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Nitrogen Dioxide in the Stratosphere and Troposphere
Measured by Ground-Based Absorption Spectroscopy

Abstract. The NO2 abundance in the stratosphere has been determined from ground-
based spectra of the rising and setting sun and moon and of the twilight sky near 4500
angstroms. The spectra were taken at the Fritz Peak Observatory, at an altitude of3 ki-
lometers in the Colorado mountains. Separation of the stratospheric contribution re-
quires observations at a relatively unpolluted site; direct measurement ofthe tropospheric
absorption in the Colorado mountains often yields an upper limit on the tropospheric
mixing ratio of 0.1 part per billion. The stratospheric NO2 abundance is two to three
times greater at night than during the day and increases significantly during the course of
a sunlit day; these changes are related to photolytic decomposition of NO2 and N205 in
the daytime stratosphere. Absorption by NO3 was sought but not found; the results set
an upper limit of2 percent on the nighttime abundance ratio of NO3 to NO2 in the strato-
sphere.

A pronounced structure in the absorp-
tion spectrum of NO2 near 4500 A was
used to determine the total daytime atmo-
spheric content of NO2 by Brewer et
al. (1), who also measured the strato-
spheric content separately from an air-
craft. They used a modified Dobson ozone

spectrophotometer recording at three
wavelengths of maximum and minimum
absorption. As pointed out by John-
ston (2), use of the ratio of solar intensities
at such wavelengths to determine the NO2
abundance can present difficulties, since
the ratio in the absence of NO2 must be
known very accurately.
We have pursued the problem by mak-

ing complete spectral scans in the region
4350 to 4500 A. With the full spectrum the
identification of the absorber is unam-

biguous, and by making measurements un-

der a variety of conditions it is possible to
separately determine the tropospheric and
stratospheric NO2 abundances from
ground-based measurements alone. The
observations reveal a diurnal variation of
NO2 in the stratosphere and set a very

small upper limit on the NO2 density in the
unpolluted troposphere. We have also
searched in nighttime and twilight spectra
for absorption by NO3, which is reported
to have a sharp maximum of - 4 x 10-18
cm2 at 6630 A (3). Several measurements
at sunset and moonset failed to yield defi-
nite absorption and set an upper limit of
2 x 10'4 cm-2 on the vertical column abun-
dance of NO3. The NO2 measurements, as

described below, yielded _1016 cmM2 for
the nighttime NO2 abundance in the
stratosphere; hence we infer an upper limit
15 AUGUST 1975

of 2 percent on the ratio of NO3 to NO2 in
the nighttime stratosphere.
The spectrum was scanned at 5 A reso-

lution between 4370 and 4470 A with an
Ebert spectrometer at the Fritz Peak Ob-
servatory, located at an altitude of 3 km a

4400 A 4450 A

few kilometers east of the continental di-
vide in Colorado. Solar spectra were ob-
tained as a function of air mass using a dif-
fuse scattering screen; with the moon as a
source it was necessary to direct moonlight
onto the slit with a mirror. We also secured
spectra of the zenith sky in the twilight pe-
riod. To study the tropospheric NO2 ab-
sorption we used as a source several pow-
erful incandescent lamps situated about 12
km from the observatory. The observa-
tions were usually reduced to absorption
per unit air mass (AM), the reduction fac-
tor being the ratio of total atmospheric
abundance along the line of sight to that in
the zenith.

In principle, spectra obtained with an in-
tervening atmosphere should be compared
with a spectrum of the sun (or moon) ob-
tained above the atmosphere. In practice,
we used as a control spectrum the average
of a number of spectra obtained at 1.3 AM
on different days with the sun as a source.
The absorption by atmospheric NO2 in the
control spectrum is always negligible com-
pared with that in spectra of the sun or
moon near the horizon (or in the twilight
sky.
A control spectrum is necessary since

the solar spectrum is densely packed with
Fraunhofer structure in this region; the
magnitude of this structure is about 10 per-
cent of the total intensity even at 5 A reso-
lution. Except for the direct tropospheric
observations, where the background was a
flat continuum, our measurements were al-
ways converted to a ratio of the observed
to the control spectrum. A laboratory ab-
sorption spectrum of NO2 obtained with
the same spectrometer was used for the ab-
solute determination of atmospheric NO2
abundance; our absorption coefficient was
in good agreement with earlier results (3).
For the measurements involving spectral
ratios absorption at 4300 A of 0.3 percent
or greater could be detected; the sensitivity
was about 10 times better for the tro-
pospheric measurements because the in-
tegration times were longer and it was not
necessary to take a ratio.

Figure I shows spectra of the sun before

Fig. 1. Spectra of the sun and twilight zenith sky
compared with a laboratory spectrum of NO2;
the ordinate scales vary. The air mass (AM) and
absorption per unit air mass at 4390 A are
shown for the solar spectra; the solar zenith
angle (x) and measured absorption are for the
twilight sky. Each spectrum is an average of
three 1-minute scans. The dashed lines connect
regions of minimum absorption; the total ab-
sorption by NO2 at 4390 A is close to twice the
adjacent minimum values. By "absorption" we
mean the intensity difference between the solid
and dashed line divided by the intensity at the
dashed line, all at 4390 A. For the 2.5-cm-thick
cell the absorption defined in this way was about
13 percent with an NO2 pressure of 5 torr.
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Evaluation of a Catalytic Reduction Technique for 
the Measurement of Total Reactive Odd-Nitrogen 
NOy in the Atmosphere 

D. W. F A H E Y ,  C. S. E U B A N K  ~, G. H U B L E R  ~, and F. C. F E H S E N F E L D  ~" 
Aeronomy Laboratory, National Oceanic and Atmospheric Administration, Boulder, CO 80303 U.S.A. 

(Received: 27 May 1985: in revised form: 29 November 1985) 

Abstract. A catalytic reduction technique for the measurement of total reactive odd-nitrogen NOy in 
the atmosphere was evaluated in laboratory and field tests. NOy component species include NO, NO2, 
NO 3, HNO3, N 2Os, CH 3COO 2NO 2(PAN), and particulate nitrate. The technique utilizes the reduction 
of the higher oxides to NO in reaction with CO on a metal catalyst and the subsequent detection of 
NO by chemiluminescence produced in reaction with 0 3. The efficiency and linearity of the conver- 
sion of the principal NOy species were examined for mixing ratios in the range of 0.1 to 100 parts per 
billion by volume (ppbv). Results of tests with Au, Ni, and stainless steel as the catalyst in the tem- 
perature range of 25-500°C showed Au to be the preferred catalyst. NH3, HCN, N20 , CH4, and 
various chlorine and sulfur compounds were checked as possible sources of NOy interference with the 
Au catalyst. The effects of pressure, 03, and H20 on NOy conversion were also examined. The results 
of the checks and tests in the laboratory showed the technique to be suitable for initial NOy measure- 
ments in the atmosphere. The technique was subsequently tested in ambient air at a remote ground- 
based field site located near Niwot Ridge, Colorado. The results of conversion and inlet tests made 
in the field and a summary of the NOy data are included in the discussion. 

Key words. Reactive odd-nitrogen, atmospheric measurements, gold catalysis, chemiluminescence. 

1. Introduction 

A variety of reactive odd-nitrogen species participate in tropospheric and stratospheric 
photochemical cycles that control ozone levels and lead to acid deposition. These photo- 
chemical cycles have been examined in models of the troposphere by Logan et  al. (1981) 
and of the stratosphere by Solomon and Garcia (1983). Measurements of the sum of the 
reactive odd-nitrogen species, designated NOy, serve as an important input to these 
models. The principal NOy species can be listed as (Logan, 1983) 

NOy = NO + NO2 + HNO2 + HNO3 + HO2NO2 + NO3 + 2N2Os + (1) 
+ peroxyacetyl nitrate (PAN) + particulate nitrates. 

The p re sen t  s tudy  was u n d e r t a k e n  to  examine  the  su i tab i l i ty  o f  a t e c h n i q u e  to  measure  
NOy in the  a t m o s p h e r e .  In the  t e c h n i q u e ,  an NOy c o m p o n e n t  species ( N O y ) i ,  is ca ta ly t i -  

* Also affiliated with the Cooperative Institute for Research in Environmental Sciences, University of 
Colorado, Boulder, CO 80309, U.S.A. 

NOx,	
  NOy	
  
Chemiluminescence	
  

I. DESCRIPTION OF INSTRUMENT 

The ozone detector described here and shown schema-
tically in Fig. 1 has three basic parts: a UV lamp with its 
associated optics, two sample chambers (absorption cells) 
with their flow components, and the detectors. The lamp 
emits 254-nm radiation that is directed down the length of 
the sample chambers to the detectors. Since ozone readily 
absorbs radiation at this wavelength, changes in ozone con-
centration in either of the chambers will produce a change in 
intensity at its detector. By using an ozone scrubber, an 
ozone-free air sample is directed into one chamber, while 
unaltered air is directed into the other. A four-port valve 
alternates the scrubbed air between the two chambers. From 
the measured intensities at the two detectors, the concentra-
tion of ozone in the instrument can be calculated. 

The sample chambers are 40-cm long and constructed 
from 2.54-cm-o.d., 1.27-cm-i.d. Teflon (TFE) tubing (Flu-
orocarbon, Anaheim, CAl. These tubes fit inside I-in. cop-
per tubing and are attached to an aluminum support, onto 
which mount two pressure-sealed housings, one to contain 
the lamp and the other to contain the detector electronics. 
The sample chambers are separated from the pressurized 
housings by quartz windows on the lamp end and narrow-
band filters (20% transmission at 254 nm, II-nm full-width 
at half-maximum, Barr Associates, Westford, MA) on the 
other. These filters eliminate virtually all light that might 
leak into the chambers and the weak mercury lines near 254 
nm (which would otherwise introduce about a 0.5% correc-
tion).21 Silicon 0 rings are used for the pressure seals. The 
sample gases pass into the chambers via threaded Teflon 
(TFE) connectors (LF series, Fluorocarbon, Anaheim, CAl 
near their ends, and ports for measuring pressure inside the 
chambers are located at their midpoints. A control unit of 
our own design regulates the chamber temperature. 

Inside the lamp housing are four units: a low-pressure 

mercury lamp, the lamp power supply, a lamp temperature 
controller, and a beam-splitter/mirror arrangement. The 
mercury lamp (L937-03, Hamamatsu Corporation, San 
Jose, CAl has a Vycor shield to block the radiation that pro-
duces ozone, without appreciably attenuating the dominant 
254-nm mercury line used for the measurement. The lamp is 
powered by an II-kHz 200-V square-wave power supply 
(420-209, Research Support Institute, Incorporated, Cock-
eysville, MD). Another control unit senses and regulates the 
temperature near the lamp. The UV beam splitter (201010, 
Esco, Oak Ridge, NJ) and UV -enhanced mirror (02MPQ 
001/028, Melles Griot, Irvine, CAl are aligned so that the 
lamp will illuminate the detectors at the opposite end of the 
sample chambers. 

The detector consists of a pair of UV -sensitive photo-
diodes and their associated circuitry. Since the sensitivity 
and stability of these detection units are crucial to the perfor-
mance of the instrument, we show our circuit in some detail 
in Fig. 2. The UV-enhanced silicon photodiode (1336 BQ, 
Hamamatsu Corporation, San Jose, CAl is followed by a 
low-noise operational amplifier (52K, Analog Devices, Nor-
wood, MA) and a I-MHz voltage-to-frequency (V /F) con-
verter (460L, Analog Devices, Norwood, MA). The solder 
connections between the detector and amplifier input are 
carefully isolated from thermal changes, since they can act 
as thermocouples and, thereby, can introduce spurious sig-
nals. The light striking a photodiode produces a current I at 
the input ofthe operational amplifier that is proportional to 
the light intensity. For the three resistor values shown in the 
feedback circuit, the amplifier's output voltage V is 

V=R+I000XI07XI. (1) 
1000 

The value for R (typically 10 Kfl) is chosen to produce 8 to 
10 V at the input of the V IF converter. All three resistors 
have a temperature coefficient of 10 ppml'C or better. The 
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FIG. I. Schematic diagram of the dual-
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FIG. I. Schematic view of right angle arrangement of Ly a light 
source and photomultiplier for detection of -.> X"O) 
fluorescence from photodissociation of H20. LS-light source; 
W -magnesium fluoride window; F-Corning 7-54 filter; QL-quartz 
lens; PM-Hamamatsu R 647-01 photomultiplier; PMW-photo-
multiplier window. 

is the volume mixing ratio of H20 in air, one can write for 
the (0,0) fluorescence intensity 

I = JL[air]' J. <pAo,o 
(0,0) [ • ]k air . Ao + aIr '/ 

(4) 

For application in the troposphere and stratosphere up 
to an altitude of about 35 km, [air]kq

air Ao, Ao,o 
== Ao and, hence 

I = 11.' J.,I,. Ao,o [photons (5) 
(0,0) r- 't' k air 

'I 

This equation shows that the instrument will measure 
directly the H20 mixing ratio. 

Figure 1 illustrates the geometry of the basic instru-
ment. Suppose the vacuum uv light source (lamp) puts 
out a parallel beam of monochromatic light and t/J is 

the photon flux entering through the area which is given 
by the intersection of the lamp beam and viewing area as 
seen by a photomultiplier in a right angle arrangement. 
Then the photomultiplier count rate will be 

(6) 

<PM is the quantum efficiency of the photomultiplier, 
E is the transmission of an optical filter in front of the 
photomultiplier, and Fl. and F pM are the areas ofthe lamp 
and phototube windows, respectively. By using the 
parallel beam analysis we have simplified the problem, 
but here we are mainly concerned with an engineering 
estimate ofthe count rates that could be expected, given 
the photon flux of the lamp and the mixing ratio JL. As an 
illustration, it is assumed that the photon flux of the lamp 
is 1012 photons The useful window areas are 
assumed to be F pM = 3.0 cmz and Fl. = 0.3 cmz,. <PM 

= 0.20, E = 0.8, L = 5 cm, ilL = 2 cm, and J = 1.5 
x 1O-.J[(TH2o(1216 A) = 1.5 x 10- 17 cm2).H This yields 

1M = 40JL[counts 

where JL is in units of ppm V. Clearly, at stratospheric 
mixing ratios of water of the order of 1-5 ppm9 the 
count rate would be sufficiently large to allow a deter-
mination in a few seconds. 

For practical reasons, L will be at least a few centi-
meters, while ilL win be of the order of 2 cm. This will 
limit the application of the instrument in its basic con-
figuration to the stratosphere and higher troposphere. 
This becomes clear by noting that i((),O) in Eqs. (5) and 
(6) depends linearly on the photon flux t/J of the lamp. 
However, at high pressure (low altitude) and large mix-
ing ratio of water, both components will cause "pre-
absorption" over the length L', making the response of 
of the instrument nonlinear. If a Lyman (Ly)a (1216 A) 
hydrogen lamp is used as light source, the absorption 
cross sections at that wavelength are (TOt = 1 X 
cm210 and (TH2() = 1.44 X cm2,H respectively. 
Water densities and mixing ratio, of course, are highly 
variable in the troposphere. As a typical example, con-
sider the values in Table I, which were selected from 

TABLE I. Typical and calculated values as a function of altitude for ambient pressure and temperature; ambient number density ([air]); 
frost point temperature. mixing ratio of water vapor (IL); the ratio of collisional to radiative deactivation of OH* (quenching); transmission 
of 1216-A light by the atmosphere. considering water vapor and oxygen absorption separately. between the lamp and the photolysis region; 
PMT count rate above background (5); signal to noise ratio (SIN); and ratio of 5 to IL. corrected for oxygen absorption. 

Tempera- Frost Transmission 
Altitude Pressure lUre [air] point IL Quenching S 

(km) (millibar) (K) (cm-a) (OC) (ppmV) (1 + k,,[air]1 Ao) H2O O2 (s - I) SIN S' 

2 800 293 1.97(19)" 0 8200 361 8(-9) 0.73 0 0 0 
5 555 267 1.50(19) -15 3100 275 5(-3) 0.79 111 6 0.04 

10 280 233 8.66(18) -45 266 159 0.77 0.87 1720 39 7.4 
12 200 218 6.61(18) -60 55.8 122 0.96 0.90 464 17 9.2 
14 153 213 5.18(18) -72 13.1 96 0.99 0.92 115 6 9.5 
16 100 208 3.47(18) -80 5.8 64 1.00 0.95 52 3 9.6 
20 60 213 2.03(18) -88 2.5 38 1.00 0.97 23 1.4 9.5 
25 28 220 9.20(17) -94 2.0 18 1.00 0.99 18 1.1 9.2 
30 12 228 3.80(17) -97 2.7 8.0 1.00 0.99 23 1.4 8.5 
35 6.7 233 2.10(17) -100 2.8 4.8 1.00 1.00 22 1.3 7.7 

" Read 1.97 X 10+ 19 • 
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for research. Knowledge and inventions are applied and create value 
for NOAA and our partners through transition activities, through 
which we find out what questions are most important for research 
to answer and what requirements our partners have for new or 
improved technologies.

When used, the scientific knowledge and technological capabilities 
that NOAA R&D produce yield benefits in different and comple-
mentary ways: 

• improved operations for NOAA’s mission 
• Direct protection of lives and property
• Economic growth through innovation
• Satisfaction of legal mandates 

Each of these is addressed in the sections that follow.

SEcTION 1. WHy R&D?

NOAA traces its lineage back to America’s oldest science agency, and 
our reach extends from the surface of the sun to the bottom of the 
sea. We study, monitor, and predict changes in Earth’s environment, 
and provide critical environmental information to the nation. We 
are stewards of our nation’s fisheries, coasts and oceans. Our work 
makes a difference in the lives of all Americans. Every day: 

• Businesses large and small depend on NOAA’s weather 
forecasts to make important decisions; 

• Fishermen and ship captains go to sea with the benefit of 
NOAA’s charts and forecasts;  

• Our nation’s ports, through which 90% of the nation’s 
imports and exports travel, are safer thanks to NOAA 
information and services;  

• Americans enjoy fresh seafood caught or grown sustainably 
in our waters;  

• Coastal tourism thrives in part because of NOAA’s work to 
protect healthy marine ecosystems that support recreation-
al fishing and boating, bird and whale watching, snorkeling 
on coral reefs and spending time at the beach; and 

• Military leaders, emergency managers, farmers, airline 
pilots, and many others depend on NOAA for vital 
information about weather and weather-related disasters. 

R&D at NOAA improves our collective understanding of Earth as 
a system, improves our ability to forecast weather, climate, and 
water resources, increase our understanding of ecosystem health, 
and how these factors affect – and are affected by – people and 
communities. it is the utility of the Agency’s science and technology 
in light of national concerns that makes NOAA so unique. NOAA 
conducts R&D to create value for the public through new insights 
and applications.

I. INSPIRED By uSE
At NOAA, we strive for R&D that is “use-inspired,” that is, simulta-
neously intended to improve our fundamental understanding of the 
world and yield applications that are useful and used.12 Research 
is a valuable input into development and applications, but new 
technologies and applications are also valuable inputs for research. 
Research, development and transition activities are part of a system 
of innovation. Research answers the questions of our stakeholders, 
it generates ideas for new technologies and new knowledge for 
particular applications, and it builds our understanding of Earth sys-
tems and their components. New ideas from research result in the 
development of new technologies or more integrated technology 
systems, and the technologies developed enable new techniques 

12 Stokes, D. (1997). Pasteur’s quadrant : Basic science and technological inno-
vation. Washington D.C.: Brookings institution Press.

The model in the diagram above illustrates how the three pieces 
of NOAA R&D are interrelated. It distinguishes among these dif-
ferent functions and their outputs, identifies the “push” and “pull” 
relationships between them, and depicts the logic of the innovation 
system as a whole.

Instrument	
  
Plahorm	
  
Model	
  

CSD	
  research	
  tools	
  development	
  exemplifies	
  NOAA	
  priori/es:	
  
Inves/ng	
  in	
  Observa/onal	
  Infrastructure,	
  Achieving	
  Organiza/onal	
  Excellence	
  



New	
  Tools	
  at	
  CSD:	
  Advantages	
  &	
  Unique	
  Capabili/es	
  	
  
Long	
  term	
  ins/tu/onal	
  knowledge	
  	
  

Deep	
  experEse	
  to	
  support	
  instruments,	
  methods	
  &	
  models	
  
	
  

Synergy	
  between	
  instruments	
  (models)	
  and	
  measurement	
  (compu/ng)	
  plaEorms	
  
Plahorm	
  development	
  occurs	
  simultaneously	
  with	
  instrument	
  /	
  model	
  development,	
  
and	
  instruments	
  /	
  models	
  can	
  be	
  designed	
  &	
  tested	
  specifically	
  for	
  plahorms	
  
	
  

Pa/ence	
  &	
  risk	
  tolerance	
  
Core	
  values	
  to	
  see	
  through	
  long	
  term	
  development	
  and	
  to	
  undertake	
  high	
  risk	
  /	
  high	
  

payoff	
  projects	
  
	
  

Relevance,	
  /meliness	
  &	
  responsiveness	
  
Mandate	
  to	
  develop	
  new	
  tools	
  within	
  the	
  context	
  of	
  perEnent	
  scienEfic	
  issues	
  that	
  are	
  

relevant	
  to	
  societal	
  needs	
  and	
  that	
  provide	
  informaEon	
  when	
  it	
  is	
  needed	
  
	
  

Scien/fic	
  leadership	
  
CSD’s	
  iniEaEves	
  serve	
  as	
  a	
  template	
  or	
  guiding	
  principle	
  for	
  the	
  scienEfic	
  community	
  

CSD’s	
  advantages	
  and	
  unique	
  capabili/es	
  in	
  research	
  tools	
  meet	
  OAR	
  values	
  of	
  	
  
Quality	
  (ins/tu/onal	
  knowledge,	
  synergy,	
  pa/ence),	
  Performance	
  (scien/fic	
  

leadership)	
  and	
  Relevance	
  (responsiveness)	
  



The	
  Future:	
  Guidance	
  for	
  Development	
  of	
  New	
  Research	
  
Tools	
  

Technology	
  transfer	
  
Develop	
  technology	
  in	
  partnership	
  with	
  others	
  and	
  make	
  CDS’s	
  innovaEons	
  widely	
  
available	
  	
  
	
  

Miniaturiza/on,	
  speed	
  &	
  cost	
  effec/veness	
  
Stay	
  at	
  the	
  forefront	
  in	
  a	
  world	
  of	
  increasing	
  informaEon	
  content	
  and	
  increasingly	
  
small	
  and	
  inexpensive	
  plahorms	
  
	
  

Versa/lity	
  &	
  robustness	
  
Strive	
  to	
  make	
  new	
  tools	
  broadly	
  applicable	
  to	
  different	
  scienEfic	
  problems	
  and	
  
measurement	
  environments	
  
	
  

Iden/fica/on	
  of	
  new	
  scien/fic	
  issues	
  
IdenEfy	
  important,	
  new	
  scienEfic	
  issues	
  in	
  parallel	
  with	
  new	
  capabiliEes	
  
	
  

Accessibility	
  
Make	
  results	
  from	
  CSD	
  R&D	
  readily	
  available	
  to	
  stakeholders	
  and	
  the	
  public	
  

New	
  research	
  tools	
  are	
  essen/al	
  to	
  mee/ng	
  the	
  environmental	
  scien/fic	
  
challenges	
  of	
  the	
  future	
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Climatology.of.Stratospheric.Warmings.
Amy.H..Butler.

What.is.a.Sudden.Stratospheric.Warming.(SSW)?.

•  Rapid.warming.(>30D40.K).of.
stratosphere.in.only.a.few.days.

•  For.major.events,.a.complete.
reversal.of.polar.vortex.winds.

•  Occur.approximately.every.
other.winter.in.Northern.
Hemisphere,.but.occasionally.in.
Southern.Hemisphere.

Butler'et'al.'2015,'BAMS'

CSD.will.lead.efforts.to:.(a).create.a.historical.SSW.atlas;.(b).update.the.
standard.SSW.defini]on.based.on.interna]onal.community.feedback...

6-­‐2.	
  Ru-­‐Shan	
  Gao:	
  New	
  detectors	
  for	
  unmanned	
  aerial	
  systems	
  

2!

Printed Optical Particle Spectrometer 
(POPS)!
 
-  Single-particle detection 
-  140 – 3000 nm diameter range 
-  800 g, 7 Watts 
-  $2500 per copy, lose-able 
 
Ru-Shan Gao et al. 

Upward Looking Radiometer (ULR)!
 
-  4 wavelength (460, 550, 670, 860 nm) 
-  0.02 AOD detection limit 
-  350 g, 2 Watts 
-  $1500 per copy, lose-able 
 
Dan Murphy et al. 

New instruments developed at NOAA/CSD 

Research to Application:  Generated 
significant amount of scientific and 
commercial interest 
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-  Single-particle detection 
-  140 – 3000 nm diameter range 
-  800 g, 7 Watts 
-  $2500 per copy, lose-able 
 
Ru-Shan Gao et al. 

Upward Looking Radiometer (ULR)!
 
-  4 wavelength (460, 550, 670, 860 nm) 
-  0.02 AOD detection limit 
-  350 g, 2 Watts 
-  $1500 per copy, lose-able 
 
Dan Murphy et al. 

New instruments developed at NOAA/CSD 

Research to Application:  Generated 
significant amount of scientific and 
commercial interest 

Miniaturiza/on:	
  UAS	
  are	
  increasingly	
  available	
  
but	
  require	
  a	
  smaller,	
  lighter,	
  low	
  power	
  
consumpEon	
  instruments	
  to	
  be	
  viable	
  for	
  
atmospheric	
  sampling.	
  
	
  
Cost	
  effec/veness:	
  A	
  new	
  generaEon	
  of	
  
smaller	
  instruments	
  and	
  automated	
  
measurements	
  may	
  be	
  a	
  much	
  less	
  expensive	
  
future	
  paradigm.	
  

Model	
  plaEorm	
  development:	
  Sudden	
  stratospheric	
  
warmings	
  are	
  a	
  relaEvely	
  unrecognized	
  phenomenon	
  
that	
  has	
  potenEal	
  to	
  significantly	
  improve	
  weather	
  
forecasts,	
  especially	
  for	
  extreme	
  cold	
  outbreaks.	
  
	
  
Accessibility:	
  The	
  SSW	
  atlas	
  will	
  be	
  comprehensive	
  
and	
  publicly	
  available	
  for	
  model	
  evaluaEon	
  and	
  
improvement.	
  

 

 
 

 

 

  

Poster.7D3.

Climatology.of.Stratospheric.Warmings.

Why.do.we.care?.

Butler,'Polvani,'Deser'2014,'ERL'

Temperature.anomalies.averaged.60.
days.aaer.SSWs.

•  Anomalies.descend.
from.stratosphere.into.
troposphere.in.days.to.
weeks.

•  Associated.with.
extreme.cold.outbreaks.
over.Eurasia.and.
eastern.USA.

SSWs.
Winter'
Weather'

Improved'
Seasonal'
Predic5on'

Ozone/
Stratospheric'
Transport'

Much'more…'

ESRL/Chemical.Sciences.Division.Laboratory.Review.
30.March.–.1.April.2015. Poster.6D1.
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6-­‐4.	
  Rebecca	
  Washenfelder:	
  New	
  cavity	
  enhanced	
  detec/on	
  
methods	
  for	
  aerosols	
  and	
  gases	
  

 
 

 
 

 

  

ESRL/Chemical.Sciences.Division.Laboratory.Review.
30.March.–.1.April.2015. Poster.6D2.

Broadband$Methods$to$Measure$Aerosols$and$Gases$

Broadband 
light source 

Collimating 
optics 

Cavity with long 
effective pathlength 

Multichannel 
detector 

Optical fiber 
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And.other.gases….

 

 
 

 

 

  

ESRL/Chemical.Sciences.Division.Laboratory.Review.

30.March.–.1.April.2015.
Poster.6D2.

Future$Scien2fic$Direc2ons$

Short+term:$
1..Expand.our.broadband.measurements.into.the.deeper.UV.spectral.region,.using.new.light.

sources.and.mirrors..

D.ScienUfic.goals:.Brown.carbon.absorpUon,.formaldehyde,.sulfur.dioxide,.bromine.oxide..

.

2..Develop.very!broadband.measurements.(e.g..300.–.400.nm).that.imitate.satellite.observaUons.of.

gases.and.aerosols..

D.ScienUfic.goals:.Satellite.validaUon,.measurement.of.mulUple.trace.gas.species..

.

3..Develop.an.aircraP.instrument.to.measure.open.path.aerosol.exUncUon..

D.ScienUfic.goals:.Constrain.radiaUve.forcing,.satellite.validaUon...

Long+term:$Use$broadband$and$open$path$instruments$for$satellite$valida2on.$
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Innova/on:	
  CSD	
  has	
  pioneered	
  
applicaEons	
  of	
  this	
  technique	
  in	
  
atmospheric	
  science.	
  
	
  
Versa/lity:	
  A	
  method	
  with	
  wide	
  
applicability	
  to	
  numerous	
  trace	
  gases	
  
and	
  aerosols	
  with	
  the	
  potenEal	
  to	
  
augment	
  satellite	
  validaEon	
  efforts.	
  

Iden/fica/on	
  of	
  new	
  issues:	
  Bioaerosol	
  
are	
  ubiquitous	
  and	
  influence	
  numerous	
  
atmospheric	
  processes,	
  but	
  are	
  not	
  well	
  
characterized.	
  
	
  
Technology	
  transfer:	
  Instrument	
  
development	
  driven	
  through	
  public	
  –	
  
private	
  partnership	
   The	
  wideband	
  integrated	
  

bioaerosol	
  sensor	
  	
  



6-­‐5.	
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  Roberts:	
  Future	
  direc/ons	
  in	
  laboratory	
  studies	
  

Laboratory studies provide critical 
information on processes that impact  

 Climate 
 Stratospheric Ozone 
 Air Quality 
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Future Directions in Laboratory Studies 
Jim Roberts 

  Modeling & 
Assessment 

  Atmospheric 
Measurements 

Laboratory 
  Studies 

Chemical Discovery,  
Instrument Development 

Model Sensitivities 
Needed Parameters 

Analysis Tools 
       Data 

Atmospheric Chemistry Research Enterprise 

•  CSD has all three legs of the stool, resulting in significant synergies 

•  CSD continues to be a leader in Laboratory Studies, several staff are co-organizers of the 
IGAC Workshop on the Future of Atmospheric Laboratory Chemistry, June 17-19, 2015, 
Boulder, CO 

The three  
   legged stool* 

Abbatt, et al., Atmos. Environ., 2014  

Integra/on	
  &	
  Balance:	
  CSD	
  has	
  a	
  long	
  
history	
  and	
  strong	
  commitment	
  to	
  the	
  
future	
  of	
  laboratory	
  studies	
  as	
  an	
  integral	
  
part	
  of	
  atmospheric	
  science.	
  
	
  
Risk	
  /	
  reward:	
  	
  CSD	
  intends	
  to	
  undertake	
  
development	
  of	
  new	
  and	
  untested	
  
methods,	
  beginning	
  with	
  the	
  laboratory	
  
sekng.	
  

•  CSD has the unique combination of Laboratory, Field and Modeling capabilities 

•  CSD Laboratory results will be used in Models, Assessments, and Stakeholder 
Decisions to enhance and optimize our management of atmospheric impacts of 
human activities 

Future Directions:  Instrument development for laboratory and potential field deployment 

Total Fixed Nitrogen Detector (Total Fixed Nitrogen = everything but N2 and N2O) 
  

 
 
 
 
 
 
PiLS ESI-MS (Particle into Liquid Sampler, Electrospray Ionization Mass Spectrometry) 

ESI source for production of  
novel reagent ions for CIMS  

Novel sampling and ionization  
mechanisms, complementary  
to current techniques (e.g. AMS) 

PILS 

Reagent Solution         

   Ambient  
Sample 

- 
- 

- -- 
- - - 

Mass Spectrometer 

Provides Gas/Particle Speciation 
Will be the basis for fundamental  

 calibrations of Ny compds 
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human activities 
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7-­‐1.	
  Shuka	
  Schwarz:	
  Current	
  and	
  future	
  aircrad	
  missions	
  

7-­‐2.	
  Tom	
  Ryerson:	
  Airborne	
  chemical	
  measurements	
  to	
  assess	
  
offshore	
  blowouts	
  

Shale%Oil%and%Natural%Gas%NEXus%.(SONGNEX)%
NOAA.PD3...2015..J..de.Gouw,.principal.invesQgator..

SONGNEX.will.resolve.criQcal.quesQons.about.
emissions.resulQng.from.oil.and.gas.
producQon...

SONGNEX.will.sample.mulQple.producQon.
regions.to.address.quesQons.about:.

•.Climate%impacts%of.methane...

•.Air%Quality.impacts:.of.methane,.nonD
methane.hydrocarbons,.and.nitrogen.oxides..

•.Air%toxics.influencing.human.health..

NOAA.WPD3D.
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Mobile.labs.
Ground.Networks.(State/Regional/NOAA.GMD).
Satellite.
Modeling.
Industry.
{Beyond.the.WPD3D.

CSD.uses.NOAA.research.aircraH.to.provide.state.of.the.
art.evaluaQons.of.pollutant.sources.and.impacts.

The%Atmospheric%Tomography%Mission%(ATom)%
NASA.DCD8..2015D2020.–.S..Wofsy,.principal.invesQgator..

NASA.DCD8. •.QuanQfy.chemical.processing.and.loss.
rates.of.the.shortDlived.climate.
forcers.methane,.ozone,.and.black%
carbon%on.a.global.scale.

•.CriTcally%test%global%chemistry@
climate%models.(CCMs).used.to.
define.policy.opQons.for.climate.
miQgaQon.and.adaptaQon.

•.Provide.benchmarks.for.NOAA,.
NASA,.and.European.Space.Agency.
satellite.retrievals.

ATom%science%leadership%team:%
..T..Ryerson.(lead). .NOAA.CSD.
..P..Newman . .NASA.Goddard.
..D..Fahey. . .NOAA.CSD.
..T..Hanisco . .NASA.Goddard.

ATom%PIs%from%NOAA%CSD:.
..J..Schwarz .black.carbon.soot.
..C..Brock. .parQcle.size.distribuQons.
..T..Ryerson .nitrogen.oxides.and.ozone.
..E..Ray . .forecasQng/reanalysis.

CAM4-chem

-50 0 50
Latitude

1000

100

Pr
es

su
re

CAM5-chem

-50 0 50
Latitude

1000

100

Pr
es

su
re

MOZART-4/lut

-50 0 50
Latitude

1000

100

Pr
es

su
re

TOMCAT

-50 0 50
Latitude

1000

100

Pr
es

su
re

TM5

-50 0 50
Latitude

1000

100

Pr
es

su
re

C-IFS

-50 0 50
Latitude

1000

100

Pr
es

su
re

GMI-GEOS5

-50 0 50
Latitude

1000

100

Pr
es

su
re

GEOS-Chem

-50 0 50
Latitude

1000

100

Pr
es

su
re

OH Zonal Average - Jul

0 2 4 6 8 10 12 14 16 18 20 22 24 26

1E5 molecules/cm3

ATom%provides%key%%
constraints%on%CCMs%

CSD.leverages.extraDagency.airborne.resources.to.extend.its.research.over.
the.enQre.Earth.and.addresses.science.issues.of.global.scale.

Fire%Influence%on%Regional%and%Global%Environments.(FIREX)%
NOAA.PD3..2015.D.2018.

FIREX.instruments.the.NOAA.PD3.aircraH.and.deploys.it.
in.the.US.West.to.sample.emissions.from.wild.and.
prescribed.fires...

•.Extend.opQcal/chemical.observaQons.of.relevant.
species...

•.CriTcally%test%global%chemistry@climate%models.
(CCMs).used.to.define.policy.opQons.for.climate.
miQgaQon.and.adaptaQon.

•%Examine.nighXme%evoluTon.of.plumes..

FIREX%Steering%CommiYee%
....J..Roberts . ...NOAA.CSD.
...C..Warneke . ...NOAA.CSD.
...R..Yokelson . ...U.Montana.
...J..Schwarz . ...NOAA.CSD.
...….and.more.to.come..

Unique.Features:.
•  .New.instrumentaQon.and.satellites.
•  Comprehensive.effort.with.large.science.

community.using.simultaneously.deployed..
ground,.mobile,.laboratory.and.aircraH.

•  Nighmme.fires.and.smoke.
•  Years.building.knowledge.before.large.field.

experiment,.

NOAA.WPD3D.

CSD.is.already.preparing.NOAA.airborne.assets.to.
answer.future.climate.and.air.quality.quesQons..
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ATom%provides%key%%
constraints%on%CCMs%

CSD.leverages.extraDagency.airborne.resources.to.extend.its.research.over.
the.enQre.Earth.and.addresses.science.issues.of.global.scale.

Scien/fic	
  Leadership:	
  CSD’s	
  organizaEon	
  of	
  
aircraX-­‐based	
  field	
  studies	
  has	
  addressed	
  
important	
  naEonal	
  needs	
  and	
  nucleated	
  efforts	
  
of	
  a	
  broad	
  community	
  of	
  state,	
  federal	
  and	
  
university	
  stakeholders	
  and	
  scienEsts.	
  
	
  
Collabora/on:	
  CSD	
  organizes	
  aircraX	
  missions	
  in	
  
partnership	
  with	
  other	
  federal	
  agencies	
  (NSF,	
  
NASA)	
  and	
  universiEes.	
  

CSD$response:$we#diverted#the#chemically/instrumented#NOAA#P/3#aircra8#in#June#2010#from#our#
#######CalNex#field#project#to#quanEfy#atmospheric#effects#of#the#Deepwater(Horizon((DWH)#disaster.#
#
#
#
#
#
#
#
$
Impacts:$$This#led#to#unexpected$insights$into#air#quality#impacts,#DWH#oil#distribuEon#in#the#Gulf,#a#
unique$new$approach#to#quanEfy#subsurface#oil#flow#rates#–#and#an$opera9onal$vision$for#the#future.#

$
Stakeholders:#NOAA#NaEonal#Ocean#Service,#U.S.#Coast#Guard,#U.S.#Geological#Survey,#Environmental#
ProtecEon#Agency,#Department#of#JusEce,#Gulf#states,#response#personnel,#and#the#public.#

Gulf of
Mexico

Gulf of
Mexico
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Airborne$chemical$measurements$to$assess$offshore$blowouts$
Tom#Ryerson#

08$June$2010$ 10$June$2010$

NOAA#P/3#research#aircra8#
Mandate:$$NOAA#is#tasked#under#the#NaEonal#
ConEngency#Plan#with#providing#scienEfic#support#
to#the#On/Scene#Coordinator#for#offshore#oil#spills.#

 

 
 

 

 

  

Airborne$chemical$measurements$to$assess$offshore$blowouts$

Middlebrook(et(al.,(PNAS((2012)(

#
#

Organic$aerosol$forma9on$may$have$had$the$largest$impact$on$air$quality$

CSD$research$defined$the$air$quality$impacts$of$the$DWH$disaster$

Surface#oil#burning#released#
1$million$kilograms$of#

black#carbon#soot#parEcles.#

Far$more$par9cle$mass$came#from#evaporaEon#
of#the#oil#slick;#these#organic#aerosol#parEcles#

had#unknown#health#effects.#
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Ozone#enhancements#were#
typically#less$than$20$ppb$
over#fairly#small#areas.#
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Responsiveness:	
  CSD	
  responded	
  to	
  the	
  2010	
  
Deepwater	
  Horizon	
  blowout	
  with	
  instrumented	
  
aircraX	
  flights	
  that	
  addressed	
  important	
  policy	
  
(flow	
  rate)	
  and	
  scienEfic	
  (ozone,	
  aerosols)	
  
quesEons.	
  
	
  
CSD	
  stands	
  ready	
  to	
  implement	
  a	
  rapid	
  response	
  
capability	
  for	
  future	
  emergencies.	
  



7-­‐3.	
  Andy	
  Neuman:	
  Quan/fica/on	
  of	
  agricultural	
  emissions	
  

7-­‐4.	
  Alan	
  Brewer:	
  Observing	
  boundary	
  layer	
  dynamics	
  for	
  urban	
  
scale	
  flux	
  measurements	
  

Current!payload!
(commercial!and!custom)!
•!nitrous!oxide!
•!methane!
•!ammonia!
•!CO,!CO2!
•!NO,!NO2,!NOy!
•!ozone!
•!bioDaerosol!

VersaGle!and!powerful!infrastructure!
•!Operate!instruments!for!hours!on!baOery!power!
•!Seamless!transiGon!between!power!sources!
allows!long!duraGon,!conGnuous!measurement!

•!Easy!to!reconfigure!for!new!instruments!!
•!Detailed!characterizaGon!of!emission!sources!

Instrumented!15Dpassenger!2Dpassenger!van!to!quanGfy!agricultural!emissions!

CSD’s!new!mobile!pla`orm!for!extended!observaGons!

!!
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QuanGficaGon!of!Agricultural!Emissions!
Andy!Neuman!

Agriculture*that*feeds*the*world*affects*climate,*air*quality*and*stratospheric*ozone*
! ! ! ! !!
FerGlizer!made!from!synthesized!Ammonia!
!
Ammonia:!emiOed!from!ferGlized!fields,!

! !leads&to&par+cle&forma+on&
!Air!quality!and!climate!

!
Nitrous*oxide:*emiOed!from!ferGlized!fields!
! ! !increase&mostly&from&agricultural&intensifica+on&

!Climate!and!stratospheric!ozone!

!
Concentrated!animal!feeding!operaGons!
!
Methane:!emiOed!from!animal!digesGon!and!manure!

! !emissions&from&ruminants&≈&fossil&fuels&
!Climate!

!
Ammonia:!emiOed!from!animal!waste!!

CSD’s*response:*develop*techniques*to*quanCfy*variable**
ammonia,*nitrous*oxide,*methane*emissions**

Crop!FerGlizaGon!

Animal!Husbandry!
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PlaEorm	
  development:	
  Agricultural	
  emissions	
  are	
  
increasingly	
  recognized	
  in	
  terms	
  of	
  impacts	
  to	
  air	
  
quality,	
  climate	
  and	
  stratospheric	
  ozone.	
  	
  Their	
  
widespread,	
  diffuse	
  nature	
  requires	
  the	
  development	
  
of	
  diverse	
  plahorms	
  for	
  accurate	
  emissions	
  
measurements.	
  

Additional Information provided from lidar 
measurements 
• Spatial and temporal uniformity of wind field and 

boundary layer depth 
• Time history of the wind speed and direction 
• Presence of a residual layer or other dynamic 

processes such as entrainment 

What measurements are required? 
 
Down wind enhancement of a trace gas 
concentration 

• Aircraft  profiles 
• Towers  (well mixed boundary layer) 

Dynamics : 
• Mean wind profile 
• Boundary layer depth 

Mass balance approach is used to estimate urban scale flux 

CSD lidars provide mean wind profiles and 
boundary layer depth for mass balance 
calculation  

  

High Resolution Doppler Lidar (HRDL) 

Continuous operation with a repeating 
pattern of azimuth and elevation scans 
and vertical stares 

CSD Lidars provide continuous vertical profiling 
Wind Speed 

Wind Direction 

Vertical Velocity Variance 

Aerosol Backscatter Intensity 

CSD Lidars provide continuous vertical profiles of   
• wind speed and direction 
• vertical velocity variance (mixing)  
• aerosol backscatter intensity  
With real time analysis these data are automatically posted to 
the web 

  

CALNEX : Air quality measurements in the Los Angeles Basin 

Aircraft based Ozone and wind profiles 

TOPAZ Ozone and Doppler wind lidar on 
NOAA Twin Otter 

TOPAZ 

Scanning12.5° 
off nadir 

Doppler • Complex terrain  
• Land-sea breeze driving transport 
• Required combined observations 

from a mobile platform 
 

Long	
  term	
  knowledge:	
  CSD	
  maintains	
  cukng	
  edge	
  
experEse	
  in	
  LIDAR	
  technology	
  that	
  is	
  applicable	
  to	
  a	
  
wide	
  variety	
  of	
  issues,	
  including	
  new	
  efforts	
  to	
  
understand	
  urban	
  scale	
  fluxes	
  of	
  various	
  trace	
  
gases,	
  including	
  greenhouse	
  gas	
  emissions	
  and	
  
ozone.	
  



7-­‐5.	
  Yelena	
  Pichugina:	
  Wind	
  profiling	
  to	
  support	
  renewable	
  energy	
  
development	
  

7-­‐6.	
  Chris	
  Ennis:	
  Research	
  to	
  applica/ons:	
  CSD	
  leadership	
  and	
  
contribu/ons	
  in	
  scien/fic	
  assessments	
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Turbine.wake.dynamics.(2011D2012).
Major'wake'effects'are'reduced!wind!and!increased!

turbulence!downwind'of'operaJng'turbine&

! Velocity'deficits'of'6)8'm's)1'extending''
'''up'to'10)12'rotor'diameters'(D)''
! Max'deficit'ranges'from'10%'to'64%'

CSD.scienLsts.used.lidar.measurements.to.obtain.wind.flow.features,.both.
upwind.and.downwind.of.a.research.turbine.to.study.wake.

Collabora*on:!!Department&of&Energy&(DOE),&CU&Boulder,&the&Lawrence&

Livermore&Na0onal&Laboratory&(LLNL),&the&Na0onal&Renewable&Energy&

Laboratory&(NREL),&and&SIEMENS&

Wind.farm.
wakes.

CSD.lidar.

Wake.effects.

Simultaneous''lidar'measurements'upwind'
and'downwind''of'a'2.5'MW'turbine'

Lidar'deployment'at'the'NaJonal''
Wind'Technology'Center'

Turbine.

Lidar.

1D.
2D.
3D.
4D.
5D.

AccounJng'for'wakes'is'an'important'issue'for'
opJmal'siJng'of'turbines'in'a'wind'farm'
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et&al.,&2015:&JTECH,&in&press&
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U.S.'mission:''''Increase'Renewable'Energy'input'into'U.S.'energy'por>olio'
'''''''''''''''''''''Reduce&CO2&emissions&to&mi0gate&climate&change&

NOAA'mission:'Support'Renewable'Energy'by'weather'and'wind'forecast'' ''''''''''''''''''''''''''
&&&&&&&&&&&&&&&&&&&&&&&&&&&&Lower&risk&for&wind&plant&si0ng&and&opera0ons&&
!  What'is'the'accuracy'of'these'models?'
!  How'Boundary'Layer'processes'may'impact'turbine'operaJons?'
There&is&need&for&quality&measurements&at&turbine&heights&

Wind profiling to support Renewable 
Energy development – Yelena Pichugina  

CSD.Lidar.inland..

!!!!!!!CSD!scien*sts!use!lidars!as!a!new!tool!to!support!!
!!!!!!Wind!Energy!development!inland!and!offshore!
!

!  EsJmate'wind'resources'at'the'heights'of'turbine'rotors'
!  Evaluate'and'improve'NOAA'Weather'PredicJon'models'
!  Study'turbine'wake'dynamics''

Doppler.lidar.addresses.this.need.
Provides''accurate''informaJon'on'wind'and'turbulence'
profiles'with'high'temporal'and'verJcal'resoluJon'

CSD.Lidar..offshore.
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!!!!!!Wind!Energy!development!inland!and!offshore!
!
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Doppler.lidar.addresses.this.need.
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profiles'with'high'temporal'and'verJcal'resoluJon'

CSD.Lidar..offshore.

Stratosphere 
& Ozone Layer 

Air Quality 

Climate 

The First State of the 
Carbon Cycle Report

The North American Carbon Budget 
and Implications for the

Global Carbon Cycle

U.S. Climate Change Science Program
Synthesis and Assessment Product 2.4

November 2008

Trends in Emissions of 
Ozone-Depleting Substances, 
Ozone Layer Recovery, and 
Implications for Ultraviolet 

Radiation Exposure

Twenty Questions  
and Answers About 
the Ozone Layer:

2010 Update
Scientific Assessment of 
Ozone Depletion: 2010

World Meteorological Organization 
United Nations Environment Programme 

National Oceanic and Atmospheric Administration 
National Aeronautics and Space Administration 

European Commission

(((((2008.
CCSP.SAP.2.4D.
Ozone/ODSs.

2009.
CCSP.SAP.2.3D.

Aerosols.

(((((((((((((((2010(

Hemispheric.Transport..
....of.Air.Pollutants.

CLIMATE CHANGE 2013
The Physical Science Basis

WORKING GROUP I CONTRIBUTION TO THE 

FIFTH ASSESSMENT REPORT OF THE 

INTERGOVERNMENTAL PANEL ON CLIMATE CHANGE

WG I

INTERGOVERNMENTAL PANEL ON�climate change

2013(

IPCC.AR5.

2011(

UNEP.SynthesisD.
HFCs.

(((2013(

...UNEP.SynthesisD.
......N2O.

Regional.AQ.Assessments.

BoXom(Line:((CSD’s(Work(on(Assessments(Impacts(Societal(Decisions(Now(and(in(the(Future(

(A(few(examples)(

•  Montreal.Protocol.ParFes:..Considering.possible.new.provisions.(HFCs;.N2O).
•  State.and.local.AQ.officials:.Developing.approaches.to.addressing.naFonal.AQ.standards.that.make.use.of.
findings.of.CSDDled.field.campaigns.(CA,.NV,.CO,.UT,.TX).

•  Industry.leaders:.Making.investment.decisions.regarding.new.compounds.they.propose.for.applicaFons.(e.g.,.
refrigerants,.etc.).EXAMPLE:.R316c.=.No!.

2013(

Bounding.Black.Carbon.

2010(

2014(
(

WMO/UNEP.Ozone.
Assessments.

World Meteorological Organization
Global Ozone Research and Monitoring Project—Report No. 55

SCIENTIFIC ASSESSMENT OF

OZONE DEPLETION: 2014

National Oceanic and Atmospheric Administration
National Aeronautics and Space Administration

United Nations Environment Programme
World Meteorological Organization

European Commission

 

 
 

 

 

  

Assessment.for.
DecisionDMakers.

2014(
The First State of the 
Carbon Cycle Report

The North American Carbon Budget 
and Implications for the

Global Carbon Cycle

U.S. Climate Change Science Program
Synthesis and Assessment Product 2.4

November 2008

Trends in Emissions of 
Ozone-Depleting Substances, 
Ozone Layer Recovery, and 
Implications for Ultraviolet 

Radiation Exposure

Twenty Questions  
and Answers About 
the Ozone Layer:

2010 Update
Scientific Assessment of 
Ozone Depletion: 2010

World Meteorological Organization 
United Nations Environment Programme 

National Oceanic and Atmospheric Administration 
National Aeronautics and Space Administration 

European Commission

2010(
20.QuesFons.

(Par/al(List).

2014(

LVOS.Final.Report.

 

2011(

America’s.Climate..
Choices. 2011(

Climate.StabilizaFon..
Targets.

The(Constella/on(of(CSD’s(Assessment(Leadership(and(Contribu/ons:(2008J2015(

Laboratory.Assessments.of.
Replacement.Compounds.
[R316c,.HFOD1234yf,.SO2F2.…].

Relevance:	
  	
  The	
  NaEon’s	
  needs	
  in	
  atmospheric	
  
science	
  include	
  understanding	
  the	
  impacts	
  of	
  
energy	
  producEon	
  and	
  developing	
  soluEons.	
  	
  
CSD’s	
  deep	
  experEse	
  in	
  LIDAR	
  technology	
  is	
  vital	
  
to	
  the	
  opEmizaEon	
  of	
  wind	
  energy	
  sources.	
  

CSD	
  has	
  a	
  long	
  history	
  in	
  translaEng	
  its	
  
scienEfic	
  findings	
  to	
  a	
  language	
  accessible	
  to	
  
stakeholders.	
  


