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ABSTRACT

This paper describes the creation of aear real-time, near-global, four-layer (surface 850, 850700, 700
500 and 500 300 hPa) blended layered water vapokLWV) product using retrieved soundings from five
polar-orbiting satellites [National Oceanic and Atmospheric Administration (NOAA)-18 and NOAA-19
satellites Defense Meteorological Satellite Program F-18 satellite; Meteorological Operational satellite
pr ogr Eap-4 satellite; and National Atmospheric and Space Administration NASA) Aqua satellite].
Both layer precipitable water (LPW) and layer relative humidity (LRH) are includedin the blended LWV
product. The NASA Atmospheric Infrared Sounder Version 6 retrieval product and NOAA Microwave
Integrated Retrieval System soundingsre used to create the product, andhe use of retrieved water vapor
profiles from multipl e satellite inputs at different local times allows visualization of the flow of water vapor in
layers. The product has advantages and complemenigeostationary water vapor imagery, derived products
from geostationary satellites, and radiosondes in trackingnoisture over data sparse regions in cloudy
conditions. LPW profiles show absolute values at each layer of the column hile LRH profiles give a sense of
whether the column is moistening or drying with height. Examples of the product are given for asevere
weather casethe September 2013 Colado Front Range floods, and a landfalling tropical depressionThe
usefulness of theproduct is discussed from the perspective of how tools commonly used by forecasters to
analyze water vapor are augmented by th blendedlayered water vaporfields.

1. Introduction However, currently no observing systems within the

Analyzing the distribution of water vapor from NWS region of responsibility provide moisture
observations is a key component of the forecast cycleoundings for weather forecastitigat are available
Both integrated (e.g., total precipitable water, TPWhourly with good vertical resolution and can be
and vertically resolved moisture fields are necessarybtained over land or ocean under clear or cloudy
depending on the particular forecast challengeskies. A 4D water vapor product can be applied to
Typically, National Weather Service (NWS) many forecasting problems. It can be used to assess
forecasters rely on a few standard tools for this taskhe depth of an atmospheric river tletermine how
These include radiosondes, blended TPW from manmuch moisture will make it over coastal mountains,
satellites and surface observations, GOES water vapsuch as the Cascades. Data indicating a hostile or
imagey, and GOES sounder imagery.€Be tools, and favorable midlevel moisture environment around a
their characteristics are summarized in Table Itropical wave can be used to help predict whether
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Table 1 Characteristics of moisturegructs commonly used by forecasters

Moisture Product Spatial Resolution Temporal Strengths Limitations

and Coverage Resolution
Radiosondes ~500 km ovethe 12 h Trusted high vertical resolution Spatial and temporal coverage

CONUS;none over

theocean
GOESWater Vapor 4 km, near 15 min or less Very high spatial and temporal Upperlevel moisture onlyno
Channel (6.7 pm) hemispheric resolution animations show flow vapor signal in high clougls
Imagery coverage variable sensing depth
GOESSounder 20 km, CONUS, 1h High spatial and temporal Clear sky onlyforecast model
Retrievals Hawaii, Puerto resolution limited vertical dependence

Rico, and adjacent structure

waters only
Blended TPW 16 km, near global | 1i3 h (varies based | Retrievals in cloudsearglobal No profile information no

on time ofday) coverage multiple types of inputs retrievals in heavy precipitation
including very accurate GPS TPW,

tropicalcyclone genesis is likely. Uppésvel moisture particular strengths and weaknesses that influence
above 500 hPa can be useful to predict whether cirrubeir application. Radiosondes provide good vertical
clouds will form or persist and impact high or low structure at a point but are infrequent in time, fail to
temperature forecasts. ARl water vapor field can be capture mesoscale moisture structure, and over oceans
assimilated by a forecast model to yield positiv are limited to a few islands. Infrared water vapor
impacts on convective forecasts as shown by thinagery has temporal resolution of a few minutes and
assimilation of singleswath satellite moisture data can be animated to capture atmospheration, but
(Jones and Stensrud 2012). Moisture fields can servegh clouds can mask lowdgvel water vapor
as a feature map in order to reduce modeleatures. In addition it is sensitive only to the firsR1
displacement errors (e.g., Nehrkorn et al. 2014)nm of moisture in cloudree regions at a level of the
Therefor, a multisensor technique to exploit advanceatmosphere that varies according to the moisture
in satellite remote sensing to improve the depiction chmount (Jedlovec et al. 2000). Besauthe global
water vapor was developed and is presented here. average TPW is about 25 mm (Vonder Haar et al.
In order to improve data transition from National2012), this is typically uppdevel moisture except
Air and Space Administration (NASA) researchwith extremely dry atmospheres. Ti&eostationary
satellie s , N A S Aiérm Pré&lictionr Research and Operational Environmental Satellit6SOES sounder
Transition (SPoRT) Center was formed in 2002provides three broad layers of preciplaabvater but
SPORT has expertise on transitioning unique NASAnly in clear regions and over limited hourly sectors
datasets that might be unfamiliar to forecasters but carear the contiguous United States (CONUS) and
provide value in weather forecasting and analysisoastal waters, as well as less frequent sectors over
Some eamples are very high spatial and spectraHawaii and the Caribbean. In addition, tBOES
resolution imagery from the Moderate Resolutionsounder is dependent on figiess infomation from
Imaging Spectroradiometer (MODIS), hyperspectrathe Global Forecast System (GFS) model to constrain
soundings from NASA Atmospheric Infrared Sounderthe solution, which makes comparison to model
(AIRS), and groundbased lightning mapping forecasts more challenging. Also, a retrieval system
networks. Some current gearch and transition that depends heavily on the model for its water vapor
activities at SPORT aim to increase the utility of thesolution can be ambiguous and less uwisefor
Suomi National Polaorbiting Partnership (NPP) and forecasters. Of the moisture products listed in Table 1,
Joint Polar Satellite System missions within theonly the GOESsounder has a dynamic forecast model
operational weather community. dependency directly linked to current model water
Characteristics of commonly used water vapowapor fields. A satellite sounder is not on the manifest
products are summarized in Table 1. Forecasters u$er the next generation dEOESsaellites (GOESR
these tools to compare model depictions of moisturseries), but legacy atmospheric profiles will be derived
with observations. All of these observations havdrom the GOESR/-S Advanced Baseline Imager (Lee
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et al. 2014) with three channels particularly sensitive&Cooperative Institute for Research in the Atmosphere
to water vapor. The expected performance of théCIRA) developed a blended LWV product using
legacy atmospheric moisturegfile from the imager is polarorbiting satellites. Té result is a product very
on the order of the current sounder performance argimilar to the NOAA operational blended TPW and
better than the 18% accuracy specification for thimnomaly products (Kidder and Jones 2007; Forsythe et
product (Li et al. 2010). TheGOESR/S legacy al. 2012;www.ospo.noaa.gov/Products/bTPW/index.Html
atmospheric profiles will have excellent time andThe blexded LWV product suite is a composite of
spatial resolution but will dg be possible in cloud water vapor retrievals for multiple layers using
free regions within the satellite fielof-view. infrared and microwave sensors on paldbiting
Although the new layered precipitable water productatellites that are mapped to akii Mercator grid, in
presented here has coarser temporal and spat@mmon with the blended TPW and anomaly grid. The
resolution and more latency, it delivers profiles inuse of micowave data provides an advantage over
cloudy conditions over the ard globe except in polar infrared soundings that need a clduee view to sense
regions. The widespread use of the blended TPW sindew-level moisture. Two types of moisture profile
becoming operational in 2009 provided a naturatetrievals are blended: the NOAA Microwave
impetus to develop and explore the forecast utility of dntegrated Retrieval System (MIRS; Boukabara et al.
vertically resolved product with similar temporal and2011) soundings ral AIRS soundings (Dang et al.
spatial resolutior{Table 1). The new product is not a 2012; Olsen 2013). AIRS is used in mostly cldrak
replacement for blended TPW, which uses other dat&gions and over sneeovered surfaces where MIRS
sources besides those discussed here. retrievals are not used because of complex surface
The operational National Oceanic andemissivity. The blended LWV product fills the gaps
Atmospheric Administration (NOAA) Blended TPW left by traditional point observations, which are not
product (Forsythe et al. 2012) does not have verticahcluded in the version described in this paper.
information on the moisture distribution, but it is Blended LWV uses a subset of the satellite data used
derived from passive microwave moisture sounding the blended TPW product, except for AIRS which is
in all conditions except heavy precipitation and used only in blended LWV.
snow/ice covered surfaces. A new blended layered Some expected impacts to forecaperatons of
water vapor (LWV) product containing layer the blended LWV product are shown in Table 2. It is
precipitable water (LPW) and layer relative humidityanticipated that blended LWV will assist foesters in
(LRH) was created from satellite water vapora similar manner as the blended TPW product. Both
soundings. Blended LWV refers toothh products, products have the strength of depicting the moisture
although blended LPW and blended LRH arefield over datasparse oceans, so i expected that
standalone products. The new product is not limited tooastal forecast offices might particularly benefit from
land and is especially valuable over oceans wherdglended LWV. As with blended TPW, comparison to
radiosondes are not launched. Gradients of moisture forecast models is possible with blended LWV.
layers are readily visualized with thew@roduct, and Although current operational models do not carry the
the product can be compared to forecast models as aregrated layers, a comparison ftwecast models is
independent estimate of model performanceeblition possible once they are derived from model output.
2, the satellite inputs to the blended product ar&Vhile blended LWV is termed a near reamhe
detailed. Section 3 describes the construction of thgroduct, latencies ofi2 h are common because of
mapped blended product. Exae of the product are delays in receipt, processing, and distribution of polar
presented insection 4. Conclusions and suggestionsorbiting satellite data. Such latas make the blended
for further evolution of the product are presented irLWV less applicable to mesoscale meteorology and

section 5. nowcasting, but for synoptic analyses they should not
inhibit depiction of the atmospheric moisture state.
2. Satellite moisture profile data The design of the blended LWV product draws

upon experience and feedback gathered over five years

.TO Improve  upon th? limitations - of - common as team members on the NOAA operational blended
moisture products listed in Table hdato address ) )
.TPW and rain rate products. Forecasters desire

problems such as t_he void _in current in_strumentation 'Blended products that are consistent through time so
capturing both vertical profile and spatial structure, th?hat moistire features can be tracked. Therefore
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Table 2. Examples where the blended layered water vapor product could impact operations.

Feature Potential Impact to Operations

Vertical Profile of Moisture The blended LPW and LRH can be used to examine and understand the moisture depth in the atmosphere. T
be useful when analyzing atmospheric rivers or to determine moisture transport across a topographic barrier,
the Cascade RangBOES6.7-em and blended TPW do not show the vertical distribution of moisture.

Coverage over DataVoid The LPW provides some vertical structure of moisture overdzthocean regions and over land in regions betwe
Areas the radiosonde network

Visualization of Horizontal A primary use of the LPW and LRH is to show gradients in water vapor within individual layers, which are poo!
Gradients in Layers diagnosed from radiosondes (or not at all over ocean). Moisture gradients around Atlantic tropical cycldrees m

predictive of intensification (Wu et al. 2012).

Independent Comparison to Forecast models currently assimilate much less satellite moisture information than is contained in the LPW ref
Forecast Models so comparisons between the LPW and Litbiducts and model forecasts can be performed. Both the MIRS and
AIRS retrievals are not dependent on dynamical forecast model inputs for moisture information.

missing data should be minimized, as that makes Ihdividual swaths of each satellite are mapped onto the
difficult to track the flow of moisture. In the end, the desired map projection using bilinear interpolation and
retrievals from the different satellite systems mustccounting for ngsing scan lines. Intealibration or
exhibit visual consistency between moisture featuredyias correction is not performed for this first version of
both spatially and in time, for forecasters to includeéblended LWV. For blended TPW, one satellite is
them in their operations. chosen as the reference standard, and runningléiye

The requirement for spatialand temporal ocean histograms of TPW from every other satellite
consistency is an additional and challenging metriare matched to the reference. For the initial
placed on the blended LWV product beyond thedevelopment of blended LWV presented here,
typical validation of a retrieval algorithm that involves histogram matching is not used in order to better
a comparison to radiosonde data, a numerical modeisualize the performance of each sensor input.
analysis, or grounbbased measurenisn Intersatellite  DPEAS is the engine that runs the NOAA operational
retrieval biases must be small, or they may b&lended TPW and anomalgroducts and Blended
interpreted by a forecaster as unrealistic moistening dRain Rate products (Kidder and Jones 2007), and it is
drying. The blended LWV product must flow used to produce the blended LWV products.
seamlessly through time and not introduce artifacts, Five polarorbiting spacecraft are currently
such as satellite swath boundariesittla forecaster included in the blended LWV product: NOAR8 and
might interpret to be a meaningful meteorological19; Defense Mieorological Satellite Program
feature. They must not show erratic time behaviorlDMSP) F18; the Meteorological Operational
such as moisture pulsing up and down at a point qr Met o p) satel |l i#AeandpNAGY r a mb
features becoming thinner or wider as they aré\qua. These spacecraft are in a-synchronous orbit
observed by different satellites. Theuas quality of (Kidder and Vonder Haar 1995) and sample at the
the blended LPW and LRH product, while difficult to same local time of day, 12 h apaith local equator
guantify, serves as a comprehensive test of all inputrossing times for the spacecraft provided in Fig. 1. It
components of the system. If the blended LWVis important to note that the spacecraft are not equally
products do not pass these tests they are unlikely to bpaced in local time (Fig. 1). In fact, NOA¥O and
accepted by forecasters. Aqua currently have almost identical ascending node

At CIRA, a system called DPEAS (the Datatimes of 1330 and338 local time and a nearlytbgap
Processing and Error Analysis System; Jones arekists between the NOAA8 and DMSP H8
Vonder Haar 2002) has been developed. DPEAS8verpasses, from 1516 to 2001 local time. This means
makes it relatively easy to ingest common data formathat there are periods of good temporal refresh and
(e.g., HDFEOS, HDF5, netCDF), reproject the data tospatial coverage between 1330 and 1530 local time
a common grid, compdsi independent instances of and periods of a fewdurs when no new data is
the data, and blend and intercalibrate data fromavailable at a given location. This causes portions of
different platforms into one or several products.
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NIGHT tops in the fieldof-vi e w. For exampl e
retrievals are possible in the presence of clouds,
particularly low clouds, antepresent a wider range of
weat her conditions. The gu
retrievals is stricter, and these are suitable for data
assimilation studies. In Version 6 the highest pressure,
that is to say the nearest AIRS pressure level to the
surface, dein to which a sounding is useable is
indicated by the variablegRqor Psesy With Psood Best
In order to maximize spatial coverage of the AIRS
data in the blended LWV product, retrievals with &
are used in this work. The AIRS retrieval uses a
dynamic surface pressure from the NASA GE®S
model.

AIRS retrieval products are acquired in near-eal
time from the NASA Land, Atmosphere Near real
time Capability for EOS (LANCE) system, and the
typical latency between observation and file receipt at
DAY CIRA is about 23 h. The HDFEOS files from
Figure 1. Local ascending node equator crossing times fowLANCE are read_ _mto DPEA_S’ and a translator
satellites (Metopd, DMSP F18, NOAA-18, NOAA19, and assembles the original 12 moisture layers from the
Aqua) currently contributing to the LPW product. Note thatsurface to the lowest pressure layer reported into the
esning e e e 5 o e oo o 1S selecttforthe blended LWV products. Finaly
Click imagge for an external version; this applies togall figures(?%mapplng onto the . 3m Mercator prOJ_ecfuon IS
hereafter. performed for each-fin granule and, at this time, the
AIRS retrievals are then ready to join the blended

the blended LWV products to remain stationary in a-WV products.

animation because a new image is created every 3 h. _ _
The satellite sounding systems used in blendell- Microwave Integrated Retrieval Syst¢miRS)

LPW and blended LRH are now described. CIRA also ingests the MIRS sounding product
) (Boukabara et al. 2011), Version 8.0, in near-ticaé
a. Atmospheridnfrared Sounder(AIRS) from the NOAA Data Distribution Server (DDS)

On the NASA Aqua spacecraft, which has beersystem for inclusion in the blended LWV products.
operating since 2002, AIRS and the Advancedcurrently, MIRS sounding retrievals are available
Microwave Sounding UnifA (AMSU-A) instrument from the NOAA-18, NOAA-19, MetopA, Metop-B,
retrieve profiles of temperature, moisture, and otheand DMSP F18 satellites. The primary source of
trace gases. AIRS is a hyperspectral instrument andater vapor profile information on these spacecratft is
can potentially retrieve more unique vertical from a set of channels near the water vapor absorption
information than broadband infrared sounders, such d§€ at 183 GHz. The particular instruments making
onboard GOES or the High Resolution Infrared these mesurements are the Microwave Humidity
Sounder on the NOAA and Metop spacecraft. Sounder (MHS) on the NOAA and Metop spacecraft

In March 2013, AIRS Version 6 retrievals becameand the Special Sensor Microwave Imager/Sounder
available (Dang et al. 2012) and #ne science results (SSM/IS) on DMSP.
are presented in this paper. Version 6 has several The spatial resolutions of the MIRS soundings
science improvements, including the fraction of usefuvary according to sensor. NOAR8, -19 and MetopA
retrievals (yield) that is significantly higher in the retrievds are produced at the AMSA sensor
troposphere for good quality retrievals. The AIRSresolution, 48 km at nadir with resolution decreasing
sounding product also lalvs a user to distinguish by @ factor of two across the 8lement scan line. The
bet ween @AGoodo and i Be sMRS squrdingsifreny BMSP are waduceth at he e
primarily affected by the presence and height of cloud€esolution of the upper atmospheric sounding
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channels, which iapproximately 75 km. Boukabara et
al. (2011) give details on the MIRS resolution and
footprint matching. Currently, MIRS is being used to
perform retrievals at a spatial resolution of 16 km a
nadir from the SuorNPP and MetofB satellites.
The SSM/IS insument on DMSP A8 is a conical
scanner (constant spatial resolution), while the AMSU
MHS, and AIRS instruments perform a créssck
scan with maximum spatial resolution at nadir.

In a similar approach as AIRS, the MIRS
retrievals are ingested into BRS and then quality
controlled with the MIRS quality control flags. In
particular, precipitating retrievals and any retrievalg
marked as bad are rejected, and this leads to missi
data over precipitating regions. MIRS retrievals use
static surface presire based on topography, so there if
no forecast model dependence in the MIRS retrieva
The granules (individual orbits for MIRS) are
remapped to the output grid projection and are ready {
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Figure 2. MHS sensor weighting functions after Zou et al. (2013).
In order for forecasters to understand and use th&milar channels sensitive to thveater vapor profile are on the

blended LWV products, some knowledge of theSSMI/IS sensor.
vertical resolution and uncertainty of the product
inputs is needed. Satellite soundings from AIRS an@nd the background or climatology information used in
the MIRS system are fundamtally different than the retrieval. The retrieval must untangle the weighting
radiosondes. Whereas radiosondes measure moistdugction overlap shown in Fig. 2 to arrive at a moisture
at various levels in the atmosphere, satellite moisturerofile of the atmosphere. Layer retriévaare best
soundings from the AIRS and MIRS systems are beststimates of accounting for weighting function overlap
interpreted as representing broad layers of theffects within the retrieval data assimilation
atmosphere. This is becausee tohannels on each procedures. Because of the weighting function
spacecraft measure radiances, which originate from @verlap, retrievals from adjacent vertical levels are
great depth of the atmosphere. This concept can leghly correlated. High impact of the olpgations in
visualized ly means of a weighting function (Kidder the retrieval process is desirable, but to constrain the
and Vonder Haar 1995). The weighting functions forproblem, a priori information about the atmosphere
the five MHS microwave channdrequencies are must be used. Although an arbitrary number of levels
shown in Fig. 2. Thé89 GHz channel senses mostly can be selected to be retrieved, only a few pieces of
emission from the land with some contribution fromindependent information arevailable from the five
the lower troposphere, while the 183 + 1 GHz and 183hannels on MHS. The MIRS system outputs 100
+ 3 GHz channels respond mainly to moisture nedevels of temperature and moisture, but only four
400 and 600 hPa respectively witttlé sensitivity to  independent basis functions are used for moisture
moisture near the surface. (Boukabara et al. 2011), so that is the maximum
The optimal estimation retrieval framework Usednumber of independent levels of waterpoa The
in the AIRS and MIRS retrieval (Rodgers 2000)AIRS retrieval reports a degreéfreedom field
provide diagnostics, such as the number of degrees gdpresenting the amount of independent information,
freedom or independent pieces of vertical informatiomynd it is typically between four and six.
and inpact of the observations on the solution. An  yncertainty from reported validation of the AIRS
optimal estimation retrieval solution can be viewed agnd MIRS retrievals and themount of independent
a compromise between the impact of the observationgrtical information they contain is givén Table 3.
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Table 3. Error characteristics and vertical resolution of AIRS and MIRS soundings.

AIRS V6 MIRS
Number of Reported Water Vapor Levels 12 100
Num_ber of Independent Water VaporLevels Varies from 310 6 No more than 4
Retrieved
Uncertainty 15% of missing ratio in-Rm layers from 15/ 20% at 950 hPa; 240% at 800 hPa

surface to tropopause (Olsen et al. 2013)
Uncertainty over land is abouti120% higher
than over ocean at 9%Md 800 hPa (Boukabarg
et al 2000, Table V)

Reale et al (2009, Fig. 9) indicated seasonally
varying 10 20% MetopA mixing ratio error
versus radiosondes at 700 hPa

The AIRS moisture product is walblidated and is the product is representative of the atmosphere.
described awalidation status 3 (Olsen 2013). AIRS Blended products allow this type of quality inspection,
water vapor product accuracy has been assessed, amdgch is very difficult with single sensor polar
the uncertainties in the product well established viarbiting satellite products.
independent measurements in a systematic and
statistically robust way representing global conditions3. Construction of blended layered water vapor
AIRS gldbal water vapor errors average 15% over 2  products
km layers in the tropopause. The MIRS system i
newer than AIRS and did not have a dedicate
validation campaign. The MIRS uncertainty summary The purpose of this study was to create and
in Table 3 is based on a comparison with the GFS ardemonstrate a product useful to forecasters; therefore,
European Centre fo MediumRange Weather the number and spacing of vertical layers chosen to
Forecasts (ECMWF) analyses and radiosondesepresent the troposphere needed to be manageable for
Uncertainty (root sum square of standard deviation anal busy forecaster. In the data chosen for thigystu
bias) is between 130% from 950 to 300 hPa. AIRS has 12 layers available (when the surface
Uncertainty over land is 1@0% higher than over pressure is greater than 1000 hPa) from the surface to
ocean at 950 and 800 hPa. 300 hPa, whereas MIRS has 100 highly correlated
The NOAA Prodcts Validation System temperature and moisture levels. In the end, a total of
(NPROVS; Reale et al. 2012) collocates radiosondeieur layers were chosen to reveal key vertstalicture
with a variety of satellite sounding retrievals to trackwithout overwhelming the forecaster with many
performance throughinbe. It is critical to continuously layers. The choice of four layers also aligns with the
assess the performance of satellite soundings as sensorount of vertical information in the soundings as
calibration may drift or channels on the sensor maysatellite soundings, unlike radiosondes, represent
fail. Reale et al. (2012heir Fig. 8) compared MIRS broad layers of the atmosphere. The layenssen
from MetopA and AIRS soundings from the summerwere surface to 850 hPa, 8500 hPa, 700600 hPa
of 2010 and found that MIRS water vapor errorsand 500300 hPa. If the surface pressure was <850
exceed that of AIRS. A comparison from 202010 hPa, the first layer is surfacg00 hPa. LPW is defined
by Reale et al. @12) at 700 hPa shows MIRS Metop as the integral of the mixing ratm profile through a
A uncertainty was near 40%, with higher values in thressure layer, divided by gravity:
winter.
The blended LWV products, similar to the blendedj § ¢y A— 1)
TPW, are designed to be used as imagery products in
animations. This provides implicit quality control
becauseghe human eye integrates the changing scen
and can track continuity of moisture structures an
meteorological reasonableness to rapidly determine

%1. Selection of spatial, temporal, and vertical resolution

&om Eq. (1), it is pparent that LPW is directly
&)roportional to the layemean mixing ratio for a
gonstant upper and lower layer pressure. Like TPW,
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LPW is commonly expressed by forecasters ira forecaster. These are most likely to include
millimeters or hches. boundaries between sensor swaths, rapid value
Blended LPW and LRH are produced every 3 tthanges over land in the two nearface product
with blend times of 00, 03, 06, 09, 12, 15, 18, and 2layers due to poor emissivity and land surface
UTC. Currently, time weighting is not applied, only temperature solutions, and retrieval gradients at
the most recent observation at each grid box isoastlines. However, as the product matures, spatial or
displayed, and the latency of the blended LWWVeven temporal smoothing could be applied as in the

product is about 45 minutes after the blend timeNOAA blended TPW product where a -pbint
Blended retrievals within a file are fromi 20 h prior binomial smoother is used. The blended LPW and
to the blend time with the majority of the retrievalsLRH presated here is in a minimally processed form
within 4 h of the blend time. Data 12 h or more fromother than remapping so any artifacts can be detected
the blend time are not used in the blended LRW a and investigated.

LRH products. These conditions were chosen to allow

most of the scene to refresh every 3 h and to persi§t Examples of blended layered water vapor pro
older data for visual continuity rather than having ducts

Ve distracting for a forecaster viewian animation. _The blended LPW product at 850 hPa and the
The retrievals are mapped onto a P@Iaball corresponding satellite |derjt|f|<:_at|on r_nafpr 15_00
(71°N to 71°S) 1&m resolution (at the equator) UTC 24 June 2_01'3 are shownFig. 3. F_ve satellites
Mercator projection, which consists of 1437 rows an re present within the scene and, in general, the
’ lended LPW product is seamless between the

ea a0 e s neo st o eret spacecrf. A ban of el morure

the MetopB retrievals that are being distributed in one_nted_ eastvest across _the Pacific Fowarglsu_thern :

2014, The use of a 36n grid does not increase the _Callfornla and appears without any discontinuities as it
’ is observed by NASA Aqua (AIRS), NOAA8 and

product resolution when derived from -1 or ~\5ap 19 The Intertropical Convergence Zone

greater resolution spundln_gs because th_e soundings THECZ) is readily apparent across the different satellite
repeated over multiple grid boxeshi¥ grid matches swaths. A minor seam is noticeable justithoof the

the blended TPW grid. Aleutian Islands between the Metdp and AIRS

swaths. Recall from Fig. 1 that these spacecraft are

almost 4 h apart in coverage, and the seam is partly
Once the remapped granules are available, they adeie to the difference in time. Finally, the blended

composited to overlay the most recent data usingPW product appears more blocky over Gdaa

DPEAS. The individual scan line times are preservetiecause of the higher resolution of the Mercator

within DPEAS to accomplish this task. & missing projection grid further north.

scan line or retrieval occurs, older data are allowed to A few examples of the blended product and

be overlaid. This is common with AIRS which hascomparison to other water vapor analysis tools are

missing retrievals in regions of extensive clouds, smow presented.

more recent AIRS retrievals may be interspersed with

older MIRS retrievals. The outpptoduction at CIRA a. Comparison to GOES water vapor imagery

is in HDREOS format, with a new file produced every

3 h. All files contain gridded fodayer LPW and LRH

fields with satellite time and identification. MIRS

b. Blending procedure

A GOES15 water vapor channel image and
corresponding blended LPW image for 5800 hPa
) . are shown for 1200 UTC 5 November 2014 in Fig. 4.
quality - control parameters and ayuared value Recall that the blended LPW product does not use th
(convergence metric) are mmas.we”'. . GOESwater vapor channel in the netval, so these

To allow forecasters to easily identify artifacts and re independent comparisons. The same Jscgie
features significant to the forecast process, the finqe|e atures generally agree in éach image; the green
blended LPW and LRH product is not SmOOthedarrows in Fig. 4 indicate selected 1points of
Smoothing of the blended products only occurs durin%orrespondence. but there are some differences. The
the remapping operation to allow rfoeasier ’ '

. L . . . moist and cloudy regions in th@ OESwater vapor
identification of unphysical artifacts that might troubleimage correspond to blended LPW values betw@sn 2
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Figure 4. (a) GOES15 6.7-um water vapor imagend (b) 500
300-hPa blended LPW for 1200 UTC 5 November 2014. Missing

Figure 3. Surfac€850hPa LPW product and accompanying .. ; ;
o e gions because of rain or snow at the surface in the blended LPW
satellite identification map from 1500 UTC 24 June 2013 productare shown, and the green arrows indicate the same locations in

Black regions are missing data. each image.

mm, and this agrees with the expected response of g the blended LPW and tradition@OESwater vapor
GOESwater vapor imagery to the firsi2 mm of jmaqgery is illustratedn Fig. 5 diring the morning of a
water vapor (Jedlovec et al. 2000). In contrast, th?nulti-day severe weather outbreaROES13 water
blended LPW for 50800 hPa lacks structure in very vapor imagery (a) at 1100TC 28 April 2014 depicts
dry areas indicated in tHBOESwater vapor imagery  yery dry air over the western Gulf of Mexico, with
such as over the Pacific Ocean west of the Bajgeep convection into the Mississippi and Ohio River
Peninsula, where blended LPW values are 1 mm Qpleys. Over the western Gulf of Mexico, undemeath
below. In this region, this indicates tl@OESwater iho very dry air seen in tHBOESwater vapor image
vapor imagery is responding to moisturg lower in the;nq the 700500hPa (® blended LPW, abundant
atmosphere. The vertical representation ®OES  misture exists from the surface to 700 hPa (c, d).
wate vapor varies according to viewing angle andgehing the cold front over Oklahoma and Kansas, the
moisture profile (Wimmers and Moody 200Ejnally,  plended LPW shows a deep layer of dry air is present
the masking effect of rain and snow on the surface igy4t extends throughout the atmosphere. In particular,
apparent in the blended LPW product as missing aregdy air in the GOES water vapor imagery over

colored black. southwestern Missouri and northwestern Oklahoma is

One of the goals of the blended LAMOduCtiS 10 canred well by the blended LPW at all levels.
provide better information on the vertical structure of

moisture. Dry over moist air is often noted as,
important for severe weather forecasting as it can
impact updraft velocities and the generation of
supercell storm structure or derechoerts (e.g., Blended LPW is produced every 3 h, and with the
James and Markowski 2010). The complementary roleonstellation of polaorbiting satellites shown in Fig.

. September 2013 Colorado Front Range flood ani
mation
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11 UTC 28 April 2014 GOES- 13 Water Vapor ‘ 3 |

Figure 5. (a) GOES13 water vapor channel image at 1100 UTC 28 April 2014 (ahd) corresponding blended LPW
for three layers. Th&OESimage has been provided by the NCAR Research Applications Laboratory.

1, it is possible to see movement of moisture structuretdifferent layers can be tracked, which is important in
in an animation. Viewing animations of the productunderstanding the antecedent conditions and whether
also functions as a raes of quality control as moisture above 700 hPa will augment Hevel
discussed in Section 2. As an illustration of the powemoisture visible on surface observaticarsd blended

of viewing animated blended LPW, a loop before andPW. At 0000 UTC 9 September, a plume of mid and
during the flooding rains along the Colorado Frontupperlevel (i.e., above 700 hPa) moisture is in place
Range in September 2013 is shown in the animation iinom the ITCZ into Canada. This plume slowly moves
Fig. 6. The animadin spans 0000 UTC 8 Septembereastward so that by 1200 UTC 9 September the
2013 to 2100 UTC 12 September 2013 and is updatedoisture axis is over the mountains and easplains
every 3 h. Although flooding occurred over a of Colorado. The high topography of the Rockies
prolonged period, most of the floguioducing rainfall makes the surfa¢850-hPa layer challenging to use,
happened in the 48 period between 1200 UTC 11 but the deep moisture is visible in the LPW BBO0-
September and 1200 UTC 13 pBsmber 2014 hPa layer over the western Gulf of Mexico and advects
(Schwartz, 2014). The sources of moisture at theorthward over the central Plains. lontrast, moisture
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Figure 6. Fourpanel animation of LPW before and during the historic flooding rains on the Colorado Front Range.
Image shown is fnm 0000 UTC 10 September 2013, and the animation spans 0000 UTC 09 September 2013 to 2100
UTC 12 September 2013, updated every Bdur (UTC) and date of blending shown in top cent@lick image foran
externalanimation

above 700 h® is not as apparent over the Gulf duringNational Environmental Satellite, Data, and
this time, as drying moves from east to west at uppdnformation Service (NESDIS) Satellite Analysis
levels. Tracking the amount and areal extent of LPVBranch (SAB) discussion. Widespread heavy rains
from these sources allows a forecaster to visualizeccurred over east Texas, with over 50 mm of rainfall
whether water vapor supporting heavy precipitatiomeported. The SAB issued two messages on the

continues to flow or if drying is beginning. moisture from Vance and the heavy rainfall potential
for Texas.
¢. Comparison to commonly used analysis tools A comparison of the analysis tools listed in Table

1 with the LPW product and the layered relative
hzumidity product illustrates the potentiahpact to
Pperations suggested in Table 2. In Fig. 7, four

On 4 November 2014 Hurricane Vance
approached the Mexican coast as a category

hurricane. Shortly before landfall, strong wind sheara diosondes along the Mexican coast shmwide

\(Jv_?_zé\:kegeclj\l o\\//grr]r::l:? ertozglerp\l;: ;rll cg Ibr OE gm’ 228& }ijmge & TPW, with values from 16 mm at La Paz on

amounts of tropical moisture to Mexico and across th haengrey rtlgrtgls Idrirﬁf tgte té%'?écnim?ﬂz;;?;fgg fr%?e
Sierra Madre Mountains into Texas. The Del Rio an . . . '
Corpus Christi, Texas, radiosondes measured TPW ﬁ]oundmgs at Guadalajara and Manzgnlllo are ngarly
the 99th percentile at 1200 UTC on 5 NovemB014, S;t;riﬁ;etg’d ?g&oaﬂgg aihe575 Mﬁ;‘;a”#:]oeses‘;gg‘;'tg?
with values of 39 and 49 mm respectively noted in thé P '
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Figure 7. Location of La Paz, Colonia Juancarrasco, Guadalajara, and Manzanillo (failed at 575 hPa) radiosondes Yrlaek ke
Mexican coast at 1200 UTC 5 November 2014. The center of Tropical Depression Vance ¢ockgand total precipitable water are
shown from each radiosonde. Soundings are from the University of Wyoméagher.uwyo.edu/uppergir

ISSN23256184,Vol. 3, No.5 52


http://weather.uwyo.edu/upperair
http://www.nwas.org/jom/articles/2015/2015-JOM5-figs/Fig_7.png




