N vary on
their own integral length scales. The variation
is sensitive to absorber (particularly water vapor
and precipitation), to mean meridional atmospheric
gradients, and to synoptic signal. This length
scale variation, and the strong channel inter-
dependence allow TIROS N channel brightness
temperatures to be merged into a few vertical/
horizontal structures through EOF analysis. The
vertical eigenfunctions and horizontal EOFs can be
interpreted synoptically. Finally, the strong
channel inter-dependence allows "bogus" channel
data to be constructed from partial channel sound-
ings or from different satellites carrying differ-
ent instruments; however, water vapor channels
will remain poorly predicted in cloudy regions.
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