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Abstract. Understanding the mechanisms that transport pol-1 Introduction
lutants from the surface to the free atmosphere is impor-
tant for determining the atmosphere’s chemical composition.A

This study que_mtifies the vertical transport of tropos.phericral processes. Carbon monoxide (CO) is a byproduct of the
carbon monoxide (CO) by deep mesoscale convective Sy%hcomplete combustion of carbon fuels and the oxidation of

tems and assesses the ability of the satellite-borne Tropor-nethane and non-methane hydrocarbons (Jacob, 1999). With

spheric Emission Spectrometer (TES) to detect the resultm_% lifetime of approximately one month, CO is an excellent

enhanced CO in the upper atmosphere. A squall line that Yracer of pollution sources and pathways. CO also is a pre-

.slm.|lar to one oceurring dunng_ NASAS lNT.EX'B MISSION & rsor to tropospheric ozone 40 CO concentrations near
is simulated using a typical environmental wind shear prc.)ﬁlethe surface in the United States typically as800 ppbv in
and the 2-D Goddard Cumulus Ensemble model. The simuy, 5, areas, 100-200 ppbv in rural areas, af@0 ppbv in
Iatlon_ provides post-C(_)nvgctlon CQ proﬂles._The st_ructure Ofremote areas (e.g., Jacob, 1999).

the simulated squall line is examined, and its vertical trans-

port of CO is quantified. Then, TES' ability to resolve the N the presence of nitrogen oxides (Wnd water vapor,
convectively modified CO distribution is documented using the photochemical oxidation of CO produces tropospheric
a “clear-sky” retrieval scheme. Results show that the sim-O3 (Beer, 2006). @then can create hydroxyl radicals (OH)
ulated squall line transports the greatest mass of CO in th®Y Photolysis in the presence of water vapor, and OH is a
upper levels, with a value of 9@upward and 67 downward ~ Major oxidant that removes pollutants such as methane and
at 300 hPa. Results indicate that TES has sufficient sensitiVcO- Boundary layer pollutants that are rapidly transported
ity to resolve convectively lofted CO, as long as the retrieval {© the free troposphere (FT) have increased lifetimes due to
scene is cloud-free. TES swaths located immediately downdiminished loss mechanisms such as dry deposition, wet-
wind of squall lines have the greatest chance of sensing conscavenging by precipitation, and OH radicals (Park et al.,
vective transport because the impact of clouds on retrievaf001). In the upper troposphere wherg &ts as a green-
quality becomes less. A note of caution is to always analyz€'0Use gas, enhancg@ @roduction in regions doyvnwmd
TES-derived CO data (or data from any satellite sensor) toOf convection (Chatfield and Delany, 1990; Pickering et al.,

gether with the retrieval averaging kernels that describe the-990; Park et al., 2001), along with the longer lifetimes of
information content of the retrieval. O3 and its precursors, directly influence the Earth’s radiation

balance. Transport to the upper troposphere has important
implications for climate and the intercontinental transport of
pollution which affects air quality at distant locations. The
longer lifetime and faster transport imply a larger scale im-
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nthropogenic pollution impacts many of the Earth’s natu-
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transported in the convective updraft then can disperse from
the cloud by detrainment along the core-updraft, the cloud
anvil, and the edges of the cloud (Thompson et al., 1997).
As a result, the ascending polluted air becomes diluted as it
exits the cloud. Many squall lines also contain a descending
rear inflow jet that is located behind the convective core in
the middle and lower troposphere (Fig. 1).
Fig. 1. Schematic of the flow regimes in a mesoscale convective _The 1985 PRESTOR.M project prOVIdEd Some' of the first
system (adapted from Houze et al., 1989). Large hollow arrowsd',rect measurements in the anvils of cqnvectlvg storms.
identify the ascending front to rear inflow (left) and core updraft Dickerson et al. (1987) found that the anvil contained 64%
transporting air to the cloud top and forward anvil (right). Black ABL air and 36% upper tropospheric air after including the
arrows represent the rear inflow jet supporting the cold pool genereffects of entrainment. Pickering et al. (1989) identified
ation directly below the core updraft. enhanced layers of CO due to cumulonimbus venting over
500 km upwind. Pickering et al. (1990) related significant
O3 enhancements to convective injection of precursors into
O3 production and making better forecasts of the evolvingthe upper troposphere (UT). Their research identified a major
radiation balance using climate models. source of UT pollution that then can be rapidly transported
Pollutants generated at the surface can be transported vehorizontally to other regions.
tically over depths ranging from tens to thousands of me- Recent field projects also have examined mechanisms pro-
ters. The key factor determining the height of vertical trans-ducing long-range chemical transport (Singh et al., 20086,
port is the type of meteorological system that is responsi-2009). A comparison of transport processes in Northeast
ble. These systems range from synoptic scale cyclones, t€hina and the Northeast United States found that differ-
mesoscale convective systems (MCS), to dry-convection anént mechanisms were involved (Dickerson et al., 2007).
turbulence (Pickering et al., 2003). Deep convection is one oDry convection was the prominent pollution transporter over
the most efficient transporters of boundary layer air to the FTChina during the spring season. However in the United
(Park et al., 2001; Dickerson et al., 1987). It is estimated thaiStates, deep, moist convection was the dominant transporter.
the mass of the atmospheric boundary layer (ABL) is ventedAlthough both types of convection vented PBL air to the
~90 times annually by clouds and cloud systems (Cotton eFT, the lack of wet-deposition in dry convection was spec-
al., 1995). Calculations for the central United States suggestilated to be the main cause of enhanced pollution-venting
that nearly fifty-percent of ABL CO is transported to the FT over China (Dickerson et al., 2007).
by deep convection during summer (Thompson et al., 1994). The boundary layer venting of pollution by both fair-
Thus, estimating vertical transport by sub-grid scale mechaweather cumulus and deep convection has been successfully
nisms in chemical transport models is crucial for representingnodeled for over two decades (Niewiadomski, 1986; Trem-
distributions of CO, @, and other species. blay and Leighton, 1986; Pickering et al., 1995). Simula-
This study investigates the vertical transport of CO by tions of towering cumulus (Niewiadomski, 1986) revealed
mesoscale convective systems (MCSs). An MCS is a repollutant reduction percentages and vertical transport ratios
gion of multi-cellular convection with a contiguous area of (volume of sub-cloud air transported through the cloud base
precipitation that spans 100 km or more in at least one hor+elative to the total volume of air below the cloud layer) of
izontal direction (Glickman, 2000). The squall line is one 15 and 23 percent, respectively. These values are similar
prominent type of MCS, identified by its larger length-to- to those found previously for cumulus outflow (Isaac et al.,
width ratio. We investigate a typical squall line that is sim- 1983). In a study of @production downstream of deep con-
ilar to one occurring during NASA's INTEX-B field project vection over Brazil, nearly all of the air parcels in the anvil
(Singh et al., 2009). Squall lines depend on environmentabriginated in the boundary layer (Thompson et al., 1997).
vertical wind shear to balance the horizontal vorticity gen- Based on back trajectories, Thompson et al. found that many
erated by the convection’s buoyant updraft, its rear-inflowparcels were transported from 0.3km to 15km AGL in less
jet (R1J), and cold-pool at the surface (Rotunno et al., 1987than 30 min. The vertical transport of CO by deep convec-
Weisman et al., 1988; Weisman and Rotunno, 2004). Dom+ion embedded in the warm-conveyor belts (WCB) of middle
inant features of a squall line (Fig. 1) are strong updraftslatitude cyclones was studied by Kiley and Fuelberg (2006).
at its leading edge and the ascending front-to-rear inflowThey found that the dominant vertical forcing mechanism
that begins near the surface. Their magnitudes control howvas the Laplacian of latent heat release which is large in
deep the convection can penetrate, and thus to what altiareas of deep convection. Deep convection in weak synop-
tude surface pollutants are transported. Although a typicatic cyclones proved especially critical for the development
single-cell thunderstorm produces a maximum updraft of 8 toof WCB-like transport. Other studies that have modeled or
15ms1, deep multi-cellular convection often generates up-directly sampled pollution transport by both synoptic and
drafts greater than 35 mt$ (Cotton et al., 1995). Pollutants mesoscale weather systems include Pickering et al. (1989),
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Park et al. (2001), Hannan et al. (2003), and Dickerson et
al. (2007).

Since vertical transport occurs on a global scale, satellite
remote sensing is the only way that it can be documented.
NASA launched the Tropospheric Emission Spectrometer
(TES) instrument onboard the Aura platform in 2004. TES
can make vertical profile retrievals of several atmospheric
variables including temperature, water vapor, CO, and ozone.
Since only nadir measurements are taken global coverage o
all variables requires approximately ten days (Beer, 2006).
We use TES derived CO profiles in this study, and additional
details are given in Sect. 2.

Our first objective is to quantify the vertical transport of
lower tropospheric air by a squall line. The squall line is
simulated using the 2-D Goddard Cumulus Ensemble (GCE)
model which provides post-convection CO profiles. Compar-
isons with pre-convective profiles describe the vertical trans-
port. The second objective is to gain insight into TES’ abil-
ity to detect CO convective transport. This is achieved by

Date: March 13, 2006

inputting the pre- and post-convection simulated CO profiles R TES Satelite  NEXRAD
to the TES retrie\_/al algorithm to obtain_synthetic retrievals. b O s o
Finally, we examine observed TES retrievals located down- e T e
W|nd Of the Squa" Iine. : . ﬁ,'. " 08:06:01 - 08:06:30 20

08:06:31 - 08:07:00 25
30
35
40

2 Data and methodology : ©
We selected a squall line occurring on 13 March 2006 be- 3 B

cause it is typical of the many lines that occur each year and
because it occurred during NASAs INTEX-B field project
(Singh et al., 2009) when special high resolution TES re-

cation of the squall line near 08:00 UTC, while Fig. 2b shows
a GOES infrared image of the event. The squall line is ori- |
ented northeast to southwest, extending from the Great Lake
to northeastern Texas. Its deep convective core contains re
flectivities of 45-55dBZ, while stratiform areas have values
<30dBZ.

2.1 TES Instrument and CO profile retrievals

The Tropospheric Emission Spectrometer (TES) is housev
on the Earth Observing System Aura platform (Beer, 2006).

Aura’s orbit is near-polar, sun-synchronous at an altitude ofi;, - -y agar refiectivity of the squall line (dBZ) at 08:04 UTC

705km, W'th an ascendmg eql{ato_”allcro,ss'ng near 1_3:3?13 March 2006, along with TES retrieval locations. The reflec-
local solar time. TES is a nadir viewing infrared Fourier ities are a composite from individual National Weather Service
transform spectrometer that samples the atmospheric absorgysr-8sD (NEXRAD) radars in the area. TES moves from NE (lo-
tion/emission spectra of several gases (Beer, 2006, Bowmartation 0) to SW (location 15), crossing the squall line near Lincoln,
2006). TES functions in two primary observation modes, IL. The TES footprints are color-coded to show the time of each
the global survey mode (GS) and the step and stare modeetrieval. The averaging kernel profile at site 14 (second from the
(SS). The GS mode consists of 16 orbits with a successivgouth) was used to make our synthetic TES retrievals. Since the
nadir sampling distance of 182km along the track, while GCE is run in the x-z plane, its axis along the length of the squall
the SS mode spans 45 degrees latitude and consists of 15@? is arbitrary.(b) GOES-12 enhanced infrared satellite image for
nadir observations at a separation of 40km along the tracic-12UTC 13 March 2006.

over 5x8 km horizontal footprints. TES normally operates
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in a one-day-on followed by a one-day-off GS mode. How- 2.2 Creating synthetic CO profiles
ever, during a science campaign such as INTEX-B, TES

can schedule special SS observations during the “off days"using Eq. (), TES a priori and averaging kernel data on 13
Thus, our research benefitted from the high resolution SS reparch 2006 at 39N were used to generate two sets of syn-
trievals. _ thetic TES retrieved CO profiles. The first set of synthetic
The parameter degrees of freedom for signal (DOFS) “deprofiles used a CO profile from the GEOS-Chem chemical
scribes the number of useful independent quantities there ar@ansport model (CTM, Bey et al., 2001a) as the true state
in a measurement, and hence is a measure of informationprofile prior to convective activity. The second set of re-
(Rodgers, 2000). TES’ high spectral resolution of 0.1¢m  trievals, the post-convection true state profiles, was based
(nadir viewing) enables it to provide vertical CO profiles in on CO data output from the 2-D Goddard Cumulus Ensem-
the troposphere with 1-2 DOFs in the tropics to mid latitudeple (GCE) cloud model (Tao and Simpson, 1993). Specif-
regions (Luo et al., 2007a). . _ ~ically, the GCE output was considered the true state of the
The TES retrieval algorithm is an optimal estimation atmosphere after CO had been transported by the storm sys-
method that minimizes the residual between the observegem. Details of the GCE and GEOS-Chem model are given
and modeled radiances (Rodgers, 2003; Bowman et alin Sect. 2.3 and 2.4, respectively.
2006)_‘ The a priori_ constraints_ representgd by the a’_[n_10- The model-derived CO profiles were interpolated verti-
spheric species profiles and their uncertainties are epr|C|tIyCally to the TES pressure levels. Since the top of the model

ap_P"ed: Unlike cIo_ud—cIearlng and cIOl,Jd—maskmg schemesyomain (troposphere) did not extend to the altitude at which

utilized in other retrieval schemes, TES’ cloud retrieval strat- 5 makes retrievals. all pressure levels above the top of the
€gy assumes a layer of effective cloud with th_e spectral d?'model domain contain the TES retrievals as the true state val-
pendent extinctions and the layer pressure retrieved (Kulawﬂﬁes (Luo and Worden, 2007). Equatid) then was used to

et dal(.j, .20?]6)' d In eﬁd't'oﬂ to these_effekctwe ICI?Ud gata p][_(l)'generate the synthetic TES CO retrieval profiles. Compar-

vided in the data files, the averaging kernels for the profileig,ng petween these simulated satellite retrieved profiles and

retrievals alsq are provided. . i , the true profiles enable us to determine how well TES depicts
The averaging kernels and the a priori profiles provide US€he convective transport of CO

ful information for understanding the retrieved profiles. A
retrieved species profile is not the true atmospheric profile at
a given location and time. The following equation approxi- 2.3 Cloud-model

mates the relationship between the true profijethe a pri- _

ori profile, x’ 1, and the retrieved profile (Rodgers, 2003, The 2-D Goddard Cumulus Ensemble (GCE) (Tao and Simp-

Luo et al., 2007a), son, 1993; Tao et al., 2003) is a convective cloud-resolving
. . o , , model that has been used to understand cloud interactions
Xt = x5 T At (X; — X; 1E9) T £/ (1)  with each other, with the surrounding environment, and with

i ) ) _ . trace gas distributions (Soong and Tao, 1980; Tao and Simp-
whereA; is the averaging kernel matrix for the profile asjd son, 1984: Scala et al., 1990; Pickering et al., 1991, 1992a,
is the observational error due to instrument noise. In the ideaj, c). Its governing equations are non-hydrostatic since the
case, when the averaging kemnel is a unit matrix, the retrieveq,qizontal and vertical scales of convection are similar. The
profile equals the true profile. However, the remote sensingy e explicitly resolves gravity waves generated by the de-
solutions are far from the ideal case, due to the lack of IN-yeloping cloud in the x-z plane (Tao and Simpson, 1993)
formation in the observed spectral radiance on the speciegng contains microphysical processes that are sophisticated
profiles and the limitations of the instrument charactenstlcsand sensitive to the dynamic processes resolved (Tao et al.
and performances. We WI||. show .examples of the TES av-1991: Tao and Simpson, 1993), including the complete mi-
eraging kernel for CO retrievals in later sections. In the crophysics for all water phases (Soong and Ogura, 1980;
worst case, there is no information on atmospheric CO Pro500ng and Tao, 1980; Tao and Soong, 1986). An on-line

files from the nadir spectral measurements (very small avergnemical tracer advection capability has been added to the

aging kernel values). The retrieved profile is then dominated,_p gcE model by Stenchikov et al. (1996).
by the a priori profile. An example of this case is the cloud. The horizontal grid of the 2-D GCE consists of 514 points
The TES observed spectra contain no information on the CO . : . )
L - . spanning 470 km, with 33 vertical levels on a stretched grid
distribution within and below the clouds. The averaging ker- .
o . : . whose spacing ranges from 220 m near the surface to 1050 m
nels in this vertical portion are very small, and the retrieved

CO values are dominated by the a priori profile. TES CO at the model's top of 25km. The model has open-type lat-

retrievals have been found to be consistent with those fromeral boundary conditions, free-slip boundary conditions for

MOPITT (Luo et al., 2007a) and within 15% of aircraft data Irzogf;ﬁ:s”?oble&lggd 2“? dk\r/nViII?]?I/rst%Z rig";g tl_lc_Jgo(ZgzoSrit;Lng_)
(Luo et al., 2007b; Lopez et al., 2008). Y P P y ’ P

son, 1993). All of our simulations used the model parameter
settings listed in Table 1. A full description, including model
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Table 1. GCE model domain and parameter settings used in this study.

Parameter Configuration

Physical DomainxX — z) 514 kmx 25 km

Horizontal Grid Spacing (stretched)

Min 750m

Max 1000 m

Vertical Grid Spacing (stretched)

Min 220m

Max 1050 m

Calculation Time Step 2s

Coordinate System Velocity oms

Uniform Initial Conditions TRUE

Cold Pool Parameters

Width 8km

Depth 1.5km

Cooling Rate 7.68103Ks™ 1

Boundary Conditions

Top 5km Rayleigh Relaxation (absorbing) layer
Bottom Free-slip

Lateral Open (Klemp and Wilhelmson, 1978)
Microphysics

Liquid Water Kessler-type (Cloud water and rain)
Ice Three-category (Cloud ice, snow, graupel)

Lin et al. (1983)

equations and specific sensitivity studies, is provided in Tad2.5 Squall line simulations
and Simpson (1993) and Tao et al., (2003).

Mid-latitude squall lines have been simulated using two-
dimensional (x-z) cloud resolving models for over two

decades (e.g., Ogura and Liou, 1980; Thorpe et al., 1982;
Fovell and Ogura, 1988; Rotunno et al., 1987; Pickering et

2.4 Meteorological and chemical data

Background CO describing the environment prior to the
convection on 13 March 2006 was obtained from a run S . .
al., 1995). A 2-D model is justified since a squall line’s struc-

of the 3-D GEOS-Chem global chemical transport modelt : v in the & | directi Fovell and
(Bey et al., 2001a). GEOS-Chem uses the US an-cL)Jre varllegs8gnosg n the _lng nr:)rma |rec(|j(_)n|( otvethar:_
thropogenic emissions by the National Emission Inven- gura, ) and since wind shear perpendicular to the line

tory for 1999 (NEI99) from the US Environmental Pro- is what yields a steady convective cell (Rotunno et al., 1988).

tection Agency (EPA) Http:/Avww.epa.gov/ttn/chiefitrends/ ~ Since the 2-D model does not consider variations along
procedures/neipra®9.pdi, and the Asian anthropogenic in- the length of the squall line, only a single thermodynamic
ventory of Zhang et al. (2009) for 2006. For the rest of sounding that represents the line as a whole is used as in-
the world, the anthropogenic emissions are from the GlobaPut. The sounding that we used for the GCE integrations
Emission Inventory Activity (GEIA), scaled to 1998 on the (Fig. 3) has been employed in previous modeling studies of
basis of national energy statistics as described by Bey efid-latitude squall lines (Weisman and Klemp, 1982, 1984;
al. (2001b). Biomass burning emissions are from a monthlyRotunno et al., 1988; Lericos et al., 2006) and was derived
climatological inventory (Duncan et al., 2003). from soundings of typical squall line environments (Ogura
GEOS-Chem version 7-04-09 uses assimilated meteoro@nd Liou, 1980; Bluestein and Jain, 1985; Fovell and Ogura,
logical fields from the Goddard Earth Observing System-1988). This sounding is similar to the pre-squall line ther-
Version 4 (GEOS-4) with a native resolution of>11.25 modynamic environment over the US central plains on 13
(latitudex longitude) grid and 55 vertical levels (Bloom et March 2006 during NASAs INTEX-B field project (Singh et
al., 2005), processed on 222.5° grid with a reduced verti- ~ @l-, 2009).
cal spacing of 30 levels in a hybrid sigma-pressure coordinate Our pre-convective CO sounding was taken from the
system. Deep convection and shallow convection are paramSEOS-Chem model near 41464, 90.58 W at 00:00 UTC
eterized separately in GEOS-4, following schemes described3 March 2006 (Fig. 4). Once again, only a single sounding
in Zhang and McFarlane (1995) and Hack (1994). is needed since the CO profile is assumed to be similar along
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Midlatitude Case 257 ‘ — —
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Fig. 5. The vertical wind profile used in the squall line simulation.
Fig. 3. Thermodynamic sounding of the pre-squall line environ-
ment used for the squall line simulation in this study. The solid
red line denotes temperature, while the dashed blue line shows de®00 hPa cloud mass-flux field (not-shown) confirmed that no
point temperature. The sounding is similar to that at Lincoln, IL at convection was located in the area at this time. Therefore, the

00:00 UTC 13 March 2006 during INTEX-B. CO profile represents nearly undisturbed background values
prior to the arrival of the squall line. The CO profile was in-
CO SOUNDING VALID 00Z 2006/03/13 terpolated to 20 vertical levels and used as initial values in the
100 Lotz #1.6700 bon= ~90.5 GCE simulations. The grid spacing for the CO tracer (not the

same as GCE resolution) consisted of 500 m layers between
the surface and 2.5 km and then 1 km layers to 17.5 km with
the concentration at 17.5 km used until the top of the model.
200 Low-level environmental wind shear is crucial for the de-
velopment of steady convection (Thorpe et al., 1982; Fovell

g \ and Ogura, 1988; Rotunno et al., 1988; Lericos et al., 2006).
= 500 Many previous squall line simulations have used shear-layer
L

5 400 } depths between 2.5 and 5.0km, with vertical wind shears

a2 & ranging from 7 to 25 ms!, respectively. Most then main-

% 500 \ tained uniform winds above the shear layer, with the excep-
600 tion of Thorpe et al. (1982). We tested several shear profiles
700 \ that were adapted from those of Fovell and Ogura (1988)
388 and Lericos et al. (2006). The profile in Fig. 5 most re-
1000 N sembled conditions in our INTEX-B pre-storm environment

0O 20 40 60 80 100 120 140 since it contains a weak jet near 9km. The strongest shear
CO VMR (PPBV) of 17.5mslis between 350 m and 2450 m, which gradu-

. . ally weakens to produce a peak wind speed of 12.5hes$
Fig. 4. CO profile (ppbv) from the GEOS-Chem model used as thegg50 m. The shear then becomes negative, linearly decreas-
background concentration in the GCE for the squall line S|mula-Ing 2.5ms? between 8950 m and 20650 m, the top of the
38”5;:}5 profile is valid at 00:00UTC 13 March 2006 at 4L.80. g nging. The vertical transport of CO due to the squall line
resulting from this wind profile is presented in later sections.

2.6 TES retrievals
the length of the squall line. Since our goal was to inves-
tigate the basic transport effects of deep convection, usingVe assumed that the GEOS-Chem CO profile used in our
a CO profile slightly different from the one selected would GCE simulations was the true atmospheric state of the pre-
not significantly affect the results that follow. The GEOS-4 convective environment (Sect. 2.4). A single TES CO
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3.1 Squall line structure Horizontal Distance (km) —>2800 cm/s

We first establish the close agreement between our squall. , L ,
line simulation and those of previous studies who used simd19- 7. UW wind vecto_rs_and reﬂe.Ct'v't'e.s (dBZ) 4&) 40 min,
ilar wind shear profiles. A time-series of simulated maxi- Eg) rseosrenr:?S ?hn:(r?ai?mrﬂ;'C\}ﬁ]éhgfs(glg?t%%n' (bT)hg J?S,?St;:éow
mum/minimum storm vertical motion (W) is shown in Fig. 6. (C)p23 msd s ’

The storm first evolves through an “initial phase” in which
the simulated cold pool initiates the convection (Rotunno et
al., 1988). This initial phase is similar to Fig. 17 of Fovell
and Ogura (1988). The magnitude of our initial updrafts is

~18ms! at ~30 min into the simulation, before abruptly

3.2 CO transport characteristics

reasin ms-L at~60min. This marks th I We next describe the_vertical distribut_ion and mass flux of
decreasing to-Sms - at~60 s marks the collapse CO produced by the simulated squall line. Once the convec-

of the initial cell, and the initiation of weak convection to the tion beai 40 mi tsh boundarv | COisi
west (left) and east (right) (Fig. 7). Downdrafts from each _|0rt1 de-gltnsﬂ(: F_F]l')n’tﬂo St ow'n),t oun arg ?tyerB 18'%'”?
cell then begin to intensify, leading to the formation of a sin- jected into the y the storm's strong uparaits. by min

gle convective cell near 110 min. The storm then evolves(Fig' 10a), CO penetrates the stable region of the tropopause,

into a vigorous series of pulsating updrafts and downdraf'[sWlth the lofted CO dispersed predominately eastward (to-

(Fig. 6). The storm’s cyclic pattern of intensification and ward the ”gh.t) n t_he upper levels. As the CO reach_es the
weakening corresponds to the initiation of new cells in thetropopause, it begins to dilute as weaker concentrations of

line and the decay of old cells (Figs. 7-9). Specifically, the ambient CO are m'xeF’ Into it. ) ) .
cold pool due to the storm’s downdraft surges rearward (to 1 "€ CO concentration of the dry mid-level air descending
the left) where it forces new convection within a few kilome- ON the upshear (left) side of the storm (Figs. 4, 8) is smaller
ters of the main reflectivity core. than at the surface. This air entering from the rear enhances

the storm’s downdraft and the mass of the cold pool, a feature
also seen in previous studies (Ogura and Liou, 1980; Thorpe
et al., 1982). This causes the cold pool to spread eastward
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downdrafts. By the end of the simulation (480 min), the CO
plume aloft has developed a well defined forward component
(Fig. 10c). Near the base of the updratft (i.e., near the surface)
(Fig. 10b), there is a rather distinct demarcation between the
downdraft air and the air ahead of the storm. This may be a
result of downdrafts occurring in brief intense bursts. This
variability in downdraft intensity may cause different levels
of mixing near the surface, a possible mechanism for the CO
signature in the wake of the storm. As is well known, the
longer that the relatively clean downdraft air influences an
area, the larger is the CO anomaly.

We calculated a time series of CO mass flux at 850, 500,
and 300 hPa using the equation

Vertical Distance (km) o=
2 4 6 8 10 12

120~ 130
Horizontal Distance (km) —=3150 cm/s

N
S
=
Y

zgp

M=MCxwx A Xt, (2)

2 4 6 8 10 12

where mass¥) is the total amount of CO transported per
time incrementM C is the mass concentration of C@,is
the vertical velocity, and the time period) (s 10 min. The
mass concentratioi C is derived from the volume mixing
ratio (VMR) in parts per billion, the standard output from the
GCE, using the ideal gas law

P M x C
MC = LXMW xXE ©)
RxT

where Py is the pressure level of the mass flux calculation,
: 44 P M is the molecular weight of CQ® is the universal gas con-
140 = 150 stant,T is temperature, and is the CO concentration. The

Horizontal Distance (km) ~ —=3150 cmis area for the flux calculationA(in Eq. 2) was the width of
the grid cell multiplied by 1 km. If the vertical velocity at a
level was downward, the concentration above that level was
used for the calculation. Conversely if the vertical velocity at
the level was upward, the concentration below the level was
used.

Time series of CO vertical flux at 300, 500, and 850 hPa
are plotted at 10 min intervals during the 8-h simulation pe-
riod (Fig. 11). Summed values over the entire 8-h period
where it enhances the existing convection, and westwarqyy these levels are given in Table 2. One should note the
where new convection is initiated. The westward spread Ofpersistent quasi-balance between the upward and downward
the cold_pool reduces CO in the boundary layer of the storm’syass fluxes (Fig. 11). Because the maximum updraft speed
wake (Fig. 10a—c). at any time step is approximately twice that of the downdraft

The lofted CO is carried downwind by the relatively strong (Fig. 6a), one might expect that the downward flux would
upper level winds centered near 9 km (Fig. 10). The down-be smaller than the upward flux. However, this is not ob-
drafts carrying upper level air back to the surface contain lesserved because the area of downdrafts is greater than that of
CO than if the upper level winds had been nearly calm andhe updrafts, the typical situation in deep convection. Thus,
the lofted CO had remained near the region of the incipientthe maximum updraft and downdraft velocity help identify

Vertical Distance (km) ©

ihan

140 150 160 = 170
Horizontal Distance (km) ——=3150 cm/s

10

Vertical Distance (km) £

Fig. 8. Time series of U-W wind vectors and reflectivity (dBZ) at
10 min intervals from(a) 210 min to(d) 240 min into the simula-
tion. The longest arrow represents 31Tt swind speeds in (a),
decreasing to 24 s in (d).

Atmos. Chem. Phys., 9, 4278294 2009 www.atmos-chem-phys.net/9/4279/2009/



J. J. Halland et al.: Convective CO transport resolved by TES 4287

Table 2. CO vertical mass flux (t) calculated over 10 min intervals
and summed over the entire 8 h simulation period.

Pressure Level and Calculation 'f:?
Upward Mass Flux (t) :
300hPa 96.0 >
500 hPa 129.5 3
850 hPa 33.0 a
Downward Mass Flux (t) L
300 hPa 67.1 1000 & . . . " .
500 hPa 101.9 -95 -94 -93 -92 -91 -90
850 hPa 45.6 Longitude
Net Mass Flux (t) b.
300 hPa 28.9 100
500 hPa 27.6
850 hPa —-12.6 —
© 200 ol
S
5 300
> 400
the height to which surface CO can be lofted, but not the § 500
quantity of CO that is transported. The storm maintains a & 539 | - ]
clockwise circulation east of the main updraft which contin- 888 [ ]
ually circulates CO away from and toward the surface. We  1000& : : =
believe that these circulations lead to the enhancement of the 95 -94 -85 -92 -9 —90
upward and downward CO mass flux at 500 hPa (Table 2). c Longitude

The values of “Net Mass Flux” in Table 2 can be mislead-
ing because they are the sum of the upward and downwarc
mass flux at each level. That is, they do not quantify the CO &
actually transported away from the surface. For example, the’
convective transport of CO out of the boundary layer (below
850hPa) is 33.0 over the 8 h simulation. However, there
is net 850 hPa CO flux toward the surfacel@.6:). This
difference likely is the result of the core updraft developing
above the 850 hPa level. Thus, because the downdrafts trans 1000 E . . . . .
port CO to the surface, they consistently cross the 850 hPe -95 -94 -93 92 -91 -90

Pressure

level. It is important to note that the concentration of CO in Longitude
the downdraft typically is smaller than the updraft, as seen

. . 30 50 70 90 110 130 150 170 190 210 230
in the wake of the storm (Fig. 10). Thus, the greater down- VMR (PPBV)

ward mass flux could be a result of circulations ahead of the

main updraft transporting greater CO concentrations toward

the surface. Therefore, decreases in CO in the boundary layetig. 10. Simulated CO concentration (ppbv) af(a) 180 min, (b)
are due to a combination of upward venting and the down-310 min, andc) 480 min.

ward transport of cleaner air.

The change in CO concentration between storm initiationtype described here. We will assume that our initial CO
and the end of the simulation (Fig. 12) summarizes our find-concentrations (Fig. 4) are uniform along the squall line and
ings regarding convective transport. The squall line’s strongthat the line is broken, consisting of storms of 30 km (N-S)
updrafts lead to large CO increases in the middle and upin size, separated by 15km, and extending for 450 km in
per troposphere. The ambient winds carry the enhanced C@ngth. These assumptions produce a transport of B09¢
downwind of the convection. Upwind of the storm, the rear of CO out of the boundary layer over the 8 h simulation pe-
inflow jet and downdrafts lead to decreases in CO, particu+iod, 3.89<10% ¢ past 500 hPa, and 2.84.0% r of CO above
larly in the low levels. 300 hPa over the 8 h simulation. Thus, as noted in previous

Although our simulations were performed using a 2-D studies (e.g., Cotton et al., 1995; Dickerson et al., 1987), con-
model, actual convective transport occurs in three dimen-vection truly is a powerful transport mechanism of CO. How
sions. It is informative to estimate the amount of CO thatwell the TES instrument resolves these CO enhancements is
would be transported by a 3-dimensional squall line of thediscussed in the next section.

www.atmos-chem-phys.net/9/4279/2009/ Atmos. Chem. Phys., 9, 429382009
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3.3 Synthetic CO retrievals
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Fig. 12. Change in CO concentration (ppbv) during the overall 8 h
simulation.

the simulated squall line. Then, by using a clear sky aver-
aging kernel, we retrieved the synthetic CO concentrations
that TES would have seen if it had scanned the region be-
fore, during, and after the convection—assuming “transparent
clouds”. This section presents CO results for the squall line
simulation described previously.

We first examine how TES resolved the CO distribution
in the pre-squall line environment. The initial CO profile
used at all horizontal grid points of the GCE was taken from
GEOS-Chem (Fig. 4). The profile was located in a cloud-
free region of the pre-squall line environment at 4281
90.58 W at 00:00 UTC 13 March 2006 during the INTEX-

B mission (Singh et al., 2009). However, by 08:15UTC
13 March (Fig. 2) a well developed squall line stretched
through this area. We chose the averaging kernel profile at
a cloud-free location (from scan 14 of the Level 2 TES file
for RUNID 3443 on 13 March) for all of the synthetic re-
trieval locations because its pre-storm thermodynamic pro-
file was most similar to that used in our GCE model run
(Fig. 3). Using the same averaging kernel profile at every
location means that atmospheric thermodynamics will not be
a factor in causing retrieval differences (Luo et2007a).

A brief explanation of the averaging kernel is useful at this
time. The diagonal of the averaging kernel describes the frac-
tional contribution of the true concentration of the species
at the pressure level, relative to the sum of all elements of
the averaging kernel. The magnitude of the averaging ker-
nel diagonal depends on the number of pressure levels that
the satellite retrieves, and therefore is unique to the retrieval.
A TES CO averaging kernel diagonal containing the great-
est information has a value 0f0.1 (S. Kulawik, personal
communication, 2007). The diagonal profile values (Fig. 13)
were available in the level 2 data product supplied by the TES

A major goal of this study is to identify how well the TES science team (TES L2 Data User’s Guide, 2006). The aver-
instrument resolves the vertical transport of CO by deep conaging kernel diagonal that we used for all points in the model
vection. As described earlier, the 2-D GCE model was usediomain has values0.1 only between-650 and~380 hPa.

to generate atmospheric CO concentrations during the life ofTherefore, this layer has the greatest sensitivity to our initial

Atmos. Chem. Phys., 9, 4278294 2009
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a a. GEOS-Chem CO at 0 min
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Fig. 13. Clear sky averaging kernel diagonal used in the TES re-
trievals from profile 14 of RUNID 3443 on 13 March 2006 (see

location in Fig. 2a) that was applied to all horizontal grid points in

the 2-D GCE model domain

PRESSURE (hPa)

and convectively modified CO concentrations. Diagonal val- ° 100 20 e 400 500

ues decrease sharply below this layer and more gradually NN | | S
above, reaching values as small-88.01. As noted earlier, 30 50 70 90 110 130 150 170 190 210 230
the same averaging kernel was used at all locations along the VMR (PPBV)

cross section.

Magnitudes of the synthetic TES retrievals for the initial Fig. 14. (a)lnitial CO concentration (ppbv) used in the GCE sim-

CO field (Fig. 14b) differ from those of the input GEOS- yation, (b) Synthetic TES retrievals of the initial CO concentration
Chem data (Fig. 14a); however, patterns of the initial and(ppbv).

retrieved fields are similar. Some of the greatest differences
are located near the surface, where the TES- retrieved CO is

~30 ppb greater than the GEOS-Chem input. Concentrationgf the storm in the upper levels, but enhanced values are pro-
in the middle troposphere are similar to the original, while duced above the cloud. The synthetic TES retrievals also
TES values are somewhat greater than the initial values negeveal the large concentrations of CO within the storm’s up-
200 hPa. Slight differences between the vertical temperaturgraft in this “clear-sky” situation. In the “real world” this
profile of the “clear sky” TES retrieval and that used in the region would be enshrouded by deep cumulonimbus clouds
GCE modeling are a possible explanation for differences bethat would prevent TES from adequately sensing the area.
tween the GEOS-Chem CO profile and the synthetic TES COHowever, due to the strong updraft-induced lofting of CO
retrieval. Since we used the same averaging kernel and a prifeep into the troposphere and lower stratosphere where en-
ori profile at every grid point, we must interpret the synthetic vironmental winds are relatively strong, much of the lofted
TES retrievals of the convectively altered CO field (hereafterco will be transported above the storm and downwind of the
CCO) by considering this initial difference. cloudy region. Thus, CO enhancements sensed above deep
We next present the synthetic TES CO retrievals for theconvection likely signify even larger CO enhancements be-
simulated squall line (Fig. 15). We have superimposed thdow that level when the shape of the averaging kernel profile
storm’s cloudy region on the cross section to identify areass similar to the one applied in our retrievals.
where clouds would prevent “clear-sky” retrievals from be-  This hypothesis is explored further using Fig. 16 which
ing reliable in the “real world”. Specifically, any region be- shows differences (ppbv) between the initial synthetic TES
neath the cloudy area would not be properly sensed by a TE$etrievals and those of the CCO field. The increased CO
instrument in actual orbit; however, all regions above theghove the storm system can be explained by the structure
cloudy scene reflect the sensitivity of the “clear-sky” averag-of the averaging kernels, best shown by its diagonal. The
ing kernel. Figure 15 shows synthetic TES retrievals for theaveraging kernel in our case obtains most of its information
GCE modeled storm cross section at a) 180 min, b) 300 minabout the atmosphere’s true state (GCE output) in the mid-
and c) 480 min into the simulated storm. dle levels (Fig. 13). And, this is the layer where greatest
Comparing Figs. 10 and 15 reveals that TES resolves th€€O concentrations are located (Fig. 10). The large values
general pattern of the CCO field. The plume is detected atetrieved in the middle levels influence the TES retrievals
heights nearly identical to those from the GCE, even in theabove and below the layer to which TES is most sensitive.
cloudy area since we assumed a “clear-sky” averaging kerThus, CCO enhancements within and above the storm are
nel (Fig. 13). At 300 and 480 min (Fig. 15b—c) respectively, too great, since the GCE produced smaller CO increases.
relatively small CO concentrations are located upwind (left) Thus in the “real world”, the interpretation of TES data must

www.atmos-chem-phys.net/9/4279/2009/ Atmos. Chem. Phys., 9, 429382009
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. . . ) . Fig. 16. Plots of the difference (ppbv) between synthetic TES CO
Fig. 15. Synthetic TES retrievals (ppbv) @&) 180 min,(b) 300min, atrievals and the initial CO concentration (as seen by TE®))at

and(c) 480 min. The white outline in the figure is the region of ;gq min. (b) 300 min, and(c) 480 min. The white outline is the
clouds associated with the storm system. TES retrievals in region§egion of the storms clouds, as in Fig. 15.

below and within this area are interpereted as being unrealible be-
cause of the “clear-sky” averaging kernel used for the profiles.

of the MCS environment typically are strong enough to carry

) ) ) ) lofted pollution away from the cloudy region. Therefore, the
consider the averaging kernel diagonal in the area of studyhest way to infer lofted pollution using the TES instrument

That sensitivity information enables one to speculate abouls 14 100k downwind of the system after the storm has been
the concentration in the lower and middle troposphere basegrganized for several hours.

on enhanced CO in the upper levels of the retrieval.
A somewhat surprising feature in Fig. 16 is the reduction3.4 Observed TES CO retrievals
in detected CO concentrations near the surface in the wake
(left) of the storm system. Although the magnitude of this As a final point, we investigate actual TES retrievals for the
reduction is~15 ppbv (compared with-30 ppbv from the  squall line occurring at 08:04 UTC 13 March 2006 during
GCE model) (Figs. 10c and 16c), the general area of dimin{NTEX-B — the case whose CO profile and averaging ker-
ished CO is correctly depicted. nel were used in the earlier simulations. Unfortunately, no
MCSs by definition are associated with deep clouds thatNTEX-B aircraft were optimally downwind of this squall
usually spread out ahead of and behind the storm system itine or any other during the mission. Thus, no in situ data are
the upper levels. These clouds are the major reason why thavailable for the event. The TES swath intersects the squall
averaging kernel diagonal is ne.1 but much smaller, i.e., line over northern lllinois (Fig. 2a), and the locations of
the clouds are not handled adequately by the TES retrievamissing profiles are immediately apparent (Figs. 2a and 17).
algorithm. Fortunately, however, winds in the upper levels These profiles are skipped because multiple cloud layers or
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with an overall shape that is similar to that used in our syn-
thetic TES retrievals (Fig. 13). TES profile 7 exhibits a ver-
tical distribution of CO that is similar to the pattern found
in the synthetic retrievals (Fig. 15), indicating the effects of
convective transport. When analyzing profile 7, the reader
is reminded that the TES algorithm enhances true CO con-
centrations near the surface as was seen in the synthetic pro-
files (Fig. 14). One also should note that GEOS-Chem pro-
duced surface CO values 6f130 ppbv in this area, which

is ~40 ppbv less than the TES-retrieved concentration at this
same location (not shown). Retrieval 10 (Fig. 17) also con-
tains significant valid information, with the greatest portion

coming from the upper levels of the atmosphere. This sug-
gests that the convective impact may be minimal at this re-
trieval. This retrieval is located over southeastern Missouri,
farther downwind of the squall line than retrieval 7, and the
upper level CO outflow may not yet have reached this loca-
tion. One should note that the same a priori profile was used
to create all of the retrievals, including profiles 7 and 10. This
ensures that differences between these retrievals are not due
to spatial patterns in the a priori.

The SS TES retrievals that we examined above were
separated by~45km, and each footprint was’5x8km
(Sect. 2.1). We can only provide a qualitative discussion as to
the limiting factor for TES to detect storm induced CO uplift.
TES will miss convection in a small area that is smaller than
45km. And, weak convection will not transport much CO to
/ the upper troposphere, meaning that TES probably will not
800 ‘ ——— detect the event. However, Figs. 15 and 16 show that TES
O e o o o o e should be able to retrieve the differently shaped CO profiles

Diagonal of Averaging Kernel (compared to the background) that are associated with major
areas of convection, such as the squall line investigated here.

To summarize, we stress that TES retrievals by themselves
can be misleading especially in regions of cumulonimbus
clouds. However, knowledge of profile sensitivities at each
level can lead to better understanding and use of TES re-
trievals in both the model domain and real atmosphere.

Pressure (hPa)

7
Profile

-0.02 0.0 0.02 0.04 0.06 0.08 0.1
Diagonal Value of Averaging Kernel

100
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Fig. 17. (a)Observed TES CO retrievals (ppbv) for RUNID 3443
at 08:04 UTC 13 March 2006 for profiles 0-15) TES averaging
kernel diagonals for RUNID 3443 and profiles 0-15. Profiles 0 (15)
are the northern most (southern most) sites in Fig. 2a.

the deep convection cause the retrieval scheme to determire Conclusions

that there is insufficient scene information. One should note

that some of the profiles that were retained near the squall his study has quantified the vertical transport of lower tro-
line exhibit very small values of the averaging kernel diago- Pospheric carbon monoxide (CO) by deep convection asso-
nal (Fig. 17b). Thus, in spite of their presence, they containciated with mesoscale convective systems. Specifically, a
little information about the true atmospheric state. For ex-squall line was simulated based on a typical environmental
ample, retrievals 0 and 5 appear to show enhanced valuedind shear profile using the 2-D Goddard Cumulus Ensem-
throughout the vertical column (Fig. 17a). However, their ble model. The wind profile had a varying shear of 17ths
averaging kernel diagonals (Fig. 17b) indicate that the enOver a 9km depth. The simulation provided post-convection
hancement actually is false because the diagonal values afeO profiles. The ability of the TES instrument to resolve the
near zero at all levels. convectively modified CO distributions then was analyzed

Retrieval 7 (Fig. 17a) is the first in the swath to include sig- using a "clear-sky” retrieval methodology. Results showed

nificant information about the true state of the atmosphere.that the squall line transported a large mass of CO into the

It is located~60 km downwind of the leading edge of the upper levels, specifically @6upward and 67 downward at

squall line (Fig. 2a) in south central lllinois. Its kernel diag- 300hPa.
onal (Fig. 17b) has a peak 6f0.08 in the mid-troposphere,
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