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Abstract. The Tropospheric Emission Spectrometer (TES),image as it depicts the variable distribution of ozone in the
a hyperspectral infrared instrument on the Aura satellite, re-UT; and (3) the 6 h temporal resolution of the derived prod-
trieves a vertical profile of tropospheric ozone. However, uct imagery allows for the visualization of rapid movement
polar-orbiting instruments like TES provide limited nadir- of this dynamically-driven ozone, as illustrated in the anima-
view coverage. This work illustrates the value of thesetion Supplement. This paper presents the scientific basis and
observations when taken in context with geostationary im-methodology behind the creation of this unique ozone prod-
agery describing synoptic-scale weather patterns. The goalct, as well as a statistical comparison of the derived product
of this study is to create map-view products of upper tro-to an evaluation dataset of coincident TES observations.
posphere (UT) ozone through the integration of TES ozone
measurements with two synoptic dynamic tracers of strato-
spheric influence: specific humidity derived from the GOES
Imager water vapor absorption channel, and potential vor-

ticity (PV) from an operational forecast model. As a mix- Ozone in the upper troposphere (UT) continues to receive
ing zone between tropospheric and stratospheric reservoirgyreat attention in the scientific literature due to its role in
the upper troposphere (UT) exhibits a complex chemicalclear-sky radiative forcing (Wang et al., 1995; Gauss et
makeup. Determination of ozone mixing ratios in this layeris 5], 2003: Worden et al., 2007a), its potential downstream
especially difficult without direct in situ measurement. HOw- movement into populated boundary layers (Cooper et al.,
ever, it is well understood that UT ozone is correlated with 2004a;: Hudman et al., 2004), and its rather unique posi-
dynamical tracers like low specific humidity and high po- tijon within the mixing zone between stratospheric and tro-
tential vorticity. Blending the advantages of two remotely pospheric reservoirs (Shepherd, 2002; Bowman et al., 2007;
sensed quantities (GOES water vapor and TES ozone) igajrlie et al., 2007). Stratosphere to troposphere transport
at the core of the Multi-sensor Upper Tropospheric Ozonejs an important source of ozone for the UT, and a variety
Product (MUTOP). of methods have been employed to identify dynamical fea-
Our results suggest that 72 % of TES-observed UT ozoneures associated with ozone exchange. Stohl et al. (2003)
variability can be explained by its correlation with dry air provide an excellent review of stratosphere troposphere ex-
and high PV. MUTOP reproduces TES retrievals across thechange (STE). It is generally accepted that tropopause fold-
GOES-West domain with a root mean square error (RMSE)ing occurs in association with significant latitudinal displace-
of 18 ppbv (part per billion by volume). There are several ad-ments of the tropopause along sloping isentropic surfaces,
vantages to this multi-sensor derived product approach: (1) itonditions that occur in the vicinity of the polar and subtrop-
is calculated from two operational fields (GOES specific hu-ical jet stream, and in association with cutoff lows. The liter-
midity and GFS PV), so maps of layer-average ozone carature also contains many references to the value of potential
be created and used in near real-time; (2) the product provorticity and upper tropospheric specific humidity as trac-
vides the spatial resolution and coverage of a geostationargrs of stratospheric ozone enhancements in the upper tropo-
sphere. Air in the extratropical troposphere is stirred quasi-
adiabatically by large-scale transitory cyclones and anticy-
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s_eek to characterizt—; the varigtions ilj.ozor}e associated witt TES 316 hPa L3 Daily Ozggre for 5114/06 to 5/15/06
time-varying synoptic dynamic conditions in the upper tro- 2 0.0, -

posphere.

Although there are various methods for measuring ozone
mixing ratios in the UT (e.g., ozonesondes, differential
absorption LiDAR (DIAL), and in situ aircraft measure-
ments), all of these provide very limited spatial and tem-
poral coverage. With the advent of hyper-spectral satellite
remote sensing instruments such as the Tropospheric Emis
sion Spectrometer (TES), it is now possible to retrieve a
more extensive dataset providing a better perspective of UT
ozone. The TES instrument is a high-resolution infrared
Fourier transform spectrometer with a nadir view footprint
of 5.3x 8.5km (Beer et al., 2001; Beer, 2006; Hilsenrath et
al., 2006). TES measures ozone from onboard the NASA -
Aura satellite~705 km above the earth in a sun-synchronous Tag%y
polar orbit. One of the main proposed goals of the TES mis-
sion is to provide a global view of the vertically resolved Fig. 1. TES Level 3 Daily Ozone plot for 14-15 May 2006 at
ozone distribution within the troposphere (Beer, 2006). One316hPa. Images such as this are an example of what is cur-
current product of TES is the daily ozone map, available at'ently available in terms of quick-view map products of UT ozone
specific levels (Fig. 1 shows a typical image at 316 hPa).o™ TES.

While this type of gridded image product can be useful as

a quick look, it is limited in its spatial and temporal reso- . Inord h ic-d . fth
lution, and is unable to characterize relationships betweerp't' n order to assess the synoptic-dynamic state of the upper

observed ozone enhancements and dynamic meteorologicHPpOSpher?’ t.he study.makes use o_f_two sepgrate tracers for
conditions in the UT. Our goal is to derive a more synoptic stratospheric influence: (1) low specific humidity and (2) en-

representation of UT ozone. These results are compared Witnanced potential vorticity.

previous efforts to employ satellite observations to describe Research has shown that the amount of water vapor
ozone variability in the troposphere; efforts based on a rangd®resent in the upper troposphere can be used to determine
of 0zone remote sensing instruments and producing tropot€gions of stratospheric influence (Gray et al., 1994). Since
spheric column residual maps of ozone. These comparison@ter vapor mixing ratios are extremely low in the strato-
help establish that the product presented here is unique in resPhere and high within the planetary boundary layer, regions
solving even mesoscale features in the upper troposphere d¥f the upper troposphere which exhibit very low water va-

a sub-daily time-scale, providing a good measure of the corPor mixing ratios are most often the result of downward ver-
respondence of ozone with rapidly changing meteorologicafical motion and exchange from the stratosphere. Regions

A

LY
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conditions. which exhibit relatively high water vapor mixing ratios are
most often the result of upward vertical motion and exchange
1.1 Synoptic dynamics and upper tropospheric from the boundary layer or lower free troposphere. Further-
ozone tracers more, a series of studies have shown that high-magnitude

specific humidity gradients in the UT correspond to the lo-
The primary goal of this study is to illustrate the correla- cation of the tropopause break and associated regions of air-
tion between TES ozone and geostationary observations dfraft observed stratosphere-troposphere exchange (Wimmers
UT aridity (low specific humidity), and to exploit this cor- and Moody, 2001, 2004a,b; Wimmers et al., 2003).
relation to produce a derived product image: a map view of Traditionally, potential vorticity (PV) is used as a tracer
the upper troposphere that effectively captures synoptic dyfor air of stratospheric origin in the upper troposphere (An-
namic variations in ozone. A secondary goal is to validatecellet et al., 1994; Beuermann et al., 2002; Stohl et al., 2003;
the product, MUTOP, against in situ ozonesonde data; this ian et al., 2007). PV is both a thermodynamic and a dynamic
presented in a separate manuscript (Moody et al., 2011). Pasguantity; it is the product of two terms, (1) atmospheric static
validation studies have examined correlations between largstability which is a measure of the vertical potential temper-
data sets of TES-observed ozone profiles and ozonesondature gradient, and (2) the fluid circulation or absolute vor-
DIAL, or aircraft spiral ozone profiles without any signifi- ticity, which is a measure of horizontal changes in wind ve-
cant consideration of the coincident large-scale weather patocity (speed or directional shear). PV increases rapidly in
terns. By comparison, this study is focused on whether, andhe lower stratosphere due almost entirely to the static stabil-
how well, TES-observed UT ozone responds to changes irity component. Conserved under adiabatic conditions, as air
the synoptic-dynamic conditions along each overpass or ormoves from the stratosphere to UT, it carries the signature
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of enhanced PV. Strong gradients in UT water vapor, PVIower precision in the lower stratosphere, does not effectively
and ozone help delineate the jet stream, the polar tropopaugesolve steep ozone gradients in the vicinity of the midlati-
break and the large scale synoptic features of UT ridges antude tropospause.

troughs as the flow moves poleward and equatorward, at The work presented in this paper was pursued to address
times forming filamentary meridional streamers. While Lan- the apility of a multi-sensor satellite approach to resolve vari-
grangian contour advection methods preserve the filamentarytions in extratropical 0zone on a daily (or better) time scale.
nature of potential vorticity, Eulerian models do not always \we show that TES in the upper-troposphere does effectively
capture these finely scaled features, or they can be displaceghpture sharp horizontal gradients in the mid-latitude tropo-
in space and time by model error. However, the filamentationsphere that correspond to the location of the polar-tropopause
and fragmentation of stratospheric intrusions have long beeyreak and associated STE. Furthermore, we illustrate that
recognized in satellite water vapor imagery (Appenzeller andspecific meteorological conditions of high PV and low spe-
Davies, 1992; Bader et al., 1995; Liniger and Davies, 2003).cific humidity occur along with the TES ozone enhancements
in STE preferred regions; regions like the eastern North Pa-
1.2 Previous satellite-based tropospheric cific mid-latitudes as identified in previous analyses of satel-
0zone measurements lite derived total column ozone by Chandra et al. (2004) dur-
. ] ) ing spring months of 2000 and 2001. In this way, our work
Previous satellite systems have been used to derive tropggpresents a step forward in using satellite observations to

spheric column residual ozone from polar orbiting platforms map the dynamic behavior of tropospheric ozone.
based on total ozone columns (e.g., from the Total Ozone

Mapping Spectrometer, TOMS) and stratospheric profiles
from solar backscattered ultraviolet (SBUV) measurements1
or more recently stratospheric columns from microwave limb
soundings (MLS). The residual method requires accuratelhe NASA INTEX-B program involved an extensive field
stratospheric observations and until the launch of the Aurscampaign over the North Pacific during the spring of 2006.
satellite, collocated stratospheric and tropospheric columné main focus of the campaign was analysis of ozone and
were not available. Early methods relied upon TOMS total 0zone precursor transport from Eastern Asia to the west coast
column ozone and derived the stratospheric column from thef North America (Singh et al., 2006). Independent ozone
Stratospheric Aerosol and Gas Experiment Il (Fishman andneasurements were made over the North American portion
Larsen, 1987; Fishman et al., 1990), while later work hasof the study region with ozonesondes during the INTEX
been based upon stratospheric profiles from SBUV (Fish-Ozonesonde Network Study 2006 (IONS06), (Thompson et
man et al., 2003) or stratospheric columns from Upperal., 2007a,b), while in situ FASTOZ aircraft measurements
Atmosphere Research Satellite (UARS) Microwave Limband DIAL curtains were made along flight tracks out of
Sounder (MLS) (Chandra et al., 2003). Hawaii and Anchorage (NASA DC-8) and in situ ozone was
After the launch of the Aura Earth Observing Sys- measured onboard the NCAR C-130 flying out of Seattle.
tem, collocated stratospheric and tropospheric columns wer@uring the field campaign, TES special observation retrievals
available from OMI and the microwave limb sounder, Were planned to coincide with sonde launches and aircraft as-
MLS (Ziemke et al., 2006). More recent work by Schoe- cents/descents. This paper has two objectives. The first is to
berl et al. (2007) expanded the domain of the stratospheriélemonstrate the ability of TES to observe synoptic-dynamic
columns by using high resolution trajectories to advect thevariation in upper tropospheric ozone. This is a largely qual-
stratospheric features and increase the number of coincidef@tive assessment. The second is to derive a quantitative
measurements. While the seasonality of month-to-monttforrelation between TES-observed UT ozone and synoptic-
estimates of tropospheric ozone residual (TOR) matchedlynamical tracers in order to produce statistical retrievals of
tropospheric columns calculated from ozonesondes, it waiyer-averaged UT ozone across the entire INTEX-B study
found that the method did not perform as well on daily time r€gion.
scales, or in the extratropics (Ziemke et al., 2006). This The motivations for this work are as follows: (1) the need
was improved upon in the results reported by Schoeberl efor integrative studies which make use of geostationary im-
al. (2007), which found higher correlations and lower stan-agery to expand the coverage and provide context for polar-
dard deviations when comparing OMI and trajectory mappedorbiting observations like AURA TES ozone, (2) the value
MLS total columns of tropospheric ozone residual (TOR) of mapping natural background ozone levels in the free tro-
with ozonesondes; furthermore, they showed TES tropoposphere in order to more accurately characterize anthro-
spheric columns could also be used to validate the deriveghogenic pollution transport (as in INTEX-B), (3) the need for
TOR. Again, similar to Ziemke, while Schoeberl et al. (2007) greater knowledge of the spatial distribution of UT ozone as
found reasonable agreement in the midladitudes, they found function of time in order to assess clear-sky radiative forc-
that there was better agreement with ozonesondes in the trofing impacts, (4) the need for a synoptic-dynamic perspective
ics. The authors attributed this to the fact that MLS, with when examining temporal changes in atmospheric ozone.

.3 Research objective and motivations
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2 Datasets are calculated using an optimal estimation approach based
B o on contemporaneous temperature, water vapor, and ozone
2.1 GOES layer average specific humidity fields retrievals from TES (Rodgers, 2000; Worden et al., 2004;

Bowman et al., 2002, 2006) and a priori values based on a

GOES Layer Average Specific Humidity (GLASH) is @ ¢imatology from the Model of Ozone and Related Chemical
derived-product image of upper-tropospheric specific humid—5cers (MOZART).

ity based on the Geostationary Operational Environmental

Satellites (GOES) Imager 6.7 micron water vapor absorp-

tion channel (Moody et al., 1999). By demonstrating that3 Methodology

the 6.7 micron channel brightness temperatures respond to

variations in specific humidity, atmospheric temperature, and € concept behind the multi-sensor UT ozone product (MU-
satellite viewing angle, Wimmers and Moody (2001) were TOP) derived in this study is similar in its methodology to
able to retrieve an image that shows only the contributionthe EUMETSAT Multi-sensor Precipitation Estimate (MPE)
from layer average specific humidity by removing the varia- Product (Heinemannet al., 2002). This MPE product is a
tion in brightness temperature due to zenith angle and atmoPlending of geostationary IR retrievals with microwave sen-
spheric temperature. The vertical sensitivity of the GLASH SOrs on polar-orbiting satellites through statistical correla-
product is defined by the vertical contribution weighting tion. The utility of the product is based on its high tempo-
function, which exhibits maximum sensitivity at 400 hPa and ral and spatial resolution (geostationary component) and im-
contribution weighting between 500 hPa and 300 hPa. HighProved accuracy (polar-orbiting component). This logic of
GLASH brightness values correspond to high water Vaporblending the advantages of polar and geostationary remote
mixing ratios in the mid-to-upper troposphere, while low Sensing platforms (Aura TES and GOES GLASH) is at the
brightness values likewise correspond to low water vaporcore of the MUTOP product.

mixing ratios in the same layer. The GOES-West domain . . :
was chosen to correspond to the study area of the INTEX-B?"1 [')A vte ragmg Otf equtlvalent atmospheric layers
program. GLASH fields were produced from 16 April 2006 clween data sets

to 16 May 2006 at intervals of 6 h (00:00, 06:00, 12:00, and|, order to assess the correlation between TES ozone and

18:00UTC) covering the majority of the INTEX-B study. e gynamical tracers (specific humidity and PV), it was first
necessary to layer average the three data sets such that all
three are representative of the same general layer within the

The Global Forecast System (GFS) is an operational g|oba§1tmosphere. A contribution weighting function interpolated
numerical weather prediction model. This study makes usd® Match GLASH was applied to TES ozone measurements
of GFS analysis (0 h forecast) grids and GFS calculation of" the upper troposphere as shown below:

potential vorticity (PV) from model temperature and wind

fields. The GFS fields used in this study have a horizontafFES G; = {0.128x [(0Zzg7+ OZ316) /2] +0.204x OZ34g
resolution of 1 degree by 1 degree with 26 vertical levels, at

50 hPa intervals in the troposphere. GFS model PV was cal- +0.256x [(OZass+ 0Z422)/2] +0.242

culated throughout the INTEX-B time period (from 16 April x 0Z464+0.169x OZs511} 1)

to 16 May 2006) at 6 h intervals corresponding in time with The notation OZg7, refers to TES-retrieval of ozone at
the GLASH products (00:00, 06:00, 12:00, and 18:00 UTC). 287 hPa, etc., for each of the levels used in the average. The
To achieve spatial correspondence with GLASH as well, onlylayer averaging was chosen to represent the majority of the
GFS PV data within the GOES-West domain were used inpeak of the GLASH contribution weighting function while

2.2 GFS model potential vorticity fields

this study. eliminating excess weighting in the stratosphere. This re-
sults in average TES ozone (and GFS PV) which correspond

2.3 TES special observation step and stare to the atmospheric layer of highest weighting for the GLASH
ozone profiles product. Therefore any further references to the upper tropo-

sphere (UT) in this paper will specifically refer to the atmo-

TES special observatiqn products known as nadir SteF%pheric layer from 500 to 300 hPa, peaking at 400 hPa (see
and stare (SS) observations were performed throughout thﬁig 2 for an example of the TES ozone and GFS PV aver-
INTEX-B time period. Every SS atmospheric curtain con- agéd layer)

sists of 125 nadir column ozone measurements along the
Aura satellite track, with each retrieved profile separated3.2 Regression analysis

from its neighbor by~45km (Osterman et al., 2007). The

latitude range of the TES SS curtains corresponds well withMultivariate regression analysis was used to determine the
the GOES-West latitude domain, with measurements fromstatistical correlation between layer-average TES ozone mea-
15 degrees north to 65 degrees north. TES ozone profilesurements, layer-average GFS model PV estimates, and
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4158 May 10th TES overpass Ozone Measurements tiple linear regression was performed on the training data,
100, 200 . .
with TES layer-average ozone as the dependent variable and

<~ i
rt‘*ﬂ/("/—\w\f.\\ 180 GLASH brightness values and GFS layer-average PV as the
1‘}1]__ 160 independent variables.
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700 B gression analysis provides a statistical model of the corre-
1| 60 lation between TES ozone and the synoptic dynamical trac-
809 40 ers (GOES GLASH and GFS PV) where all three were ob-

900 2 served along the TES orbit and yields a statistical retrieval
method for estimating ozone over the rest of the GOES-West
domain. In order to evaluate the derived product, the regres-
sion equation from the training data set was applied to the
Fig. 2. Plot of TES “Step and Stare” ozone profile curtain for 10 GOES GLASH and GF_S PV values from the rema.unlng 25 o/_°
May 2006, in which the ozone volume mixing ratio (VMR) is plot- Of the data set, creating a comparison of predicted multi-
ted in color shading (ppbv). The location of the jet stream (black SENSOr layer-average upper tropospheric ozone values (MU-
contours) and of the 1 and 3 PV-unit contours (white) are also plot-TOP) versus observed (TES), and a providing a measure of
ted to show the dynamical context (both from GFS model). The model error.

vertical extent of layer-averaging for TES ozone and GFS PV is

designated by the black outline (500 to 300 hPa).

1000 T > 5 ‘5 0

35 0 4
Latitude in degrees North

4 Results

layer-average specific humidity (i.e., GLASH brightness 4.1 Case study evaluations

value retrievals). To prepare the data for regression analySi%impIe visual analysis of GOES GLASH and GFS PV fields

each TES ozone measurement was matched to its spatiall)(,;lith TES UT ozone overlays (Fig. 3), demonstrate that TES

cl_osest GLASH brightness va!ue fcmd.G[.:.S PV counterpartsupper troposphere layer average ozone retrievals clearly do
Since the GFS r_nodel_ resoluyon is significantly lower than respond to dynamical variations in the UT. As can be seenin
It2§;rc-);v-l;:f:gga}FjIIErSritzrf::l\s/éllgercvzr;yrs:tiisegq\?vzteh ttr;]aensc;n hese images, TES-observed ozone is elevated in and around
. Mhe edges of upper-level troughs, in dry-air streamers, and
PV value along an AURA orbit track. in cut-off lows (which correspond with low water vapor and
Because this study is concerned with the impact of synophjgh GFS PV values). This same correspondence was ob-
tic dynamics on upper tropospheric ozone, it was importantserved for all of the TES overpasses which occurred during
to make sure that excessive error from a lack of temporakhe INTEX-B period and fell within the GOES-West domain.
coincidence did not make its way into the data set. Since Figure 3 also shows the great amount of variation in the
GLASH products and GFS model fields were available atTgg observed ozone between orbits, and illustrates the influ-
6h intervals, the greatest possible time separation for TEQnce of meteorological conditions. In the first overpass (13
overpasses from one of these fields was 3h. To reduce thmay at 12:00 UTC), TES measurements follow the trough
error from time separation and the potential for sampling en-axis and generally display two distinct UT ozone regimes:
tirely different air masses as features move, a temporal cointhe southern portion observed air with relatively low (40—
cidence criterion of 1.5 h was established for the regressiorgq ppbv) UT ozone and the northern portion within the up-
data sets. Although this could still result in some error in per level low, found considerable stratospheric influence and
comparison, it is a tighter coincidence requirement than hag|eyvated UT ozone (120-200 ppbv). This situation is not un-
been used in previous TES validation studies (Nassar et algxpected, and fits well with the climatological mean within
2008; Richards et al., 2008; Worden et al., 2007b). the Northern Hemisphere mid-latitudes during spring. In
Based on these criteria, the final data set consists of 3@he second overpass (14 May, 00:00 UTC), the TES instru-
TES Step and Stare curtains over the North Pacific and withirment observed the very western edge of the same trough fea-
the GOES-West domain. These 30 TES cross-sections corture that it passed through 12 h earlier. In this case, TES
tain 3134 individual vertical profiles, and the same numbermeasured slightly heightened UT ozone mixing ratios along
of individual layer-average TES ozone measurements. In orthe western edge of the trough (100 ppbv), then transitioned
der to set aside cases for error evaluation, the data set wasack into a warm, moist, ozone poor UT within the upper-
randomly split into a training data set (75 %, or 2351 values),level ridge (40—60 ppbv). In the last example (15 May at
and an evaluation data set (25%, or 783 values). A mul-12:00UTC), TES observed a climatological anomaly and
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Fig. 3. This set of plots shows individual TES overpass layer-average UT ozone VMR (color shaded in ppbv) plotted over fields of GLASH
BV (grey shading) and GFS PV (pink shading in PV units) for three different tit@<.8 May at 12:00 UTC(b) 14 May at 00:00 UTC,

and (c) 15 May at 12:00 UTC). Note the strong negative correlation between TES UT ozone and GLASH BV and the strong positive
correlation between TES UT ozone and GFS PV.

still captured the dynamical variation in UT ozone quite well. PV air (60—80 ppbv) before increasing again as TES passed
By this time, the upper-level trough observed during the pre-over the remnants of the original upper-level trough (120-
vious orbits had evolved and a distinct cut-off low formed at 180 ppbv).

its base. Moving generally from south to north, TES first ob-

served moist, free tropospheric air with little ozone present

in the UT (60 ppbv). It then encountered the western side4.2 Regression results

of the cut-off low feature, where TES observed heightened

UT ozone mixing ratios (120-160 ppbv), corresponding with

strong signatures of atmospheric aridity and high PV. OzoneBased on the relationship between layer-average TES ozone
mixing ratios decreased on the northern side of the cut-offaind the two tracers, the following multiple linear regression

low, in the vicinity of recently mixed moist, relatively low Was derived from the training dataset (see Fig. 4 for regres-
sion plot):
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could explain 60 % of the variance in TES, with a standard
error of 22 ppbv. So a purely satellite-based product was not
very effective. Furthermore, the residuals of this regression
indicated the largest errors in estimating TES ozone occur for
high ozone values. Similarly, variability in PV alone could
explain 63 % of the variance in TES ozone, with a standard
error of 21ppbv. The use of both variables together in a mul-
tiple regression was able to increase the explained variance
and reduce the residual error. In fact, the two independent
variables provide complimentary power, with specific hu-
midity explaining more of the variance in ozone in lower PV
air while PV explains more of the variance in ozone in very
dry air.
oLaaH Bighowesvelus To produce ozone imagery at the GOES resolution, the
training data regression equation was applied to all of the
Fig. 4. 3-D plot of layer average UT ozone (as observed by TES) vs. GLASH and PV data, every six hours, across the GOES-West
corresponding GLASH brightness value and layer average UT GFSlomain. All the MUTOP images presented in this paper are
PV value. Observations are plotted as black dots, while predictecbased on the regression equation calculated from the training
regression values (multiple-linear in the form of a plane) are plotteddata set (75 % of the TES data). A statistical comparison of
in red. Observations are projected (in light grey) on to each axis forthe MUTOP product to the TE&valuation datdthe reserved
easier interpretation. 25 % of data not used in deriving the regression), resulted in
the following relationship, summarized in Table 2:

GFS PV in PVU

TES.O3=1.02xMUTOP 4)
TES O3=—1.21 ppbwGLASH+17.05 ppbv Figure 5 displays the overall correlation between TES UT
xPV+2814ppbv 3) ozone and MUTOP modeled values, as well as the dis-

tribution of MUTOP residuals for the evaluation data set.

Table 1 summarizes the results, illustrating that 72 % of theThe mean absolute error (MAE) and root mean square er-
variance in TES layer average ozone can be explained by threOr (RMSE) were 13.6ppbv and 18.1ppbv for the pre-

multiple-linear regression, with an error of 18 ppbv. Becauseyi ted versus observed ozone. These errors are compara-
atmospheric aridity and potential vorticity are in fact in- ble to the RMSE of 17.8 to 21.9 ppbv in the TES valida-
v_erse_ly correlated (the GLASH versus PV c_orrelat|on cpefﬁ-tion study reported by Nassar et al. (2008) when compar-
cientis—0.71), we have also addressed the issue of colllnear-Ing TES UT ozone to ozonesondes at latitudes from 15 to

ity which has the potential to cause instability in the regres-g degrees north. Given the overall observed TESange
si(_)n.coefficients (a and b in Table 1). Our. results sugggstfrom 30 ppbv to 230 ppbyv, these results suggest the MUTOP
this is not a problem. Table 1 shows errors in the regression, o quct provides a decent representation of TES measure-

coefficients are all on the order_ of 3%. The tolerance is 3ments, with a slight bias toward under-representation of high
measure of the unexplained variance (S08éeen the ré- 1 o,0ne values and over-representation of low UT ozone
gression variablesA variance inflation factor (the inverse of | .| \ag

tolerance) on the order of 10 would suggest collinearity.

While the GOES Layer Average Specific Humid- 4.3 Statistical retrieval ozone products
ity (GLASH) brightness values and the GFS PV are inversely
correlated £ = —0.71 in the training dataset), we believe The regression results were used to create a statistical re-
they each add content which is unique in explaining the vari-trieval of MUTOP, the Multi-sensor layer-average UT Ozone
ability in ozone. The variables were considered separately td’roduct (MUTOP) at six hour intervals for the entire INTEX-
evaluate their capacity to explain variation in TES observedB time period (see Fig. 6 and the Supplement animation link).
ozone. The authors recognize that while PV has tradition-There are several advantages to the MUTOP derived image
ally been used as an effective tracer, when operating oveproduct: (1) calculated from fields (GLASH and GFS PV)
data sparse regions like the North Pacific, the model maythat can be produced operationally, it can be created and used
have errors of magnitude or displacement of features. Indin near real-time to diagnose the distribution and forecast the
deed, it was the original goal of this project to try to define movement of UT ozone; (2) it provides good coverage (at
an empirical and independent method for extrapolating theGOES water vapor channel spatial resolution) on the distri-
information that TES provides to a larger domain, based on @ution of dynamically driven ozone in the UT; (3) created at
correlation of remotely sensed information from two satellite 6 h intervals, it provides a sub-daily visualization of the rapid
platforms. However, it was found that individually GLASH movement of dynamically-driven ozone in the UT.
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Table 1. Multiple regression and error analysis results from using GLASH and PV together to explain variance in the dependent variable of
TES observed ozone in the UT, based on the training data set (75 % of data) . Collinearity tests evaluate the independence of the predictors.

Model Coefficient Standard  Significarfce Collinearity Variance
Parameters Error Tolerance Inflation
Constant 281.40 7.99 .000

a -1.21 .04 .000 0.50 2.0
b 17.05 .54 .000 0.50 2.0
R? 0.72 18.47 .000

2 probability of two-tailed t-testp < .001is highly significant

250

Table 2. Analysis of MUTOP (predicted from regression described
in Table 1) against TES (observed), for the 25% of data held in r=0.85
reserve for evaluation (considers TES to be dependent variable).
200
Model Coefficient  Standard  Significane "é . ¢
Parameters Error @ o
% 150 MR o ’:‘," L
Constant -113 1.97 57 S Wy 1 X
a 1.02 .02 .000 £ % o0 °
R2 0.73 18.14 .000 3 o s
& 100 o
S o, $ o
2 probability of two-tailed t-testp < .001 is highly significant .9 AARN
=) s
= .
” $ s
5 Discussion ¢ o
- 0
5.1 Product performance and utility 0 50 100 150 200 250

TES Observed Ozone (ppb)
Regression analysis shows that over 70 % of variation in up- 250 .
per tropospheric ozone (as observed by TES) can be ex:
plained by the synoptic dynamic tracers of UT specific hu- 5y
midity (GLASH) and potential vorticity (GFS PV) during
spring 2006 within the GOES-West domain. This find-
ing suggests that ozone variability in the UT is predomi-
nantly controlled by dynamical processes, with some of the
scatter likely explained by systematic errors such as tem-
poral and parallax displacement, model error, and resolu- |
tion/interpolation artifacts. However, other factors not in- %0
cluded in the MUTOP model, such as in situ chemical pro- of
duction/destruction of ozone and long-range transport of 0
ozone from polluted boundary layers, are certainly important 00 80 60 40 20 0 20 40 60 80 100
influences on UT ozone as well. As part of the 2003 Inter- Orone Eror (Ohserved:Preclicted pet)
continental Transport and Chemical Transformation (ITCT

2K2) S.tUdy’ for example, Cooper et al. (2004b) addressed th‘Iafig. 5. Comparison between TES and MUTOP ozone estimates.
capacity of warm Conveypr belt Systems as tr_anspprters Ofl'he upper panel shows the correlation, and the solid line displays
polluted boundary layer air from the Asian continent into the 5 perfect model one-to-one relationship for comparison. The lower
North Pacific mid-and-upper troposphere. They found thatpanel shows the probability density function of the difference be-

44 % of warm conveyor belt air masses drew their chemi-tween TES and MUTOP, with the average denoted by the dashed
cal composition from a lower troposphere source, leading tdine, and the standard deviation by the solid lines.

heightened ozone mixing ratios in warm conveyor belts over

the North Pacific. These findings may help to explain lim-

ited MUTOP performance under moist, low PV conditions,

Mean =0.09

Frequency
N
0
o

-
o
o
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Although the TES Level 3 Daily Ozone is useful as a
browse product for identification of regions of interest for
further research and investigation, they are limited in sev-
eral ways with regard to accurate synoptic- and meso-scale
dynamical representation of ozone in the upper troposphere.
First, the Aura satellite and the TES instrument are in sun-
synchronous polar orbit, meaning that the satellite moves
retrograde from east to west. This is opposite the move-
ment of most large-scale weather systems in the Northern
Hemisphere mid-latitudes, and thus L3 ozone products may
distort synoptic features in the UT. Second, the L3 prod-
uct is presented as a daily plot, but the measurements used
in interpolations that are spatially proximate can be from
entirely different times of day (ascending and descending
nodes). Therefore the L3 products do not represent a simple
daily mean, but instead provide a stitched-together represen-
tation of UT ozone from different times during a 26 h period.
As a result UT ozone enhancements associated with small-
scale features that fall between overpasses (e.g., meridional
Fig. 6. Example MUTOP retrieval from 27 April 2006 at streamers) may be completely missed, and any features that
18:00UTC depicting ozone across the GOES-West domain. Upare not continuous between overpasses may be incorrectly
per tropospheric layer-average ozone mixing ratio is shaded in cologharacterized in the spatial averaging.
in ppbv. A comparison of five MUTOP images corresponding to

the 26 h interval over which the one TES Level 3 Daily
. : Ozone map is stitched together is provided in Fig. 7. Here
as warm conveyor belt air masses and subtropical free tro- . ;
pospheric air masses may have similar tracer characterisQne can see that MUTOP proyldes greater meteorolqglcal
. o - ._context for UT ozone observations than has been available
tics (enhanced specific humidity and low PV), but could dis-

play very divergent ozone chemistries. Overall, the MUTOPpreV'WSly n the_sg L3 products, MU.TOP’ at 6h temporal
product is not as effective at characterizing ozone mixing ra_resoluuon, identifies coherent synoptic and mesoscale fea-

. o o o ) : > tures in the UT which are either missed or poorly resolved
tio variability within moist air masses; synoptic dynamics . ;
- o .~ _in the L3 products. For example, from the 24-25 April case

have less control on UT ozone mixing ratios in these regions.  _. . o i
However. the results of this study are supportive of the con" Fig. 7, the L3 product fails to capture specific features in
’ Y bp the UT, such as in the elongated streamer just off the Pa-

clusions of Cooper etal. (2004a,b), which found uppertropo—ciﬁc Northwest and California coastlines. The disadvantage

spheric dynamics can result in the transport of stratospheric o . . ;

. of spatial interpolation becomes evident, as can be seen in
ozone enhancements into the lower troposphere under th ) N L
. . i, the L3 product’s poor characterization of two distinct ozone
right synoptic conditions.

. : enhancements over Eastern Canada in Fig. 7. The TES L3
Although MUTOP has limitations as noted above, it pro- Daily plot suggests that these features are connected; MU-

vides a capacity for upper tropospheric ozone estimatio o . .
within the GOES domain that is a large step beyond WharETOP sees the distinction between them in terms of dynam

is currently available in the form of spatially-derived daily ics. Once the separate panels of the multi-sensor product are

ozone plots based on TES retrievals alone (Fig. 7). This f viewed, it is much easier to understand the features coarsely
P : . 9. 1. Yrendered in the TES L3 product. Overall, MUTOP allows for
ure shows what was previously available in the form of a

TES-derived “daily” ozone product within the GOES-West b_etter mterpretatl_on of individual TES overpasses and asso-
. ; . . . ciated Level 3 Daily Ozone plots and clearly demonstrates an
domain (bottom right of panel) in comparison to five pan-

S improvement in UT ozone characterization over the GOES-

els of corresponding images produced from the method de; .
. . . : : . . _West domain.

scribed in this paper. The previously available image is a

TES Level 3 Daily Ozone plot for 24 April 2006. This

particular image was created by averaging the 464 hPa and

316 hPa plots. The Level 3 product at each of these specific

pressure levels is created by combining TES global survey

overpass measurements from a 26 h period (in this case from

~12:00 UTC on the 24th te-12:00 UTC on the 25th) and

spatially interpolating between overpass measurements.

a0ty

-

1809, 120°W
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Combined GLASH anq‘lﬁgxoproduct for.....42418
*

EXuA

‘so;w 12(;°W 180%, 120°W
Fig. 7. Plot of 5 (first 5 panes) MUTOP products from the at 6 h intervals from 24 April at 12:00 UTC to 25 April at 12:00UTC. These
images correspond to the time over which TES global survey overpass measurements were used to create the TES Level 3 Daily Ozone
plot (bottom right pane) through spatial interpolation. This daily ozone plot is an average of the 316 and 464 hPa daily plots for that day (to
better match the UT ozone plots). Ozone mixing ratio is plotted in color in all panes in ppbv.
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6 Conclusions and recommendations for future work with respect to inter-annual variation in UT ozone (Thouret
et al., 2006). Finally, it might be beneficial to assess the cor-

MUTOP provides a dynamic meteorological context for tran- relation between high-magnitude regression residuals and a

sient ozone enhancements and helps to illustrate the ovetracer for anthropogenic pollution such as CO, to inform our

all highly variable ozone mixing ratios in the UT. With rel- understanding of the large degree of scatter around the re-

atively high spatial and temporal resolution, MUTOP de- gression model.

rived imagery allows for viewing even mesoscale dynamical

features (dry air streamers and cut-off lowasid their evolu-  Supplementary material related to this

tion through image looping. MUTOP provides visualization article is available online at:

of UT ozone that surpasses what is currently available in thenttp://www.atmos-chem-phys.net/11/6515/2011/

form of TES Level 3 Daily Ozone maps. Tropospheric ozoneacp-11-6515-2011-supplement.zip

estimates are also available based on the extraction of tropo-

spheric residuals from satellite total column ozone measure-

ments, as noted earlier (Sect. 1.2). Another residual techAcknowledgementsUVA participation in the INTEX/B field

nique presented by Yang et al. (2007) used PV mapping t@rogram was supported by NASA (award NNGO6GA93G). We

increase the resolution of the stratospheric column estimaté!ank the UCAR Unidata program for data access to near real-time

for deriving TOR. Yang used the correlation between MLS COES imagery.

ozone and potential vorticity in the lower stratosphere to pro-

vide a higher spatial resolution stratospheric column, which

yielded improvements in the midlatitude TOR estimates. In

general, it has been shown by all of these TOR methods that

the ozone gradients in the residual often correspond with grareferences

dients in the heights of the tropopause, and these change with

synoptic conditions in the midlatitudes. The MUTOP prod- Ancellet, G., Beekmann, M., and Papayannis, A.: Impact of a cutoff

uct is complimentary to satellite derived TOR results, but has low development on downward transport of ozone in the tropo-

the advantage of providing higher resolution sub-daily de- SPhere, J. Geophys. Res.-Atmos., 99, 34513468, 1994.

pictions of ozone in the extratropics, where the TOR methodAppenzelIer, C. and Davies, H. C.: Structure of stratosopheric in-
was less effective trusions into the troposphere, Nature, 358, 570-572, 1992.

Thi K d trat dients in TES Appenzeller, C., Holton, J. R., and Rosenlof, K. H.,: Seasonal vari-
IS wor emonstrates gradients in 0ZON€ are - aion of mass transport across the tropopause, J. Geophys. Res.,

strongly correlatec_i with remotely sensed _aridity a_nd _mod— 101, 15071-15078, 1996.
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of TES UT ozone retrieval, since MUTOP estimates are de- s 0“6 0t “40(15). 2356-236d0i: 10.1364/A0.40.002356
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