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Tracking upper tropospheric water vapor radiances:

A satellite perspective

Brian J. Soden
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Abstract. Hourly observations of 6.7 um “water vapor” radiances from geostationary satellites
are used in conjunction with an objective pattern-tracking algorithm to trace upper
tropospheric water vapor features from sequential images. Analysis of measurements covering
the 3 month period of June-August 1987 illustrates a close relationship between the upper
tropospheric moisture and the tropical circulation. Over humid tropical regions the movement
of water vapor patterns reveals a diverging upper level flow away from centers of deep
convection. Likewise, arid subtropical regions are characterized by converging upper level
water vapor patterns indicating sinking air. The evolution of upper tropospheric moisture is
also explored from a Lagrangian perspective by considering the change in moisture of a pattern
as it is tracked from one image to the next. This analysis reveals that the clear-sky upper
troposphere in both tropical and subtropical regions becomes increasingly drier with time
reflecting the impact of large-scale subsidence in drying the troposphere. When separated
according to cloud amount, water vapor patterns associated with clouds are observed to dry
substantially slower than those without clouds, presumably due to the evaporation of cloud
condensate. Trajectories of upper tropospheric moisture are also constructed by iteratively
tracking water vapor patterns from successive satellite images. The trajectories reveal two
distinct paths for water vapor patterns entering the dry subsidence region of the subtropical
South Pacific. One path highlights the southward propagation of convective outflow from the
tropics while the other path reflects the injection of moisture from eastward propagating
subtropical disturbances. The existence of two distinct source regions suggests that a complete
picture of the processes regulating the driest and most radiatively transparent regions of the
subtropics will require an understanding of both types of convective systems.

1. Introduction

Water vapor is widely recognized to be a key component of
the climate system. The importance of water vapor, both as a
greenhouse gas and as a feedback mechanism, underscores the
need for an accurate understanding of the processes that con-
trol it. Water vapor associated with large-scale subsidence in
the subtropical trade belts is particularly important due to its
low relative humidity. Since the outgoing longwave radiation
is most sensitive to humidity fluctuations at low values [Th-
ompson and Warren, 1982; Spencer and Braswell, 1997] small
changes in subtropical moisture, particularly in the middle to
upper troposphere, can have large effects on the radiative ener-
gy balance. Recent studies have emphasized the importance of
the tropical circulation in determining the moisture content
and outgoing longwave radiation of the tropics [e.g., Sun and
Lindzen, 1993; Stephens et al., 1993 Soden and Fu, 1995;

~ Schmetz et al., 1995a; Bates et al., 1996; Sherwood, 1996a, b;
Sun and Held, 1996; Stephens et al., 1996; Salathe and Hart-
mann, 1997; Soden, 1997; Spencer and Braswell, 1997]. The
interaction between the tropical circulation and subtropical
moisture also plays a key role in regulating the dynamics of
the tropical climate [Pierrehumbert, 1995].
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Despite the importance of water vapor in climate, the role of
dynamical processes such as convection and subsidence in
controlling the moisture content of the middle to upper tropo-
sphere are not well understood. Much of the uncertainty sur-
rounding the moisture budget of the upper troposphere reflects
the lack of suitable observations, particularly over data sparse
regions of the tropics. An alternative to conventional observa-
tions are water vapor and wind measurements derived from
geostationary satellite images [e.g., Schmetz et al., 1995a;
Jedlovec, 1997; Velden et al., 1997]. The high spatial and tem-
poral sampling afforded by geostationary satellites provides a
unique opportunity to track the movement and evolution of
water vapor structures on hourly time-scales. This investiga-
tion demonstrates the applicability of high temporal resolu-
tion geostationary measurements for better understanding the
processes affecting the moisture content of the upper tropo-
sphere. Specifically, archived observations of hourly 6.7 pm
“water vapor” radiances from the GOES Pathfinder project
are used in conjunction with an objective pattern-tracking al-
gorithm to follow water vapor features from sequential time-
lapsed satellite imagery. From this analysis, climatological di-
agnostics relating to the moisture distribution and large-scale
tropical circulation of the upper troposphere are derived. The
temporal evolution of the upper tropospheric moisture field is
also described from a Lagrangian perspective. The
Lagrangian analysis is useful for identifying pattern trajecto-
ries associated with tropical convection and subtropical sub-
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sidence as well as for describing the growth and decay of
moisture associated with these processes. This information is
used to investigate the following basic questions regarding the
role of convection and subsidence in regulating upper tropo-
spheric moisture:
Where does moisture expelled from convective regions go?
Where does moisture entering the dry subtropics originate?
How does the moisture field evolve during these processes?
Section 2 describes the satellite data and methodology used
for obtaining upper tropospheric relative humidity (UTH) and
water vapor pattern displacement vectors (PDVs) from the
satellite imagery. Section 3 presents the time-mean distribu-
tion of the upper tropospheric moisture and circulation fields
for JJA 1987. In section 4 the growth and decay of the UTH
field is considered from a Lagrangian perspective and related
to the vertical motion of upper tropospheric air. In section 5,
water vapor radiance patterns are tracked over several succes-
sive images to construct pattern trajectories and characterize
the evolution of the moisture field along these trajectories. A
summary of the results is presented in section 6.

2. Tracking GOES Water Vapor Radiances
2.1. Upper Tropospheric Relative Humidity

Hourly observations of the 6.7 pum brightness temperature
(Tg.7) are obtained from GOES-7 for the 3-month period June,
July, August 1987. The 6.7 pm channel is located near the
center of a strong water vapor absorption band and under clear
skies is primarily sensitive to the relative humidity averaged
over a deep layer centered in the upper troposphere [Soden
and Bretherton, 1993]. This layer typically extends from
~200-500 hPa and shifts vertically depending upon the nature
of the atmosphere, moving to slightly lower altitudes for cold-
dry profiles and slightly higher altitudes for warm-moist pro-
files. Soden and Bretherton [1993] (hereinafter referred to as
SB93) presented an analytic expression, based upon simpli-
fied radiative theory, to relate the clear-sky T 7 to relative hu-
midity. Following SB93, a vertically averaged upper
tropospheric relative humidity (UTH) is obtained from the
clear-sky T 7 according to

UTH P,
cos® (l)
where a and b are empirically determined coefficients, 6 is
the satellite zenith angle, and p,, is a normalized base pressure.
The quantity UTH is defined as the weighting-function-aver-
aged relative humidity computed over a deep layer of the up-
per troposphere (roughly 200-500 hPa; see SB93). The p,
term is obtained from a monthly mean climatology, as de-
scribed by Soden and Bretherton [1996] and accounts for lati-
tudinal and seasonal changes in atmospheric temperature on
the clear-sky T 5. The effect of daily variations in p, on UTH
is typically much smaller than the instrument noise in the 6.7
pm channel and is therefore neglected.

The coefficients a and b are determined by tuning the rela-
tionship in equation (1) to detailed radiative transfer calcula-
tions. A series of radiance computations are made using
temperature and moisture profiles from ECMWF analyses as
input to the CIMSS (Cooperative Institute for Meteorological
Satellite Studies) transmittance model. The CIMSS model is a
40 level multivariate regression model based upon FASCODE
line-by-line transmittance model calculations. The formula-
tion of the CIMSS model is similar to that described by Eyre

=a +bT6.7
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Figure 1. Scatterplot of the forward-calculated T ; versus the
corresponding value of In(UTH p,)/(cos8). The solid line
represents a linear, least squares regression.

[1991]. The CIMSS forward radiance calculations are specific
to a particular satellite, thus the coefficients obtained here cor-
respond specifically to the 6.7 pm channel spectral response
function on the GOES 7 satellite. The temperature and mois-
ture profiles are taken from the July 1, 1987, ECMWF analy-
ses using all profiles located within the GOES viewing
domain. Forward radiance calculations are then performed to
determine the value of Tg 7 which would be observed by the
satellite under those conditions. The forward-calculated T¢ 7
are then compared to the vertically-averaged upper tropo-
spheric relative humidity with respect to ice computed explic-
itly from the same moisture profile (using the weights listed in
Table 2 of SB93). The results of this procedure are presented
in Figure 1. Linear regression (shown as the solid line in Fig-
ure 1) of Tg 7 versus In(UTH p,)/(cos8) is then used to de-
termine the coefficients in equation (1), which in this case are
a=35.5 and b=-0.130 K'. These coefficients are slightly dif-
ferent from those presented by SB93, because that study did
not account for the effect of variations in base pressure (p,) on
the Tg 7 (see SB96 for a further discussion of this effect).

It is important to note that the sample profiles used to tune
equation (1) are representative of a wide range of geographic
and synoptic conditions. Thus while the precise values of the
coefficients may depend upon the details of the “training”
profiles, the resulting UTH climatology is relatively insensi-
tive to this process. For example, SB96 derived coefficients
(for the TOVS 6.7 pm channel) using training profiles from
different operational forecast models as well as from radio-
sonde measurements. The resulting UTH climatologies were
shown to be very insensitive to the choice of the sample pro-
file data set. Here we extend this sensitivity analysis by show-
ing that the UTH product is also insensitive to seasonal or
regional variations in the training profiles. Table 1 lists the co-
efficients obtained using ECMWF temperature and moisture
profiles corresponding to three other seasons (January, April,
‘and October). Coefficients were determined as described
above using temperature and moisture profiles from the first
day of each month to represent the effects of seasonal differ-
ences in moisture and temperature profiles on the retrieval.
The UTH derived from these coefficients was compared to
that obtained using the July coefficients (a=35.5, b=-0.130 K~
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Table 1. Sensitivity of UTH Retrieval to Seasonal Variations
in Training Profiles.

Month a b, K: ms Bias Corr.
July 35.5 -0.130 0.0 0.0 1.0

Oct. 36.8 -0.135 6.4 -5.1 >0.99
Jan. 34.9 -0.127 6.5 -5.7 >0.99
April 36.7 -0.135 1.1 0.3 >0.99

The values of the regression coefficients (g, b) obtained using
ECMWEF profiles from the first day of four different months
are shown. To evaluate its sensitivity, the UTH is determined
from one day of GOES T 5 observations using each set of co-
efficients. The rms difference (in %), bias (in %), and spatial
correlation of each UTH estimate is then compared to that ob-
tained from the July coefficients.

1) and the results (rms difference, bias, and correlation) sum-
marized in Table 1. Note that while the coefficients may. dif-
fer, the retrieved UTH is relatively insensitive. In all cases the
bias and rms difference in UTH is less then 7%. More impor-
tantly, the correlations are all greater than 0.99, indicating that
the spatial and temporal variations in UTH (which are the fo-
cus of the this study) are very robust. Table 2 shows the results
of restricting the training profiles to separate latitude belts:
midlatitude summer (45°N-30°N), tropical (30°N-30°S), and
midlatitude winter (30°S-45°S). Once again, the precise val-
ues of the coefficients differ, however the resulting UTH is in-
sensitive to the regional or seasonal differences in training
profiles.

Finally, as shown by Stephens et al. [1996] and others
[Salathe and Smith, 1996; Soden and Lanzante, 1996], current
uncertainties regarding the treatment of continuum absorption
in existing transmittance models can lead to systematic biases
in UTH of 10-15%. This uncertainty represents a limitation in
our current theoretical understanding of continuum absorption
and has important implications for the accuracy of all infra-
red-based water vapor retrievals. However, it is important to
note that the spatial and temporal variability of UTH, which is
the focus of the current study, is insensitive to the differences
between various transmittance models [Stephens et al., 1996].
Thus while these absolute values of a particular UTH clima-
tology may depend upon the transmittance model used in the
retrieval, the spatial and temporal variations of UTH are very
robust.

Since clouds strongly attenuate the emission of infrared ra-
diation, estimation of the relative humidity requires informa-
tion from pixels in which the T is not affected by cloud
cover. Given the vertical distribution of the 6.7 pum weighting
function, this restriction usually corresponds to the exclusion
of pixels containing middle and upper level clouds [Schmetz
and Turpeinen, 1988). Clear-sky T ; are determined using a
bispectral cloud-masking scheme described in SB93. This
procedure estimates the cloud top temperature from the 11 pm
channel and uses the difference in brightness temperatures be-
tween the 11 um and the 6.7 um channels (AT}=T;;-T¢7) as a
threshold to discriminate between clear and cloudy pixels.
Pixels for which AT}, <25 K are considered to be cloud con-
taminated. This threshold is based on theoretical calculations
of the effect of clouds on the 6.7 um radiance (see section 4 of
SB93) as well as on sensitivity calculations. It is important to
note that the UTH distribution is not sensitive to reasonable
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changes in this threshold. For example, changing the AT
threshold from 25 K to 30 K results in rms differences in sea-
sonal-mean UTH of < 1%. Additionally, any pixels that satis-
fy the AT), threshold but have UTH values exceeding 100%
are also assumed to be cloudy (typically < 2% of pixels). To
provide a rough indication of the distribution of upper level
cloud cover, Figure 2a shows the fraction of cloudy pixels.
While this number is not intended to provide a rigorous esti-
mate of the actual cloud amount, it does serve as a useful
proxy for depicting regional variations in upper level cloudi-
ness. The seasonal-mean fraction of cloudy pixels remects
well-known patterns of the cloud distribution and is in reason-
able agreement with measurements of high cloud cover from
the International Satellite Cloud Climatology Project (ISCCP)
[cf. Hartmann et al., 1992; Figure 2]. For further details re-
garding the GOES 7 data characteristics and UTH retrieval
the reader is referred to SB93.

2.2. Pattern Displacement Vectors

Trajectories of upper level water vapor are tracked by
matching spatial features in successive water vapor images
using time-lagged cross correlation. The procedure is, in prin-
ciple, analogous to that used in satellite retrievals of “cloud
motion” and “water vapor” winds [e.g. Laurent, 1993;
Schmetz et al., 1995a; Velden et al., 1997]. The feasibility of
this approach relies on the fact that over the short periods of
time (e.g., 1 hour) the water vapor and clouds influencing the
6.7 um radiance behave approximately as passive tracers
drifting with the wind [Stewart et al., 1985]. Implicit in this
approach is also the assumption that the features being
tracked are associated with the advective motion of the atmo-
sphere rather than propagating waves. Fortunately, for the
scales of patterns being tracked here (< 500 km), the varia-
tions in temperature associated with propagating atmospheric
disturbances such as gravity waves are typically < 1 K in the
upper troposphere [Hamilton and Vincent, 1995; Allen and
Vincent, 1995] and, consequently, have a much smaller effect
on the Ty 7 relative to typical spatial variations in moisture or
cloud cover [Soden and Bretherton, 1993]. Other propagating
disturbances such as Kelvin or Rossby waves have much larg-
er spatial scales compared to those being tracked here. Indeed,
the trackability of water vapor features is largely dependent
upon the degree of small-scale spatial contrast present in the

Table 2. Sensitivity of UTH Retrieval to Regional Variations
in Training Profiles.

Region a pK! ms Bias Corr.
4SON4s°s 355 0130 00 00 10

4SON3O°N 368 0136 64 58  >099
J0°N30°S 359 0132 38 34 >099
30054505 382 0142 77 71 >099

The values of the regression coefficients (g, b) obtained using
July 1, 1987 ECMWEF profiles from four different latitude re-
gions are shown. To evaluate its sensitivity, the UTH was de-
termined from one day of GOES Tg 5 observations using each
set of coefficients. The rms difference (in %), bias (in %), and
spatial correlation of each UTH estimate is then compared to
that obtained from the full-domain coefficients (45°N-45°S).
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Figure 2. (a) Fraction of cloudy pixels within each grid box
time-averaged for June - August 1987. (b) The percentage of
trackable 6.7 um water vapor radiance patterns. The values
represent the percentage of radiance patterns which satisfied
both the forward and the backward pattern search criteria for
JJA 1987. For clarity the field has been smoothed using a nine
point spatial filter.

radiance field. Generally speaking, patterns consisting of
cloud boundaries and large moisture contrasts are more easily
tracked, while those consisting of cloud free regions with little
moisture contrast are more difficult to track.

The tracking algorithm developed for this study starts by
describing a reference “box” of ~(368 km)2 at nadir on the
initial image (Figure 3) which defines the origin and contains
the spatial pattern of 6.7 um radiances (in 8 km pixels) to be
searched for on the ensuing image (1-hour later). While the
GOES 7 6.7 um imagery contains 8 km resolution data (at na-
dir), the actual footprint resolution of the sensor is 16 km. The
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nominal 8km resolution imagery is created by oversampling
each pixel element within a scan line. In the vertical, each
scan line is repeated so that every other scan line is a duplicate
of the preceding line. Consequently, the sampling interval be-
tween individual pixel data is 8 km (element) by 16 km (line).
The tracking procedure accounts for this by removing every
other line from the reference box. The resulting dimension of
the reference box is then 46 pixels in the element direction by
23 pixels in the line direction. To facilitate the subsequent
analysis, the initial reference boxes are predetermined and
centered along an equally spaced 2° x 2° latitude/longitude
grid. The spatial pattern of radiances contained in the refer-
ence box is compared with that in all boxes on the later image
within a ~360 km radius, and the box containing the highest
spatial correlation defines the destination box. A pattern dis-
placement vector (PDV) is then determined from the centers
of the reference and destination box.

Once the destination box is determined, the quality of the
PDV is checked by performing a backward time-lagged cross
correlation. The destination box now defines the pattern to be
searched for, and the above procedure is repeated by search-
ing backward in time for the highest spatial correlation in the
earlier image. If the reverse pattern search returns to the origi-
nal reference box, then the vector is considered reliable, oth-
erwise the vector is discarded and no value is reported for that
grid box. The philosophy behind the reverse pattern search is
that the displacement vector should be independent of which
image (i.e., which time) is used to define the reference box
and that only reasonable matches will provide the same dis-
placement for both directions. Any PDV for which the for-
ward and backward displacements disagree by more than two
line pixels or four element pixels are discarded. This corre-
sponds to a maximum inconsistency between the forward and
the backward PDVss of roughly + 8 ms™!. This rather generous
threshold is used for accepting PDVs with the understanding
that, for climatological studies such as this, random errors can
be averaged out. Indeed, in a similar analysis, Schmetz et al.
[1995b] also relaxed the quality control in their operational
tracking algorithm for this reason. Finally, by assigning the
PDV to the center of the reference box (rather than at some
midpoint between the reference box and the destination box),
it is assumed that the flow field is constant during the 1 hour
tracking period. It is felt that the cost of introducing small
noise into the data as a result of this assumption is outweighed
by the advantage of having an equally distributed data set
which greatly facilitates the analysis (such as the computation
of time-average quantities). While this is sufficient when con-
sidering monthly mean products, such a procedure may be un-
suitable for daily analysis.

Figure 3. Schematic illustration of the pattern tracking algo-
rithm.
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Since the ability to trace features from one image to the
next depends upon the nature of the radiance pattern being
followed, the sampling of PDVs exhibits distinct regional
variability. Figure 2b shows the percentage of water vapor ra-
diance patterns which were successfully tracked (i.e., the per-
centage of patterns for which the forward and backward
displacements converged) from once-daily imagery (0100-
0200 UT) for the period of June-August 1987. This diagnostic
provides a measure of the trackability of the water vapor radi-
ance patterns. Note that the most easily tracked features (>
80%) correspond to regions of greatest cloudiness, whereas
the most difficult patterns to track (< 50%) coincide with
cloud free regions of the subtropics. This variation reflects the
fact that the tracking algorithm is most successful in follow-
ing features which contain large spatial contrasts in the radi-
ance field and that clouds are a major contributor to these
spatial contrasts. The convectively active regions also tend to
exhibit larger spatial gradients in the upper tropospheric mois-
ture compared to the subtropical regions, which further en-
hances their trackability.

To assess the quality of our tracking algorithm, the PDVs
computed using the forward/backward pattern correlation
method developed here is compared to water vapor wind vec-
tors (WVWYV) obtained from the CIMSS operational wind al-
gorithm (Velden et al., 1997). The comparison is made by
centering the reference box for our algorithm at the location
of the WVWYV and then performing the pattern search as de-
scribed above. The WVWVs are determined using three im-
ages, 30 min apart, and include robust quality control checks
(Velden et al., 1997). Our algorithm was applied to the first
and last image (one-hour apart) and includes only the forward
and backward consistency check. In this case the images used
are from 1145, 1215, and 1245 GMT on June 4, 1995. The re-
sults are shown in Figure 4. Out of the 893 vectors obtained
by the CIMSS algorithm, our algorithm was able to success-
fully track 732. Thus the forward and backward pattern search
failed to converge on ~13% of the patterns for which the CI-
MSS algorithm successfully obtained vectors. However, it
should be noted that during its quality control procedure the

732 cases out of 893
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Figure 4. Scatterplot comparing water vapor wind vectors
(WVWYV) from the algorithm of Velden et al. [1997] versus
the corresponding PDVs computed using the algorithm de-
scribed in section 2 for 1200 UT, June 4, 1995. Results are
shown for both the u (circles) and the v (pluses) components.
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CIMSS algorithm also discards a substantial number of winds
which are not shown here. Hence this result is not intended to
compare the relative sampling density of the two algorithms
but simply to provide a measure of the consistency between
the tracking component of the algorithms. Comparison of the
WVWYV with our PDV indicates that both vector components
are well correlated (r>0.85) with average absolute differences
of < 4 m/s and biases of < 1m/s. Thus the pattern-tracking al-
gorithm developed here compares favorably with displace-
ments obtained using a more sophisticated tracking and
quality control procedure.

The radiance patterns being tracked are generally confined
to a narrow range of altitudes (~200-350 hPa) corresponding
to the upper tropospheric layer flow [Schmetz et al., 1995b]. It
is noted, however, that the height and thickness of the PDV
varies depending upon the nature of the radiance pattern being
tracked. Patterns containing significant cloud cover generally
follow the motion of the cloud top, whereas pure water vapor
patterns tend to track the outflow of deeper layers. Since as-
signing heights to the PDVs typically requires coincident
model forecasts, no explicit height assignment is performed.
Rather, the mean T 5 of the reference box is recorded to serve
as a crude proxy of the PDV altitude. This provides a mecha-
nism for characterizing variations in the altitude of the PDVs
in terms of their temperature and can also be used for identify-
ing vertical discontinuities in the PDV flow field. Generally
speaking, PDVs located at higher altitudes exhibit colder
brightness temperatures, while those at lower altitudes exhibit
warmer brightness temperatures. For the range of viewing an-
gles considered here, the effect of changes in satellite view
angle upon the T 7 are typically smaller than the contrast be-
tween clear and cloudy patterns (which are the dominant
source of altitude variation). Nevertheless, it is important to
emphasize that this study focuses on interpreting the PDVs as
a diagnostic measure of the upper tropospheric circulation,
rather than on retrieving an explicit wind vector correspond-
ing to a specified finite level of atmosphere. For this reason,
the radiance pattern brightness temperature should only be in-
terpreted as a crude proxy for the PDV altitude.

Figure 5 shows an example of the instantaneous PDV (ar-
rows) and UTH (shaded) fields for 0100 UT on August 27,
1987. Grid boxes with no shading indicate regions where re-
trieval of UTH was not possible due to extensive upper level
cloud cover. Several features are noteworthy. (1) The distribu-
tion of PDV exhibits spatially coherent circulations which
closely coincide with moisture boundaries. This is particular-
ly evident in the strong northwesterly flow over the southern
Pacific ocean and southeastern Brazil, and in the anticyclonic
circulation centered off the southeastern U.S. coast. (2) The
PDVs tend to diverge surrounding regions of active tropical
convection, as inferred from elevated UTH, over northern
Brazil and Central America. (3) There are a greater number of
missing PDVs over the subtropics where there is less spatial
contrast in the radiances.

3. Upper Tropospheric Relative Humidity and
the Large-Scale Atmospheric Circulation

This section presents results obtained from applying the
UTH retrieval and pattern tracking algorithm to 3 months of
data covering the period of June, July, and August (JJA) 1987.
The PDVs are obtained for each day by tracking radiance pat-
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Figure 5. Upper tropospheric relative humidity (shaded) and
pattern displacement vectors for 0100 UT, August 27, 1987.

terns 1 hour apart using images from 0100 and 0200 UT. If ei-
ther the 0100 or 0200 imagery is missing, no PDV or UTH is
reported for that day. The seasonal-mean UTH (shaded) and
PDVs (arrows) shown in Figure 6a reveal clearly highlight the
impact of the large-scale circulation on the distribution of up-
per tropospheric moisture. Humid regions (UTH > 60%) oc-
cur in a distinct band along the ITCZ and over the
extratropical storm tracks, whereas dry regions (UTH < 20%)
dominate the subtropics. The PDVs also exhibit coherent
large-scale features consistent with the observed UTH distri-
bution. Over regions of high UTH in the tropics, the PDVs in-
dicate a diverging upper level flow, reflecting the upward
movement of air by deep convection. Likewise, regions of low
UTH in the subtropics are associated with converging PDVs,
implying sinking air. The distribution and magnitude of the
UTH is consistent with that described in previous studies
[Udelhofen and Hartmann, 1995; Velden et al., 1997]. The
seasonal-mean brightness temperature of the patterns (Figure
6b) reveals distinct regional variations in the PDV altitude.
Patterns over the tropical convective region and extratropical
storm tracks exhibit colder temperatures (higher altitudes) due
to the abundance of upper level clouds in these regions. In
contrast, the PDVs over the subtropical oceans exhibit warmer
temperatures (lower altitudes) due to the lack of cloud cover
and relative dryness of the upper troposphere.

The similarities between the upper tropospheric relative hu-
midity and the time-mean circulation are more easily seen by
examining the divergence of the seasonal-mean PDVs (Figure
7). An elongated band of upper level divergence is clearly evi-
dent along the ITCZ in close proximity to the band of high
UTH. Regional structures in both the UTH and the diveigence
fields also exhibit a distinct geographic dependence, particu-
larly over large islands and peninsulas of the Caribbean. For
example, the Central American isthmus, Mexican plateau,
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greater Antilles, and Florida peninsula are all easily distin-
guished in both the UTH and the divergence fields. Likewise,
regions of low UTH over the subtropics coincide with regions
of upper level convergence. If one assumes that the upper lev-

15 25 35 45 55 65 75

(a) relative humidity (%)

120W 110w

230 233 236 ks 24 251
(b) brightness temperature (K)
Figure 6. (a) Seasonal-mean upper tropospheric relative hu-
midity (shaded) and displacement vectors for June - August
1987. For clarity, only every other vector is shown. (b) The
seasonal-mean brightness temperature of the 6.7 um radiance
patterns for June - August 1987.
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Figure 7. Divergence (103 s7) of the seasonal-mean pattern
displacement vectors for June - August 1987. For clarity, the
field has been smoothed using a nine point spatial filter.

el convergence observed for the subtropics (2x10 6. 4x100 s
1) takes place over a layer ~150 hPa thick [Schmetz et al,
1995b], the implied subsidence rate is ~20 - 50 hPa d’!, which
is typical for subtropical trade regions [Sherwood, 1996a;
Betts and Ridgeway, 1989]. However, the conspicuously large
divergence/convergence rates along Chile is believed to be an
artifact of the Andes mountain range influencing the 6.7 mi-
cron radiance patterns.

The close relationship between the UTH and the divergence
is also evident in the zonal mean of these fields (Figure 8a).
To highlight the altitude dependence of the divergence field,
the PDVs have been binned into cold patterns (T 7 < 240 K)
and warm patterns (Tg 7 > 240 K) and the divergence comput-
ed separately for both (Figure 8b). As expected, the colder
(higher altitude) patterns exhibit a stronger divergence over
the tropics relative to the warmer (lower altitude) patterns,
consistent with the observation that the atmospheric diver-
gence tends to increase with height within the upper layer of
the troposphere. The similarity between UTH and the PDVs
divergence clearly highlights the dependence of upper tropo-
spheric relative humidity upon the vertical motion of the at-
mosphere over a range of spatial scales. Indeed, this
observation is consistent with previous satellite-based studies
of the relationship between UTH and atmospheric circulation
[e.g., Picon and Desbois, 1990; Schmetz et al., 1995a, b;
Velden et al., 1997].

4. Lagrangian Tendencies of UTH

The previous section focused on examining the spatial dis-
tribution of water vapor pattern displacements and their simi-
larity to the derived upper tropospheric humidity field. In
addition to the Eulerian view, the high space/time resolution
of the GOES imagery also provides the capability of monitor-
ing upper tropospheric water vapor from a Lagrangian per-
spective. In this section, we examine the time rate-of-change
of UTH within a given water vapor pattern as it is tracked
from one image to the next. This analysis provides a unique
perspective on the processes governing the moisture distribu-
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. tion that has not previously been measured from satellite ob-

servations. Recently, Salathe and Hartmann (1997) performed
a trajectory analysis of the upper tropospheric moisture using
analyzed wind fields and radiatively driven cooling to con-
struct upper tropospheric moisture trajectories. While their
technique for computing the trajectories is quite different
from the pattern-tracking approach used here, it will be shown
that both studies share many similar conclusions.

When analyzing the growth and decay of relative humidity
experienced by a water vapor pattern, it is useful to consider
fractional change in UTH given by dinUTH/d: . In this study,
the fractional change in UTH is computed for each water va-
por pattern by differencing the UTH between the reference
box at 0100 UT and destination box 1 hour later (see Figure
3). This difference provides a measure of the change in UTH
experienced by the layer as it moves horizontally along a tra-
jectory. If the UTH is not obtainable from the pattern at either
time, then the difference is flagged as missing. Note that the
pattern tracking is entirely two-dimensional; consequently, no
account is made for the vertical advection of air out of the
UTH layer. Hence the trajectory is not a true three-dimension-
al Lagrangian depiction of the moisture transport, but rather
represents the horizontal movement of a layer of upper tropo-
spheric moxsture Given typical subsidence rates of ~30 hPa d”
' (~1 hPa h'1) relative to the depth of the UTH layer (~300
hPa), attention will be focused on the tendency over short pe-
riods of time where the amount of air advected vertically out
of the UTH layer is small compared to the depth of the layer
itself.

Using the imagery for 0100 and 0200 UT, UTH tendencies
are computed once per day and averaged over the period of
JJA 1987. The seasonal mean tendencies are then zonally-av-
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Figure 8. (a) Zonal -mean UTH in % (circles) and divergence
of the PDVs (s')) for all patterns (squares). (b) The zonal-
mean divergence (s’!) of the PDVs for patterns with Tg; >
240 K (circles), patterns with T 7 < 240 K (squares).
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Figure 9. One hour humidity tendencies. The fractional
change in upper tropospheric humidity (dinUTH/dt) comput-
ed from 1 hour displacements of water vapor trajectories (in
units of hr'!). The tendencies are time averaged for June - Au-
gust 1987 and then zonally averaged for the GOES viewing
domain (125°W to 25°W). The circles represent tendencies
computed from all available UTH data. The squares represent
tendencies computed from only UTH data for which fewer
than 5% of the pixels in the grid box were cloudy.

eraged over the GOES viewing domain (125°W-25°W) to
highlight the latitudinal structures (circles in Figure 9). The
chief feature of this plot is that the tendencies are overwhelm-
ingly negative. This indicates that when viewed from a
Lagrangian perspective the upper troposphere becomes in-
creasingly drier with time. While perhaps seeming unrealistic,
this feature is entirely consistent with the sampling of the
UTH data. Because UTH is only retrieved from cloud-free
pixels, the UTH tendencies represent the change in moisture
occurring within the clear-sky portion of the pattern. Since
clear-sky regions are dominated by large-scale subsidence, the
air in these regions becomes warmed via compressional heat-
ing and, in the absence of moisture sources, the relative hu-
midity decreases. Consequently, one would expect to observe
a systematic drying of the clear-sky upper troposphere, and
the results of Figure 9 are consistent with this picture. This re-
sult is also consistent with the analysis of Salathe and Hart-
mann [1997] who noted a decrease in UTH along clear-sky
trajectories based upon computations from analyzed wind
fields (see their Figure 8). This consistency is reassuring, giv-
en the markedly different methods used for calculating the tra-
jectories and UTH tendencies.

To further assist in the interpretation of the UTH tenden-
cies, consider an idealized atmosphere in which the relative
humidity, r=g/g,, is independent of height over the range of
upper tropospheric levels of  concern, thus
dlnr/dt = dInUTH/dt. In the absence of moisture sources
or sinks (e.g.,vevaporation, condensation, or subgrid mixing),
the water vapor mixing ratio g remains constant, and the frac-
tional change in relative humidity is equal to the negative frac-
tional change in saturation mixing ratio g,

d _d, q
—d—tanTH = Elnq—s
2
= —iln
=@ s

Thus a decrease in UTH represents an increase in the satu-
ration vapor pressure within the UTH layer. Since g, scales
exponentially with temperature, doubling approximately ev-
ery 10 K for the upper troposphere, to a close approximation,
d Ing;= 0.1 dT. Accordingly, the change in UTH can be relat-
ed to the change in temperature of the layer
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This expression indicates that in the absence of moisture
sources and sinks over the 1 hour tracking period the fraction-
al change in UTH corresponds roughly to the change in tem-
perature of the UTH layer scaled by a factor of -0.1. Under
these conditions, the subtropical drying rates presented in Fig-
ure 9 imply a warming of roughly 1.5 to 2 K d'!. In a
Lagrangian framework, the temperature tendency reflects the
combination of both adiabatic (e.g., compressional heating as-
sociated with isentropic subsidence) and diabatic (e.g., radia-
tive cooling) processes as dictated by the thermodynamic
energy equation
dT _ kTw _ H
= + 1

dt p c @)

p

Considering a representative level in the tropical upper tro-
posphere (=240 K, p=350 hPa) experiencing a typical clear-
sky radiative cooling rate of H/c,=~1.5 K d”' [Salathe and
Hartmann, 1997], the subsidence necessary to explain the ob-
served drying rates range from ~15-20 hPa d’! which is in rea-
sonable agreement with subsidence rates noted for clear-sky
regions of the tropics [Sherwood, 1996b]. Thus both the sign
and the magnitude of the UTH tendencies are consistent with
the impact of large-scale subsidence in drying the clear-sky
upper troposphere.

An interesting aspect of the UTH tendencies is that the rate
of upper tropospheric drying is not uniform but varies system-
atically with latitude, suggesting that air over the dry subtrop-
ical trade regions (10°-30°S) tends to dry out proportionally
faster than air over the more humid regions of the tropics (5°-
15°N) and extratropics (> 35°N). The slower drying rates ob-
served in the tropics could result from the presence of mois-
ture sources, such as the evaporation of hydrometeors from
adjacent clouds. Indeed, such a mechanism has been found to
be critical in regulating the upper tropospheric moisture in
simple models of tropical convection [e.g., Sun and Lindzen,
1993; Renno et al., 1994]. To examine whether grid boxes as-
sociated with greater cloudiness exhibit systematic differenc-
es in drying rates, the humidity tendencies for each day were
screened according to the number of cloudy pixels and aver-
ages were computed from patterns containing little or no
clouds (< 5% cloudy pixels). The results are labeled cloud-
free UTH tendencies (squares) in Figure 9. For all latitudes,
the UTH tendencies averaged from all grid boxes (circles) dry
out more slowly than the tendencies averaged from the cloud-
free grid boxes. The differences are most obvious in areas
where upper level cloud cover is largest, such as along the
tropics and northern subtropics where drying rates differ by
up to a factor of 2. While these results cannot confirm that
evaporation of hydrometeors is actually responsible for the
difference, the larger drying rates observed for cloud-free re-
gions is qualitatively consistent with this mechanism.

5. Water Vapor Pattern Trajectories

In this section, trajectories of upper tropospheric water va-
por are constructed by sequentially tracking radiance patterns
from consecutive images covering a 48 hour period. These
water vapor pattern trajectories are derived by applying the
tracking algorithm in a serial fashion. Starting from an initial
target box at time t=7, the tracking algorithm searches for the
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highest spatial correlation between this pattern and all possi-
ble destinations 1 hour later (t=T + 1 h) r; ;. . If this pattern
is successful tracked, the destination box at time t=1 now be-
comes the new target box and the algorithm searches for the
highest spatial correlation between this pattern and all possi-
ble destinations at time (t=T + 2 hr) r7 , 1 ¢ 4. 2. A water vapor
pattern trajectory is then constructed by repeating this proce-
dure sequentially throughout a 48 hour period (beginning at
0000 UT of each day). To facilitate the pattern tracking, the
target box has been expanded to a dimension of 60 pixels by
30 pixels. Hence the algorithm tracks a slightly larger scale of
flow than discussed in the previous sections. Because of the
inherent difficulty of objectively tracking water vapor pat-
terns, it is rare for the tracking algorithm to successfully track
48 consecutive water vapor patterns. For instances where the
forward and backward pattern searches are in disagreement,
the trajectory is interpolated using the PDV from the previous
search (1 hour prior). The subsequent analysis is then restrict-
ed to those pattern trajectories which contain fewer than 10%
interpolated values.

Two trajectory analyses are performed. First, moisture fea-
tures emanating from convective regions are tracked to char-
acterize the destination and evolution of water vapor patterns
leaving convective towers. Then, by reversing the temporal
sequencing and tracking features backward in time, we exam-
ine where water vapor patterns entering the subtropical sub-
sidence regions originate and how the humidity field changes
along these trajectories. An ensemble of trajectories is calcu-
lated for two domains, a tropical convective domain which ex-
tends from 5°N-15°N and 110°W-60°W, and a subtropical
subsidence domain which extends from 5°S-20°S, 110°W-
60°W. The boundaries of these domains are chosen to encom-
pass regions of active convection and subsidence over both
land and ocean. The subtropical domain is slightly larger than
the tropical domain owing to the greater difficulty of tracking
subtropical water vapor patterns. Within each domain, trajec-
tories are computed for each day starting at 00 GMT and last-
ing up to 48 hours. The origins of the trajectories (i.e., the
initial target boxes) are equally distributed throughout the do-
main, separated by 5° latitude and 10° longitude. This proce-
dure is performed for all days within the month of August
1987. After the-quality of the trajectories is screened for inter-
polated values (see above), each domain typically has ~250
trajectories remaining which are analyzed below.

5.1. Tropical Forward Trajectories

First we consider where the moisture patterns exiting con-
vective regions go. Figure 10 (top) illustrates the geographical
displacement of the water vapor pattern trajectories for the
tropical domain. The chief feature here is the distinct diver-
gence of patterns away from the convectively active regions
along the Central American isthmus. The westward propaga-
tion of the pattern trajectories reflects the passage of convec-
tive disturbances (e.g., easterly waves) along the ITCZ. Near
the southern edge of the domain, most of the patterns track in
a southward direction highlighting the upper level transport of
moisture from the ITCZ into the subtropical subsidence
zomnes. Northward propagating patterns are also observed, al-
though they are fewer in number and tend to be concentrated
along the northern edge of the convective zone. Typical dis-
placements for the tropical trajectories are ~1000-1500 km
over the 48 hour period.
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A composite plot of the forward trajectories is presented in
Plate 1 (top) as a function of the relative change in latitude
and longitude. This diagram shows the location of the destina-
tion box for each trajectory at 12 hourly intervals: 12 hours
(blue), 24 hours (green), 36 hours (yellow), and 48 hours
(red). The relative displacements of the trajectories with re-
spect to their original starting location were computed and
then superimposed on top of each other. In general, the merid-
ional displacements tend to be smaller than the zonal dis-
placements, with few patterns tracking more then 10° latitude
or 15° longitude over the 48 hours. The vast majority of the
patterns propagate into the southwestern quadrant (~75%),
highlighting the northerly and easterly flow which dominates
this region. Of the northward moving trajectories the majority
also tend to track westward although those in the northeastern
quadrant tend to penetrate farther merdionally.

5.2. Subtropical Backward Trajectories

Next, the origin for water vapor patterns entering the sub-
sidence region is examined. Figure 10 (bottom) shows the 48
hour backward trajectories computed for patterns which ar-
rived in the subtropical domain (110°W-60°W, 5°S-20°S).
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Figure 10. Water vapor radiance pattern trajectories comput-
ed from forward pattern displacements originating in the trop-
ical region (top) and from backward pattern displacements
arriving in the subtropical region (bottom). Trajectories are
computed over a 48 hour period.
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Plate 1. Scatterplot depicting the pattern location after 12 hours (blue), 24 hours (green), 36 hours (yellow),
and 48 hours (red). Results are shown for forward trajectories leaving the tropical domain (top) and for back-
ward trajectories entering the subtropical domain (bottom).
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This plot reveals two distinct pathways for moisture patterns
entering the subtropical dry zone: an ITCZ path and an SPCZ
path. For moisture patterns entering the northern edge of the
subtropics (5-10°S) the primary origin tends to be southwest-
ward propagating disturbances from the ITCZ. This is consis-
tent with the forward trajectories (Plate 1, top) which also
shows water vapor patterns traveling southward from the
ITCZ into the northern edge of the subtropics. However, for
moisture patterns entering the southern portion of the subtrop-
ics (15°S-20°S), the primary source appears to be moisture
transported zonally from eastward propagating disturbances
along the SPCZ. These trajectories are characterized by much
larger zonal displacements relative to the meridional displace-
ment, and an obvious eastward propagation as opposed to the
slight westward propagation noted for the ITCZ-originating
disturbances. The SPCZ trajectories result from low-latitude
disturbances that propagate southeastward as they interact
with transient troughs in the midlatitude westerlies [e.g., Kila-
dis et al., 1989; Vincent, 1994]. This interaction with the mid-
latitude westerlies results in the much larger zonal
displacements noted for these trajectories. An example of an
SPCZ-originating disturbance is evident in the bottom left-
hand corner of Figure 5. Note, however, that few patterns en-
ter the subtropics from regions poleward of 30° latitude, con-
sistent with the conclusions of Sherwood [1996b]. The
contrast between the ITCZ and the SPCZ paths is also evident
in the composite plot of the backward trajectories (Plate 1,
bottom). The backward trajectory composites show two clus-
ters, one for trajectories that track primarily southward while
also moving either eastward or westward (the ITCZ path) and
the others that track primarily eastward (up to 40° longitude)
while also moving either northward or southward (the SPCZ
path).

Average trajectories (Figure 11), plotted in terms of the rel-
ative change in latitude and longitude with respect to the orig-
inal starting location, more clearly highlight the difference
between the two pathways. Averages are computed from all
trajectories within the subtropical domain (solid line), trajec-
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Figure 11. Average back trajectories computed from all tra-
jectories originating within the subtropical domain 5 S-20 S
(solid line), trajectories originating from the northern half of
the domain 5°S-10°S (dotted line), and trajectories originating
from the southern half of the domain 15°S-20°S (dashed line).
Results are plotted in terms of the relative change in latitude
and longitude with respect to the original starting location.
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Figure 12. Lagrangian evolution of UTH and radiance pattern
correlations. The upper tropospheric relative humidity (left)
and time-lagged cross correlation of the radiance patterns
(right) shown as a function of time for forward trajectories
originating in the tropical convective domain (top) and for

backward trajectories arriving in the subtropical subsidence
domain (bottom).

tories entering the northern half of the domain 5°S-10°S (dot-
ted line), and trajectories entering the southern half of the
domain 15°S-20°S (dashed line). The mean pathway is clearly
composed of trajectories with two very different characteris-
tics. Water vapor patterns arriving into the northern half of the
subtropical domain exhibit a relatively large southward dis-
placement with little systematic zonal displacement. On the
other hand, patterns arriving into the southern half of the sub-
tropical domain exhibit very large eastward displacements
combined with a small northward displacement. Thus mois-
ture patterns entering the dry subtropical region are not strict-
ly associated with convective outflow from the ITCZ. Rather,
the SPCZ also provides an important source of moisture. This
feature was also noted by Salathe and Hartmann (see their
Figure 5a). Since the origin and maintenance of the SPCZ in-
volves a hybrid interaction between low-latitude convective
disturbances and higher latitude transient waves (Vincent,
1994), this evidence suggests that a complete picture of the
processes regulating the driest and most radiatively transpar-
ent regions of the subtropics may require consideration of
both types of disturbances. It should also be emphasized that
the current analysis is limited to a single season (JJA) from
one year (1987). Further analysis is necessary to understand
the importance of seasonal and interannual changes in the
tropical circulation for this region.

5.3. Trajectory Evolution of UTH and Radiance Patterns

In this section, the evolution of the moisture content along
the convective and subsidence trajectory paths is considered.
Figure 12 (left) shows the average UTH of the destination box
as a function of increasing time for forward trajectories ema-
nating from the tropical domain (top) and as a function of de-
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creasing time for backward trajectories arriving at the
subtropical domain (bottom). For the tropical trajectories the
UTH decreases with increasing age as the air is expelled away
from the convective region, subsides, and dries. On average,
the UTH (solid line) decreases from ~75% at the initial time
to slightly over 60% forty-eight hours later. Averages were
also computed from cloud-free trajectories (dashed line). The
fractional drying tendency for the entire 48 hour period was
also computed through a linear regression of In(UTH) versus
time (shown as straight lines in Figure 13). In addition to be-
ing systematically drier, the “cloud-free” trajectories also tend
to dry out slightly faster (dInUTH/dt = -0.06 hour'!) than the
average of all trajectories (dInUTH/dt =-0.03 hour'l).

Note that the patterns dry out more slowly between 24 and
48 hours than during the first 24 hours. This likely reflects the
impact of subgrid processes in altering the humidity content
of the pattern by mixing with surrounding air. This is support-
ed by the time-lagged autocorrelation of the radiance patterns
(Figure 12, right) which shows that the autocorrelation drops
off significantly during the first day of tracking with e-folding
times of ~9 hours for all trajectories and ~18 hours for cloud
free trajectories. The shorter decorrelation times for cloudy
patterns reflect the more transient nature of cloud cover rela-
tive to pure (cloud-free) water vapor features. Thus, after rela-
tively short periods of time (< 1 day) the pattern being tracked
bears little resemblance to the pattern which was initially tar-
geted, presumably due to the role of sub-grid mixing in shear-
ing and distorting the original pattern. This suggests that for
time periods longer than 1 day, the concept of a Lagrangian
trajectory at these spatial scales has little meaning. That is,
that the role of sub-grid processes begins to dominate over the
effects of large-scale advection.

For the backward trajectory calculations (Figure 12, bot-
tom) the evolution of the UTH field is shown separately for
the ITCZ-originating patterns (5°-10°S) and SPCZ-originat-
ing patterns (15°-20°S). For both pathways, patterns entering
the subtropical region become increasingly moist as one fol-
lows them back in time. During the first 24 hours, both sets of
trajectories moisten fairly steadily. After this period the trajec-
tories from the SPCZ path appear to moisten more slowly,
perhaps due to sub-grid entrainment of drier air. Compared to
the tropical patterns, water vapor patterns over the subtropical
regions tend to dry out slightly faster on average (dInUTH/dt
= —0.009 hr‘l), consistent with the results of section 4. Also
note that the decorrelation times of the subtropical radiance
patterns (Figure 12, right) are noticeably longer than those in
the tropics, reflecting a systematically slower dispersion of the
water vapor patterns in the subtropics relative to the tropics.

6. Conclusions

Geostationary satellite observations of hourly water vapor
radiances are used in conjunction with an objective pattern-
tracking algorithm to follow water vapor features from se-
quential time-lapsed imagery. The primary accomplishments
of this investigation are summarized as follows:

1. The spatial patterns of upper tropospheric moisture
closely reflect patterns in the upper level circulation, with re-
gions of high (low) relative humidity coinciding with regions
of upper level divergence (convergence). This close correla-
tion between humidity and divergence, even on regional
scales, clearly emphasizes the importance of the time-mean
circulation in regulating the distribution and variation of up-
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per tropospheric moisture and is consistent with several previ-
ous studies. It also suggests that to a first approximation
global measurements of UTH from polar orbiting satellites
can provide valuable information for characterizing seasonal-
to-interannual variations in the tropical circulation.

2. By examining the trend in UTH as moisture patterns are
tracked from one image to the next, information on the
Lagrangian behavior of the UTH field is obtained. On aver-
age, the clear-sky UTH is observed to decrease with time re-
flecting the role of large-scale subsidence in drying the upper
troposphere. When categorized according to cloud amount,
the analysis reveals that water vapor patterns associated with
little or no clouds dry out substantially faster than those with
clouds. This suggests that the evaporation of cloud condensate
may be an important factor in regulating the drying rate of the
upper troposphere, although its impact is generally restricted
to regions of extensive cloud cover.

3. Trajectories of upper tropospheric water vapor were also
constructed by sequentially tracking radiance patterns from
consecutive images spanning a 48 hour period. For JJA 1987,
this analysis reveals two distinct paths for water vapor enter-
ing the dry subsidence region of the subtropical South Pacific.
One path highlights the southward propagation of convective
outflow from the ITCZ while the other path reflects the injec-
tion of moisture from eastward propagating disturbances
along the SPCZ. Thus understanding moisture variations in
this region will likely require consideration of both types of
convective systems.

4. The trajectory analysis also indicates that for the spatial
scales considered here (~400 km), the Lagrangian timescales
of upper tropospheric water vapor radiance patterns are of the
order of 1 day or less. At longer timescales, subgrid processes
appear to have a more dominant effect on the humidity pat-
terns than large-scale advection and the concept of a
Lagrangian trajectory (at these spatial scales) becomes un-
clear. This may place important limitations on the reconstruc-
tion of Lagrangian trajectories from analyzed wind fields.

While the present study has focused on observations from a
single satellite, there are currently four geostationary satellites
in operation which provide full-disk coverage of upper tropo-
spheric water vapor radiances. Such data offer the opportunity
to perform a near-global analysis of the upper tropospheric
moisture and circulation for characterizing the moisture
sources of dry subtropical regions in other parts of the globe.
Additionally, current GOES archives contain hourly water va-
por imagery dating back to the mid-1980s, which should pro-
vide valuable insight into the seasonal-to-interannual
variability of the upper tropospheric moisture and circulation
fields over the American sector of the globe. Future efforts
will be directed toward such studies.
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