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Abstract. We present a description of the algorithm used to

retrieve peroxyacetyl nitrate (PAN) concentrations from the

Aura Tropospheric Emission Spectrometer (TES). We de-

scribe the spectral microwindows, error analysis, and the uti-

lization of a priori and initial guess information provided by

the GEOS-Chem global chemical transport model. The TES

PAN retrievals contain up to one degree of freedom for sig-

nal. In general, the retrievals are most sensitive to PAN in

the mid-troposphere. Estimated single-measurement uncer-

tainties are on the order of 30 to 50 %. The detection limit for

a single TES measurement is dependent on the atmospheric

and surface conditions as well as on the instrument noise.

For observations where the cloud optical depth is less than

0.5, we find that the TES detection limit for PAN is in the re-

gion of 200 to 300 pptv. We show that PAN retrievals capture

plumes associated with boreal burning. Retrievals over the

Northern Hemisphere Pacific in springtime show spatial fea-

tures that are qualitatively consistent with the expected dis-

tribution of PAN in outflow of Asian pollution.

1 Introduction

Peroxyacetyl nitrate (PAN) is a thermally unstable reser-

voir for active nitrogen (NOx) that allows for NOx to be

transported over large distances, enabling efficient ozone for-

mation far downwind from the original source (Singh and

Hanst,1981; Hudman et al., 2004; Fischer et al., 2010; Singh,

1987). The dissociative lifetime of PAN is strongly depen-

dent on air mass temperature, being longer than 1 month at

temperatures characteristic of the mid-troposphere, but only

on the order of 1 h at 20 C. The stability of PAN at mid-

tropospheric temperatures allows for the compound to be

transported on a hemispheric scale. PAN therefore plays a

fundamental role in the long-range transport of NOx and in

the global O3 budget.

Existing aircraft and surface observations show that PAN

is present in the atmosphere at mixing ratios ranging from a

few pptv in the remote marine atmosphere to several ppbv

in polluted urban environments and biomass burning plumes

(e.g., Singh and Salas, 1986; Ridley et al., 1990; Singh et al.,

1990, 1998; Fischer et al., 2010). However, aircraft and sur-

face measurements of PAN have primarily been campaign-

based and therefore limited in spatial and temporal coverage

(Fischer et al., 2014, and references therein). The existing

suite of in situ observations provides only snapshots of the

global atmospheric PAN distribution. Given the very limited

set of long-term measurements, there are gaps in our knowl-

edge of the distribution, seasonal cycle and interannual vari-

ability of PAN, and the processes driving these features.

Satellite observations provide opportunities to collect in-

formation on a global scale, over multiyear timescales. PAN

is readily detectable via satellite remote sensing in the ther-

mal infrared region. PAN has previously been retrieved in

the upper troposphere and lower stratosphere from limb

observations on a global scale from the Envisat Michel-

son Interferometer for Passive Atmospheric Sounding (MI-

PAS) (Moore and Remedios, 2010; Wiegele et al., 2012)

and from the Canadian Atmospheric Chemistry Experiment

Fourier Transform Spectrometer (ACE-FTS) (Tereszchuk et
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Figure 1. (a) Simulated TES spectrum in the PAN spectral region. Red regions show the 2 

spectral regions utilized in the TES PAN retrievals. (b) Brightness temperature difference for 3 

simulations with and without PAN, for the two PAN profiles shown in Figure 2. (The signal 4 

for these two profiles cannot be distinguished by eye.) Dotted line shows the TES noise for a 5 

single observation. (c) Optical depth contributions for the dominant interfering species in this 6 

spectral region. Species other than PAN are for a US standard atmosphere. 7 

Figure 1. (a) Simulated TES spectrum in the PAN spectral region.

Red regions show the spectral regions utilized in the TES PAN re-

trievals. (b) Brightness temperature difference for simulations with

and without PAN for the two PAN profiles shown in Fig. 2. (The

signal for these two profiles cannot be distinguished by eye.) Dotted

line shows the TES noise for a single observation. (c) Optical depth

contributions for the dominant interfering species in this spectral

region. Species other than PAN are for a US standard atmosphere.

al., 2013). PAN signatures have also been observed in nadir

observations of smoke plumes from fires by both the Aura

Tropospheric Emission Spectrometer (TES) (Alvarado et al.,

2011) and MetOp-A Infrared Atmospheric Sounding Instru-

ment (IASI) (Clarisse et al., 2011), but, to our knowledge,

PAN has not previously been retrieved in the nadir view on a

global scale.

Building on the detection of PAN in TES radiances de-

scribed by Alvarado et al. (2011), we have developed a PAN

retrieval product for TES. Here we describe the algorithm

and the product. In Sect. 2, we provide background on the

TES instrument, including information on temporal and spa-

tial sampling. In Sect. 3, we describe the TES PAN retrieval,

and in Sect. 4 we show initial results for the northern Pacific

in April 2008.

2 TES measurements

The Aura TES instrument, a nadir-viewing Fourier transform

spectrometer measuring thermal-infrared radiances with ex-

tremely high spectral resolution (0.06 cm−1), provides infor-

mation on a large number of different trace gases, including

PAN.

The TES instrument uses a 16-element detector array. The

total surface footprint is 8 km by 5 km at nadir (0.5 km by
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Figure 2. (a) Three highly elevated PAN profiles, each with different vertical structure. (b) Brightness 2 
temperature signals resulting from the three elevated profiles. (c) As (b), but with each the signals 3 
normalized to the greatest brightness temperature difference value shown in (b). 4 
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Figure 2. (a) Three highly elevated PAN profiles, each with differ-

ent vertical structure. (b) Brightness temperature signals resulting

from the three elevated profiles. (c) is the same as (b) but with each

of the signals normalized to the greatest brightness temperature dif-

ference value shown in (b).

5 km footprint for each detector). The nominal mode of the

instrument is “global survey” mode, where TES makes peri-

odic measurements every ∼ 200 km along the satellite track.

Other measurement modes are step-and-stare mode and tran-

sect mode. In step-and-stare mode, nadir measurements are

made every 40 km along the track for a specified latitude

range. In transect mode, a series of 40 consecutive scans

spaced 12 km apart is performed, providing relatively dense

coverage over a limited area.

Figure 1 shows a simulated TES spectrum, alongside

the PAN signature (difference between simulations with

and without PAN) for a PAN profile with a peak value of

0.4 ppbv. Figure 1 also shows the optical depth contributions

from PAN and other molecules with signatures in this spec-

tral region. It can be seen that there is strong interference

in this region from water vapor (H2O), deuterated water va-

por (HDO), ozone (O3), nitrous oxide (N2O) and CFC-12.

Additional interfering species in this region (not shown in

Fig. 1) include HFC-23, HCFC-141b, CFC-113, HFC-134a,

HCFC-22, CFC-114, CFC-115, HFC-152a and HFC-125.

However, these molecules have very weak signatures com-

pared to PAN.

The same magnitude of PAN signal in TES measurements

can result from different PAN profiles. The shape of the PAN

signal is not sensitive to the details of the vertical structure of

the PAN profile. Figure 2 shows three highly elevated PAN

profiles, each with different vertical structure, alongside their

associated brightness temperature signals. Also shown are

the signals normalized to the maximum strongest signal of

the three cases, in order to demonstrate, although the shapes

of the profiles are different, that the spectral shape of the re-

sulting signal as seen by TES is the same.
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Other bands of PAN are located at around 800, 1300, 1730

and 1840 cm−1. TES retrievals at 800 cm−1 are not possi-

ble due to higher instrument noise in the TES 650–900 cm−1

range. The PAN feature at 1300 cm−1 is strongly impacted

by interference from methane and water vapor, which over-

whelm the PAN signal. The 1730 and 1840 cm−1 PAN ab-

sorption bands are outside the spectral ranges measured by

TES. These bands, although covered by other spaceborne

thermal infrared instruments, are very strongly impacted by

water vapor interference, which would complicate their use

in retrievals.

3 PAN retrievals

3.1 Forward model

The forward-model component of the TES operational re-

trieval is described in detail in Clough et al. (2006). The

TES forward model is based on the Line-By-Line Radiative

Transfer Model (LBLRTM) (Clough et al., 2005; Alvarado et

al., 2012). The required inputs include the temperature pro-

file, profiles for relevant molecular species, cloud and aerosol

characteristics, and the parameters necessary to describe the

radiative properties of the surface.

The spectroscopic input used here for PAN are the cross-

section data from the HITRAN 2008 compilation (Rothman

et al., 2009), which were in turn taken from the work of Allen

et al. (2005a, b).

3.2 Retrieval approach

The TES PAN retrieval uses an optimal estimation approach

(Rodgers, 2000; Bowman et al., 2006). Provided that the re-

trieved state is close to the true state, the retrieved state can

be expressed as

x̂a = xa+A(x− xa)+Gn+GKb (b− ba)+G1f , (1)

where x̂, xa and x are the retrieved, a priori and “true” state

vectors. The state vectors are expressed as the natural loga-

rithm of volume mixing ratio (VMR) for TES trace gas re-

trievals. The gain matrix, G, maps from radiance space into

profile space. The vector n is the noise on the spectral radi-

ances. The vector b represents the true state for parameters

that affect the modeled radiance but are not included in the

retrieval state vector (such as calibration, concentrations of

interfering gases, etc.). The vector ba holds the correspond-

ing a priori values. The Jacobian, Kb = ∂L/∂b, describes the

sensitivity of the forward-modeled radiances L to the vector

b. The vector 1f represents the error in the forward model

relative to the true physics. Spectroscopic errors would be

one component of the forward-model error.

The averaging kernel, A, describes the sensitivity of the

retrieved state to the true state:

A=
∂x̂

∂x
=

(
KTS−1

n K+R
)−1

KTS−1
n K=GK. (2)

Table 1. Microwindows used in the TES PAN retrieval (and preced-

ing emissivity retrieval step).

Target of retrieval Wave number ranges [cm−1]

Surface emissivity 1142.98–1145.98, 1178.98–1180.00

PAN 1154.02–1160.02, 1161.52–1163.02,

1168.00–1169.62

Here, K is the sensitivity of the forward-modeled radiances

to the state vector (K= ∂L/∂x̂). The noise covariance ma-

trix, Sn, represents the noise in the measured radiances. R is

the constraint matrix for the retrieval.

For profile retrievals, the widths of the rows of A provide

a measure of the vertical resolution of the retrieval. Provided

that the retrieval is sufficiently linear, the sum of each row of

A indicates the fraction of retrieval information that comes

from the measurement as opposed to the a priori at a given al-

titude (Rodgers, 2000). (“Sufficiently linear” means that, al-

though the retrieval problem itself is nonlinear (and requires

iteration to reach a solution), a linearization about some prior

state is adequate to find a solution.) The trace of the averag-

ing kernel matrix gives the number of degrees of freedom for

signal (DOFS), or independent pieces of information, for the

retrieval.

The PAN retrievals are carried out after the retrievals of

temperature, water vapor, ozone, carbon dioxide, methane,

nitrous oxide, deuterated water vapor, cloud optical depth,

cloud height, and surface temperature and emissivity. For

these quantities, we use the output from the v05 TES level

2 algorithm as input to the initial step for the PAN retrieval

process. (TES level 2 products are publicly available from the

Langley Research Center’s Atmospheric Science Data Cen-

ter – see http://asdc.larc.nasa.gov/search/tes/).

Previous retrieval steps do not utilize the spectral regions

immediately adjacent to the PAN feature. We choose to re-fit

for surface emissivity using spectral windows located on ei-

ther side of the PAN absorption feature before attempting

the retrieval of PAN itself. This provides a baseline for the

additional absorption from PAN. We then assume that the

surface emissivity varies linearly across the PAN spectral re-

gion. The microwindows used for the emissivity and PAN

retrieval steps are shown in Table 1.

As stated above, the retrieval minimizes differences be-

tween observed and calculated radiances. The difference be-

tween observed and calculated radiances can be expressed as

the measurement (χ2
measurement) component of the cost func-

tion

χ2
measurement =

(
y−F

(
x̂
))T

S−1
n

(
y−F

(
x̂
))
, (3)

A χ2
measurement value equal to 1.0 indicates that the radiances

are fit within the expected noise. Since the PAN signal is gen-

erally relatively weak compared to the noise on the TES ra-

diances, we find that there are incidences where the residuals
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Figure 3. PAN fields from GEOS-Chem. Panels on left show average PAN VMR between 600 hPa and 2 
surface for April (top), July (middle) and September (bottom) 2008. Panels on right show averaged VMR 3 
between 600 and 200 hPa. 4 
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Figure 3. PAN fields from GEOS-Chem. Panels on left show aver-

age PAN VMR between 600 hPa and surface for April (top), July

(middle) and September (bottom) 2008. Panels on right show aver-

aged VMR between 600 and 200 hPa.

at the point of the PAN initial step show features that would

overwhelm the PAN signal, making a PAN retrieval unfea-

sible. (This will be discussed in more detail in Sect. 3.6.)

Therefore, we choose not to attempt PAN retrievals for cases

where the χ2
measurement value at the initial PAN step is greater

than 3.0. The value of 3.0 was determined empirically.

3.3 A priori constraints

We have chosen to use a monthly varying prior constraint for

the TES PAN retrievals, based on information from state-of-

the-science simulations from the GEOS-Chem global chem-

ical transport model. The GEOS-Chem PAN simulations as

used here are described in detail in Fischer et al. (2013). The

model is broadly consistent with existing surface and aircraft

observations, which in themselves do not provide sufficient

coverage from which to build a climatology. Existing obser-

vations lead us to expect certain features in the global distri-

bution of PAN. Figure 3 shows GEOS-Chem PAN distribu-

tions for April, July and September 2008. This figure shows

three main features of the global distribution: a springtime

surface maximum in PAN in the Northern Hemisphere, a

maximum aloft in Northern Hemisphere in summer, and a

maximum aloft in the tropical South Atlantic in the austral

spring. Starting from a monthly mean GEOS-Chem simula-

tion on a 4◦ latitude by 5◦ longitude grid, we created six a

priori profiles for each month, using the following approach.

First, we categorized all model profiles into tropical regions

(18◦ S to 18◦ N) and regions outside the tropics in order to

account for the variation in the tropopause with latitude. Pro-

files were classified as clean if the maximum concentration

within the profile was less than 0.3 ppbv, and enhanced oth-

erwise. Enhanced profiles were further classified according

to whether the maximum PAN value occurred at a pressure

higher than 600 hPa (surface maximum) or at a pressure less

than 600 hPa (maximum aloft). For each of these six cate-

gories, all available model profiles falling into the relevant

category were averaged. The a priori profiles for the month

of July are shown in Fig. 4 as an example. Since little in-

formation exists about variations in the global distribution of

PAN from one year to the next, we use the same a priori pro-

files for all years of TES data.

For each model grid box, we classify the model profile in

that grid box according to one of the six categories described

above and use the relevant average profile for that category

as the retrieval a priori. At the start of the retrieval, the obser-

vation coordinates and month are used to select the relevant

a priori profile. The initial guess for each retrieval is always

set to a profile with a uniform value of 0.3 ppbv in the tro-

posphere. (The stratospheric values follow the GEOS-Chem

profiles, which drop off rapidly above the tropopause.) The

initial guess is set to a moderately high value in order to start

at a moderately sized Jacobian that allows for the retrieval to

move either higher or lower, rather than starting at a smaller

value which results in a smaller Jacobian that can either jump

beyond the true state or get stuck at the initial guess depend-

ing on other retrieved parameters. (If the initial guess is set

too small, then we can enter a space where the Jacobians are

effectively zero. This is a particular issue for log(vmr) re-

trievals, since the Jacobians are state-dependent. If the Jaco-

bians are effectively zero, then the retrieval can never move

away from the initial guess.) We chose to implement a uni-

form tropospheric value in an attempt to avoid forcing the

retrieval towards surface-maximum versus maximum-aloft

profiles. The a priori profile is therefore different than the

initial guess.

Our a priori uncertainties are high, and we might expect

to encounter interesting cases (e.g., cases where the model-

based prior indicates the presence of a plume while there is

actually clean air or vice versa) where our truth may be far

from the a prior profiles. We have therefore used a relaxed

retrieval constraint. The PAN constraint matrix used here is

diagonal, with diagonal elements set to (ln(3.0))2 for all re-

trieval levels. The value chosen for the diagonal elements is

somewhat arbitrary, but is large enough to allow for the re-

trieval to move far from the prior when necessary. For nadir

retrievals, where vertical information is limited, it is com-

mon practice to introduce off-diagonal elements in the con-

straint matrix in order to avoid spurious oscillations in the

retrieved profile. Due to the nature of the broad PAN spectral

feature, or perhaps the relatively coarse spectral resolution of

the PAN cross-section data used in the forward model, we

found that the retrieval did not attempt to obtain better fits

by introducing oscillations in the profile, and we did not find

it necessary to introduce off-diagonal elements in the con-

straint matrix.

It is possible to construct a prior PAN covariance ma-

trix (or matrices) from the GEOS-Chem profiles and use

the inverse of this covariance as the constraint matrix. How-

ever, since it is difficult to know how well the model repre-

sents the real variability of PAN, and since models can have

Atmos. Meas. Tech., 7, 3737–3749, 2014 www.atmos-meas-tech.net/7/3737/2014/
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Figure 4: PAN profiles simulated by GEOS-Chem over the whole globe for July 2008, binned by type (in 2 
gray): (a) Tropical profiles with a surface maximum, (b) Tropical profiles with a maximum aloft, (c) 3 
Tropical profiles with peak value < 0.3 ppbv, (d) Outside tropics, surface maximum, (e) Outside tropics, 4 
maximum aloft, (f) Outside tropics, peak valaue < 0.3 ppbv.  The mean profiles for each category (shown 5 
in red) are used as a priori profiles in the TES PAN retrieval. Standard deviations about the mean (shown 6 
as purple dashed lines) are shown for information, but are not used in the construction of the retrieval 7 
constraints. 8 
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Figure 4. PAN profiles simulated by GEOS-Chem over the whole globe for July 2008, binned by type (in gray): (a) tropical profiles with a

surface maximum; (b) tropical profiles with a maximum aloft; (c) tropical profiles with peak value < 0.3 ppbv; (d) outside tropics, surface

maximum; (e) outside tropics, maximum aloft; and (f) outside tropics, peak value < 0.3 ppbv. The mean profiles for each category (shown in

red) are used as a priori profiles in the TES PAN retrieval. Standard deviations about the mean (shown as purple dashed lines) are shown for

information, but are not used in the construction of the retrieval constraints.

unphysical correlations that are not desirable for a constraint,

e.g., between the troposphere and stratosphere (Kulawik et

al., 2006a), we chose not to attempt this.

3.4 Retrieval characteristics

The PAN signals in the TES spectra are relatively weak com-

pared to the noise level of the instrument (see Fig. 1). There-

fore, the amount of information on PAN that can be retrieved

from a single scan is somewhat limited. Figure 5 shows

an example TES PAN retrieval for a measurement within a

boreal fire plume (as determined by Alvarado et al., 2010,

2011), with associated averaging kernels. In this example,

we see peak sensitivity to PAN at 300–400 hPa, with ∼ 1.0

DOFS for the retrieval. While the pressure range of the peak

sensitivity varies according to atmospheric and surface con-

ditions, and the averaging kernels may peak much lower in

the atmosphere for some cases where the peak in PAN con-

centration is near the surface, we find that the shape of the

averaging kernels shown here is representative of the major-

ity of TES PAN retrievals. In general, the number of DOFS

is less than 1.0. Therefore, the TES PAN retrievals cannot

provide information about the vertical structure of the PAN

profile.

3.5 Insight from simulated retrievals

In order to evaluate the performance of the retrieval algo-

rithm, we performed a set of retrievals from simulated radi-

ances for one TES global survey from July 2008 (2786 obser-

vations). The “true” PAN profiles for these simulations were

from GEOS-Chem simulations for the same month. Other at-

mospheric and surface parameters (temperature, traces gases,

cloud optical depth, cloud top height, surface temperature

and surface emissivity) for the simulations were taken from

the version 5 TES level 2 products. Atmospheric and sur-

face state information were used as input to the TES forward

model in order to simulate top-of-atmosphere radiances and

random noise based on TES instrument noise characteristics

was added to the calculated radiances. We also simulated ra-

diances for the same set of profiles, but with zero PAN. We

calculated the PAN signal in each case by subtracting the

“ero-PAN” spectrum from the “with-PAN” spectrum for each

case.

We then calculated a signal-to-noise (SNR) value for each

case, using the difference between the “with-PAN” (LPAN)

and the “zero-PAN” (LNO_PAN) radiances and the TES noise

for the PAN microwindows.

SNR=
(
LPAN−LNO_PAN

)T
S−1
n

(
LPAN−LNO_PAN

)
(4)

www.atmos-meas-tech.net/7/3737/2014/ Atmos. Meas. Tech., 7, 3737–3749, 2014
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Table 2. Sources of uncertainty in TES PAN retrievals.

Index Uncertainty Nature Est. magnitude for profile with 0.5 ppbv

PAN in the mid-troposphere

[ppbv] [%]

1 Instrument noise Random 0.15 30 %

2 Bias from Systematic Depends on –

a priori a priori

3 Absolute instrument Systematic Assumed –

calibration negligible

4 Spectroscopic uncertainty Systematic 0.04 8 %

5 H2O Pseudorandom 0.1 20 %

6 O3 Pseudorandom 0.1 20 %

7 N2O Pseudorandom 0.05 10 %

8 Surface temperature Pseudorandom 0.02 4 %

9 CFC-12 Systematic +0.08 or less +16 % or less

10 Emissivity (snow/ice) Systematic +0.1 or less +20 % or less

11 Emissivity (silicate) Systematic −0.1 or less −20 % or less

Aggregate of 1–8 0.22 43 %

The GEOS-Chem fields used here for truth were the same

set used to generate the prior. Therefore, in this simulation

environment, the a priori state vector represents (as it should)

our knowledge of a mean state.

Figure 6a shows a two-dimensional histogram of the SNR

against the peak PAN concentration in the true profiles. (No

retrieval is involved in the generation of this panel – only

profile input and simulated radiances.) Of the 2786 cases,

600 show SNR> 1.0. Since PAN is a relatively weak sig-

nal in TES spectra, we expected that we would only detect

PAN in cases with low cloud optical depth (Alvarado et al.,

2011). We find from these simulations that, with a cloud op-

tical depth threshold of 0.5, we retain 1709 of the original

2786 cases, and of those, 538 show SNR> 1.0. This pro-

vides a rough indication that TES can likely observe elevated

PAN for cases where the cloud optical depth is less than 0.5.

This cloud optical depth threshold is approximate. If the PAN

VMR were extremely high, a cloud optical depth greater than

0.5 would not necessarily prevent detection of the signal.

From Fig. 6a, on the lower-PAN edge of the histogram, we

also see that a SNR value of 1.0 corresponds very roughly to

a “maximum PAN” value of 0.2 ppbv. From this, we infer an

approximate detection limit of 0.2 ppbv.

We performed PAN retrievals from the “with-PAN” simu-

lated radiances. For this set of retrievals, the surface and at-

mospheric state were known perfectly. This is significantly

less complicated than the situation when performing re-

trievals from real data, where there is inherent uncertainty

associated with the additional surface and atmospheric pa-

rameters, even for those that have been retrieved in previous

steps of the algorithm. These retrievals from simulations can

provide insight into the limitations of the retrieval under ide-

alized conditions.
 31 
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Figure 5. Left: Example TES PAN retrieval for a measurement within a boreal fire plume.  Right: 2 
Averaging kernels for this example. 3 
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Figure 5. Left: example TES PAN retrieval for a measurement

within a boreal fire plume. Right: averaging kernels for this exam-

ple.

The limit of detection for the TES PAN retrievals is key to

the determination of how the product can be used for science.

We can think of the limit of detection as the atmospheric PAN

concentration needed for the retrieval to return a value that

has a significant contribution from the measurement, rather

than just the a priori. Figure 6b shows a two-dimensional his-

togram of the DOFS against the maximum PAN VMR in the

true profiles. In general, we see that the DOFS is larger for

cases with greater PAN VMRs. We also see that there is a

limit of 1 DOFS in the PAN retrieval. If we set a threshold

of DOFS> 0.6 in order to distinguish cases where we expect

to get a meaningful PAN retrieval, then we would also infer

a detection limit in the region of 0.2 ppbv, roughly consistent

with SNR= 1.0.

Atmos. Meas. Tech., 7, 3737–3749, 2014 www.atmos-meas-tech.net/7/3737/2014/
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Figure 6. Results from retrieval simulations. (a) Two-dimensional histogram of signal to noise (SNR) 2 
against peak PAN VMR. (b) Two-dimensional histogram of DOFS against peak PAN VMR.  Color bars 3 
show the number of points that fall in each histogram bin. 4 
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Figure 6. Results from retrieval simulations. (a) Two-dimensional

histogram of signal to noise (SNR) against peak PAN VMR. (b)

Two-dimensional histogram of DOFS against peak PAN VMR.

Color bars show the number of points that fall in each histogram

bin.

3.6 Error estimates

Sources of uncertainty considered here are listed in Table 2

and discussed in more detail below. These sources of uncer-

tainty can be broadly divided into those that vary randomly

from one measurement to the next, those that are systematic

(e.g., spectroscopic uncertainty) and those that are “pseu-

dorandom” (such as water vapor uncertainty). Those in the

pseudorandom category may have a systematic component,

but are still variable from one profile to the next.

In the simulated data set described in Sect. 3.5, we assume

perfect knowledge of everything except the PAN values. This

data set therefore provides the means to evaluate the impact

of instrument noise on the retrieval for the case where all

other error sources listed in Table 2 are equal to zero. Figure 7

shows the differences between the true and retrieved profiles

as function of altitude, as well as the difference between true

and retrieved values as a function of the true value. The dif-

ference between true and retrieved values is calculated as

1x = x̂− (xa+A(xtrue− xa)), (5)

where x̂ is the retrieved state, A is the averaging kernel ma-

trix, xtrue is the true state and xa is the a priori state.

This figure only shows points for which the sum of the

row of the averaging kernel is greater than 0.5. For cases

with reasonable sensitivity, we see that the root-mean-square

(rms) differences between the true and retrieved values are

less than 0.1 ppbv throughout the profile. We see that the rms

difference between the true and retrieved states is less than

the rms difference between the true and prior states for all al-

titudes, showing that the retrievals have skill. The retrievals

appear to show greatest skill between ∼ 400 and 800 hPa.

There is some uncertainty associated with the absolute

radiance calibration of the TES instrument. Previous work

(Connor et al., 2011; Shephard et al., 2008a) has also shown

some systematic offsets between TES filters, on the order

of tenths of a kelvin. However, our retrieval strategy should
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Figure 7. (a) Differences between retrieved and true PAN profiles for the simulated dataset (after 2 
application of the averaging kernel and prior to the true profiles). The solid line shows the mean 3 
difference. Dotted and dot-dashed lines show the RMS difference for (retrieved-true) and (prior-true) 4 
respectively. (b) Two-dimensional histogram of differences between the retrieved and true PAN values as 5 
a function of the true values. Plots show only profiles for which the maximum value in the true profile was 6 
greater than 0.2 and only points where the sum of the row of the averaging kernel is greater than 0.5 are 7 
shown. Color bar for (b) shows the number of points in each histogram bin. 8 
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Figure 7. (a) Differences between retrieved and true PAN profiles

for the simulated data set (after application of the averaging kernel

and prior to the true profiles). The solid line shows the mean dif-

ference. Dotted and dot-dashed lines show the rms difference for

(retrieved-true) and (prior-true), respectively. (b) Two-dimensional

histogram of differences between the retrieved and true PAN values

as a function of the true values. Plots show only profiles for which

the maximum value in the true profile was greater than 0.2 and only

points where the sum of the row of the averaging kernel is greater

than 0.5 are shown. The color bar for (b) shows the number of points

in each histogram bin.

mitigate the impact of this uncertainty in the PAN retrieval.

(We re-retrieve cloud and surface emissivity before the PAN

step in order to set a baseline against which the PAN sig-

nal can be assessed.) Connor er al. (2011) showed that the

TES radiances exhibit excellent stability between 2005 and

2009. Subsequent work (T. Connor, personal communica-

tion, 2012) indicates that the radiances remained stable be-

tween 2010 and 2012. Therefore, drift in the radiance cali-

bration in time should not be a concern for use of the TES

PAN retrievals for assessing long-term variations such as in-

terannual variability.

In the TES operational algorithm, trace gas retrievals are

routinely performed in the presence of clouds. The clouds are

implemented in the forward model as a single-layer Gaus-

sian vertical profile parameterized by a cloud height and a

set of frequency-dependent effective (non-scattering) opti-

cal depths (Kulawik et al., 2006b). Cloud optical depths are

not expected to show spectral structure within the∼ 40 cm−1

range of the PAN band used in this work.

If the surface emissivity and the cloud optical depth can

be assumed to vary linearly with wave number across the

∼ 40 cm−1 wide PAN spectral region, we can assume that

the impact of uncertainties in these quantities is also mini-

mized by our choice of retrieval strategy. Over much of the

Earth’s surface, the assumption of linear variation in emis-

sivity between 1140 and 1180 cm−1 is reasonable. How-

ever, this assumption is problematic over bare rocky or

sandy surfaces, due to the silicate feature centered around
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Figure 8: (a) Emissivity spectra for different surface types, taken from the UW/CIMSS HSR emissivity 3 
database. (b) Deviation of the emissivity spectra from a linear extrapolation between 1145 and 1180 cm-1. 4 
(c) Error in clear-sky brightness temperature resulting from the deviation of emissivity from the linear 5 
assumption.  The black line in (c) represents the PAN signal associated with the July  extratropical 6 
„maximum aloft“ profile shown in Figure 4(e) and is shown for the purpose of illustrating the spectral 7 
shape of the PAN feature relative to the spectral shape of the signal associated with deviation from linear 8 
surface emissivity. 9 
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Figure 8. (a) Emissivity spectra for different surface types, taken

from the UW/CIMSS HSR emissivity database. (b) Deviation of

the emissivity spectra from a linear extrapolation between 1145

and 1180 cm−1. (c) Error in clear-sky brightness temperature re-

sulting from the deviation of emissivity from the linear assumption.

The black line in (c) represents the PAN signal associated with the

July extratropical “maximum-aloft” profile shown in Fig. 4e and is

shown for the purpose of illustrating the spectral shape of the PAN

feature relative to the spectral shape of the signal associated with

deviation from linear surface emissivity.

1160 cm−1. Figure 8a shows emissivity spectra from the

University of Wisconsin Cooperative Institute for Meteo-

rological and Satellite Studies (UW/CIMSS) High Spectral

Resolution (HSR) emissivity database (Borbas et al., 2007).

A strong surface silicate feature will generally lead to a high

χ2
measurement value (Sect. 3.2), and so retrievals are generally

not attempted for such cases. If the retrieval were to be at-

tempted, the silicate feature would likely result in an under-

estimate of PAN (Fig. 8b). Spectral variation in the emissivity

over snow or icy surfaces (see, for example, the “Greenland”

plots in Fig. 8) leads to an error in the opposite sense from

the silicate feature. However, since the shape of the deviation

from linear emissivity does not match the shape of the PAN

feature, any significant deviation from the linear emissivity

will tend to result in high χ2
measurement values, which either

means that the retrieval is not attempted in the first place or

that it will be rejected according to a final χ2
measurement qual-

ity flag. (Retrievals where the final is greater than 1.5 are

flagged as “bad”). Evidence suggests that cases where a non-

linear emissivity component produces a modeled radiance er-

ror that is equivalent in magnitude to a ∼ 0.1 ppbv change in

PAN would not pass quality control. We acknowledge that

the variation in snow and sea-ice emissivity spectra is rela-

tively large (Borbas and Ruston, 2010) and that it is not com-

pletely outside the realm of possibility that surfaces could

exist for which the shape of the deviation from linear emis-

sivity is a good match for the shape of the PAN signal. We

will provide an upper bound of +0.1 ppbv “emissivity bias”

for snow/ice surfaces and an equivalent bound of −0.1 ppbv

emissivity bias for rocky surfaces.

Systematic errors in the PAN cross-section data used as

input to the forward model would also result in systematic

errors in the PAN retrieval. An error in the integrated band in-

tensity of the PAN cross section would be expected to trans-

late (roughly) into the same percentage error in the retrieved

PAN VMR. Here, we used PAN cross sections from the HI-

TRAN 2008 compilation (Rothman et al., 2009), which were

in turn taken from the work of Allen et al. (2005a, b). These

measurements were made at three temperatures in order to

capture the temperature dependence of the cross section,

but no measurements were recorded at temperatures below

250 K. Allen et al. (2005a) cite uncertainties in the integrated

band intensity of around 5 % for the band used here, but this

does not include the extrapolation error below 250 K. Fol-

lowing the logic of Tereszchuk et al. (2013), we assume a

value of ∼ 8 % for the spectroscopic error.

Interfering species (see Fig. 1) are another potential source

of uncertainty in the PAN retrievals. For the TES PAN re-

trievals, H2O is the dominant interfering species in the spec-

tral range used. H2O is highly variable in space and time.

The impact of H2O uncertainties is mitigated by our choice

of microwindows and by the strategy of retrieving H2O in

a previous step. Validation of previous versions of the TES

H2O product indicate rms agreement of 25–45 % with in situ

validation data (Shepard et al., 2008b). Using the simulated

data set described in Sect. 3.5, we performed an additional

set of retrievals where we scaled the H2O in the initial guess

atmospheric state for the PAN retrievals by random scaling

factors with a standard deviation of 45 %. We found that the

rms difference in the retrieved PAN between the perturbed

H2O set and the reference data set was less than 0.1 ppbv, al-

though we do find that there are isolated cases where an un-

derestimate in the H2O can lead to spuriously high retrieved

PAN values. For this reason, we require a good quality flag

from the TES H2O retrieval for any given measurement be-

fore attempting a PAN retrieval.

Both O3 and N2O have relatively strong features in the

spectral windows that we are using, but neither of these

molecules shows a smooth variation that would be confused

with a PAN signature. For O3, we assume a 40 % rms un-

certainty (based on TES O3 validation against ozoneson-

des at mid-latitudes – see Nassar et al., 2008). We find that

this rms ozone uncertainty results in a ∼ 0.1 ppbv rms un-

certainty in the PAN retrievals. For N2O, we assume a 2 %

rms uncertainty (based on global variability in tropospheric

N2O VMR, as observed from global aircraft measurements

of N2O (Wofsy et al., 2011). We find that this rms N2O un-

certainty results in a∼ 0.05 ppbv rms uncertainty in the PAN

retrievals. We do require that the O3 and N2O retrieved in

previous retrieval steps pass basic quality flags before a PAN

retrieval is attempted. However, significant errors in these

molecules would result in a high initial χ2
measurement value
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Figure 9: Examples of elevated CO and PAN in boreal burning plumes (previously identified by Alvarado 2 
et al. (2010)) seen in TES special observations made during the July 2008 phase of the ARCTAS 3 
campaign.  Colored points show the cases where the DOFS was greater than 0.6 for the PAN retrieval. 4 
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Figure 9. Examples of elevated CO and PAN in boreal burning

plumes (previously identified by Alvarado et al., 2010) seen in TES

special observations made during the July 2008 phase of the ARC-

TAS campaign. Colored points show the cases where the DOFS was

greater than 0.6 for the PAN retrieval.

(Sect. 3.2), which would likely mean that a PAN retrieval

would not be attempted in any case.

CFC-12 shows a smooth variation in the PAN spectral re-

gion. CFC-12 is extremely well mixed. Long-term, globally

distributed surface measurements from the NOAA Earth Sci-

ence Research Laboratory (ESRL) Global Monitoring Divi-

sion (GMD) indicate that differences between measurements

of CFC-12 in different parts of the globe are less than 3 %.

There is a decrease of ∼ 8 % in tropospheric values between

2005 and 2015. In the current TES climatology, we use a

CFC-12 profile that is constant with time. TES climatology

values for the current algorithm, based on 2004 values, are on

the high side. If the true CFC-12 were 10 % lower than the as-

sumed CFC-12 (a pessimistic bias estimate), this would lead

to an overestimate of mid-tropospheric PAN by +0.08 ppbv.

This error could be reduced by implementing a time-varying

CFC-12 climatology. We assume that the error associated

with other CFCs and HFCs with spectral features in this re-

gion is negligible compared with the other error sources.

Uncertainties in the surface temperature could also affect

the PAN retrievals. Using the simulations, we find that an rms

surface temperature uncertainty of 1 K leads to an rms error

of ∼ 0.05 ppbv in the mid-tropospheric PAN. Uncertainties

in the temperature profile are another potential source of un-

certainty in the PAN retrievals. Uncertainties in the TES tem-

perature retrievals are on the order of a few kelvin. Here, we

assume that the uncertainties associated with the PAN cross

sections are significantly larger than the uncertainty associ-

ated with the retrieved temperature profile.

4 Example retrieval results: Boreal burning plumes and

Pacific Transport

Figure 9 shows examples of elevated PAN and CO seen

in boreal burning plumes during the July 2008 phase of

the Arctic Research of the Composition of the Troposphere

from Aircraft and Satellites (ARCTAS) campaign. The ex-

amples shown had been previously identified by Alvarado

et al. (2010) as observations of burning plumes. We see

sharp spatial gradients between PAN inside and outside of the

plume. Since these TES observations are not colocated with

aircraft observations, it was not possible to validate the ab-

solute values. However, the TES-retrieved PAN values seem

reasonable, given the range of PAN values measured by air-

craft during the campaign (Alvarado et al., 2010; Roberts et

al., 2009). The colored values correspond to cases where the

DOFS for the PAN retrieval is greater than 0.6. This thresh-

old was chosen to be roughly consistent with SNR> 1 in the

simulated results shown in Fig. 6.

These plume examples demonstrate that it is possible for

adjacent TES pixels to show sharply different PAN concen-

trations. In general, the TES measurements sampled along

the orbit track are relatively sparse. While special observa-

tions allow for closer spacing of observations along the orbit

track, cross-track sampling is not available from TES. Vali-

dation of the TES PAN product against in situ data will re-

quire good spatial and temporal coincidences between TES

and in situ data, for cases where elevated PAN is observed.

Ideally, validation of the TES PAN retrievals would involve

tightly colocated aircraft profiles, capturing plumes and cov-

ering the range of altitudes over which TES is sensitive. To

date, this type of “true” validation data has not been avail-

able, although certain campaign measurements may still of-

fer information of interest. TES step-and-stare special obser-

vations were taken during ARCTAS in 2008 and during the

“Quantifying the impact of BOReal forest fires on Tropo-

spheric oxidants over the Atlantic using Aircraft and Satel-

lites” (BORTAS) campaign (Palmer et al., 2013) in 2011.

TES transect observations were taken during the Front Range

Air Pollution and Photochemistry Experiment (FRAPPE –

https://www2.acd.ucar.edu/frappe) in 2014. Comparisons of

the TES PAN product against these types of independent ob-

servations will be a subject of future work.

Figure 10 shows a map of TES observations of elevated

PAN over eastern Asia, the Pacific Ocean and the western US

for 1 month (April 2008) in springtime, the season when we

expect to see a strong contribution of Asian transport to US

air pollution and a month with seasonably extreme biomass

burning in northern Eurasia (Warneke et al., 2009; Warneke

et al., 2010), as discussed next. The figure shows cases where

the DOFS for the PAN retrieval is greater than 0.6. TES de-

tects elevated PAN in a non-negligible number of cases.

We see cases where the PAN values retrieved by TES are

> 2 ppbv. In situ aircraft observations of PAN conducted in

spring 2008 conducted as part of the ARCPAC (Aerosol,

www.atmos-meas-tech.net/7/3737/2014/ Atmos. Meas. Tech., 7, 3737–3749, 2014
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Figure 10.  Gray points show all TES observations over the northern Pacific and surrounding land masses 2 
for April 2008. Colored triangles show points where elevated PAN was detected in the TES spectra with 3 
some confidence (DOFS > 0.6).  The VMR values represent the average over all points in the profile where 4 
the sum of the row of the averaging kernel is greater than 0.5. Colored latitude/longitude boxes highlight 5 
the regions associated with the histograms in Figure 11. 6 
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Figure 10. Gray points show all TES observations over the north-

ern Pacific and surrounding land masses for April 2008. Colored

triangles show points where elevated PAN was detected in the TES

spectra with some confidence (DOFS> 0.6). The VMR values rep-

resent the average over all points in the profile where the sum of

the row of the averaging kernel is greater than 0.5. Colored lati-

tude–longitude boxes highlight the regions associated with the his-

tograms in Fig. 11.

Radiation and Cloud Processes affecting Arctic Climate)

campaign also indicate elevated (1–3 ppbv) abundances of

PAN associated with plumes of smoke originating in regions

of intense biomass burning in Russia (Roberts et al., 2009).

Screening out cases according to the TES H2O quality flag

did remove a handful (3 out of 47) of cases of extremely

high PAN (> 2 ppbv), but not all of them. (Although the H2O

quality screening did not dramatically change the number of

cases of extremely high PAN, this test did screen out around

20 % of PAN detections overall.) We note that the uncertain-

ties on the TES PAN retrieval are relatively high (on the or-

der of 30–50 %), but these estimates seem reasonable given

the heavy impact of northern Eurasian biomass burning on

the atmosphere at this time (Warneke et al., 2009, 2010). As

discussed above, there could be additional uncertainty asso-

ciated with PAN retrievals over snow or sea-ice surfaces, al-

though it seems unlikely that this could account for the highly

elevated PAN observed above the Arctic Circle. We also ob-

serve highly elevated PAN in the Arctic in July 2008 (not

shown), when snow cover is far less extensive than in April,

although the July data show fewer points at the extremely

high end (> 2 ppbv) of the range.

Other aspects of the geographical distribution of elevated

PAN values also appear as we might expect, with a higher

density of elevated PAN detections and generally higher PAN

values over the eastern Asian source region, and generally

lower values and lower density of detections going out over

the Pacific Ocean. The sporadic nature of extremely ele-

vated PAN in biomass burning smoke is also reflected at high

northern latitudes, extending from Russia across the northern

Pacific. To explore this in a more quantitative way, we looked

at the proportion of elevated PAN detections relative to the

total number of TES observations in four latitude–longitude

 37 

 1 

Figure 11. Incidences of elevated PAN as observed by TES during April 2008 in the 2 

latitude/longitude boxes shown in Figure 10. VMR values represent the average for points in 3 

the profile where the sum of the row of the averaging kernel is greater than 0.5.  4 

Figure 11. Incidences of elevated PAN as observed by TES during

April 2008 in the latitude–longitude boxes shown in Fig. 10. VMR

values represent the average for points in the profile where the sum

of the row of the averaging kernel is greater than 0.5.

boxes which separately represent the polluted Asian coast

and immediate outflow region, the eastern Pacific and the

Arctic (Fig. 11).

In the box over Asia, we see the highest occurrence of el-

evated PAN detections, with elevated PAN detected in 9.6 %

of TES observations. The box over Asia also shows a higher

occurrence of very high PAN values than the eastern Pacific.

We see fewer PAN detections over the eastern Pacific (4.3 %).

We also see a higher incidence of elevated PAN values (7 %)

in the southern part of the west coast of North America.

The retrieved values in this region are generally lower than

those observed over Asia, and we speculate that this pattern is

driven by North American pollution, where reactive nitrogen

pollution advected off the coast is recirculated over the east-

ern Pacific. The Arctic region has a relatively high density of

total TES observations. Although the incidence of elevated

PAN values (3.2 %) is not as high as in the other highlighted

regions, the Arctic shows the highest incidence of extremely

high PAN values (> 1.5 ppbv). We speculate that these high

values are associated with springtime fires in northern Eura-

sia, but acknowledge that it is possible that they may reflect

an overestimate driven by uncertainties in the snow and sea-

ice emissivity spectra.

5 Summary and conclusions

We can detect elevated PAN in TES spectra. We show ex-

amples of boreal burning plumes during July 2008 and use

initial data from April 2008. During April 2008, PAN was

detected in ∼ 10 % of TES observations over the Asian pol-

lution source region, and elevated PAN over the North Amer-

ican Arctic associated with wildfires in Russia was also de-

tected. The TES radiance data set provides global coverage
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over multiyear timescales, providing opportunities for inves-

tigations of tropospheric PAN on spatial and temporal scales

that have not been possible with in situ measurements.

Results from simulated retrievals suggest that TES can de-

tect PAN in profiles where the maximum value is around

200 pptv, although the presence of elevated PAN values in

the atmosphere viewed by TES does not guarantee that TES

can detect PAN. The detection of PAN in TES spectra is also

subject to the atmospheric and surface conditions.

The uncertainty in TES PAN retrievals is on the order of

30–50 %. The error budget is largely dominated by the in-

strument noise. However, since PAN is highly spatially vari-

able and TES is not capable of measuring “background” PAN

levels, the TES PAN data set is not suitable for simple spatial

averaging. We suggest that the utility of the TES PAN data

set will lie in providing information on the frequency of in-

cidence of elevated PAN on a global scale and on multiyear

timescales.

The retrieval approach presented here will be implemented

in the TES v07 algorithm. This approach could potentially be

applied to other nadir infrared sounders, such as the Infrared

Atmospheric Sounding Instrument (IASI), the Atmospheric

InfraRed Sounding Instrument (AIRS) and the Cross-track

Infrared Sounder (CrIS). These instruments have lower spec-

tral resolution than TES, but significantly greater spatial cov-

erage, providing an increased probability of observing high-

PAN plumes.
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