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ABSTRACT

This study demonstrates methods to obtain high-density, satellite-derived atmospheric motion vectors
(AMV) that contain both synoptic-scale and mesoscale flow components associated with and induced by
cumuliform clouds through adjustments made to the University of Wisconsin—Madison Cooperative In-
stitute for Meteorological Satellite Studies (UW-CIMSS) AMV processing algorithm. Operational AMV
processing is geared toward the identification of synoptic-scale motions in geostrophic balance, which are
useful in data assimilation applications. AMVs identified in the vicinity of deep convection are often
rejected by quality-control checks used in the production of operational AMV datasets. Few users of these
data have considered the use of AMVs with ageostrophic flow components, which often fail checks that
assure both spatial coherence between neighboring AMVs and a strong correlation to an NWP-model
first-guess wind field. The UW-CIMSS algorithm identifies coherent cloud and water vapor features (i.e.,
targets) that can be tracked within a sequence of geostationary visible (VIS) and infrared (IR) imagery.
AMVs are derived through the combined use of satellite feature tracking and an NWP-model first guess.
Reducing the impact of the NWP-model first guess on the final AMV field, in addition to adjusting the
target selection and vector-editing schemes, is found to result in greater than a 20-fold increase in the
number of AMVs obtained from the UW-CIMSS algorithm for one convective storm case examined here.
Over a three-image sequence of Geostationary Operational Environmental Satellite (GOES)-12 VIS and IR
data, 3516 AMVs are obtained, most of which contain flow components that deviate considerably from
geostrophy. In comparison, 152 AMVs are derived when a tighter NWP-model constraint and no targeting
adjustments were imposed, similar to settings used with operational AMV production algorithms. A de-
tailed analysis reveals that many of these 3516 vectors contain low-level (100–70 kPa) convergent and
midlevel (70–40 kPa) to upper-level (40–10 kPa) divergent motion components consistent with localized
mesoscale flow patterns. The applicability of AMVs for estimating cloud-top cooling rates at the 1-km pixel
scale is demonstrated with excellent correspondence to rates identified by a human expert.

1. Introduction

Satellite-derived winds [or atmospheric motion vec-
tors (AMV)] are produced from all operational geosta-

tionary satellites and have been since the 1960s (Fujita
1968; Hubert and Whitney 1971). Common techniques
in use today are described by Velden et al. (1997, 1998)
for the Geostationary Operational Environmental Sat-
ellite (GOES) series (Menzel and Purdom 1994), by
Schmetz et al. (1993) for the European Meteosat, and
by Tokuno (1996) and LeMarshall et al. (1999) for the
Japanese Geostationary Meteorological Satellite
(GMS). Satellite-derived AMVs have recently been
produced using Moderate-Resolution Imaging Spectro-
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radiometer (MODIS) instrument data for the polar lati-
tudes, where image frequencies are on the order of �1
h (Key et al. 2002). Nieman et al. (1997) and Velden et
al. (1998) outline the development of fully operational,
automated winds from the GOES-8/-9 sensors within
the National Environmental Satellite, Data, and Infor-
mation Service (NESDIS).

AMVs are widely used in a variety of weather analy-
sis and prediction (e.g., Velden and Young 1994;
Schmetz et al. 1995; Sakamoto et al. 2004), data assimi-
lation (LeMarshall et al. 1996; Goerss et al. 1998; Soden
et al. 2001; Xiao et al. 2002; Bonavita and Torrisi 2004;
Cherubini et al. 2004), and tropical cyclone research
applications (Velden et al. 1992, 1998; Dunion and
Velden 2002). The World Meteorological Organization
(WMO)-sponsored International Winds Workshop
proceedings from the sixth and seventh workshops in
2002 and 2004, respectively, provide a sound back-
ground into the wide applicability of these data.

The purpose of this note is to describe the use of
satellite-derived AMVs for the identification of mo-
tions associated with and induced by convective clouds
(meso-� and meso-� scales, in particular: scales from 2
to 200 km) for which information about ageostrophic
flow is important. Satellite AMVs that contain signifi-
cant mesoscale flow components are often rejected by
quality-control checks within the processing algorithm
using a typical operational methodology tuned for
larger-scale, geostrophically balanced flow depiction.
Convectively induced motions are one example of flows
that can deviate greatly from geostrophic balance, often
leading to rejected AMVs. High-density “mesoscale”
AMVs can directly identify ageostrophic flow patterns
associated with and induced by moving convection in
near–real time. Other methods for cloud motion assess-
ment such as Lagrangian flow models require an accu-
rate knowledge of the three-dimensional atmospheric
mass distribution, which can only be identified through
computationally expensive, high-resolution, cloud-
resolving model simulation.

This note demonstrates a technique to obtain high-
density mesoscale AMVs, using the University of Wis-
consin—Madison Cooperative Institute for Meteoro-
logical Satellite Studies (UW-CIMSS) processing algo-
rithm (Velden et al. 1997, 1998), that contain valuable
information for a variety of subsynoptic-scale meteoro-
logical applications. As proof of their value, these me-
soscale AMVs are applied to help to estimate cumulus-
cloud growth rates. Section 2 outlines methods that al-
low for the identification of mesoscale AMVs using the
UW-CIMSS algorithm. Section 3 provides an example
on the use of such information within a technique that

nowcasts convective initiation (CI) using geostationary
satellite data. Section 4 summarizes the findings.

2. Method

Normal operational procedures used to obtain
AMVs from sequences of GOES satellite images are
described in detail within Velden et al. (1997, 1998). A
brief description of this satellite AMV identification
algorithm is provided as follows. After initial image
registration and navigation checks are performed, “tar-
gets” are identified that can be effectively tracked
across a sequence of geostationary satellite images with
relatively high time resolution (�1 h between images).
GOES satellite information used in the AMV targeting
scheme includes visible (VIS) brightness counts (0.65
�m) and brightness temperatures from the 3.9- [short-
wave infrared (SWIR); Velden et al. 2005], 6.5- [water
vapor (WV)], and 10.7- (IR) �m channels. Suitable
targets represent well-defined cloud features (VIS,
SWIR), coherent cloud edges (VIS, SWIR), or bright-
ness temperature (TB) gradients in the WV channel.
AMVs are computed by identifying and tracking these
targets across an image sequence through the use of
advanced pattern-matching techniques based on cross-
correlation statistics (Merrill et al. 1991). One of several
IR satellite-based techniques, such as the carbon diox-
ide (CO2)-slicing algorithm (Menzel et al. 1983) or the
water vapor (H2O)-intercept method (Szejwach 1982;
Nieman et al. 1997), is selected by a hierarchical scheme
within the algorithm for AMV height assignment
(Velden et al. 1998).

The AMVs are then passed through editing and qual-
ity-control routines. These routines check the overall
coherence of the AMV field [the quality indicator (QI)
technique; Holmlund 1998] and the fit of each indi-
vidual vector to an NWP first-guess wind field [recur-
sive filter (RF) analysis; Hayden and Purser 1995]. In
typical operational AMV processing schemes, adjust-
able quality-control settings within the algorithm re-
quire AMVs to meet nearest-neighbor coherence
checks. Those AMVs that differ greatly from neighbor-
ing vectors or deviate from the first guess are typically
assigned low QI and RF analysis scores. AMVs with
low scores (e.g., less than 60 out of 100 for the QI
analysis) are typically “blacklisted” from operational
NWP global data assimilation because they are be-
lieved to contain little useful information.

A detailed analysis reveals that many operational
AMVs with low QI and RF scores are indeed depic-
tions of actual atmospheric flow and can be associated
with motions induced by convective clouds (Mecikalski
2002; Rabin et al. 2004). These AMVs often represent
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ageostrophic or accelerating divergent (convergent)
flow associated with anvil-level outflow (boundary
layer inflow). They are screened out of typical opera-
tional satellite AMV datasets because the NWP model
either cannot simulate convective storm development
in the correct location or cannot accurately resolve and
represent the complex flow associated with and induced
by convective clouds on the meso-� (subgrid) and
meso-� scales. Therefore, AMVs induced by convective
clouds are treated as “noise” within operational AMV
processing because they do not correlate well with the
geostrophically balanced synoptic-scale flow repre-
sented in the NWP-model first-guess wind field.

To ameliorate this concern, a processing technique is
developed in an effort to obtain high-density VIS, IR,
and WV AMVs that contain contributions from both
the synoptic scale and mesoscale. The technique in-
volves simple modifications to the UW-CIMSS process-
ing scheme. First, the size of the AMV target box is
reduced from the default size of 15 � 15 pixels to 5 �
5 pixels [�1- (VIS) and �4- (IR) km resolution per
pixel]. VIS targets are tracked throughout the entire
depth of the troposphere and lower stratosphere (100–
10 kPa); this tracking differs from operational settings
in which targets are only identified in the lower tropo-
sphere to midtroposphere (100–60 kPa). Also, the
maximum IR target TB was increased from 250 to 285 K
to allow tracking of lower-tropospheric cumulus clouds.
The goal of these steps is to increase the number of
targets for subsequent tracking, which will therefore
increase the density of the resulting AMV field. Sec-
ond, the impact of the NWP first guess on the resulting
AMV field is greatly down-weighted through a reduc-
tion of the minimum required QI [25 vs 60 (opera-
tional)] and RF [0.01 vs 0.90 (operational)] analysis
score thresholds. In addition, gross error checks that
penalize directional and speed variations from the
background guess field (typically 90° and 10 m s�1) are
turned off to minimize further the impact of the first
guess on the final satellite-derived AMV field.

The following section describes the value of AMVs
using the aforementioned processing changes to obtain
AMVs that describe mesoscale flow within an applica-
tion that nowcasts initial convective storm formation.
We will refer to these AMVs as mesoscale, given their
ability to describe unbalanced flows and divergent cir-
culations.

3. Application of mesoscale AMVs

Mecikalski and Bedka (2005, hereinafter MB05) out-
line an algorithm for the real-time prediction of CI at
lead times from 30 min to 1 h. The UW-CIMSS AMV

algorithm is used within the CI nowcast system with the
adjustments described above to derive AMVs that de-
scribe cloud-scale motion, expansion, and local conver-
gent/divergent flows important for maintaining cumu-
lus growth. Within this system, there is a heavy reliance
on the use of mesoscale AMVs for tracking cumulus in
5–15-min-temporal-resolution GOES-11 and GOES-12
imagery so that temporal changes of IR cloud charac-
teristics may be monitored.

For this application, satellite-offset vectors (SOV)
are formed for cumulus clouds using mesoscale AMVs
to track the movement of cumulus clouds and to assess
cloud-top trends between successive GOES images. An
SOV is defined as the number of 1-km pixels in the
latitudinal/longitudinal direction for which a given cu-
mulus cloud pixel has moved in the time interval be-
tween two satellite images. The SOV is calculated by 1)
decomposing the AMV speed and direction into u
(zonal) and � (meridional) components, 2) multiplying
the u and � wind components by the time interval be-
tween images, and 3) dividing this quantity by the pixel
resolution to obtain the number of pixels in the u and �
directions by which a cloud feature has moved between
images. In knowing this information, we can derive
cloud-top IR trends by taking the difference between
IR TBs at the current pixel location and those at the
SOV-derived past location.

The calculation of mesoscale AMVs for use within
the CI nowcast algorithm incorporates three consecu-
tive satellite images (from t1 � 0 to t3 � t1 � 30 min)
from the GOES 1-km VIS and the 4–8-km 6.5–6.7-�m
WV and 10.7-�m IR window channels. Once the AMVs
are obtained, a Barnes (1964) objective analysis is per-
formed to produce an AMV analysis at the 1-km VIS
resolution for three atmospheric layers: 100–70, 70–40,
and 40–10 kPa. These broad atmospheric layers are se-
lected to account for errors in AMV height assignment
by the UW-CIMSS algorithm (Rao et al. 2002). GOES
IR imagery is interpolated to the 1-km VIS resolution
to allow for the combined use of VIS and IR analysis
techniques at each VIS pixel, thereby preserving the
enhanced spatial detail of the GOES VIS channel. Pix-
els classified as cumulus clouds by a VIS/IR cumulus
cloud mask (described in MB05) are assigned an AMV
from one of these three layers, depending upon the
relationship between the pixel 10.7-�m TB and an NWP
model [the National Centers for Environmental Predic-
tion North American Mesoscale (formerly Eta) Model]
temperature profile. Cloud-top trends are calculated
only if an AMV is present at the appropriate height
within the vicinity of a cumulus cloud (�0.25° radius).

After determining the SOV-derived past pixel loca-
tion, a check is performed to ensure that the past pixel
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does indeed represent a cumulus cloud. Assuming that
a pixel passes both checks (AMV availability and past
cumulus cloud presence) for both the 5- (15-) and 10-
(30-) min time lags of GOES-11 (GOES-12) imagery,
cloud-top cooling and multispectral band difference
trends are calculated (see MB05). The passage of these
checks indicates that a cumulus cloud is being tracked,
back to a reasonable prior location, across successive
images.

Errors in estimating cloud-top TB trends using
AMVs are inevitable, despite use of the above checks
and every effort made to obtain accurate vectors in
terms of direction and magnitude. Because quality-
control checks have been greatly relaxed within the
UW-CIMSS algorithm, incorrect vectors are occasion-
ally derived and can result in grossly unreasonable
cloud-top TB trends. The aforementioned cumulus-
cloud tracking checks are designed to minimize the im-
pact of errant AMVs on trend calculations but are by
no means perfect in filtering out all effects of these
vectors. Nonetheless, SOVs obtained from satellite-
derived AMVs are perhaps the only means of tracking
clouds with reasonable accuracy over large geographi-
cal regions in real time, thereby offering a substantial
improvement over a simple per-pixel differencing tech-
nique that does not take cloud motion into account (see
MB05 for a comparison of these two techniques).

Figure 1 shows a GOES-12 1-km visible image at
2002 UTC 4 May 2003 as convective storms were rap-
idly developing across Kansas. For this event, a strong,
slow-moving spring storm served as the focal point for
a severe thunderstorm outbreak across much of the
U.S. southern plains. Figure 2 shows GOES-12 4-km
10.7-�m IR imagery at 1932 (Fig. 2a) and 2002 (Fig. 2b)
UTC and highlights the locations of rapidly growing
cumulus clouds.

Figures 3–5 demonstrate AMVs derived using a se-
quence of three 15-min-resolution images from 1932 to
2002 UTC. An important increase in the number of
AMVs derived from this image sequence occurs when
the aforementioned adjustments are applied to the
UW-CIMSS algorithm over those derived using typical
operational settings. Over the entire domain shown in
Figs. 3a, 4a, and 5a, 152 AMVs are produced when
larger AMV targeting boxes and a stricter editing
method is used. In contrast, 3516 AMVs are produced
when the algorithm settings are adjusted in the manner
described in section 2 (Figs. 3b, 4b, and 5b). AMVs
within the 100–70-kPa layer (1178 vectors) are used for
tracking of immature, nonprecipitating cumulus,
whereas AMVs within the 70–40- (1283 vectors) and
40–10- (1055 vectors) kPa layers are used for tracking
newly developing and mature cumulus, respectively.
Vectors derived from the VIS channel (3212 vectors)

FIG. 1. A 1-km-resolution GOES-12 visible image at 2002 UTC 4 May 2003. Highlighted in black boxes are regions featured in
Figs. 6 and 7.
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FIG. 2. GOES-12 color-enhanced 10.7-�m imagery at (a) 1932 and (b) 2002 UTC 4 May 2003. De-
veloping convection is outlined by ovals, and the mean 30-min temperature decrease (determined by a
human expert) is listed for each distinct growing cumulus cluster in (a).
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outnumber those from the WV and IR channels (304
vectors) by a factor of greater than 10, thereby demon-
strating the importance of high-resolution 1-km imag-
ery for mesoscale flow depiction. A comparison be-
tween the mesoscale AMV field and regional radio-
sonde observations (Figs. 3c, 4c, and 5c) indicates that
the vast majority of the mesoscale AMVs possess rea-
sonable speed and direction within all three atmo-

FIG. 3. (a) AMVs (kt; 1 kt � 0.5144 m s�1) within the 100–70-
kPa layer at 2002 UTC 4 May 2003 using a typical operational
processing methodology. (b) AMVs for which the background
wind field is down-weighted, allowing for synoptic- and mesoscale
flows (so called mesoscale AMVs in the text). For clarity, only
20% of the mesoscale AMVs are randomly selected for display,
whereas all AMVs in (a) are displayed. (c) The 85-kPa radiosonde
wind observations (kt) at 0000 UTC 5 May 2003 for comparison
with the satellite AMVs. Note that the radiosonde observations
were collected 4 h later than the AMV field.

FIG. 4. (a), (b) The same as in Fig. 3, but for the 70–40-kPa
layer. (c) The 50-kPa radiosonde wind observations at 0000 UTC
5 May 2003.
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spheric layers, given the caveats that the radiosonde
observations were collected 4 h later than the AMVs
and that weather balloons are moving measurement
platforms that are advected away from the launch lo-
cation during ascent.

A closer examination of the mesoscale AMV field
over a limited domain demonstrates the ability of this
processing technique to retrieve detailed atmospheric

flow in the vicinity of convective clouds. Figure 6 shows
a combination of VIS imagery and the mesoscale AMV
field in northeast Kansas. As expected, the AMVs
within the 40–10-kPa layer correlate well with mature
convection and cirrus anvil clouds. Divergent flow is
apparent within the deep convection and cirrus anvil
extending from extreme northeastern Kansas into Mis-
souri. Several AMVs with speeds of more than 100 kt (1
kt � 0.5144 m s�1) are present, which is indicative of
flow at or above the 25-kPa level (see Fig. 5c). Diffluent
flow is apparent within the 70–40-kPa AMV field at the
periphery of the deep convection. Intense midtropo-
spheric and upper-tropospheric diffluence was noted as
one of the primary mechanisms in initiating convective
storm development and maintaining storm intensity
during this event. (M. Kruk, Midwestern Regional Cli-
mate Center, 2005, personal communication). Lower-
tropospheric convergence is evident in the AMV field
within the domain shown in Fig. 7 and yet is masked to
a degree by the fact that most AMVs in the vicinity of
the cumulonimbus and taller cumulus clouds apply to
levels above 70 kPa. Several vectors with assigned
heights lower than 90 kPa are outlined in boxes and
illustrate the convergence of southerly flow ahead of
the primary cloud line with west-southwesterly flow be-
hind the line. This convergence later contributed to
storm development in southeastern Kansas and north-
ern Oklahoma. AMVs as shown in Figs. 6 and 7 are
critical for forming SOVs within the CI nowcasting al-
gorithm of MB05 because they are at a density that is
meaningful to the study of meso-�–meso-�-scale phe-
nomena.

A 30-min cloud-top cooling estimate using both op-
erational and mesoscale AMVs is presented in Fig. 8.
Roberts and Rutledge (2003) noted that a drop in the
satellite-detected 10.7-�m TB from �0° to ��20°C and
cooling rates of �8°C over 15 min (their “vigorous
growth” criteria) are important precursors to storm ini-
tiation for the cases examined in their study. Through a
detailed comparison of satellite cloud-growth trends
and corresponding radar imagery, MB05 incorporate
10.7-�m and multispectral TB band differencing tem-
poral trends as 62.5% (5 of 8) of the criteria within their
nowcasting system because of the high correlation of
these trends with the CI process. Therefore, TB trends
calculated using mesoscale AMVs must be accurate be-
cause of the importance of these fields for CI nowcast-
ing.

The use of operational AMV algorithm settings
yields vector densities that are inadequate for use in the
MB05 CI nowcasting application. A comparison of Fig.
8a with Fig. 2a indicates that the vast majority of con-
vective development is not captured when operational

FIG. 5. (a), (b) The same as in Fig. 3, but for the 40–10-kPa
layer. (c) The 25-kPa radiosonde wind observations at 0000 UTC
5 May 2003.

NOVEMBER 2005 N O T E S A N D C O R R E S P O N D E N C E 1767



vectors are used. Because operational AMVs are nu-
merous within the 100–70-kPa layer (Fig. 3a), cooling
rates associated with small, immature cumulus domi-
nate the cloud-top cooling field. The number of AMVs
is substantially lower within the 70–40- and 40–10-kPa
layers, primarily resulting from that fact that VIS
AMVs are only computed at levels below 60 kPa in

operational AMV algorithms. Being that VIS AMVs
greatly outnumber WV and IR vectors for this case and
are not computed at levels above 60 kPa, cooling rates
are not calculated for newly developing midlevel cumu-
lus nearing the MB05 CI criteria.

In contrast, a comparison of Fig. 8b with Fig. 2a re-
veals that accurate cooling estimates can be calculated

FIG. 6. Mesoscale AMVs laid over GOES-12 VIS brightness centered on developing convection over northeast Kansas at 2002 UTC.
Green barbs represent AMVs within the 100–70-kPa layer, blue AMV barbs are within the 70–40-kPa layer, and purple AMV barbs
are within the 40–10-kPa layer. Blue arrows highlight midtropospheric diffluence in the vicinity of the mature convection. For clarity,
only 50% of the AMVs are randomly selected for display.

1768 J O U R N A L O F A P P L I E D M E T E O R O L O G Y VOLUME 44

Fig 6 live 4/C



using mesoscale AMVs. MB05 show that CI in west-
central and eastern Kansas can be nowcast up to 45 min
in advance through the proper identification of the vig-
orous cooling rates [20°–30°C (30 min)�1] present in
these locations. Isolated locations of intense convective
growth [30°–40°C (30 min)�1] are also identified within
the domain shown in Fig. 6, as well as in north-central
and southwest Kansas. Therefore, based on the high
quality of the trend estimates shown by comparison of
Figs. 2a and 8b, it is felt that the mesoscale AMVs are
valuable within applications that require high-resolu-

tion momentum information on subsynoptic spatial and
temporal scales.

4. Summary

This note outlines the modifications made to the
UW-CIMSS satellite-derived AMV identification algo-
rithm to obtain high-density AMVs that contain contri-
butions from both synoptic-scale and mesoscale flows.
Such mesoscale flows typically are not in pure geo-
strophic balance and therefore contain subtle conver-

FIG. 7. Mesoscale AMVs laid over GOES-12 VIS brightness centered on a combination of growing immature/mature convection over
southeast Kansas. Green barbs outlined by boxes illustrate convergent flow at levels below 90 kPa. Barb color and density are the same
as in Fig. 6.
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FIG. 8. A 30-min 10.7-�m cloud-top cooling estimate using (a) AMVs from typical operational
processing settings and (b) mesoscale AMVs. Shown are temperature differences of less than �4°C.
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gent and divergent flow components. AMVs that rep-
resent mesoscale flows are important in applications
that monitor the rapid evolution of (convective) clouds
in near–real time. A demonstration of cloud-top cool-
ing estimates using mesoscale AMVs is performed for a
CI event over Kansas. A comparison of mesoscale
AMV-derived cooling estimates with those derived by a
human expert yields very favorable results, thereby
demonstrating the applicability of AMVs for CI now-
casting.
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