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Preface

The Climate Monitoring and Diagnostics Laboratory (CMDL) is located in Boulder, Colorado,
with observatories in Barrow, Alaska; Mauna Loa, Hawaii; Cape Matatula, American Samoa; and
South Pole, Antarctica. It is one of twelve components of the Environmental Research Laboratories
(ERL) within the Office of Oceanic and Atmospheric Research (OAR) of the National Oceanic and
Atmospheric Administration (NOAA). CMDL conducts research related to atmospheric constituents
that are capable of forcing change in the climate of the earth through modification of the atmospheric
radiative environment, for example greenhouse gases and aerosols, and those that may cause depletion
of the global ozone layer.

This report is a summary of activities of CMDL for calendar years 1994 and 1995. It is the
23rd consecutive report issued by this organization and its Air Resources Laboratory/Geophysical
Monitoring for Climatic Change predecessor since formation in 1972. From 1972 through 1993
(numbers 1 through 22), reports were issued annually. However, with this issue we begin a 2-year
reporting cycle, which stems from a need to most efficiently use the time and financial resources of our
staff and laboratory and from a general trend towards electronic media. In this respect, CMDL has
developed a comprehensive internet home page during the past 2 years. There you will find
information about our major groups and observatories, latest events and press releases, publications,
data availability, and personnel. Numerous data graphs and ftp data files are available. The URL
address is http://www.cmdl.noaa.gov. Information (program descriptions, accomplishments,
publications, plans, data access, etc.) on CMDL parent organizations can best be obtained via the
internet. Their URL addresses are ERL: http://www.erl.noaa.gov; OAR: http://www.oar.noaa.gov;
NOAA: http://www.noaa.gov.

In 1995, Eldon Ferguson retired from federal service and from the CMDL Director’s position
that he held from the formation of the Laboratory in 1990. On a personal note, we extend to him our
best wishes for the future and our thanks for scientific guidance and direction in the past. In 1996,
David Hofmann, the CMDL Chief Scientist since 1990, was appointed Director of CMDL.

This report is organized into the following major sections:

Observatory, Meteorology, and Data Management
Carbon Cycle

Aerosols and Radiation

Ozone and Water Vapor

Nitrous Oxide and Halocompounds

Cooperative Programs

GV B G R e

These are followed by a list of CMDL staff publications for 1994-1995.
Inquiries and/or comments are welcomed and should be addressed to:

Director, R/E/CG

NOAA/Climate Monitoring and Diagnostics Laboratory
325 Broadway

Boulder, CO 80303-3328

(303) 497-6074

e-mail: hofmann@cmdl.noaa.gov
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Eldon E. Ferguson, Climate Monitoring and Diagnostics Laboratory Director, 1990-1995.
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1. Observatory, Meteorology, and Data Management Operations

1.1. MAUNA LOA OBSERVATORY

R. C. SCHNELL AND THE MLO STAFF

1.1.1. OPERATIONS

Mauna Loa Observatory (MLO) continues to evolve in
the scope of the measurements conducted, the way in
which data are recorded and transmitted, and the number
and form of the buildings on the site. With installation of
the majority of the Network for the Detection of
Stratospheric Change (NDSC) instrumentation completed
at MLO, remote monitoring of stratospheric ozone
concentrations, temperatures, and water vapor has become
routine. At the surface, ultraviolet (UV) radiation is now
monitored in a program that is designed and operated in a
manner to set the world standard. Over the past 2 years
essentially all the instruments of the core MLO continuous
measurement programs, as well as the NDSC instruments,
were connected to the Internet. In a number of cases these
instruments are controlled and adjusted from locations
other than Hawaii.

Four new structures have been added to the MLO site
over the past 2 years: a 3.7 m X 7.3 m building for the
microwave ozone and microwave water vapor instruments,
a similar building to accommodate visitors and their
programs, a 3.7 m X 4.9 m tank storage building appended
to the main observatory, and the Global Oscillation
Network Group (GONG) 2.4 m X 6 m instrumented
container. The GONG program, operated by the
University of Arizona on space at MLO, is a study of the
sun's core. The old Atomic Energy Commission (AEC)
building was refurbished and a roof catchment water
supply and a sink added.

A new Network for the Detection of Stratospheric Change
(NDSC) building, which was to be erected on the 4-acre
(16,187 m2) parcel to the east of the main MLO site, has
been scaled back to a smaller structure to be erected south of
the main observatory building. If all goes to plan, this 306.6
m?2 building will be completed by December 1996.

At the Hilo facility, the refurbishing of the electronics
shop and the addition of air conditioning to the room were
major improvements as was the addition of an elevator
linking the basement to the rest of the building.
Installation of the FTS2000 telephone system in the Hilo
offices with connections to the MLO site has reduced
monthly telephone costs and expanded the number of lines
available. MLO and cooperative/visitor programs now use
29 telephone lines in addition to the Internet. A note on
Hilo's rain: Although Hilo has a reputation for having a
lot of rain, in 1995 it had 2.5 m less than in 1994. But
1994 was a special year. On one day in August at sea
level, Hilo had 45 cm of rain in 8 hours (greater amounts

fell at higher elevations). In September, it had 50 cm in 7
hours.

At the Cape Kumukahi, Hawaii (KUM) site, grid electric
power was added to the tower, with a distribution panel
providing 110 V, 220 V and recreational vehicle (RV)
circuits. A 15 m X 15 m area was graded, filled, and
security fenced to provide a site for mobile trailers and
vans for future short-term research projects. The KUM
tower now has four air sample lines running from near the
top (18 m) to the base. Two of these lines are used for
weekly trace gas and oxygen flask sampling and are
purged continuously. No aerosol or radiation measure-
ments are conducted at KUM at present.

The largest nonroutine research activity of the past 2
years was the Mauna Loa Ozone Profile Intercomparison
(MLO3) program, summer 1995, in which various NDSC
ozone-profiling instruments were intercompared.
Preparations for the program included the construction of a
building to house the University of Massachusetts
Millitech microwave ozone profiler; installation of the
NOAA/NIWA multispectra, UV radiometer system; and
preparation of a pad area for two 16.7 m-long National
Aeronautics and Space Administration/Goddard Space
Flight Center (NASA/GSFC) ozone lidar trailers. The Jet
Propulsion Laboratories (JPL) ozone lidar, also part of the
study, had been in full operation at MLO for more than a
year prior to the intercomparison. World standard Dobson
no. 83, secondary standard no. 65, and the MLO station
Dobson were operated prior to, and during, the
intercomparison. During a 3-week intensive study period
in August, daily ozonesonde launches were conducted
from Hilo. Some balloons carried three ozonesondes to
determine the variability between instruments.

Ancillary MLO3 measurements included aerosol/
temperature profiles with the NOAA lidars, infrared
multispectral measurements with the University of Denver
Fourier Transform Interferometer (FTIR) spectrometer,
and twice-daily measurements from radiosondes launched
from Hilo. A number of passes of a satellite carrying
aerosol and ozone measurement instruments occurred
during the intensive study period.

In the staff arena, an MLO physical scientist spent from
June to December 1994 at the Australian Baseline Station,
Cape Grim, Tasmania, in an exchange with the Technical
Officer from Cape Grim. All parties concerned, and their
families, found the experience to be beneficial. The
Technical Officer helped improve the MLO sulfate (SO,)
measurement program and quickly became a valued
member of the MLO mountain crew. MLO recommends
similar exchanges in the future. A staff member new to
MLO in January 1995 has responsibilities for managing
data flow and data archiving, and has rapidly become a
valued addition and a capable computer operator.



In May 1994, a motorcyclist was killed during a race on
the MLO road when his brakes locked and he missed a turn
in the road. This event, and the fact that the organizer of
the weekly commercial bike rides down MLO was also
killed in an unrelated bicycle accident in Kona, have
dramatically reduced bicycle traffic on the MLO road.

MLO was host to about 960 visitors in 1994-1995.
Countries represented were from Japan, China, Canada,
Germany, Burkina-Faso, Switzerland, France, Togo,
Australia, Brazil, Russia, Iran, England, Denmark, Samoa,
Mexico, Singapore, Italy, Holland, New Zealand, Norway,
and Sweden. These visitors were in addition to guests
from 21 states. Most of these visitors were given a guided
tour and many left with at least one color reprint of the
most up-to-date CMDL data plots MLO had available.

Visitors to MLO from NOAA's higher level administra-
tive community included the NOAA Administrator; NOAA
Deputy Under Secretary; NOAA Associate Under
Secretary; Director, Sustainable Development and Inter-
governmental  Affairs; outgoing Deputy Director,
Environmental Research Laboratories (ERL); newly
appointed Deputy Director, ERL; and Director, Oceans and
Atmospheric Research Programs Office. -

Mauna Loa Mountain is still inflating and carbon
dioxide (CO,) gas releases from the summit caldera persist
which means that an eruption may occur within a few
years. Therefore, an escape plan and an equipment
removal list have been drawn up. In essence, most
equipment valued over $10,000 per item will be removed
when it is predicted that lava will inundate MLO within 12
hours.

1.1.2. PROGRAMS

Table 1.1 summarizes the programs in operation or
terminated at MLO during 1994-1995. Relevant details of
note on the respective programs are as follows:

Carbon Dioxide

The CMDL Siemens Ultramat-3 infrared (IR) CO,
analyzer and the Scripps Institution of Oceanography
(SIO) Applied Physics IR CO, analyzer were operated in
parallel without major problems throughout 1994 and
1995. Routine maintenance and calibrations were
undertaken on both instruments as scheduled. An
electronic engineer from SIO upgraded the SIO CO, data
acquisition system in 1994. Data are now recorded on a
Brown strip chart recorder and stored on a personal
computer (PC) hard disk and a floppy disk, which are
mailed to SIO weekly. The CMDL CO, data acquisition
system was modified on November 28, 1995, through the
replacement of the original Control and Monitoring
System (CAMS) data logger with a Unix CMDL Carbon
Cycle Group (CCG) system connected to the Internet.
Through computers in Boulder and in Hilo operators are
able to monitor operation of the CO, analyzer and plot
CO, concentrations in near-real time. The CCG has the
capability of modifying the CO, measurement control
software from Boulder. The venerable CO, strip chart
recorder is now used only for viewing the weekly standard
gas calibrations and weekly maintenance procedures.

Outgassing from the volcanic vents at the Mauna Loa
caldera and along the northeast rift zone at Mauna Loa
continued to cause periodic observable disturbances in
some of the CO, data records. As in prior years, these
venting events occurred mostly between midnight and
0800 (local standard time (LST) of the following day,
during the downslope wind regime. The erratic CO,
concentration data resulting from these venting events
were easily identified by visually scanning chart records or
by utilizing a computerized data screening procedure, and
thus they have been separated from the clean-air record
without difficulty. Such venting episodes were detected
mainly on the basis of criteria for CO, concentration,

TABLE 1.1. Summary of Measurement Programs at MLO in 1994-1995

Program Instrument Sampling Frequency
Gases
CO, Siemens Ultramat-3 IR analyzert Continuous
0.5-L glass flasks, through analyzer 1 pair wk'!
CcO Trace Analytical RGA3 Continuous
reduction gas analyzer no. R5+
CO,, CHy, CO, 13C, 180 of CO, 2.5-L glass flasks, MAKS pump unit* 1 pair wk*!
3-L evacuated glass flaskst 1 pair wk™!

CH, Carle automated GC no. 6 (removed 11/95)

1 sample (24 min)"'

HP6890GC+ (began 11/95) Continuous
AIRKIT pump unit, 2.5-L glass flasks} (began 5/95) 1 pair wk!
Continuous

SO, TECO model 435 pulsed-florescence analyzert
(began 6/94)



TABLE 1.1. Summary of Measurement Programs at MLO in 1994-1995—Continued

Program Instrument Sampling Frequency
Gases - Continued
Surface O, Dasibi ozone metert Continuous
Total Oy Dobson spectrophotometer no. 76t 3 day’!, weekdays

O, profiles

N,0, CFC-11, CFC-12, CFC-113,
CH,CCl;, CCl,

N,O, CFC-11, CFC-12, CFC-113,
CH,CCl;, CCly, SF¢, HCFC-22,
HCFC-141b, HCFC-142b, CH,Br, CH,Cl,
CH,Cl,, CHCl,, C,HCl,, C,Cl,, H-1301,
H-1211, H-2402, HFC-134a

CFC-11, CFC-12, CFC-113, N,0,

CCly, CH,CCly

N,O

Radon

Aerosols

Condensation nuclei

Optical properties

Aerosol light absorption (black carbon)
Stratospheric and upper tropospheric aerosols

Solar Radiation

Global irradiance

Direct irradiance

Diffuse irradiance
UV solar radiation

Terrestrial (IR) radiation
Turbidity

Column water vapor

Meteorology

Air temperature

Air temperature (30-70 KM)
Temperature gradient
Dewpoint temperature
Relative humidity

Pressure

Dobson spectrophotometer no. 76t

(automated Umkehr method)
Balloonborne ECC sonde

300-mL stainless steel flasks

850-mL stainless steel flasks

HP5890 automated GCt

Shimadzu automated GCt
Two-filter system

Pollak CNC

TSI CNCt
Four-wavelength nephelometert: 450, 550,

700, 850 nm three-wavelength nephelometer:

450, 550, 700 nm
Aethalometert
Lidar: 694.3 nm, 532 nmt

Eppley pyranometers with Q,
OGl, and RGS8 filterst
Eppley pyrheliometer with Q filtert
Eppley pyrheliometer with RG8 filtert
Eppley pyrheliometer with Q, OG1,
RG2, and RGS3 filterst
Eppley/Kendall active cavity radiometert
Eppley pyrgeometer with shading disk
and Q filtert
Yankee Environmental UVB pyranometer
(280-320 nm)t
Global downwelling IR pyrgeometert
J-202 and J-314 sunphotometers with
380-, 500-, 778-, 862 nm narrowband filters
PMOD three-wavelength sunphotometert:
380, 500, 778 nm; narrowband
Two wavelength tracking sunphotometer:
860, 940 nmt

Aspirated thermistor, 2-, 9-, 37-m heightst
Max.-min. thermometers, 2-m height

Lidar

Aspirated thermistors, 2-, 9-, 37-m heightst
Dewpoint hygrometer, 2-m heightt

TSL 2-m heightt

Capacitance transducerf

Mercurial barometer

2 day"!

1 wk!
1 sample wk'!

1 sample wk'!

1 sample h*!

1 sample h*!
Continuous integrated
30-min samples

1 day!
Continuous
Continuous

Continuous
| profile wk'!

Continuous

Continuous

3 day™!

1 mo™!

Continuous
Continuous

Continuous
3 day!, weekdays

Continuous

Continuous

Continuous

1 day™!

1 profile wk'!
Continuous
Continuous
Continuous
Continuous
5 wk'!



operated at the National Institute for Water and
Atmosphere (NIWA) in Lauder, New Zealand, and then
moved to MLO when a newer instrument was built to
replace it. The monitor measures the global UV spectrum
between 290 and 450 nm in 0.2 nm steps with a bandpass
of 1.15 nm. It is calibrated with mercury and standard
lamps every week. An absolute standard lamp calibration
is made several times per year. Early results from this
program are presented in section 3 of this Summary
Report.

Computers/Network

Many changes to the MLO network/computer systems
have occurred during the 1994-1995 period, both in the
number of computers in the network and the sophistication
of the operation. The "nerves" of the mountain system
were expanded with the installation of fiber optic lines
connecting the main building to the Radon Building, Solar
Dome, University of Denver FTIR and NOAA/NIWA UV
Building, Microwave Ozone Building, National Center for
Atmospheric ~ Research/High  Altitude  Observatory
(NCAR/HAO) Facility, GONG Observatory site, and the
new Visitor Building. At the Hilo site, fiber optic lines
were installed to link NCAR/HAO's Hilo office and the
Smithsonian Institution Observatory to MLO's Internet
server.

To control the overall network, two Windows NT
servers were installed as nodes, one at the Hilo office and
the other at the MLO mountain site. "Trusts" were created
with the NT server in CMDL, Boulder, which in effect
allows the MLO and CMDL network administrators access
to some of each other's network control software. This
facilitates data transfer for the ozonesonde, surface ozone,
and solar dome programs.

CMDL measurement programs and projects connected to
the network in 1994-1995 include the aethalometer, SO,
radon, RITS, carbon cycle species, and the NOAA/NIWA
UV systems. NDSC programs added were the University
of Denver FTIR and the University of Massachusetts
microwave ozone system. The JPL lidar group, already on
the network from the previous year, added six more
computers to the network.

Other groups affiliated with the MLO facility also
enhanced their network utilization as NCAR/HAO added
six computers at the mountain site and one at Hilo, GONG
added two computers, and the Smithsonian Observatory
added two computers and a printserver.

MLO computers for the staff have all been upgraded to
486s and Pentiums (six 486s and four Pentiums), and two
486 computers were installed at the observatory, one for
staff and one for visitor programs. Surge protection devices
and UPSs were installed at all locations to protect servers,
computers, and other network devices.

New telephone and data lines were installed in 1995
giving MLO access to the Centernet and FTS2000. This
resulted in an increase of eight voice and data lines split
between MLO and Hilo at no increase in monthly expenses.

An MLO home page located at http://mloserv.
mlo.hawaii.gov has been set up on the Internet. This page
contains some information on the observatory, staff, and a
few data plots.

Software upgrades were numerous and varied; some of
interest to users of MLO data and the MLO network: the
VAX was upgraded with a newer operating system and
other software, a server was set up for remote prints, and
an anonymous FTP set up for public file transfers.
Excursion software has been upgraded for use with
Windows 95.

The operating system for client machines is slowly being
converted from Windows For Workgroups to Windows 95.
Eudora is now being used for e-mail by the entire staff
because it is much easier to use than the VAX mailer. The
Time and Attendance program has been upgraded twice over
the past 2 years. A network monitoring program has been
implemented to aid in troubleshooting the network.
PCanywhere is being used for testing the remote control of a
test computer with the view of developing methods of
controlling more routine MLO functions from a keyboard in
Hilo.

MLO receives trajectory plots and meteorological data on
a daily basis from Boulder automatically over the Internet.
Radiosonde data from NWS are being archived weekly on
our VAX. A small electronic database has been created for
MLO publications, which includes scanned abstracts.

Meteorology

The old meteorological system and the planetary
boundary layer (PBL) Met system were deactivated and
removed in October 1993. They were replaced with a
computer-based system, the "New Met System," which
measures temperatures at the 2-, 9-, and 37-m levels,
dewpoint at the 2-m level, and wind speeds and directions
at the 8.5-, 10-, and 38-m levels. This new system has
operated unaltered and with high reliability to date.

Precipitation Chemistry

The MLO modified program of precipitation chemistry
collection and analyses was continued throughout 1994-
1995 within the basic MLO operational routine. This
program consists of collection of a weekly integrated
precipitation sample from the Hilo NWS station and
collection of precipitation event samples at MLO.
Analyses of these samples are undertaken in the Hilo
laboratory for pH and conductivity.

Cooperative Programs

MLO Cooperative Programs are listed in Table 1.1. In
September 1994 the Colorado State University (CSU)
sunphotometer program was discontinued. The Australian
Nuclear Science and Technology Organization (ANSTO)
radon monitor underwent a major upgrade in April 1995
which resulted in an increase in sensitivity, a decrease in
the response time, simpler operation, and more reliable
performance.



1.2. BARROW OBSERVATORY
D. ENDRES

1.2.1. OPERATIONS

Data collection continued at the Barrow Observatory,
Barrow Alaska (BRW) without any major interruptions
during 1994-1995. Data collection system upgrades
improved the quality of data for several programs and
allowed remote access to data by personnel in Boulder. A
second 486 computer was added to the station inventory
allowing access to the Internet and, by using PC/TCP
software, allowing access to email. The Control and
Monitoring System (CAMS) units reached the end of their
useful life and replacement data acquisition systems were
installed.

The future of the distant early warning (DEW) Line site
remains in question with the only certainty being a reduction
in personnel. At this time it is uncertain how changes may
affect operations at BRW. Assurances were given by the Air
Force that any changes made at the DEW Line will have the
smallest possible impact on the observatory while meeting
the changing needs of the Air Force.

For the second time in the 23-year history of BRW, the
exterior of the main building was painted during the
summer of 1994. Plans are still in the works for other
much needed upgrades to the building. A new pump
enclosure was built at the end 1995 to help the sound
abatement program at the observatory. Sound levels were
measured at 85 dB at one time and have been reduced to
66 dB. A further reduction is expected when the enclosure
is finished and all pumps are installed. On two separate
occasions snow and/or ice blocked the sampling stack and
had to be cleaned. Cleaning was done by removing the cap
at the bottom of the stack and tapping the stack near the
top with a long pole. This dislodged the blockage and
allowed the normal volume of air to pass through the
stack.

A change in personnel occurred in April 1994 when the
technician left for a position in Boulder. A replacement
arrived shortly before his departure and assumed the
technician duties in a very smooth transition. The station
chief celebrated his tenth year at BRW during 1994 and in
1995 was asked to serve on the Barrow Restoration
Advisory Board. This Board is concerned with the cleanup
of toxic waste spills by the Navy and the Air Force at the
old National Arctic Research Laboratory site and the DEW
Line site.

Vehicles ran well with the sole exception of a cracked
piston in one of the snow machines. It was repaired and
the snow machine was returned to service without
interruption to the daily routine. The Naval Surface
Warfare Center donated a snow machine to the station in
the summer of 1995.

The NOAA housing was connected to the city water
supply during the summer of 1995. Water no longer must
be hauled in by truck; the storage tank at the CMDL unit
will be removed.

During 1994-1995 BRW was visited by 158 registered
guests. Among these were Congressional staff members,
the NOAA Administrator, and researchers from China,
Japan, and Russia. There were several visits by personnel
from the National Science Foundation (NSF), the Arctic

Research Consortium of the U.S. (ARCUS), and the U.S.
Air Force and Navy.

1.2.2. PROGRAMS

Aerosols

The Thermo Systems Incorporated (TSI) condensation
nucleus counter (CNC) uses butyl alcohol to saturate
particles and passes them through a laser diode to count
CN. The instrument continued to run well throughout the
year. Problems were found, however, in noise levels in the
signal. There appears to be a possible ground loop
problem causing noise on the Campbell Scientific, Inc.
(CSI) data recorder. On two separate occasions the optics
and air path were cleaned of debris buildup and the alcohol
was drained due to moisture absorption.

The nephelometer measures backscatter at four
wavelengths. It ran well this period except for the ball
valve in the blower system. A shaft made of inferior
plastic broke and the change between filtered air and
ambient air could not take place. Station personnel
machined a new part at the local high school and the unit
was returned to operation the next day. Problems with the
noise mentioned above was also found in the nephelometer
signal.

Solar Radiation

The CSI data acquisition system (DAS) operated well all
year with the only problem being a shorted input channel.
Signal lines were moved to another terminal and the data
flow continued with only a minor interruption.

Blowers were installed on the pyranometers and
pyrgeometers during 1994. They ran well during the
1994-1995 season and helped keep the snow and ice from
building up on the domes. The air flow across the domes
and the dry BRW air combined to sublimate any ice
buildup that did occur.

Instruments are taken off line each year in November
and installed again in February of the following year.
During this downtime any calibrations that are needed are
performed in Boulder and repairs made as needed. During
the 1995 winter season, all instruments were returned to
Boulder with the exception of the up-facing and down-
facing pyrgeometer infrared instruments which were left
online. The filter wheel normal incidence pyrheliometer
(NIP), normally kept in the Dobson dome, was also
returned to Boulder.

Carbon Cycle

Carbon Dioxide Nondispersive Infrared Analyzer. The
Siemens Ultramat 5-E continues to be the station
instrument and ran well the entire period. Data trends
continue to show the normal seasonal variations in BRW
data. Highs of up to 370 ppm and lows to 340 ppm were
noted.

A static discharge damaged the electronics in the Linseis
chart recorder. The recorder was taken out of service for
approximately 3 weeks while replacement parts were
ordered.

Future plans call for replacing the CAMS DAS with a
Hewlett Packard (HP) UNIX-based workstation. The strip
chart recorder will be taken out of service as well. These
changes are being planned for sometime during the spring
of 1996.



Methane. A Carle GC uses flame ionization to measure
CH4. Data is recorded by an HP integrator and stored on
floppy disks. Noise in the data for a short time was the
only problem encountered.

Data trends continue as in past years with data ranging
between highs of over 1950 ppbv and lows of 1750 ppbv.
Growth exhibited a slightly negative trend in 1994.

Carbon Monoxide. A Trace Analytical gas
chromatograph (GC) has been in continuous operation
since  1991. CO mixing ratios range between
approximately 150 ppbv and 250 ppbv. Flask data are
available since 1990.

The system ran well during the entire period with no
significant downtime. Data are measured by an HP A/D,
processed on an HP integrator, recorded on an HP floppy
disk drive, and sent to Boulder for final analysis.

Flask Samples. Flask samples were collected as
scheduled based on availability of flasks. The carbon
dioxide (CO,), methane (CHy), carbon monoxide (CO) and
isotopic data from the flask samples can be found in
sections 2 and 5 of the report. No major problems were
encountered.

Meteorology

A new data collection system was installed during April
1994. The new system replaces the aging CAMS DAS and is
a ruggedized 486 computer rack mounted for ease of use.
Metrabyte modules are used as an interface between the
sensors and DAS. The new system was connected to the BRW
local area network (LAN) and data are available to the CMDL
Meteorological group on demand. Data are transferred to
Boulder once per day and a quick look for quality control
assures a higher level of confidence in the data.

Calibrations are performed twice each year, once in the
spring and once in the fall, to assure correct operation of
all sensors. Temperature probes are checked and
corrected, if needed, to 0.2°C. Alignment of the wind
sensor is checked and the speed accuracy is traceable to
NIST standards.

CAMS

As mentioned previously, the MET CAMS was replaced
during April 1994, The aerosol solar radiation (ASR)
CAMS was replaced during 1993. The only programs still
running on CAMS are the CO, and the Dasibi. Plans call
for replacing the CO, early in 1996. The CAMS system

has had minimal problems during its entire 10-year
lifetime, but parts have become too hard to find and a
replacement needed to be found.

Ozone

Surface Ozone. Surface ozone, as measured by the
Dasibi, continues to be one of the long-term staples of the
BRW measurement regime. The Dasibi was temporarily
affected by the blockage of the stack with snow. A new
display and logic board was installed when the old board
malfunctioned. Otherwise the system ran without major
problems.

Dobson. BRW continues to operate Dobson no. 91.
Long-term trends in the data continue as in past years with
seasonal highs in the spring and lows occurring in the fall.
Values in April can be as high as 440 Dobson Units (DU)
and lows in September can be as low as 290 DU. The
Dobson is not run during the winter months due to lack of
sunlight, but the calibration regime is continued to assure
proper functioning when the sun rises the next year.
Observations are usually made from February until
October.

Nitrous Oxide and Halocarbons

Gas Chromatographs. The HP DAS was replaced with
a 486-based system during the summer of 1995. The new
system was connected to the LAN and allows access to the
data by Boulder personnel. The new system is
considerably more reliable than the HP computer used in
the past. New data handling schemes are possible that
were not with the HP-based system. The GC's remain
unchanged. Currently there is an HP-5890 and a Shimadzu
GC-8A onsite running every half hour, alternating between
calibration gas and ambient air.

Flask Samples. Flask samples were collected as
scheduled and available. Data show a very distinct leveling
of the chlorofluorocarbon-11 and -12 (CFC) mixing ratio.
This is attributed to the Montreal Protocol, which phases out
production of certain CFCs. A detailed list of the chemicals
analyzed by the CMDL Nitrous Oxide and Halocompounds
Group (NOAH) can be found in Table 1.4.

Cooperative Projects

A comprehensive list of all BRW cooperative projects and
affiliation is given in Table 1.4. Only projects with special
problems or unusual occurrences are mentioned here.

TABLE 1.4. Summary of Measurement Programs at BRW in 1994-1995

Program Instrument Sampling Frequency
Gases
Cco, Siemens Ultramat SE analyzer Continuous
3-L glass flasks | pair wk-!
0.5-L glass flasks, through analyzer 1 pair wk-!
CO,, CH,, CO, and 13C/12C and 0.5-L glass flasks, P? pump unit | pair wk-!

180/160 of CO,

CHy Carle automated GC 1 sample (12 min)-}
Surface O, Dasibi ozone meter Continuous

Total Oy Dobson spectrophotometer no. 91 3 day-!

CO, Siemens Ultramat SE analyzer Continuous

N,0, CFC-11, CFC-12, CFC-113,
CH,CCl,, CCl,

300-mL stainless steel flasks

10

1 sample mo-!



TABLE 1.4. Summary of Measurement Programs at BRW in 1994-1995—Continued

Program

Instrument

Sampling Frequency

Gases - Continued
N,0, CFC-11, CFC-12, CFC-113,
CH,CCl,, CCl,, SFg, HCFC-22,
HCFC-141b, HCFC-142b, CH;Br,
CH;Cl, CH,Cl,, CHCl,, C,HCl,,
C,Cl,, H-1301, H-1211, H-2402, HFC-134a
CFC-11, CFC-12, CFC-113, N,0
CCl,, CH3CCl,
N,O
CcO

Aerosols
Condensation nuclei

Optical properties
Black carbon

Solar Radiation
Global irradiance
Direct irradiance

Albedo

Terrestrial (IR) Radiation
Upwelling and downwelling

Meteorology
Air temperature

Dewpoint temperature
Pressure

Wind (speed and direction)
Precipitation

Cooperative Programs
Total surface particulates (DOE)
Precipitation gauge (USDA)
Magnetic fields (USGS)

Various trace gases (OGIST)
CO0,, 13¢, N,0 (S10)
CH, (Univ. of Calif., Irvine)
Earthquake detection

(Univ. of Alaska)
3CH, (13¢/'2C) (Univ. of Washington)
14CO (Univ. of Washington)
UV monitor (NSF)
Magnetic fields (NAVSWC)
Sound Source (DOE)
Ice Buoys (NOS)
O, in air (Univ. of Rhode Island)
Magnetic micropulsations (Univ. of Tokyo)
Aerosol chemistry (Univ. of Alaska)

850-mL stainless steel flasks

HP5890 automated GC

Shimadzu automated GC
Trace Analytical GC

Pollak CNC

T.S.I. CNC

Four-wavelength nephelometer
Aethalometer

Eppley pyranometers with Q and RG8 filters
Tracking NIP
Eppley pyrheliometer with Q, OGI
RG2, and RG8 filters
Eppley pyranometer

Eppley pyrgeometers

Thermistor, 2 levels
Max.-min. thermometers
Dewpoint hygrometer
Capacitance transducer
Mercurial barometer

R.M. Young aerovane
Rain gauge, tipping bucket

High-volume sampler (1 filter wk-!)

Nipher shield, Alter shield, 2 buckets

3-Component fluxgate magnetometer and total field
proton magnetometer

Declination/inclination magnetometer sample

Stainless steel flasks

5-L evacuated glass flasks

Various stainless steel flasks
Seismograph

35-L stainless steel flasks

A150 aluminum cylinders filled to 2000 psi
UV spectrometer

*He sensors

RASS

Ice buoys

3-L glass flasks

Magnetometer and cassette recorder
High-volume sampler

1 sample mo-!

1 sample h-!

1 sample h-!
| sample (6 min)-!

1 day"!

Continuous
Continuous
Continuous

Continuous
Continuous
Discrete

Continuous

Continuous

Continuous
1 day™!
Continuous
Continuous
Discrete
Continuous

Continuous
1 mo-!
Continuous

6 sets mo-!

1 set wk-! (3 flasks set-!)

1 pair wk-!

1 set (3 mo)-!

Continuous, check
site 1 wk-!

1 (2 wk)!

1 (3 wk)!

1 scan per 0.5 hour

Continuous

1 hr-!

Continuous

1 pair (2 wk)!

Continuous

3 wk-!
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DOE/ARM. The Department of Energy (DOE)
Atmospheric Radiation Measurement (ARM) Laboratory is
planning a long-term program of atmospheric radiation
monitoring to collect data for use in climate models. The
largest single unknown is the effect of cloud cover on the
climate. BRW has been chosen as one of three sites
worldwide to monitor these variables. Since late 1993, in
cooperation with the North Slope Borough, Department of
Wildlife Management, DOE has been testing an active
Radio Acoustic Sounding System (RASS). Its impact on
wildlife near the site is monitored.

NOAA/Navy Joint Ice Center. In CMDL Summary
Report No. 22 a brief discussion of this project was given.
Since that time new buoys and a new DAS have been
added to the project. Phone access to the data is now
possible. This project has yielded much useful data as to
the type of buoy and the problems encountered with arctic
deployment.

University of Tokyo. A new data recorder was installed
in 1995 and this project was reactivated. The recorder,
with high gain amplifiers, is connected to a set of three
search coil sensors that point to magnetic north, magnetic
east, and vertical. Magnetic micropulsations of 0.001-5
Hz are recorded and the tapes are sent to the University of
Tokyo for analysis of magnetic storm effects. Each week
during the tape change, a time check to the nearest second
is performed and the system is checked during the week
for proper functioning.

University of Alaska, Fairbanks. A trace metals
project was reactivated this time period. This is the
reactivation of the former University of Rhode Island
(URI) filter project discontinued in 1988. A filter is
connected to a hi-vol pump and samples are collected three
times per week. Filters are sent to the University of
Alaska where they are stored for future analysis for trace
metals associated with arctic haze. At the present time no
analysis is being performed.

1.3. SAMOA OBSERVATORY

M. WINEY

1.3.1. OPERATIONS

The environmental engineer position with the Samoa
Observatory, American Samoa (SMO) was vacated in
October 1995 after 2 years of service. The replacement
electronic engineer was selected with arrival due in 1996.

Internet access for the SMO local area network (LAN)
was made possible by the installation of a modem router;
however, e-mail services will be the only feature taken
advantage of due to the high cost of a phone call and the
poor quality of the telephone lines in Samoa. Hopes were
high when the phone company replaced the old cable that
runs 915 m from the observatory to the main phone line;
unfortunately, there was no noticeable improvement.

Due to ongoing deterioration of the remote Ekto
sampling building, plans were made to replace it with a
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permanent, concrete wall structure. This new building will
be just a little larger than the old one and located as close
as possible to the existing walk-up tower. Construction
began in November 1995 with an expected completion date
of June 1996.

Termites continued to be a problem at house T-7. The
garage was torn down and replaced with a carport because
termites devoured most of the old structure. The house
was also infested and had to be fumigated again; this slows
down the feeding process but does not stop it.

Both of the aging observatory vehicles were replaced
with new trucks. This resulted in much less time being
spent by the staff dealing with the constant vehicle
problems.

The standby generator allowed the observatory to
continue operation through many blackouts. No major
problems were encountered and the small ones were easily
handled by the staff.

The observatory continues to be a favorite tourist
attraction because of the beautiful views. The observatory
is also a favorite with local science teachers who bring
their classes on field trips. Visitors are always welcomed
and given a tour if they wish to learn more about the
observatory's function.

1.3.2. PROGRAMS

Table 1.5 summarizes the programs at SMO for 1994-
1995. Further descriptions of some of the programs
follow.

Carbon Dioxide

The Siemens analyzer has traditionally been one of the
most trouble-free instruments at SMO. However, when it
broke down and defied local attempts to fix it, the analyzer
made a round trip to Boulder for repair and was back in
service in less than a month.

The air-intake line on the mast broke in 1994 and again
in 1995. The problem is probably wind-induced vibration
in the tubing thus causing it to crack.

The AirKit flask air sampler was put into service for an
intercomparison with the older Martin and Kitzis Sampler
(MAKS) unit. Eventually the MAKS unit will be retired in
favor of the AirKit's built-in condenser that removes
moisture from the air.

Surface Ozone

The Dasibi began the period in good condition with the
Control and Monitoring System (CAMS) still responsible
for the digital data collection. CAMS had a few problems
that were eventually dealt with but a fair amount of data
will have to be entered by hand from the chart recording.
A new PC-based data system was received, but several
problems prevented it from being hooked up.

In May 1995 the Dasibi overheated and blew some
circuits; onsite repair was not feasible, therefore, a
replacement was obtained. Unfortunately, the replacement
was also a used instrument with its own set of troubles. As
of the end of 1995, the Dasibi was not working properly.



TABLE 1.5. Summary of Measurement Programs at SMO in 1994-1995

Program

Instrument

Sampling Frequency

Gases
CO,
CO,, CH,

CO,, CH, CO, and 13C, 80 of CO,

Surface O4

Total 03

N,O, CFC-11, CFC-12, CFC-113,
CH,CCl,, CCly

N,0, CFC-11, CFC-12, CFC-113,
CH,CCl,, CCly, SFg, HCFC-22,
HCFC-141b, HCFC-142b, CH;3Br, CH,Cl,
CH,Cl,, CHCl,, C,HCl,, C,Cl,, H-1301,
H-1211, H-2402, HFC-134a

CFC-11, CFC-12, CFC-113, N,0,
CCly, CH,CCl,4

N,0

Aerosols
Condensation nuclei

Solar Radiation
Global irradiance
Direct irradiance

Diffuse irradiance

Meteorology
Air temperature
Dewpoint temperature
Pressure

Wind (speed and direction)
Precipitation

Cooperative Programs
CO,, 13C, N,0 (SI0)
GAGE project: CFC-11, CFC-12,
N,0, CH;CCl,, CCly (S10)
Various trace gases (OGIST)
Bulk deposition (DOE)

Total suspended particulates (DOE)

Total suspended particulates (SEASPAN)
CH,,(13C/12C ratio) (Univ. of Wash.)
Light hydrocarbons (UCI)

0O, (URD)

0, (SI0)

Siemens Ultramat-5E analyzer
0.5-L glass flasks, through analyzer
2.5-L glass flasks, MAKS pump unit
2.5-L glass flasks, AirKit

Dasibi ozone meter

Dobson spectrophotometer no. 42
300-mL stainless steel flasks

850-mL stainless steel flasks

HP5890 automated GC

Shimadzu automated GC

Pollak CNC
TSI CNC

Eppley pyranometers with Q and RG8 filters
Eppley pyrheliometer with Q filter
Eppley pyrheliometer with Q, OG1,
RG2, and RG8 filters
Eppley pyrgeometer with shading disk and Q filter

Thermistors (2)

Polished mirror
Capacitance transducer
Mercurial barometer
Bendix Aerovane

Rain gauge, tipping bucket
Rain gauge, plastic bulk

5-L evacuated glass flasks
HP5880 gas chromatograph

Stainless steel flasks

Plastic bucket

ITon exchange column
High-volume sampler
High-volume sampler

30-L pressurized cylinder

1-L evacuated stainless steel flasks
2.5-L glass flasks

3-L glass flasks

Continuous

1 pair wk™!

1 pair wk!

1 pair wk™!
Continuous

4 day-!

1 sample wk!

1 sample wk'!

1 sample h-!

1 sample h-!

1 day-!
Continuous

Continuous
Continuous
Discrete

Continuous

Continuous
Continuous
Continuous
I wk!

Continuous
Continuous
1 day-!

1 set wk-! (3 flasks set-1)
1 h!

1 set wk-! (3 flasks set})
Continuous (1 bucket mo-!)
Continuous (1 filter mo-!
Continuous (1 filter wk-!)
Continuous (1 filter wk-!)
Biweekly

3-4 flasks qtr-!

2 pair mo-!

2 sets mo-! (3 flasks set-!)

SIO - Scripps Institution of Oceanography

OGIST - Oregon Graduate Institute of Science and Technology

UCI - University of California, Irvine
URI - University of Rhode Island
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Total Ozone

The Dobson worked well with only one small problem
when the high voltage power supply had to be replaced.

The data acquisition program was updated and continues
to work well.

The dome is aging fast in the corrosive sea-air and will
have to be replaced soon.

Ozonesonde Balloons

Ozonesonde balloon launches were restarted in August
1995 after a break of several years. At the airport the
National Weather Service made their balloon inflation
facility available, including the use of hydrogen gas to fill
the balloons. Releases were made weekly.

Nitrous Oxide and Halocompounds

The old Hewlett Packard (HP) data acquisition computer
was replaced with a PC-based system. This was done in
May 1995. Some problems were solved and some new
ones were born. The good news was that system crashes
were almost completely eliminated. The most perplexing
problem was a lack of readable chromatograms. Good data
was being produced and saved but for some reason the
printouts were no good.

The new computer came with a network board and
software installed, however, reliable communication has
yet to be achieved. This could be due to the long, 200 m
run of coaxial cable from the main building to the remote
site where the computer is located.

As in the past, several site visits were made by CMDL
personnel from Boulder. This regular, close attention is
one good reason why this program is so successful.

Aerosols

In January 1995 data acquisition was switched from
CAMS to the new solar radiation system. This was a big
improvement.

The Pollak performed well for the most part; the only
problems encountered were with the ammeter. Apparently
these ammeters are becoming scarce and servicing old ones
is a delicate operation.

The main blower that provides the steady flow of air
from the top of the pipe to the instruments inside failed.
The failure was not noticed for several months. A new
blower was installed April 1994.

With the construction of a new sampling building in
November 1995, occasional heavy activity near the air
intake for the aerosol instruments had a noticeable effect
on the data.

Solar Radiation

A new data acquisition system was installed January
1995. This was a major improvement with several benefits
including 24-hour access via modem to real time data.
Another benefit was the elimination of the chore of
packaging and mailing the data to Boulder.

An Eppley pyrgeometer with a Q dome and a shading
disk mounted to a tracker to measure diffuse irradiance
was put online August 1995.

Meteorology

A major overhaul of the meteorological system occurred
in July 1994, A new data acquisition system was installed
and all of the old sensors were replaced with new ones. As
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with the new solar radiation system, data will be available
in Boulder at any time via modem. Unfortunately, this
convenient feature was hampered by the poor quality of
the telephone communication system in Samoa.

The new system performed flawlessly for several months
then gradually became afflicted by resets and hangups.
This problem was never satisfactorily solved; the most
likely suspect was excessive noise on the 485-
communication line connecting all the sensors to the
computer.

CAMS

By the end of 1995, carbon dioxide (CO,) was the only
program still using CAMS for data acquisition. The CO,
CAMS unit has done a fine job but some day it too will be
retired in favor of a more modern system.

Cooperative Programs

SI10 GC. The Scripps Institution of Oceanography
(SIO) gas chromatograph (GC) Nafion dryer used to dry
the incoming air sample was upgraded. The new system is
self-recharging thus eliminating the chore of replacing
cartridges periodically.

SEASPAN. The SEAREX South Pacific Aerosol
Network (SEASPAN) wind sensor cable was replaced with
a new one; the old one had several splices that were
suspected of degrading the signal. The wind speed
transducer was also upgraded.

DOE. The Department of Energy (DOE) wet/dry
rooftop collection bucket was replaced with an ion
exchange column in August 1995. At the same time, the
frequency at which samples were shipped out was
increased to once per week. This was done in response to
the decision in France to resume nuclear testing at
Muroroa Atoll near Tahiti.

1.4. SOUTH POLE OBSERVATORY
T. JACOBS

1.4.1. OPERATIONS

The CMDL South Pole Observatory (SPO) is located at
the geographic South Pole at an elevation of 2835 m above
sea level with an average temperature of -49°C. SPO is
part of Amundsen Scott Station, which is managed by the
National Science Foundation (NSF) Office of Polar
Programs.

Most CMDL projects are housed in the Clean Air
Facility (CAF), an elevated building located upwind of the
main South Pole Station. Construction of a replacement
facility began in October 1995; the new building should be
complete and ready for occupation by January 1997,
Because the surface wind at the South Pole blows
predominantly from the grid northeast, the SPO “Clean Air
Sector” includes the area grid north of the CAF between
grid 340 degrees and grid 110 degrees. Excursions into
the Clean Air Sector are generally prohibited, with few
exceptions.

SPO’s meteorological instruments are mounted on the
walk-up Met. Tower, which was located 100 m from the
eastern side of the CAF. In November of 1995 the tower
was moved to accommodate construction of the new CAF.



Operations for the balloon program take place in three
locations: the main station science building, the cargo
arch, and the Balloon Inflation Tower (BIT). The cargo
arch is used to inflate plastic balloons, that are too large to
inflate and launch from the BIT.

Amundsen Scott Station is supplied by air. Because
airplanes can only land at the Pole during the relatively
warm months of October through February, the station is
physically “closed” for 8 months each year. A midwinter
“airdrop” took place in June of 1994 and 1995. Air
samples collected during the austral winter cannot be
returned for analysis until the following spring. Data are
transferred digitally via satellite throughout the year. In
January 1994, Amundsen Scott Station established a
satellite link to the Internet, greatly facilitating the transfer
of data.

During 1994 and 1995 there were occasional power
outages and frequent “brownouts” because of an increasing
demand for electrical power at the Pole. Within the CAF,
science demands continue to exceed the “clean” power
supplied by the building’s uninteruptable power supply
(UPS).

The University of Rome lidar was replaced by a similar
instrument, owned and operated by the University of
Illinois.

1.4.2. PROGRAMS

Table 1.6 is a summary of the measurement programs at
SPO during 1994 and 1995. Operational highlights are as
follows.

Carbon Cycle

The Siemens continuous carbon dioxide (CO,) analyzer
ran continuously without significant problems. Sample
flask pairs were filled through the analyzer once per week
and through a portable Martin and Kitzis Sampler (MAKS)
unit twice per month.

Aerosols

The Meteorology Research, Inc. (MRI) four-wavelength
nephelometer “hung” occasionally for unknown reasons.
Discrete observations with the Pollak condensation nucleus
counter (CNC), taken twice daily, generally agreed, as
expected, with data from the Thermo Systems Inc. (TSI)
CNC.

Solar and Terrestrial Radiation

During the summer, all Eppley pyranometers,
pyrgeometers, and the tracking normal incidence
phyrheliometer (NIP) ran continuously without significant
problems. Discrete observations with the filter wheel NIP
took place three times daily during especially clear
conditions. In November 1995, a pyranometer equipped
with a sun blocking disk was installed on the roof of the
CAF. After sunset each March, the short-wave instruments
were taken off-line for the winter.

Ozone and Water Vapor

The Dasibi ultraviolet absorption ozone monitor ran
continuously without remarkable problems.  Discrete
observations with the Dobson ozone spectrophotometer
took place three times daily during the summer and again
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during the darkest winter months using the full moon as a
light source.

The ozonesonde program ran well during 1994 and
1995. Rubber balloons were launched from the balloon
inflation tower (BIT) platform; the larger plastic balloons
were inflated in the cargo arch and launched from the
cargo yard. Launches usually occurred once per week
except during the months of stratospheric ozone depletion
(August-November) when the schedule was increased to
every 3 days and then to every other day.

Nitrous Oxides and Halocarbons

The two Shimadzu Mini-2 electron capture gas
chromatographs were inspected and upgraded in January
1994 and November 1994. Sample flask pairs were filled
with ambient air twice per month whenever flasks were
available.

Meteorology

The meteorology system was upgraded in January 1994
with all new sensors and a new data acquisition system.
Manual weather observations took place daily at midnight
universal time (UT).

Data Acquisition
The aerosol Control and Monitoring System (CAMS)
unit was taken off-line during summer 1994,

Cooperative Programs

SIO. The Scripps Institution of Oceanography (SIO)
conducts long-term monitoring of CO,, 13C/12C ratio, and
N,O. Twice per month, three evacuated glass flasks were
exposed to ambient air.

SIO. Three glass flasks were pressurized with ambient
air on the first and fifteenth of each month for the long-
term monitoring of O, and N,.

DOE. The Department of Energy (DOE)conducts long-
term monitoring of the spatial and temporal distribution of
specific and anthropogenic radionuclides in surface air.
The DOE pump ran continuously without significant
problems; filters were replaced each week.

OGIST. Oregon Graduate Institute of Science and
Technology (OGIST) monitors seasonal trends in the
amount of chlorine-and bromine-containing trace gases in
the Antarctic. Two flasks per week were filled with
ambient air.

CSIRO. CSIRO monitors the ratio 13C/12C in
atmospheric CO, for use in a 2-D global carbon cycle
model. One glass flask was pressurized with ambient air
every 2 weeks.

SUNY. Five air-filled cylinders remained on platforms
approximately 800 m downwind of the main station for the
quantification of the production rate of radiocarbon by
galactic cosmic rays. The cylinders were inspected and
cleared of snow once per month; no other operations were
required for State University of New York (SUNY) . .

University of Arizona. An unsuccessful attempt was
made to run a continuous meter during the winter of 1994
for the monitoring of H,O, in the air/snow interface. In
the summer of 1994 CMDL began collecting surface snow
and micropit snow samples once per week.



TABLE 1.6. Summary of Measurement Programs at SPO in 1994-1995

Program

Instrument

Sampling Frequency

Gases

Co,
CO,, CH,

Surface O,
Total Oy
Ozone profiles

Water vapor

N,O, CFC-11, CFC-12, CFC-113,
CH,CCl3, CCly

N,0, CFC-11, CFC-12, CFC-113,
CH,CCl,, CCly, SFg, HCFC-22,
HCFC-141b, HCFC-142b, CH,Br, CH,CI,
CH,Cl,, CHCl,, C,HCl,, C,Cl,, H-1301,
H-1211, H-2402, HFC-134a

CFC-11, CFC-12, CFC-113, N,0,
CH;CCl,, CCly

Aerosols

Condensation nuclei

Optical properties

Solar Radiation

Global irradiance

Direct irradiance

Albedo

Terrestrial (IR) Radiation

Upwelling and downwelling

Meteorology

Air temperature
Pressure

Wind (speed and direction)
Frost-point temperature

Cooperative Programs

CO,, 13C, N,0 (S10)
Total surface particulates (DOE)

Various trace gases (OGIST)

Interhemispheric 13C/!14C (CSIRO)
0,, Ny (Scripps)

H,0, (Univ. of Arizona)

Isotope production (SUNY)

Siemans IR analyzer

2.5-L glass flasks, through analyzer
2.5-L glass flasks, MAKS pump unit
Dasibi ozone meter

Dobson spectrophotometer no. 82
Balloonborne ECC sonde

Balloonborne sonde
300-mL stainless steel flasks

850-mL stainless steel flasks

Shimadzu automated GCs

Pollack CNC

TSI CNC
Four-wavelength nephelometer

Eppley pyranometers with Q and RGS8 filters

Eppley pyranometer with Q filter

Net radiometer

Eppley pyrheliometer with Q, OG1, RG2,
and RG8 filters

Eppley pyrheliometers with Q and
RGS8 filters

Eppley pyranometers with Q and RGS8 filters
filters, downward facing

Eppley pyrgeometers

Platinum resistor, 2- and 20-m heights
Capacitance transducer

Mercurial barometer

Bendix Aerovane

Hygrometer

5-L evacuated glass flasks
High-volume sampler

Stainless-steel flasks

5-L glass flasks

Air sampling pump and flasks
Snow sample collection
Pressurized cylinders

Continuous

1 pair twice mo-!

1 pair twice mo-!

Continuous

3 day-!

1 wk-!, summer, autumn,
winter; 1 (3 day)-!, spring

10 times yr-!

1 sample mo-!

1 sample mo-!

1 sample h-!

2 day-!

Continuous
Continuous

Continuous, summer
Continuous, summer
Continuous, summer
2 day-!

Continuous, summer

Continuous, summer

Continuous

Continuous
Continuous
1 time wk-!
Continuous
Continuous

2 mo-! (3 flasks sample-!)

Continuous
(4 filters mo-1)

1 week-! (2 flasks set -1),
summer only

1 or 2 flasks mo-!

1 mo-! (3 flasks set-!)

1 time wk-!

N/A; checked once mo-!
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1.5. METEOROLOGICAL MEASUREMENTS

T. MEFFORD (EDITOR), M. BIENIULIS,
B. HALTER, AND J. PETERSON

1.5.1. STATION CLIMATOLOGIES

Introduction

The climatology of surface meteorological observations
at the four CMDL observatories is based on hourly average
measurements of the resultant wind direction and speed,
barometric pressure, ambient and dewpoint temperatures,
and the precipitation amount. @ The 19-year station
climatologies are an important record for the interpretation
of measured values of aerosols, trace gases, atmospheric
turbidity, and long-term changes in the records themselves.
The records also serve to outline periods of local
contamination. The sensors in use were selected for their
high accuracy and their ability to withstand the extreme
conditions of the polar region. Data is recorded as 1-
minute average values so that the variability within the
hourly averages can be determined. To the extent that is
practical, World Meteorological Organization (WMO)
siting standards [WMO, 1969] are followed.
Thermometers are also positioned at the top of the
sampling towers at BRW, MLO, and SPO to measure the
temperature gradient to determine the stability of the
surface boundary layer.

The Control and Monitoring System (CAMS) was
replaced with a PC-based meteorological data acquisition
system at BRW in April 1994, MLO in October 1993,
SMO in June 1994, and SPO in January 1994. A detailed
description of the new data acquisition system can be
found in [Peterson and Rosson, 1994]. Table 1.7 describes
the sensor disposition as of December 31, 1995.

Barrow
Descriptions of the BRW station and its climate are given
in previous CMDL Summary Reports [e.g., DeLuisi, 1981].

Wind roses of hourly average resultant wind direction and
speed are presented in 16 direction classes and 4 speed
classes (Figure 1.2). Winds from the “clean air” sector,
north-northeast to southeast occurred 58.8% of the time in
1994 and 62.8% in 1995 as compared to 62.1% for the 17-
year climatology period of 1977 through 1993 (Figure 1.3).
Wind speeds that were greater than 10 ms-! for 1994 (9.1%)
and 1995 (6.8%) were both lower than the 17-year
climatology (12.1%). The average speed of 5.5 ms-! in 1994
(Table 1.8) was the second lowest average while the 5.0 ms-1
in 1995 set the lowest average in the 19 years at the station.
This could have been caused by lowering of the new
anemometer to 9.5 m from 16.5 m on April 15, 1994, when
the new system was installed.

The average temperature of -13.1°C in 1994 was 0.5°C
colder than the 17-year average (Table 1.8). In 1995, the
average of -11.4°C was 1.2°C warmer than the 17-year
average. June 1994 set a new record low temperature and
December 1994 tied its lowest record. In 1995, April tied its
record high and September set a new record high. A
temperature of -44.4°C set the new record low temperature
for March. The barometric pressure for 1994 was close to
normal; however, 1995 was 2.0 hPa above the 17-year
average. The summertime precipitation measured 85 mm in
1994 and 53 mm in 1995.

Mauna Loa

The climatology of MLO is best understood when it is
considered in two distinctive wind direction regimes, the
night (downslope) period (1800-0559 Hawaiian Standard
Time (HST)) and the day (upsiope) period (0600-1759
HST). The 17-year night and day wind roses illustrate the
two distinct wind patterns (Figure 1.4).

Night Regime. The 17-year wind rose (Figure 1.4)
shows that 91.2% of all winds observed had a southerly
component. The percentage of occurrence of southerly
winds in 1994 was 94.2% (Figure 1.5) and 90.9% in 1995
(Figure 1.6). Pressure gradient controlled winds (WS>10
ms-1) from predominately westerly and south-easterly

TABLE 1.7. CMDL Meteorological Sensor Deployment December 31, 1995

BRW MLO SMO SPO
Serial Elevation, Serial Elevation, Serial Elevation, Serial Elevation,
Sensor No. m No. m No. m No. m

Primary anemometert 14584 10.5 13864 10.0 15945 13.7 14583 10.0
Secondary anemometert 13865 38.2

Pressure transducert 374199 9.5 374198 33984 374200 78.5 358960 2841.0
Mercurial barometer 641 9.5 278 33984 961 78.5 215 2841.0
Air temperature A§ 22 2.0 14.0 2.0
Air temperature B§{ 16.3 37.4 22.0
Air temperature C** 2.0 2.0 12.8 2.0
Dewpoint temperature G0001 20 G0004 2.0 G0008 12.8 G0007 2.0
Rain gauge ~4 0.8 ~4

tPropeller Anemometer, model no. 05105, R. M. Young Company, Traverse City, Michigan.

tPressure Transducer, model no. 270, Setra Systems, Acton Massachusetts. Heights of all pressure sensors are given with respect to MSL.
§Platinum Resistance Probe, Logan 4150 Series, Logan Enterprises, Liberty, Ohio.

fThermometer, positioned at the top of the local sampling tower to facilitate an estimation of boundary layer stability.
**Hygrothermometer, Technical Services Laboratory model no. 1088-400, Fort Walton Beach, Florida.
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Fig. 1.2. Wind rose of surface winds for BRW for 1994 (left) and 1995 (right). The distribution of resultant wind direction and speed
are given in units of percent.occurrence. Wind speed is displayed as a function of direction in three speed classes.
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Fig. 1.3.  Wind rose of surface winds for BRW for 1977-1993.

The distribution of resultant wind direction and speed are given
in units of percent occurrence for the 17-year period. Wind
speed is displayed as a function of direction in three wind
classes.

directions occurred 5.0% of the time in 1994 and 8.4% in
1995 while the 17-year record shows a 6.1% occurrence.
The annual average wind speed for both 1994 and 1995
was not significantly different from the long-term mean
(Tables 1.9 and 1.10). The wupslope or northerly
component winds (north-northwest through east-northeast)
that occurred 2.0% of the time in 1994 and 1.9% in 1995,
are the result of daytime, upslope flow extending into the
early evening hours.

Day Regime. The 1994 and 1995 wind roses (Figures
1.5 and 1.6) indicate that winds from the west-northwest
through east-northeast occurred 58.4% and 55.4% of the
time respectively, compared with the expected occurrence
of 58.5% indicated by the 17-year climatology. Pressure
gradient controlled winds (WS>10 ms-1) occurred 4.1% of
the time in 1994 and 8.7% in 1995 while the 17-year
average shows an expected occurrence of 5.7%. In 1994,
the pressure gradient winds, which are usually associated
with storms, followed the expected pattern of fewer
occurrences during the day regime. In 1995, these winds
had approximately the same number of occurrences in the
day and night regimes. The day wind rose is more
uniformly distributed in the light wind classes than the
night wind rose. This is due to the occurrence of variable
wind directions during the transition periods at dawn and
dusk, most of which are included in this regime.

The average ambient temperature for 1994 and 1995
(Tables 1.9 and 1.10), combining both the day and night
records, was 7.8°C and 8.4°C respectively, both
considerably higher than the long-term average of 7.0°C.
September 1995 set a new record high temperature for the



TABLE 1.8. BRW 1994 and 1995 Monthly Climate Summary

Jan. Feb. March  April May  June July Aug. Sept.  Oct. Nov.  Dec. Year

1994

Prevailing wind ENE ESE ENE ENE ENE W E ESE NE ENE ENE NE ENE
direction

Average wind 8.8 7.2 59 4.2 6.1 4.0 43 5.0 5.6 43 6.0 44 5.5
speed (m s™!)

Maximum wind 17 20 13 13 12 9 12 13 14 13 19 14 20
speed* (ms™!)

Direction of max. 67 95 73 72 64 270 90 231 264 71 66 210 95
wind* (deg.)

Average station 1028.5 1026.5 1016.1 1020.1 10146 1011.3 1010.0 1009.2 10123 1009.5 10069 1006.5 1014.3
pressure (hPa)

Maximum pressure* 1050 1050 1036 1036 1025 1023 1024 1030 1027 1022 1032 1025 1050
(hPa)

Minimum pressure* 1003 1003 995 1006 998 1001 995 995 998 991 980 987 980
(hPa)

Average air <230 232 -28.1 -17.8 -7 -0.3 3.6 5.5 -32 -13.0 2229 272 -131
temperature (°C)

Maximum temperature*  -14 -2 -11 -2 2 9 17 20 7 -3 -6 -7 20
o)

Minimum temperature*  -35 -36 -40 -33 -18 -11 -3 -3 -12 -31 -36 -44 -44
()

Average dewpoint -260 -256 -309 -19.7 9.1 -1.3 25 31 -5.0 -14.4 -25.1 -29.7  -15.1
temperature (°C)

Maximum dewpoint -16 -4 -13 -4 0 8 11 15 7 -3 -7 -7 15
temperature (°C)

Minimum dewpoint -38 -39 -43 -36 -19 -12 -3 -9 -13 -34 -40 -48 -48
temperature (°C)

Precipitation (mm) 0 0 0 0 2 1 15 48 3 0 0 16 85

1995

Prevailing wind ENE E ENE ENE ENE NE E ENE ENE ENE ENE ENE ENE
direction

Average wind 48 5:l 5.4 52 54 3.8 5.1 43 5.7 6.6 4.2 4.8 5.0
speed (ms™!)

Maximum wind 13 16 15 13 13 9 12 9 13 14 16 16 16
speed* (m sh

Direction of max. 104 50 112 226 58 258 74 246 72 64 292 72 50
wind* (deg.)

Average station 10104 1025.5 1023.6 10149 1017.5 1012.7 10124 1011.2 1011.2 1013.3 1020.7 1019.8 1016.0
pressure (hPa)

Maximum pressure* 1025 1042 1040 1024 1036 1028 1022 1025 1030 1025 1036 1034 1042
(hPa)

Minimum pressure* 986 1002 1002 997 1003 1000 1003 999 990 1001 1001 1002 986
(hPa)

Average air -243 -268 -274 -137  -45 1.2 28 1.7 1.7 212 -15.1 245  -114
temperature (°C)

Maximum temperature* -4 -7 -3 2 2 16 17 14 16 -1 -2 -12 17
(89

Minimum temperature*  -44 -46 -44 -35 -11 -6 -2 -3 -4 =27 -29 -35 -46
°C)

Average dewpoint -26.6 -294 299 -152 49 -0.9 0.9 1.4 0.4 -8.9 -16.1 -26.2  -12.8
temperature (°C)

Maximum dewpoint -5 -8 -3 0 0 0 11 10 10 -2 -2 -12 11
temperature (°C)

Minimum dewpoint -49 -50 -49 -37 -12 -7 -6 -5 -6 -28 -31 -37 -50
temperature (°C)

Precipitation (mm}) 0 0 0 1 0 15 28 5 3 0 0 0 53

Instrument heights: wind, 10.5 m; pressure, 9.5 m (MSL); air temperature, 2.2 m; dewpoint temperature, 2.0 m. Wind and temperature instruments
are on a tower 25 m northeast of the main building.

*Maximum and minimum values are hourly averages.
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Fig. 1.4. Wind roses of the surface winds for MLO for 1977-1993 night (left) and day (right). The distribution of resultant wind
direction and speed are given in units of percent occurrence for the 17-year period. Wind speed is displayed as a function of direction

in three speed classes.
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Fig. 1.5. Wind roses of the surface winds for MLO for 1994 night (left) and day (right). The distribution of resultant wind direction
and speed are given in units of percent occurrence. Wind speed is displayed as a function of direction in three speed classes.
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Fig. 1.6. Wind roses of the surface winds for MLO for 1995 night (left) and day (right). The distribution of resultant wind direction
and speed are given in units of percent occurrence. Wind speed is displayed as a function of direction in three speed classes.

month. The January 1994 and November 1995 average
wind speeds set new minimums for the month. The
barometric pressure for 1994 and 1995 (679.7 hPa and
680.0 hPa respectively) were both lower than the long-
term average pressure of 680.5 hPa. July 1994 and March
1995 each tied its record minimum pressure for those
months and April 1995 set a new record minimum for the
month. The precipitation amounts for 1994 and 1995 (438
mm and 188 mm respectively) were both significantly
lower than the long-term average amount of 500 mm. The
1995 amount is the lowest amount ever received at the
station.

Samoa

A comparison of SMO’s 1994 and 1995 wind roses
(Figure 1.7) to that of the 17-year period (Figure 1.8) shows
a lower percentage (57.7%) of “clean air” sector winds
(north-northwest through southeast) in 1994 while 1995
shows a higher percentage (61.2%) than the long-term
average of 59.8%. The occurrence of winds in the 10 ms-!
or greater class was 6.7% in 1994 and 3.9% in 1995 while
the expected occurrence based on the 17-year record is
4.9%. The average wind speed for both 1994 and 1995, 4.8
ms-! (Table 1.11) is close to normal. The monthly average
for May 1995 set a new minimum record for the month.

The average ambient temperature for 1994 and 1995 was
27.3°C and 27.0°C respectively, which are both very close
to the 17-year average of 27.1°C. Five new record highs
were set in 1994 that occurred during the months of
February through June with a new record low occurring
during the month of June. In 1994, temperatures during
the first 7 months were above their monthly means and the
other 5 months were below their respective monthly
means. The average barometric pressure for 1994 and
1995 (Table 1.11) was 1.2 hPa and 1.9 hPa above the 17-
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year average of 999.3 hPa at Cape Matatula respectively.
The months of January and June in 1995 both tied the
record maximum pressure for the month. The amount of
precipitation in 1994 measured near normal amounts
during the first 6 months of the year while the last 6
months were wetter than normal. In 1995, the
precipitation amount was again near normal for the first 6

months; however, the last 6 months were drier than
normal.
South Pole

The distribution of the surface wind direction in 1994
and 1995 (Figure 1.9) shows a higher percentage of “clean
air” sector (grid north-northwest through east-southeast)
winds (95.0%) in 1994 while 1995 showed a lower
percentage (92.4%) from the than the 17-year average
(93.9%) (Figure 1.10). A lower percentage of winds in the
10 ms-! class (3.5% in 1994 and 3.1% in 1995) were
observed as compared to the 17-year average (4.0%). The
average wind speeds for 1994 and 1995 were very close to
the long-term average of 5.4 ms-l. May 1995 tied its
maximum wind speed record. The monthly average wind
speed for January 1995 set a new minimum for the month.

The average temperature for 1994 (-49.5°C) and 1995
(-49.7°C) were both colder than the 17-year average of -
49.0°C. September 1994 set a new record maximum and
July 1995 tied its record maximum temperature for the
month. January 1995 tied its record minimum temperature
for the month. The minimum temperature of -74°C for 1994
occurred in May and September while the minimum of -
77°C in 1995 occurred in September. The annual average
station pressures for 1994 (679.7 hPa) and 1995 (679.6 hPa)
(Table 1.12) were both above the 17-year average of 679.1
hPa. June 1994 tied its record high pressure for the month
and July 1995 set a new record high pressure.



TABLE 1.9. MLO 1994 Monthly Climate Summary

Jan. Feb. March April May  June July Aug. Sept.  Oct. Nov.  Dec. Year

Night

Prevailing wind SwW SW SW SSE SSE SSE SSE SSE SSE SSE SSE SSE SSE
direction

Average wind 37 4.3 4.8 4.1 44 34 59 4.1 39 33 54 6.5 45
speed (m &l

Maximum wind 12 12 13 12 13 10 16 14 13 9 13 17 17
speed* (ms™!)

Direction of max. 248 241 129 150 148 157 153 154 155 166 158 143 143
wind* (deg.)

Average station 678.1 6779 679.1 679.6 6802 6804 6806 6809 680.0 679.6 6798 6803 679.7
pressure (hPa)

Maximum pressure* 682 682 684 683 683 684 683 684 683 683 682 684 684
(hPa)

Minimum pressure* 675 673 672 676 678 678 677 678 677 676 677 677 672
(hPa)

Average air 4.0 37 47 5.5 6.5 7.1 7.7 7.1 6.7 6.5 4.8 6.0 59
temperature (°C)

Maximum temperature* 10 9 12 11 12 15 13 13 11 10 10 11 15
Q)

Minimum temperature* 0 0 0 1 1 2 4 3 3 3 1 2 0
O

Average dewpoint -16.7  -8.6 -14.3 -176  -135  -11.1 -6 -3.7 -3.9 -12.1 -9.0 -228  -117
temperature (°C)

Maximum dewpoint 4 5 4 4 7 9 8 9 8 6 4 -3 9
temperature (°C)

Minimum dewpoint -32 -24 -30 -29 -30 -29 -24 -16 -18 -29 -29 -32 -32
temperature (°C)

Precipitation (mm) 38 23 22 0 0 1 13 4 7 0 31 0 140

Day

Prevailing wind NW NNW NW NNW NNW NNW ESE NNW NNW NNW  SE SE NNwW
direction

Average wind 39 43 44 s 37 2.8 5.0 37 3.1 2.7 4.5 5.8 4.0
speed (m sh

Maximum wind 12 12 15 13 13 8 15 13 11 10 13 16 16
speed* (ms™!)

Direction of max. 259 214 104 141 153 106 142 147 152 160 142 124 124
wind* (deg.)

Average station 678.1 6779 679.1 679.7 6803 680.6 6808 681.0 6799 679.6 679.7 6803 679.8
pressure (hPa)

Maximum pressure* 682 683 684 683 682 684 683 683 683 683 683 684 684
(hPa)

Minimum pressure* 675 673 672 677 678 678 677 678 677 676 677 677 672
(hPa)

Average air 73 6.5 8.3 9.8 10.6 k1.2 11.4 11.2 103 10.4 1.9 102 9.7
temperature (°C)

Maximum temperature* 12 13 16 15 15 17 16 1§ 15 15 14 16 17
0

Minimum temperature* 0 0 0 2 3 4 ) 4 4 3 1 2 0
0

Average dewpoint -11.7 -5.7 -89 -9.6 -6.1 -4.4 -1.6 -0.3 0.6 -5.9 -4.6 -184 65
temperature (°C)

Maximum dewpoint 6 6 6 8 8 9 9 9 10 8 7 2 10
temperature (°C)

Minimum dewpoint -32 -24 -30 -28 -28 =27 -22 -18 21 -26 -27 -31 -32
temperature (°C)

Precipitation (mm) 29 42 38 0 0 10 19 56 58 12 34 0 298

Instrument heights: wind, 10.0 m; pressure, 3398.4 m (MSL); air temperature, 2.0 m; dewpoint temperature, 2.0 m. Wind and temperature
instruments are on a tower 15 m southwest of the main building.
*Maximum and minimum values are hourly averages.
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TABLE 1.10. MLO 1995 Monthly Climate Summary

Jan. Feb. March  April May  June July Aug. Sept.  Oct. Nov. Dec. Year

Night

Prevailing wind SE WSW  WSwW SW SE SE SSE SE SSE SE SSE SSE SE
direction

Average wind 54 7.0 6.5 6.1 4.5 44 3.8 39 35 43 38 44 4.8
speed (ms™!)

Maximum wind 17 15 16 16 13 12 11 11 11 15 13 14 17
speed* (m sh

Direction of max. 249 241 224 224 241 164 169 164 141 140 152 160 249
wind* (deg.)

Average station 680.0 6774 678.7 6784 680.2 681.1 6806 6803 680.9 680.1 6804 680.8 679.9
pressure (hPa)

Maximum pressure* 683 681 684 682 684 684 683 683 684 684 684 684 684
(hPa)

Minimum pressure* 677 673 669 672 677 678 678 678 678 677 677 676 669
(hPa)

Average air 5.8 42 5.7 57 6.5 8.8 8.1 7.3 8.5 6.9 5.6 5.5 6.6
temperature (°C)

Maximum temperature* 11 11 13 11 11 14 14 13 14 13 10 11 14
°C)

Minimum temperature* 1 -1 -1 0 2 5 2 2 3 1 2 1 -1
(W)

Average dewpoint -12.8 -15.0 -15.0 -12.5 -12.7  -159 -11.2 -13.1 -15.2 -14.7 -5.5 -123  -13.0
temperature (°C)

Maximum dewpoint 5 3 1 5 8 7 8 7 7 6 6 6 8
temperature (°C)

Minimum dewpoint -30 -38 -30 -32 -28 -25 -24 -27 -28 -29 -24 -31 -38
temperature (°C)

Precipitation (mm) 5 18 5 1 1 0 3 0 0 0 12 3 49

Day

Prevailing wind WSW  WNW W NNW NNW NE NE NE NE NNW  NNW NNW NNW
direction

Average wind 5.1 7.1 6.5 6.5 4.7 38 3.6 35 3.1 38 3.0 34 4.5
speed (ms™!)

Maximum wind 17 14 17 16 13 10 14 12 13 13 13 12 17
speed* (m s™)

Direction of max. 248 297 233 233 251 144 148 155 125 147 155 234 248
wind* (deg.)

Average station 680.0 6775 678.8 6784 680.3 6812 6808 680.5 6810 680.2 680.3 680.7 680.0
pressure (hPa)

Maximum pressure* 683 682 684 682 684 683 684 683 684 683 684 685 685
(hPa)

Minimum pressure* 677 673 670 673 677 678 678 678 678 677 678 676 670
(hPa)

Average air 9.4 7.6 9.7 9.7 10.6 13.0 1.7 11.2 12.2 10.5 8.9 9.0 10.3
temperature (°C)

Maximum temperature* 16 15 17 15 16 17 16 17 19 17 14 15 19
(§(®)

Minimum temperature* 1 -1 1 2 3 7 5 4 5 2 2 2 -1
(°C

Average dewpoint -104  -109 -106 -19 -4.7 <11 -2.8 -3.8 -5.8 -7.1 -2.2 =17 -6.8
temperature (°C)

Maximum dewpoint 5 4 6 6 9 8 9 10 9 7 8 6 10
temperature (°C)

Minimum dewpoint -30 -38 -30 -30 -26 -24 -22 -27 -26 -29 -23 -31 -38
temperature (°C)

Precipitation (mm) 7 16 7 10 11 0 8 16 9 10 25 19 140

Instrument heights: wind, 10.0 m; pressure, 3398.4 m (MSL); air temperature, 2.0 m; dewpoint temperature, 2.0 m. Wind and temperature
instruments are on a tower 15 m southwest of the main building.
*Maximum and minimum values are hourly averages.
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Fig. 1.7. Wind rose of surface winds for SMO for 1994 (left) and 1995 (right). The distribution of resultant wind direction and speed
are given in units of percent occurrence. Wind speed is displayed as a function of direction in three speed classes.
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Fig. 1.8. Wind rose of surface winds for SMO for 1977-1993.

The distribution of resultant wind direction and speed are given in
units of percent occurrence for the 17-year period. Wind speed is
displayed as a function of direction in three speed classes.
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1.5.2. METEOROLOGY OPERATIONS

New Dewpoint Sensors and Electronics Upgrade

Three new hygrothermometers and transmit logic boards
from Technical Services Laboratory (TSL) were purchased
for the BRW, SMO, and SPO observatories. The model
1088-400 replaced the model 1063-104 at BRW in August
1995, at SMO in December 1995, and at SPO in November
1995. The new model hygrothermometer was installed at
MLO when the new data acquisition was initially installed
in October 1993. The upgrade improvements include
tighter tolerances in the electronic components for greater
data accuracy, better radiation shielding of the temperature
sensors, and a higher volume of ambient air flow past the
temperature sensors to minimize the effects of heat buildup
in the sensor housing.

SPO Meteorological Sampling Tower Relocation and
Sensor Recalibrations

Prior to moving the meteorological sampling tower, all
of the SPO meteorological sensors listed in Table 1.7,
except for the Setra pressure transducer, were removed and
located on the grid north (upwind) railing of the clean air
facility (CAF). The alignment of the wind direction sensor
was approximate. From November 9 through November
22, 1995, the tower was disassembled, moved from a
location at approximately 100 m along a grid 110° from
the current CAF to a location approximately 183 m grid
northeast of the CAF, and reassembled. The new location
will put the tower approximately 91 m at grid 340° from



TABLE 1.11. SMO 1994 and 1995 Monthly Climate Summary

Jan. Feb. March April May  June July Aug. Sept.  Oct. Nov.  Dec. Year
1994

Prevailing wind SE NW  SSE Nw SE SSE SE SE SSE SE SE SSE SE
direction

Average wind 3.8 3.1 3.5 3.7 4.6 6.5 55 7.3 4.8 3.7 6.5 4.0 4.8
speed (ms™!)

Maximum wind 9 8 14 14 12 13 13 15 11 12 14 11 15
speed* (ms™!)

Direction of max. 310 140 334 315 144 138 146 145 112 113 138 151 145
wind* (deg.)

Average station 998.7 999.3 999.5 999.1 1001.0 1001.8 1001.2 1002.8 1002.7 1001.8 1000.3 997.8 1000.5
pressure (hPa)

Maximum pressure* 1003 1003 1004 1003 1005 1006 1004 1007 1007 1005 1004 1003 1007
(hPa)

Minimum pressure* 991 996 992 994 996 998 998 997 999 998 994 992 991
(hPa)

Average air 28.7 29.5 29:1 28.2 213 26.9 26.3 253 25.9 26.4 26.8 273 2713
temperature (°C)

Maximum temperature* 35 37 36 36 34 34 29 27 28 29 29 30 37
(&)

Minimum temperature* 23 23 24 23 21 23 23 23 23 23 23 24 21
({9

Average dewpoint 232 23.5 238 23.6 224 22.8 23.0 21.7 22.8 24.0 23.8 250 233
temperature (°C)

Maximum dewpoint 26 25 26 26 25 25 26 25 25 26 26 27 27
temperature (°C)

Minimum dewpoint 21 22 22 20 20 19 18 15 17 21 20 23 15
temperature (°C)

Precipitation (mm) 215 121 181 288 283 84 233 200 65 299 201 332 2503

1995

Prevailing wind SSE SE ESE SSE SSE SE SE SE SE SSE SSE E SSE
direction

Average wind 59 3.1 3.2 3.1 34 6.6 6.1 6.1 6.9 57 4.1 2.1 4.8
speed (ms™)

Maximum wind 14 10 8 10 12 11 15 13 13 13 12 6 15
speed* (ms™)

Direction of max. 322 138 323 118 156 153 124 164 130 130 87 64 124
wind* (deg.)

Average station 998.7 1000.1 1000.6 1000.0 1001.0 10029 1002.5 10029 1003.7 1001.8 1000.2 999.0 1001.2
pressure (hPa)

Maximum pressure* 1005 1004 1005 1003 1004 1007 1006 1007 1007 1006 1005 1005 1007
(hPa)

Minimum pressure* 992 995 996 997 997 999 999 999 1000 998 995 995 992
(hPa)

Average air 27.2 277 278 27.3 27.1 27.2 26.8 26.4 26.4 26.3 26.8 276 270
temperature (°C)

Maximum temperature* 29 30 29 30 30 29 28 30 29 28 29 30 30
(°C)

Minimum temperature* 24 24 24 23 23 24 24 23 23 24 23 25 23
(°C)

Average dewpoint 239 244 246 239 24.0 23.4 235 233 227 22.9 23.9 238 237
temperature (°C)

Maximum dewpoint 26 27 26 26 26 26 25 25 25 25 26 27 27
temperature (°C)

Minimum dewpoint 21 21 22 20 22 20 21 20 17 20 22 21 17
temperature (°C)

Precipitation (mm) 288 128 192 258 183 85 143 273 119 103 149 39 1960

Instrument heights: wind, 13.7 m; pressure, 78.5 m (MSL); air temperature, 14.0 m; dewpoint temperature, 12.8 m. Wind and temperature
instruments are on Lauagae Ridge, 110 m northeast of the main building.
*Maximum and minimum values are hourly averages.
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Fig. 1.9. Wind rose of surface winds for SPO for 1994 (left) and 1995 (right). The distribution of resultant wind direction and speed
are given in units of percent occurrence. Wind speed is displayed as a function of direction in three speed classes.
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Fig. 1.10. Wind rose of surface winds for SPO for 1977-1993.

The distribution of resultant wind direction and speed are given in
units of percent occurrence for the 17-year period. Wind speed is
displayed as a function of direction in three speed classes.

the new CAF. Nearly two full 2-m sections were buried
under snow at the old location. The increase in snow
height at the old location was 267 mm per year on average
since 1983. The move resulted in a gain of 3 to 3.4 m of
tower height and an ability to use all 24 m of the tower.
During this time, the new TSL 1088-400 hygrothermo-
meter was put into operation and calibrated. The platinum
resistance probes (RTDs) were calibrated by using an ice
bath at 0°C. From November 22 through December 2,
1995, a new cable for the RS-485 data communications
line was prepared, and hardware for the AC power and the
meteorological sensors was installed on the tower at the
new location. The azimuth orientation of the anemometer
was set by using a solar azimuth alignment tool and tables
of solar position. Table 1.13 describes the sensor heights
before and after the move of the sampling tower.

1.6. DATA MANAGEMENT

During 1994, the meteorological data acquisition system
operated 96.9% of the time and during 1995 operated
93.8% of the time. The meteorological data acquisition
system gathers data from sensors that operate continuously
at each of the four CMDL observatories. The performance
was monitored by comparing the number of data points
recorded against that expected for the year. Table 1.14
shows the performance of each system during 1994 and
1995. Due to the remoteness of the observatories, power
outages are common and the main reason for data loss.



TABLE 1.12. SPO 1994 and 1995 Monthly Climate Summary

Jan. Feb. March April May  June July Aug. Sept.  Oct. Nov. Dec. Year

1994

Prevailing wind N ENE N E N NE ENE NE E NNE NNE ENE NNE
direction

Average wind 53 4.7 6.2 4.7 5.8 6.2 6.0 5.8 6.6 5.7 43 34 5.4
speed (m s

Maximum wind 11 10 12 10 13 14 12 12 13 10 9 7 14
speed* (ms!)

Direction of max. 359 8 13 40 7 214 20 359 30 17 25 116 214
wind* (deg.)

Average station 688.3 680.0 674.7 6819 6748 6912 6754 6709 6768 6773 685.1 680.9 679.7
pressure (hPa)

Maximum pressure* 697 687 684 696 693 705 691 687 697 693 693 690 705
(hPa)

Minimum pressure* 679 669 664 666 661 677 660 653 651 663 675 672 651
(hPa)

Average air -283 440 -53.7 -573 -583 -549 625 -585 -56.9 -51.3 -374  -28.7 -495
temperature (°C)

Maximum temperature*  -23 -35 -37 -38 -35 -37 -45 -37 -31 -34 -27 -22 -22
°C)

Minimum temperature*  -37 -55 -64 -70 -74 -68 -72 -13 -74 -63 -47 -34 -74
0

Average dewpoint -313 511 -595 -622 -593 -597 -659 -61.0 -56.7 -57.3 -445 341 -526
temperature (°C)

Maximum dewpoint -24 -42 -42 -42 -39 -41 -50 -41 -34 -38 -33 -26 -24
temperature (°C)

Minimum dewpoint -52 -63 -71 -71 -71 -7 -7 -71 -71 -70 -56 -41 -71
temperature (°C)

Precipitation (mm) 0 0 0 0 0 0 0 0 0 0 0 0 0

1995

Prevailing wind E N NNE N ESE E NE E ESE ENE N N N
direction

Average wind 3.0 5.1 37 6.2 5.8 5.1 6.2 5.4 4.8 6.6 53 3.6 52
speed (m s!)

Maximum wind 7 10 i1 13 14 10 15 12 11 13 10 8 15
speed* (ms™)

Direction of max. 351 22 23 340 9 4 28 36 6 11 3 6 28
wind* (deg.)

Average station 6819 682.1 682.0 676.6 6719 680.5 6862 6763 6714 6793 683.7 683.6 679.6
pressure (hPa)

Maximum pressure* 691 692 690 691 688 697 705 695 685 692 693 692 705
(hPa)

Minimum pressure* 675 673 670 655 662 666 673 660 662 669 673 678 655
(hPa)

Average air -31.3 403  -52.6 -583 -59.0 -586 -556 -61.8 -64.6 -48.9 -37.9 213 497
temperature (°C)

Maximum temperature*  -24 -28 -40 -4 -37 -39 -34 -49 -50 -31 -27 -20 -20
(°C)

Minimum temperature*  -38 -51 -66 -74 -76 -72 -68 -74 =77 -66 -49 -33 =77
{®)

Average dewpoint -38.2  -46.0 -58.1 -63.8 656 -63.7 -61.7 -70.1 -71.8 -54.3 423  -31.1  -547
temperature (°C)

Maximum dewpoint -27 -32 -44 -49 -42 -43 -37 -54 -55 -35 -30 -23 -23
temperature (°C)

Minimum dewpoint -47 -60 -13 -81 -85 -19 -15 -81 -86 -73 -55 -37 -86
temperature (°C)

Precipitation (mm) 0 0 0 0 0 0 0 0 0 0 0 0 0

Instrument heights: wind, 10.0 m; pressure, 2841 m (MSL); air temperature, 2.0 m; dewpoint temperature, 2.0 m. Wind and temperature
instruments were on a tower 100 m grid east-southeast of the CAF until November 9, 1995, when the tower was moved to a location 183 m grid
northeast of the CAF.

*Maximum and minimum values are hourly averages.
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TABLE 1.13.

SPO Sensor Instrument Heights Before and After Tower Move

Instrument Height Before Move (m) Height After Move (m)
Primary anemometer 10.0 10.0
Pressure transducer 2841.0 2841.0
Air temperature A 1.1 20
Air temperature B 20.0 22.0
Air temperature C 1.6 2.0
Dewpoint temperature 1.6 2.0
Non-aspirated temperature 1.4 2.0

Heights are in meters above snow surface, except for barometric pressure, which is with respect to MSL.

Refer to Table 1.7 for sensor information.

TABLE 1.14. CMDL Meteorological Operations
Summary, 1994-1995

Expected Number  Percent Data ~ Number of Missing

Station of Data Points Capture Data Points
1994

BRW 3,006,720* 99.08% 27,678

MLO 6,832,800 94.48% 373,222

SMO 1,955,520t 99.27% 14,215

SPO 3,985,920% 94.95% 201,128
1995

BRW 4,204,800 99.40% 25,115

MLO 6,832,800 95.85% 283,394

SMO 3,679,200 84.08% 585,716

SPO 4,204,800 95.88% 173,093

*Expected number of data points as of April 15, 1994.
tExpected number of data points as of June 21, 1994.
t{Expected number of data points as of January 20, 1994.

Hardware failure, system restarts, and system maintenance
are the other reasons for data loss. At BRW, during the
winter periods, rime, snow, and ice occasionally would
build up on the sensors and have to be removed by station
personnel. At MLO, high winds caused electrostatic
buildup in the wind direction module at 38 m. High winds
also caused damage to the 38 m anemometer nose cone and
propeller shaft assembly. At SMO, the hygrothermometer
failed. The biggest cause of data loss was due to the
buildup of corrosion on the sensor connector pins and
moisture getting into the RS-485 communications line.
This produced noise in the communications that the data
acquisition system was not able to handle. At SPO the
fuse in the meteorological crate, which houses the Setra
pressure transducer and the module for the non-aspirated
platinum resistance probe, blew several times due to
station power failures. The plastic junction box for the
anemometer, which houses a circuit board, disintegrated
due to the extreme cold of SPO. Periods of high winds at
SPO caused static buildup along the sensors and data lines.
The solution was to temporarily disconnect the AC power
that would reset the modules. On at least two separate
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occasions, the static buildup damaged electrical com-
ponents, requiring their replacement with spare parts on
hand at the station.

Data is transferred to Boulder on a daily basis via the
Internet. Preliminary hourly averages of wind direction
and speed, barometric pressure, ambient and dewpoint
temperature, and precipitation amounts are sent to the
station personnel. Each month a climatic summary is
prepared from edited data and distributed within CMDL
and to each of the observatories.

Recently, parts for the aerosol solar radiation (ASR),
CO2, and MO3 CAMS have become very difficult to
purchase. As a result, CAMS is in the process of being
decommissioned. Since 1993, the CAMS system has been
gradually replaced with more sophisticated data
acquisition systems. These new systems are also gradually
getting on the Internet so that the data can be transferred to
Boulder more quickly than was possible with the CAMS
system.

Acknowledgment., We wish to thank Gary Herbert and Ken Thaut (both
retired) who were responsible for the installation of the new
meteorological data acquisition systems at MLO in 1993, BRW, SMO,
and SPO in 1994, and for their dedication to the CMDL meteorology
program.
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2.1. OVERVIEW

The overall goal of the work by the Carbon Cycle Group
(CCQG) is to improve our understanding of what determines
the atmospheric burden of the major trace gases involved
in the carbon cycle: CO,, CHy, and CO. Concern about
global climate change, and possible future management of
the problem, is the driving force behind the work. The
anthropogenic influence on all three gas species is large,
but natural cycles are involved as well.

Two methods were employed from the start of the
Geophysical Monitoring for Climatic Change program, the
forerunner of CMDL. Continuous measurements in remote
clean air locations, namely the four CMDL observatories,
and the collection of weekly or bi-weekly discrete flask
samples in pairs, also at remote clean air locations.
Initially the samples were analyzed only for CO,. Methane
was added in 1983, CO in 1988, isotopic ratios of CO, (in
collaboration with the University of Colorado/Institute for
Arctic and Alpine Research (CU/INSTAARY)) in 1990.

Information on the sources and sinks of the trace gases
is obtained from their rates of increase and from their
spatial distributions.  The link between sources and
observed mixing ratios is provided by numerical models of
atmospheric transport operating in both two and three
dimensions. Since we are working "backwards" from
observed concentrations, this problem is in the class of so-
called inverse problems. The greatest limitation is
sparseness of data, especially in regions close to important
sources and sinks. Therefore the Carbon Cycle Group has
gradually expanded the spatial coverage of the cooperative
air sampling network, as well as added isotopic ratio
measurements since different sources/sinks may be
characterized by distinctive isotopic "signatures."

To overcome the limitation of having only measurements
from the marine boundary layer, remote from many
important source areas, two new approaches were initiated.
One is to continuously measure a number of chemical
species and atmospheric physical properties at different
heights on very tall towers. Mixing ratios in the
continental planetary boundary layer are highly variable
and their interpretation is more difficult, requiring much
more auxiliary data, than the "traditional" marine air
samples. The second new approach is to obtain discrete air
samples from low-cost airplanes in automated fashion from
the boundary layer up to about 8 km altitude. These
samples are then sent back to the laboratory in Boulder for
analysis. The use of this method, especially over North
America, will be greatly expanded to provide significant
regional-scale constraints on the budgets of carbon species.

The global air samples also provide a unique resource
for narrowing the uncertainties of additional atmospheric
problems. In collaboration with the Nitrous Oxide And
Halocompounds (NOAH) group of CMDL, the species N,O
(a greenhouse gas) and SFg were added to the suite of flask
measurements, and other species are under investigation.
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The development of a method to routinely measure the
13C/12C ratio of CHy, in collaboration with INSTAAR, is
at an advanced stage.

Since the global coverage of our sampling is unmatched,
CMDL plays an active role in bringing together the
measurements from many different laboratories around the
world. Towards this end, measurements of field samples as
well as reference gas standards are intercompared. The
link with the Commonwealth Scientific and Industrial
Research Organization (CSIRO) in Australia is particularly
strong in this regard. For CO, and CO, calibrated
reference gases are provided under the auspices of the
World Meteorological Organization (WMO). At the
"product” end, a common database for CO, has been
assembled without significant calibration or methodo-
logical discrepancies, incorporating the measurements of a
number of laboratories, called GLOBALVIEW-CO2, Its
intended use is for three-dimensional (inverse) modeling.
Plans are to maintain and enlarge the database, as well as
assemble similar ones for CHy, isotopic ratios, etc.

Data records and monthly means can be obtained for
each site from the CMDL World Wide Web page
(www.cmdl.noaa.gov); the ftp file server's "pub" directory
(ftp.cmdl.noaa.gov), from the WMO World Data Center for
Greenhouse Gases (Tokyo), and from the Carbon Dioxide
Information Analysis Center (Oak Ridge, Tennessee).

2.2. CARBON DIOXIDE

2.2.1. IN S1TU CARBON DIOXIDE MEASUREMENTS

The mixing ratio of atmospheric CO, was measured with
continuously operating nondispersive infrared (NDIR)
analyzers at the four CMDL observatories during 1994 and
1995 as in previous years. Monthly and annual mean CO,
concentrations (in the WMO 1993 mole fraction scale
(X93)) are given in Table 2.1. These values are
provisional, pending final calibrations of station standards.
Preliminary selected monthly average CO, mixing ratios
for the entire record through 1995 are plotted versus time
for the four observatories in Figure 2.1.

The CO, in situ systems operated during 1994 and 1995
at 94.0% and 91.2% at BRW; 94.2% and 95.1% at MLO;
91.0% and 78.7% at SMO; and 90.9% and 92.9% at SPO.
The maximum percentage expected is 95.8% based on
missing data due to reference gas calibrations during the
year. The majority of the loss of data at SMO in 1995 was
due to a failure in the CO, NDIR analyzer in November
that lasted until late December.

A new data acquisition and control system was installed
at MLO in December 1995. This system uses a
Hewlett-Packard Unix workstation for controlling not only
the CO, NDIR measurements, but the CH4 and CO in situ
gas chromatograph systems as well. Data are downloaded
from MLO to Boulder daily over the Internet, as well as
recorded on optical disks at MLO for backup. New data



TABLE 2.1. Provisional 1994 and 1995 Monthly Mean acquisition and control systems will be installed at the

CO, Mixing Ratios From Continuous Analyzer Data remaining observatories during 1996.
(micromol/mol, abbreviated as ppm, relative to In addition to the new data system, the CO, NDIR
dry air WMO X85 mole fraction scale) analyzer was fitted with smaller optical cells, 60 mm in
length compared with the original 180 mm length cells.
Month BRW MLO SMO SPO The glass HyO cryotrap was relocated between the inlet air

pumps and the gas manifold with a smaller auxiliary

1994 cryotrap added in between the gas manifold and the NDIR
Jan. 361.83 358.01 357.00 355.48 analyzer. With this setup, the first cryotrap dried only the
Feb. 363.76 358.82 357.37 355.45 ambient air samples, and the second cryotrap dried the
March 365.04 359.74 357.10 355.51 reference gases and the dried ambient air. The volume of
April 364.26 361.13 357.35 355.63 gas that the reference gases need to flush away after each
May 364.07 361.49 356.76 355.76 gas change was greatly reduced so that lower flow rates
June 362.76 360.60 357.02 356.04 were possible. The flow rate was reduced to ~150 cc min-!
July 354.37 359.20 357.60 35646 from 300 cc min-!.
August 349.03 357.23 357.32 357.14
Sepr 4504 35544 35733 35752 2.2.2. FLASK SAMPLE CARBON DIOXIDE
Oct. 357.37 355.89 357.63 357.56 MEASUREMENTS
Nov. 360.80 357.42 358.16 357.52
e e S . — Measurements of the distribution and variations of
Year 359.83 358.64 357.44 356.46 atmospheric CO, continued during 1994 and 1995 using
1995 samples collected throughout the CMDL global air
sampling network. In January and February 1994,
Jan. 364.49 359.74 358.54 357.22 sampling began at Easter Island, Chile (29°09'S,
Feb. 366.13 360.59 359.30 357.23 109°26'W; site code: EIC) and Ny-Alesund, Svalbard
March 366.27 361.59 359.31 357.40 (78°54'N, 11°53'E; ZEP), respectively. The flask sampling
April 366.60 363.05 359.03 357.40 at Easter Island is through the cooperation of the Chilean
May 365.78 363.56 359.43 357.63 Meteorological Service. Ny-Alesund is a collaboration
June 364.01 363.08 359.28 357.87 with the Stockholm University in situ CO, measurement
k’:y g;?ig gg;gz ;ggg? ;gg‘;g program and is intended to study the North
Sepgt. 35524 157,94 359.17 159.10 Atlantic/subarctic marine sink for CO,. In September
Oct.- 357.90 357:78 359:47 359‘29 1994, flask sampling began near Ushuaia, Argentina
Nov. 363.80 35921 359.89 359:39 (54°52'S, 68°29'W; TDF) in support of the new Global
Dec. 366.94 36045 360.15 359 40 Atmosphere Watch (GAW) observatory. In October 1994,

sampling was initiated at Constanta, Romania (44°10'N,
Year 362.10 360.62 359.36 358.26 28°41'E; BSC) on the western shore of the Black Sea, and
the sampling program on Terceira Island, Azores (38°46'N,
27°23'W; AZR) was revived after a 2-year interruption. In
September 1995 flask sampling began at Assekrem, Algeria
(23°11' N, 5°25'E; ASK) in cooperation with the GAW
observatory at Tamanrasset, Algeria. Finally, in November
1995 CCG began receiving samples collected in the Negev
Desert, Israel (31°08'N, 34°53'E; WIS) in cooperation with
the Weizmann Institute of Science. These new sites are
shown with the rest of the air sampling network in Figure
2.2. Annual mean mixing ratios for 41 sites for 1993,
1994, and 1995 are given in Table 2.2. The 1995 values
are based on preliminary editing and data selection.

Air samples were collected in evacuated flasks at 5
degree latitude intervals over the Pacific Ocean aboard the
California Star (OPC) during 1993 through 1995. In 1995
sampling began on a second ship, the Brisbane Star (OPB).
Annual averages calculated from merged data from both
ships (POC) are given for 14 latitude intervals in Table
2.3. Flask samples were also collected from ships in the
South China Sea (SCS). Annual averages for seven 3
degree latitude intervals are given in Table 2.4.

The globally-averaged CO, growth rate determined from
e TR 1 the air sampling network data is shown in Figure 2.3. The
1975 1980 1985 1990 1995 CO, growth rate declined from a high of =2.6 umol
(abbreviated ppm) per year in 1987 to a low of =0.6 ppm
yr-1in 1992, The growth rate in 1994 was above the 1981-
1995 average of ~1.4 ppm yr-!, and in 1995 the growth rate
was still above the decadal average.

KT T o T T v
F —O— Barrow i
" —A— Mauna Loa

L + Samoa
360 [} South Pole

350

340

330 & W
x

Fig. 2.1. Preliminary selected monthly mean CO, mixing ratios
expressed in micromol/mol at the four CMDL observatories
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Fig. 2.2. Network of continuing measurements by the Carbon Cycle Group.

A two-dimensional model was developed to use the flask
CO, data, together with measurements of the 13C/!2C ratio
in CO, from the same air samples, to partition CO, sources
and sinks into terrestrial and marine components as a
function of latitude [Ciais et al., 1995a]. An application
of this model to data through 1993 attributed a large
fraction of the northern hemisphere sink to the terrestrial
biosphere [Ciais et al., 1995b]. This is an important result
because it is not known which processes account for this
sink and also because carbon stored as biomass has the
potential to be returned to the atmosphere on short time
scales. A preliminary application of the model through
1995 shows that the total global CO, sink in 1992 was a
factor of 2 larger than in 1995. This analysis also showed
significant interannual variations in both the marine and
terrestrial components of this sink.

2.2.3. CARBON DIOXIDE REFERENCE GAS
CALIBRATIONS

The calibration of CO,-in-air reference gas tanks
continued in 1995; 407 tanks were calibrated using the
NDIR analyzer. All CO,-in-air reference gas tanks used by
CMDL are filled with clean dry ambient air from Niwot
Ridge, Colorado, in aluminum tanks.

A manometric system was developed for performing
primary calibrations of the absolute mole fraction of CO,
in a carrier (air) gas. The manometric apparatus itself is
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principally made of glass. It consists essentially of a 6-L
glass flask connected by means of a manifold to a 10-mL
glass small volume. A pressure gauge of quartz spiral
Bourdon tube type as a primary manometer in the
manometric system is used to measure the CO, and the
carrier gas pressures precisely. The apparatus is enclosed
in an oven. The temperature of the oven is uniform and
controlled to an accuracy of 0.01°C during the calibration
process. The quartz spiral pressure gauge is regularly
calibrated with a dead-weight pressure calibration tester.
To begin the manometric calibrating process the glass
manometric chamber, including the 6-L large volume, the
manifold, and 10-mL volume, are evacuated to a residual
pressure of less than 1 millitorr. A sample of air from a
cylinder to be analyzed is dried at -70°C to remove water
vapor and then fills the evacuated glass chamber to the
ambient pressure. After the sample air in the chamber has
come to equilibrium, the temperature is measured by
platinum resistance thermometers, and pressure is
measured by the quartz spiral gauge. The sample air from
the chamber is then slowly pumped out through two liquid
nitrogen traps, freezing out CO,, N,O, and residual water
vapor. Upon completion of the extraction, the CO, frozen
in the traps is dried with a dry ice-alcohol mixture and then
transferred to the small 10 mL volume by placing liquid
nitrogen around it.  After the 10-mL small volume
containing the collected pure CO, (and N,0O) is thawed,
the temperature and pressure are continuously measured



TABLE 2.2. Provisional 1993-1995 Annual Mean
CO, Mixing Ratios From Network Sites

TABLE 2.3. Provisional 1993-1995 Annual Mean CO,
Mixing Ratios from Pacific Ocean Cruises

CO, (ppm) CO, (ppm)
Code Station 1993 1994 1995 Latitude 1993 1994 1995
ALT Alert, NW.T., Canada 357.7 3598 361.1 30°N 357.7 3594 360.8
ASC Ascension Island 3558 357.3  359.2 25°N 357.7 3595 361.4
AZR Terceira Island, Azores [1] [] 359.5 20°N 357.1 359.6 361.0
BAL Baltic Sea 3599 3619 3644 I5°N 357.6 359.7 360.7
BME  Bermuda (east coast) 356.8 3588 3613 10°N 357.8 359.2 361.1
BMW  Bermuda (west coast) 3573 359.8 361.0 5°N 357.7 359.5 361.0
BRW  Barrow, Alaska 3582 3596 3619 Equator 3575 359.1 360.6
BSC Constanta, Romania [1] 364.6 5°S 357.0 358.9 360.4
CBA Cold Bay, Alaska 3578 359.1 3614 10°S 356.7 358.3 360.2
CGO Cape Grim, Tasmania 3545 3561 3579 15°S 356.2 357.8 359.5
CHR Christmas Island 3574 [1 [] 20°S 355.8 358.1 359.0
CMO  Cape Meares, Oregon 358.5 361.7 [1] 25°S 3554 357.6 3585
CRZ Crozet Island 3553 3569 3579 30°S 3554 356.9 358.4
EIC Easter Island, Chile 3557 3576 35°S 355.5 357.0 358.6
GMI Guam, Mariana Islands 356.6 3585 3606
GOZ Gozo Island, Malta [1 359.6 362.2
HBA  Halley Bay, Antarctica 355.1 3569 358.1
HUN Hegyhatsal, Hungary [] 3622 366.6
S e e Y B TABLE 2.4. Provisional 1993-1995 Annual Mean CO, Mixing
zana Observatory, Tenerife 357.5 358.6 361.4 Ratios from South China Sea
KEY Key Biscayne, Florida 358.4 359.3 362.1
E%M Cape Kumukahi, Hawaii 3571 359.1 3609 CO, (ppm)
C  Mould Bay, Canada 357.8 3599 3613
MHT  Mace Head, Ireland 356.7 3586 360.7 Latitude 1993 1994 1995
MID Midway Island 3575 3592 3609 -
MLO  Mauna Loa, Hawaii 3569 3585  360.6 2I'N 3611 444 J6i0
NWR  Niwot Ridge, Colorado 3574 3595 3612 I8N S60.2 360.3 362.2
PSA  Palmer Station, Antarctica 355.1 3564  358.1 ISN 351.8 36012 62,3
QPC  Qinghai Province, China 3573 3593 [] L 359.9 360.0 361.2
RPB  Ragged Point, Barbados 356.7 3580 360.2 9N 357.9 359.9 362.3
SEY  Mahe Island, Seychelles 3560 3565 358.1 6N 357.9 359.8 4615
SHM  Shemya Island, Alaska 3577 360.6 3609 3'N 359.2 359.8 361.1
SMO  American Samoa 3556 3574 3592
SPO South Pole, Antarctica 354.8 356.2 3577
STM Ocean Station M 3575 359.2 3604
SYO Syowa Station, Antarctica 354.5 356.1 358.1
TAP Tae-ahn Peninsula, S. Korea 3604 3612 363.6 ——— Y ——— T 7 7
TDF Tierra del Fuego, Argentina [1 [1 r
UTA Wendover, Utah [1 361.2 361.2
UUM  Ulaan Uul, Mongolia 357.1 359.3  360.3
ZEP  Ny-Alesund, Svalbard 3592 3610 o 1l
Square brackets indicate insufficient data to calculate annual mean.
The 1994 and 1995 annual means have been adjusted upward by 0.25 nE H
ppm to correct for a systematic loss of CO, in the flask analysis
apparatus. E
il 1]
while equilibrium is reached. Because the volume ratio of
the small and the large volumes is known accurately, the
molar ratio of the CO, in the original air sample can be & ]
calculated with the virial equation of state, taking real gas
compressibility into account, and correcting for the N,O
contribution.
From December 1995 to February 1996, the CO, R T e

concentrations of three cylinders with CO,-in-air mixtures
were determined by the manometric calibration system.
The results of the tests are presented in Table 2.5. For

Fig. 2.3. Global CO, growth rate.
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TABLE 2.5. Results of Tests Using Manometric Calibration System

Cylinder Manometric Standard Difference

Date Serial No. CO; Average Deviation NDIR (NDIR-MANO)
Dec. 6, 1995 71568 386.33

Dec. 6, 1995 71568 386.30

Dec. 8, 1995 71568 386.37 386.33 0.035 386.25 -0.08
Feb. 1, 1996 56797 352.67

Feb. 2, 1996 56797 352.78

Feb. 5, 1996 56797 352.83

Feb. 13, 1996 56797 352.62

Feb. 16, 1996 56797 352.77

Feb. 17, 1996 56797 352.77

Feb. 19, 1996 56797 352.76

Feb. 20, 1996 56797 352.62

Feb. 20, 1996 56797 352.77

Feb. 21, 1996 56797 352.63

Feb. 21, 1996 56797 352.89 352.74 0.090 352.77 0.03
Feb. 23, 1996 114997 314.97

Feb. 24, 1996 114997 314.95

Feb. 26, 1996 114997 315.02

Feb. 28, 1996 114997 314.90

Feb. 28, 1996 114997 315.02

Feb. 29, 1996 114997 315.08 314.99 0.063 315.05 0.06

CO, concentrations in pmol/mol.

comparison, the CO, mole fractions measured by a NDIR
analyzer using reference gases calibrated by the Scripps
Institution of Oceanography (SIO) are also shown in the
table. The reproducibility of the manometric system
indicated in Table 2.5 as the standard deviation is about
+0.06 pmol for a total of 20 measurements. The largest
mean difference of measurements between the NDIR and
the manometric system is 0.08 pmol for the three
CO,-in-air mixture cylinders.

2.2.4. MEASUREMENTS OF STABLE ISOTOPES OF CO,

Since 1990, the Stable Isotope Laboratory at INSTAAR
has been measuring the stable isotopic composition of CO,
from flask samples from the CMDL global air sampling
network. The natural ratio of !'3C to 12C is about 1.1%
everywhere, but biogeochemical processes (such as
photosynthesis or atmosphere-ocean exchange) can sustain
small but readily measurable differences in that ratio
between different carbon reservoirs. For example, plants
discriminate against '3C during photosynthetic uptake,
therefore the '3C/12C ratio in plant carbon (and, by
derivation, in soils and fossil fuels) is depleted relative to
the atmosphere, typically by about 20%. (per mil, or parts
per thousand)—which in turn leaves the atmosphere subtly
enriched in 13C. Observing such a 13C signature allows
exchanges of CO, with the biosphere to be distinguished
from oceanic fluxes because the latter do not carry a
significant isotopic signature [e.g., Keeling et al., 1995].
The !80 composition of atmospheric CO, ultimately
derives from its equilibration with liquid water, providing
a link between the global carbon and hydrologic cycles.
For example, CO, exposed to water within the leaves of
plants, but diffusing out of the leaf before being
incorporated, carries the isotopic signature of leaf water
back to the atmosphere. Because CO;, “remembers” the
18Q signature of the water reservoir it has most recently
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visited, this tracer may prove to be useful in quantifying
the gross annual uptake of CO, by photosynthesis and its
release by respiration.

INSTAAR currently measures 3!3C (the normalized
difference between the isotopic ratios of a sample and
standard) and 8!80 in CO, for almost all of the CMDL
network flasks, having begun with a selection of only six
sites and two ships in 1990. The growth of the effort,
reflected by the number of sites and flasks measured each
year, is shown in Figure 2.4. Each measurement is made
by first cryogenically extracting CO, from about 750
standard cm3 of dried air, then measuring the relative
abundance of isotopic species of masses 44, 45, and 46
using a triple-collector isotope-ratio mass spectrometer
[Trolier et al., 1996]; precisions of 0.03%0 and 0.06%o0 are
obtained for 8!3C and 8!80 respectively. Small numerical
corrections account for the presence of N,O trapped with
CO, and for the presence of isotopic species including 170.
The isotopic data are fully integrated into the Carbon
Cycle Group's trace gas data base.

A sample of the isotope data is given in Figure 2.5,
which shows time series of CO, mixing ratio, §!'3C, and
3!80 from Barrow, Alaska, from 1990 through 1995,
There is a striking anticorrelation between the scasonal
cycles of mixing ratio and 8!3C, reflecting the strong
influence of the annual cycle of photosynthesis and
respiration imposed on the atmosphere by the terrestrial
biosphere in the northern hemisphere. Whereas the mixing
ratio shows an increasing long-term trend due to the use of
fossil fuels, the trend of 813C is to lighter values, reflecting
the depletion in 13C of fossil fuel relative to the
atmosphere. The seasonal cycle of 8180 lags behind CO,
and 813C, and while its interannual variability shows no
steady trend, it can change its level dramatically from year
to year, most likely because of the large exchanges of CO,
between biosphere and atmosphere that are subject to
efficient oxygen isotope exchange.
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Fig. 2.5. Time series of CO, (upper panel), 3!3C of CO, (middle
panel), and 8!80 (lower panel) from Point Barrow, Alaska.

The INSTAAR isotope data were recently described in
detail [Trolier et al., 1996]. The INSTAAR &!3C time
series, though beginning only in 1990, were used in
concert with the longer 813C time series from Cape Grim,
Australia, obtained by CSIRO, to identify a global
flattening of the long-term 813C trend during 1988-1992
[Francey et al., 1995a]. The decadal average trend
observed during the 1980s, about 0.025%. yr!, was
apparently offset during these years by anomalously high
uptake of CO, by the global biosphere. Similarly, the
INSTAAR 3813C data, supplemented by CSIRO data from
the southern hemisphere, definitively identify a strong
northern hemisphere biospheric sink equivalent to nearly
half the annual anthropogenic source during 1992 and
1993 [Ciais et al., 1995b]. Interpretive work using the
8180 data is underway. In addition to these scientific
analyses, the measurements are actively intercompared
with other atmospheric monitoring laboratories measuring
CO, isotopic composition [Francey et al., 1995b; Gaudry
et al., 1996].

INSTAAR recently obtained a more precise isotope-
ratio mass spectrometer, a VG Optima, for analyzing
the CMDL flasks. The instrument is currently being tested
and it will come on-line for flask analysis during 1996.
This instrument will be devoted entirely to analysis of
atmospheric samples and will allow us to focus
more attention on calibration. It is expected that the
Optima will improve the analytical precision by about a
factor of 3.

2.2.5. THE AIRKIT SAMPLER

Field testing of a new prototype air sampling apparatus
began at SMO in September 1994 and Cape Kumukahi,
Hawaii (KUM) in May 1995. The new Airkit (Air Kitzis
sampler) differs from the currently used MAKS (Martin
and Kitzis Sampler) in two important ways: (1) It has a
thermoelectrically cooled condenser to remove water vapor
from the air stream, and (2) It has a microprocessor to
control the sampling process so that collecting the sample
is more automated and less subject to operator error. The
effect of drying the air sample is most dramatic for the
measurement of 180/160 in CO, (Figures 2.6 and 2.7). In
samples collected at humid, tropical locations without
drying, the 180/160 measurements are highly variable and
consistently more depleted in 180 due to the exchange of
oxygen atoms between CO,; and H,O molecules. It was
established through systematic tests at INSTAAR [Gemery,
1993] that the exchange takes place during storage in the
flasks when the relative humidity of the air sample is above
50%. Overlapped sampling with the Airkit and MAKS at
SMO and KUM shows that this effect is eliminated with
the Airkit and that the measurement of other species is not
affected by the drying (Table 2.6). The pair agreement
improves from 0.73%o (1) to 0.09%o.

2.2.6. CALIBRATION OF MEASUREMENTS OF
STABLE ISOTOPES OF CO,

The INSTAAR stable isotope data are reported as
isotopic composition relative to VPDB-CO, for both §13C
and 8!80. Calibration of this record has two distinct
facets. The first relies on comparatively precise
intercomparisons of samples of CO, extracted from air.
Carbon dioxide from individual flask samples is always
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Fig. 2.6. Oxygen-18 in flask samples from Cape Matatula,

Samoa. The majority of the "wet" samples were rejected due to
poor pair agreement. The few fortuitously retained pairs tend to
be isotopically "light." Since samples have been dried with the
Airkit, however, a first glimpse of the true §!80 signature of CO,
at equatorial latitudes from the CMDL network has been seen.

compared with CO, from a “working reference” cylinder.
The isotopic composition of the working reference cylinder
itself is currently tracked on a monthly basis by
comparison with a suite of secondary reference cylinders.
The second facet of calibration consists of the comparison
of the isotopic scale established by the reference cylinders
to accepted international standards  ("absolute"
calibration). These measurements require the comparison
of CO, derived from different materials using different
preparation systems and to date have been subject to larger
uncertainties. Both carbonate standards (NBS-19,
NBS-20, and INSTAAR laboratory standards) and water
standards (V-SMOW, SLAP, and laboratory standards)
have been used for absolute calibrations.

Comparisons among the reference cylinders, though few
in the early years of the program, have expanded to
provide a fairly strong constraint on the consistency of the

4 T = T
2 — —|
= : T e S A to '."*.#x ’ v44
IS Ak FE 4.0 R “t}'o.‘ﬁ‘
— Nl "’a."’.'.'; ‘.:(’3 > M #
8 y Loy T .
~ «t7 3. . .
o ' .
70 —
@ ARRKIT
-8
+ MAKS
_‘[O 1 1 1
1993 1994 1985 1996
YEAR
Fig. 2.7. Oxygen-18 in flask samples from Cape Kumukahi,

Hawaii. The comparison between Airkit and MAKS is very
similar to Samoa.

TABLE 2.6. Comparison of Airkit to MAKS Sampler

Airkit Minus MAKS

Site Species No. Pairs Average Standard Deviation  Units

KUM Co, 3l -0.07 0.40 ppm
SMO CO, 48  -004 0.18 ppm
KUM CH, 33 0.19 1.99 ppb
SMO CH, 53 042 235 ppb
KUM €O 28 201 2.49 ppb
SMO  CO 53 0.05 1.19 ppb
KUM  §bc 29 0.02 0.05 permil
SMO B¢ 47 0.02 0.14 permil
KUM  §180 7 0.67 0.82 permil
SMO 380 15 1.08 1.06 permil

Summary of the differences between retained pairs for simultaneous
Airkit and MAKS samples. There are no significant differences between
Airkit samples and the MAKS samples except for 8180, where the
retained MAKS pairs are considerably depleted in 130 at both KUM and
SMO.

working reference gas scales for 8'3C and 3!80. Working
reference gas cylinders are used for up to 3 years;
transitions between working reference cylinders provide
the unfortunate possibility of a step shift in calibration.
Such shifts could be too subtle to detect by too-seldom and
too-noisy comparisons with carbonates and waters but can
be tracked by other cylinders (provided, of course, that the
suite of cylinders is not drifting in parallel).

Figure 2.8 shows a summary of the calibration data
available for the INSTAAR isotope data for 8!3C and
8180. The central feature of these plots are the scales
defined by the sequence of working reference gases shown
by solid lines plotted for each cylinder during its lifetime.
This scale determines the values that are assigned to
individual flask samples. Dotted lines represent the
cylinders' values outside their period of use as the working
reference.  The relative values of any two working
reference cylinders are determined by extensive inter-
comparison preceding the transition. Also shown are the
values for the working cylinders determined from other
reference gases (open symbols) and carbonate or water
standards (closed symbols); error bars (1o) are shown
where more than one determination is made in a month.
Uncertainties clearly persist, particularly for the absolute
assignment of the 8180 scale. The assigned scales are to
some extent based on subjective evaluations of the
reliability of different calibration methods. However,
drifts and step shifts within the working reference scales
seem unlikely beyond (pessimistically) 0.02U%. for §!3C
and 0.04%. for §180.

2.3. METHANE
2.3.1. IN SI1TU METHANE MEASUREMENTS

Quasi-continuous in situ measurements of atmospheric
CH,4 continued at MLO and BRW. Details of the
measurement techniques and analysis of the in situ data
through early 1994 were published in late 1995
[Dlugokencky et al., 1995]. Daily averaged CH4 mole
fractions (in nanomol/mol or 10-% mole/mole; abbreviated
ppb) are plotted in Figure 2.9 for BRW (a) and MLO (b).
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Fig. 2.8. Calibration of the NOAA-CU data set. The upper

panel shows calibrations for 8!3C, the lower for §!80. Reference
gases are identified by cylinder name. Monthly means of
calibrations of reference gases are plotted using open symbols;
where more than one determination was made in a month, error
bars are plotted at twice the standard deviation of the monthly
values. Mean values for working reference gases are plotted as
thick solid lines, for secondary reference gases as thin lines.
Calibrations of the working reference scale using primary isotope
reference materials are plotted as solid symbols (NBS-19,
squares; NBS-20, diamonds; SMOW, circles).

The data have been edited for instrument malfunction
using a rule-based expert system [Masarie et al., 1991],
but were not selected for meteorological conditions. High
CH4 values at BRW are due to emissions from local
sources. Limitations of the unselected data sets have been
discussed previously [Dlugokencky et al., 1995].

Previously it was reported that the precision of the
measurements (~0.2%) was limited in part by variations in
laboratory temperature which affects the flow rate of Hj to
the FID [Peterson and Rosson, 1993]. On December 1,
1995, a new analytical system was installed at MLO
ushering in a new era of high precision in situ CHy
measurements at MLO. Main components of the system
are an HP 6890 GC with FID, an HP 35900E analog-to-
digital converter (A/D), a temperature controlled box for
the sample valve, and a HP UNIX workstation. A similar
system will be installed at Barrow during Spring 1996.

The gas chromatography has not changed significantly
from what was used previously, except that the carrier gas
was switched to N, to improve sensitivity. Two columns
are used to separate CHy from air, and flame ionization is
used for detection. Column head pressure and flow rates
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Fig. 2.9. Daily mean CHyq mixing ratios in 10" mole/mole
(abbreviated ppb) for (a) BRW and (b) MLO for 1994 and 1995.
The data have not been selected for meteorological conditions,
but have undergone a quality control step to ensure that the
analytical instrument was working optimally when they were
obtained [Masarie et al., 1991].

for the FID gases are controlled electronically by the GC.
The signal from the FID is amplified by an electrometer
and sent to the A/D. Previously the A/D was included in a
stand-alone integrator. The new HP 35900E A/D is 24-bit
(versus 16 bit for the integrator), so it does not limit the
measurement precision.

Integration is now done on the UNIX workstation using
an algorithm developed by SIO and incorporated into a
program developed by the Carbon Cycle Group called
GCPLOT. This program allows integration and display of
chromatograms, and it is a powerful diagnostic that can be
used to troubleshoot problems with the CHy
chromatography and GC system. This integration system is
also paperless; about 1-month’s worth of chromatograms
are stored on the workstation hard disk, and these can be
displayed on the computer monitor with GCPLOT. A
typical chromatogram is shown in Figure 2.10. The peak
at about 78 seconds is the air disturbance. The CH,4 peak
response (at retention time = 124 seconds), from the
baseline to the top of the peak, is ~16.8 mV. Peak-to-peak
noise is ~8 uV. Previously, peak height was used to
calculate CH4 mole fractions since height resulted in about
a factor of 3 better precision than peak area response.
With the new integration algorithm, peak area yields
slightly better precision than height; therefore, peak area is
now being used as the quantitative measure of CHy peak
response. Using area is preferable to height because it
gives a linear response over a larger range of mixing ratios.
The mole fractions are calculated as before; the peak area
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Fig. 2.10. Typical CHy chromatogram from MLO obtained with
the new analysis system. A/D sampling rate was 10 Hz. On the
y-axis, there are 10% counts mV-l. Signal-to-noise is ~2000,
based on a peak height of 16.8 mV and peak-to-peak noise of
~81V, The retention time for CH, is 124.3 seconds, and the full-
width-at-half-max is 8 seconds.

from the sample is ratioed to the average peak area of the
bracketing standard gas injections. This ratio is then
multiplied by the assigned value for the standard gas
cylinder. By only using the injections of standard gas, this
calculation can be used to assess the instrument precision
as described in the following paragraph.

The preceding improvements have lead to an overall
improvement in precision al MLO of a factor of 4. Typical
relative precision is 0.04 to 0.07% (or <1 ppb CHy4 for
ambient levels of about 1700 ppb). In Figure 2.11, relative
differences between measurements of standard gas and the
assigned value for the standard gas cylinder ("Relative
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Fig. 2.11. Relative measurement precision, assessed as the

difference between measurements of standard gas and the
assigned value of the standard gas cylinder, plotted for a 24-hour
period. The relative instrument precision on this day, based on
1o for each measurement of reference gas, was 0.03% (plotted as
the dashed lines). This corresponds to a precision, in mole
fraction, of +0.6 ppb for each measurement.
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Precision") are plotted for a 24-hour period. The relative
precision for this day (assessed as 10) was 0.03% (0.6 ppb).
The new system is controlled by a program run on the
UNIX workstation. This program chooses between
ambient and standard gas flows from the stream selection
valve, switches the gas sample valve to start the run, and
records the digitized chromatogram. A VXI bus acts as the
interface between the UNIX workstation and other system
components. Various other programs that can be used to
look at the results are also available at the workstation.

2.3.2.
METHANE

DISCRETE SAMPLE MEASUREMENTS OF

During 1994-1995, the determination of the global
distribution of atmospheric CH4 continued from 46
sampling sites of the Carbon Cycle Group's cooperative air
sampling network. Provisional annual mean values for
1994-1995 are given in Table 2.7.

The effects of the eruption of Mt. Pinatubo on the
growth rates of trace species such as CHy4, CO,, CO, and
N,O still remain an area of great interest to our group.
Studies of perturbations in growth rate that are associated
with a specific event such as the eruption can be a useful
tool in understanding the trace gas budgets. The eruption
of Mt. Pinatubo on June 15, 1991, injected 20 Mt SO, and
3-5 km3 of ash into the upper troposphere and lower
stratosphere, and CH,4 and CO mixing ratios in the tropics
immediately increased. The increased growth rates were
short-lived as CHy [Dlugokencky et al., 1994a] and CO
[Novelli et al., 1994] growth rates showed dramatic
decreases later during 1992 and 1993.

In Figure 2.12a, CH4 zonal means for the latitude zone
30-90°S are plotted (open triangles) along with a function
fitted to the zonal means (dashed line) of the form:

4
(1) =2, +ayt+agt2+ D [ay,,Sin(270 +ay, 5c0s2m0]. (1)
i=|

Equation (1) is used to approximate (or model) the average
trend and seasonal cycle for atmospheric CHy. Starting in
late 1991, there is a significant departure of the "model"
from the zonal means. The solid line is the deseasonalized
trend (see Dlugokencky et al., 1994b for details of the
curve fitting process). Its derivative, the instantaneous
CH, growth rate, is shown in Figure 2.12b. The largest
perturbation in CH4 growth rate observed in this time
series was during late-1991 and early 1992.

The CH4 growth rate is due to a relatively small
imbalance between sources and sinks; therefore, the
perturbation in 1991 could be due to either a change in one
or more sources or a change in the sink. The major sink
for CHy is reaction with hydroxyl radical

OH + CH4 —» H,0 + CH; . (2)
In the clean marine troposphere, most OH formation is
initiated through photolysis of O3 to give electronically
excited oxygen atoms

O3 + hv (330 2 A 2290 nm) - O(!D) + O, . 3)



TABLE 2.7. Provisional 1994 and 1995 Annual Mean
CH,4 Mixing Ratios From the Air Sampling Network

1994 1995

Code Station CH, (ppb)  CH, (ppb)
ALT Alert, N.W.T., Canada 1809.8 1811.3
ASC Ascension Island 1684.0 1690.4
AZR Terceira Island, Azores [] 1783.2
BAL Baltic Sea 1828.6 1853.7
BME Bermuda (east coast) 1773.1 1780.5
BMW  Bermuda (west coast) 1765.3 1771.0
BRW  Barrow, Alaska 1821.4 1822.3
CBA Cold Bay, Alaska 1801.9 1804.2
CGO  Cape Grim, Tasmania 1671.8 1679.8
CMO  Cape Meares, Oregon 1788.5 [1
CRZ Crozet Island [1 1679.3
GMI Guam, Mariana Islands 1731.3 1741.2
GOZ Dwejra Point, Gozo, Malta 1798.2 1804.2
HUN  Hegyhatsal, Hungary 1853.3 1870.7
ICE Heimaey, Iceland 1799.1 1806.8
ITN WITN, Grifton, N. Carolina 1817.1 1817.0
1ZO Izana Observatory, Tenerife 1754.0 1757.2
KEY Key Biscayne, Florida 1751.1 1765.1
KUM  Cape Kumukahi, Hawaii 1753.7 1756.8
LEF WLEF, Park Falls, Wisconsin [1] 18254
MBC  Mould Bay, Canada 1812.0 1816.8
MHT Mace Head, Ireland 1793.2 1792.3
MID Midway Island 1763.5 1772.8
MLO Mauna Loa, Hawaii 1736.7 1739.7
NWR Niwot Ridge, Colorado 1764.9 1774.0
PSA Palmer Station, Antarctica 1672.4 1679.1
QPC Qinghai Province, China 1777.8 1782.2
RPB Ragged Point, Barbados 1740.5 1740.2
SEY Mahé Island, Seychelles 1696.3 1700.7
SHM Shemya Island, Alaska 1801.4 1804.8
SMO American Samoa 1679.3 1684.8
SPO South Pole, Antarctica 1671.2 1678.1
STM Ocean Station M 1803.2 1807.0
SYO Syowa Station, Antarctica 1671.5 1678.9
TAP Tae-ahn Peninsula, S, Korea 1830.5 1821.3
UTA Wendover, Utah 1779.1 1783.7
UUM  Ulaan Uul, Mongolia 1802.1 1803.0
ZEP Ny-Alesund, Svalbard 1806.1 1815.2

Square brackets indicate insufficient data to calculate annual mean.

Most O(ID) is quenched to ground state O atoms, but a
small fraction reacts with water,

O('D) + H,O — 20H . 4)
The photolysis rate coefficient for formation of O(ID),
jO3(0(1D)), is a function of the actinic flux in the
appropriate wavelength region, the ozone cross section,
and the quantum yield (for O(!D) formation). Anything
that affects the flux of radiation in the wavelength region
330 2 A > 290 nm, also affects the CH4 sink.

The large increase in CH4 growth rate in 1991 is
consistent with decreased actinic flux in the wavelength
region 290-330 nm due to UV absorption by SO, and
enhanced scattering by sulfate aerosols. In Figure 2.13,
the change in jO;(O(I1D)) calculated with a radiative
transfer model is plotted. Initially, direct absorption of
UV radiation by SO, lead to a 12% decrease in jO;(O(1D)).
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Fig. 2.12. (a) Zonally-averaged CH4 mixing ratios for 30-90°S
(symbols). The dashed line is a function (Eq. (1)) fitted to the
zonal means to approximate the long-term trend and average
seasonal cycle. The solid line is the deseasonalized trend; it is a
combination of the polynomial in Eq. (1) and the result of the
650-day cutoff filter. (b) Instantaneous, smoothed growth rate
for atmospheric CH, in the latitude zone 30-90°S. The curve is
calculated as the derivative of the solid curve in (a).
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Fig. 2.13. Relative change in jO3(O(!D)) after the eruption of
Mt. Pinatubo. The solid line includes the effects of direct

absorption by SO, and scattering by sulfate aerosol; the dotted
line includes aerosol only. The change is plotted relative to a 10-
year climatological background.



This effect was relatively short-lived due to the short
lifetime (~30 days) for SO,. Later, UV scattering from
sulfate aerosol produced by oxidation of the SO,
maintained lower than normal values for j for more than 1
year after the eruption. It is suggested that the decreased
UV flux led to a decreased steady-state concentration of
atmospheric OH in the tropics and midlatitudes of the
southern hemisphere, and this led to the observed
perturbation in CH,4 growth rate.

Of more general interest are the far reaching effects of
the eruption of Mt. Pinatubo on trace gas budgets. In the
case of CHy, it has been suggested previously that Mt.
Pinatubo resulted in initially enhanced growth rates during
1991 and early 1992. Cooler temperatures resulting from
the eruption [Dutton and Christy, 1992] also likely led to
decreased CH, emissions from natural wetlands in the
northern hemisphere [Hogan and Harriss, 1994], which in
turn may have been largely responsible for the large
observed decrease in CH4 growth rate during late-1992 and
1993 in the high northern latitudes. This is consistent with
isotopic measurements of CO, that suggest that the
biosphere was a larger than normal sink for fossil CO,
during 1992 and 1993 through either increased photo-
synthesis or decreased respiration [Ciais et al., 1995b],
either of which could result from short-term variations in
temperature or precipitation as a result of the eruption.

2.3.3. MEASUREMENT OF 13C/12C OF METHANE

Although many sources of CH4 have been identified, the
uncertainty in individual source terms remains large. In
order to explain trends in the CH,4 growth rate, such as the
period of almost no growth in 1992 and 1993
[Dlugokencky et al., 1994a,b] a more precise under-
standing of the CH,4 budget is needed. The global
measurement of the stable carbon isotopes of CH, (813C)
afford an excellent means of furthering our understanding
of the CH4 budget. The three primary processes that
produce CH, (bacterial fermentation, fossil fuel extraction,
and biomass burning) all have different characteristic
isotopic "signatures." Thus, global measurement of §13C
used together with a transport and chemistry model will
allow for a more accurate characterization of sources than
is currently possible.

A system is under development for the automated
analysis of small (20 mL) air samples for §13C. The
technique employed is gas chromatography coupled with
isotope-ratioc  mass  spectrometry. Methane is
chromatographically extracted from air, cryofocused,
combusted to produce CO,, and then admitted to the mass
spectrometer. The total analysis time, including reference
gas analysis, is less than 30 minutes per sample. The
automation, small sample size, and short analysis time are
key design elements so that these isotopic measurements
may be easily incorporated into our cooperative air
sampling network.

For our sample, the shot-noise limited precision would
be 0.01%o; therefore, the goal of a precision of 0.1%o is
attainable even with such a small sample size. To date, our
best precision for five replicate samples of air from Niwot
Ridge is 0.16%o (one standard deviation) (Figure 2.14).
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Fig. 2.14. Reproducibility of repeated measurements of !3C of

methane in the same air,

2.4. CARBON MONOXIDE

2.4.1. IN S1TU CARBON MONOXIDE MEASUREMENTS

In situ measurements of CO continued at BRW and MLO
during 1994 and 1995. For the analysis, a Reduction Gas
Analyzer (RGA) (Trace Analytical, Inc.) was used. This
measures CO using the gas chromatography-mercuric oxide
reduction technique (previously described in Peterson and
Rosson, 1993). The instruments operating at both
observatories are identical and provided CO concentrations
for four to five air samples per hour. The CO content of
air samples was quantified by comparison to standards that
reflected the range of concentrations seen at each site: 80
to 220 ppb at BRW and 60 to 180 ppb at MLO. All
standards were referenced to the CMDL CO reference scale



[Novelli et al., 1991]. To account for a nonlinear detector
response common to the RGAs, a 3-point linear calibration
(three standards) was used. This approach fits a linear
regression to the two standards closest in instrument
response to that of the sample, the regression coefficient,
then used to calculate the sample CO mixing ratio.

Preliminary CO hourly-average mixing ratios measured
at BRW and MLO during 1994 and 1995 are presented in
Figure 2.15. These data have not been filtered for
instrument performance or selected for background
conditions. Work is currently underway to develop an
expert system, based upon chromatographic parameters,
that will automatically identify and flag periods when the
instrument was not operating satisfactorily. The
unselected time series, show features of the local and
regional atmosphere. The timing of the seasonal cycles
agrees well with that previously reported at these sites
[Seiler et al., 1976; Novelli et al., 1992]. Maximum CO
mixing ratios occur in late winter/early spring and the
minimum occurs in summer. Periods of low variability are
interrupted by short-term increases or decreases. These
events reflect both the impact of local sources and the
transport of air parcels from other locations.

The annual mean CO mixing ratio determined from the
in situ measurements made at BRW during 1994 and 1995
were 141.9 and 138.6 nanomol/mol, abbreviated as ppb,
respectively. The annual means at MLO were 88.9 and
88.4 ppb. Breaks in the time series of about 2 weeks
extent, occurred at MLO in 1995 due primarily to problems
related to data storage. In spite of the high frequency
variation seen in the in situ record, the annual average CO
mixing ratios agree well with those determined from
weekly flask samples that are collected to represent
background conditions (Table 2.8).

Comparison of CO mixing ratios determined using the in
situ measurements to those measured from weekly flask
samples provide a means to assure the quality of the
former. There is strong confidence in the flask
measurements because CMDL has better control over the
characteristics of the analytical system and the stability of
the CO standards used for flask analysis. Figure 2.16
compares CO mixing ratios measured in weekly flask
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Fig. 2.15. Preliminary in situ hourly average CO mixing ratios
during 1994-1995 at (a) BRW and (b) MLO.
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TABLE 2.8. Preliminary 1994 and 1995 Mean CO
Mixing Ratios From Land Sites

Annual Mean CO (ppb)

Code Station 1994 1995
ALT Alert, Canada 140.6 126.4
ASC Ascension Island 74.0 74.0
BAL Baltic Sea 1772 175.7
BME Bermuda (East) 126.1 122.4
BMW Bermuda (West) 124.0 1174
BRW Pt. Barrow, Alaska 141.6 1313
CBA Cold Bay, Canada 139.5 126.5
CGO Cape Grim, Tasmania 513 51.7
CHR Christmas Island 739 [1
CMO Cape Meares, Oregon 151.0 [1
EIC Easter Island, Chile 55.6 57.1
GMI Marianas Island, Guam 90.5 94.5
GOZ Gozo, Malta 169.3 165.0
HUN Hegyhatsal, Hungary 225.1 241.1
ICE Vestmanaeyjar, Iceland 137.4 [1]
ITN Grifton, N. Carolina 182.0 171.6
1ZO Izana, Tenerife 103.9 101.1
KEY Biscayne, Florida 103.1 []
KUM Cape Kumukahi, Hawaii 110.7 102.2
MBC Mold Bay, Canada 140.0 129.3
MHT Mace Head, Ireland 137.2 124.1
MID Midway Island 116.9 116.3
MLO Mauna Loa, Hawaii 95.1 90.2
NWR Niwot Ridge, Colorado 121.7 119.2
PSA Palmer Station {1 48.6
QPC Qinghai Prov., China 131.2 127.8
RPB Ragged Point, Barbados 93.9 89.7
SEY Seychelles 824 79.2
SMO American Samoa 58.1 51.7
SYO Syowa, Antarctica 479 NA
TAP Tae-ahn Peninsula, S. Korea 226.1 2044
UTA Wendover, Utah 132.2 123.4
UUM Ulaan Uul, Mongolia 161.6 141.4
ZEP Ny-Alesund, Spitzbergen [1] 132.6

Square brackets indicate insufficient data to calculate an annual mean.
NA indicates annual mean not yet available.

samples of air to the corresponding hourly mean mixing
ratio determined in situ. The results from the two
sampling approaches agree well (r2 values > 0.97). There
is no significant difference between the flask
concentrations and those measured in situ at BRW.
However, the slight positive Y intercept in the regression
of the MLO data suggests a small positive offset. It is
unlikely that this is due to the calibration gases, because
all standards were referenced against the CMDL working
standards. If the instrument zero has increased (as
observed before with these instruments) and is not
accounted for, the calculated in situ CO mixing ratios
could be slightly underestimated.

2.4.2.
MONOXIDE

FLASK MEASUREMENTS OF CARBON

Carbon monoxide mixing ratios were measured in a
subset of flasks collected as part of the cooperative air
sampling network. It was previously reported [Novelli et
al., 1992] that the stability of CO in a container is
dependent upon the flask materials and geometry. Only
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Fig. 2.16. Comparison of CO hourly averages measured in situ

to those measured using flask sampling at (a) BRW and (b) MLO.

glass flasks fitted with glass piston stopcocks were used to
measure CO. Over the lifetime of the CO program, the
number of sampling locations has gradually increased as
new sites in the network are started and the type of flasks
used at older sites are converted to glass flasks for CO
measurements. Analysis of air from flasks for CO and H,
were made on a semiautomated RGA. The response
characteristics of the instrument used for flask analysis
were nonlinear for CO over the range of atmospheric
values. Therefore, a multipoint calibration (six to eight
standards) was used to quantify the sample CO content
[Peterson and Rosson, 1993; Novelli et al., 1994]. The
precision of the CO method, estimated as the difference of
mixing ratios determined for each flask in a simultaneously
collected pair of flasks, was typically better than 2 ppb. A
data selection routine flagged flask pairs having a
difference of greater than 3 ppb. As before, hydrogen was
referenced to an arbitrary scale. A set of H, standards was
prepared using gravimetric methods in collaboration with
the NOAH Group. The H, working standards are now
being evaluated against the gravimetric standards.

Table 2.8 provides the land-based sites at which CO was
measured in 1994 and 1995, and, whenever possible, the
1994 and 1995 annual mean values for these sites are

shown. Samples for CO were also collected on trans-
Pacific and South China Sea cruises; the annual mean CO
mixing ratios are presented in Tables 2.9 and 2.10. These
mean values were calculated from a curve fit to the total
time series [Thoning et al., 1989].

Over the past several years new sites located near areas
of human activity have been added to the CMDL air
sampling network and these are expected to represent the
regionally-polluted atmosphere. Comparison of these sites
to “background” sites located at similar latitude illustrates
the impact of economic development on atmospheric
composition and are important constraints on models of
global trace gas budgets. The difference in CO levels at
two sites in Europe: Mace Head, Ireland (MHT), and the
middle of the Baltic Sea (BAL), show the effect of human
activities on regional-scale surface CO levels. MHT is a
coastal site (53°20'N, 9°54'W), and winds are typically off
the north Atlantic. BAL, located about 2000 km to the
northeast (55°30'N, 16°40'E), is polluted from combustion
of fossil fuels in Europe. Carbon monoxide time series

TABLE 2.9. Preliminary 1994 and 1995 Mean CO Mixing
Ratios From Combined Pacific Ocean Cruises

Annual Mean CO (ppb)

Site 1994 1995
N35 119.3 123.3
N30 125.4 114.2
N25 108.6 1

N20 106.6 100.1
N15 105.4 96.4
N10 89.6 835
NOS 70.2 735
000 66.1 66.3
S05 65.4 66.5
S10 63.3 61.9
S15 58.0 58.1
S20 58.5 55.8
S25 55.6 54.9
S30 52.2 54.5
S35 [1 55.1

A description of the CMDL shipboard measurement program is
given in Lang et al. [1992]. Typically samples are collected at a
frequency of one per 1.5-2 weeks.

TABLE 2.10. Preliminary 1994 and 1995 Mean CO
Mixing Ratios From South China Sea Cruise

Annual Mean CO (ppb)

Site 1994 1995
N21 190.0 []
NI18 147.3 [1
NI5 147.3 172.0
NI2 138.5 [1
N9 142.8 130.9
N6 145.9 126.0
N3 145.3 126.4

Approximately four samples per month were collected in each
latitude bin.



measured at BAL is much noisier and mixing ratios are
consistently higher than at MHT. In winter, CO mixing
ratios at BAL are often 100 ppb greater than those at MHT,
while in the summer the difference is 25 to 75 ppb. At
BAL carbon dioxide (CO,), another combustion product,
was also enhanced relative to mixing ratios observed at
MHT. However, there are also times when the CO and
CO, differences between the two sites are quite small,
suggesting that BAL experiences periods of relatively
unpolluted air.

Similarly, comparison of CO mixing ratios measured as
part of the shipboard sampling programs in the Pacific and
in the South China Sea (Tables 2.9 and 2.10) show the
effects of human activities on CO in the boundary layer.
Whereas the Pacific cruises sample air representative of the
background marine boundary layer, the SCS cruises
encounter pollution from the highly developed coast of
southeastern Asia. CO mixing ratios along coastal Asia are
typically 50 to 100% greater than those found in the
Pacific. At the lower latitude SCS sites, isentropic back-
trajectories suggested that during periods in October 1994,
air was transported to these sites from areas in the southern
hemisphere where fires had been observed. The high
levels of CO seen in these regions may then result from
both fossil fuel combustion in industrialized areas plus
emission of CO from biomass burning in less developed
areas.

2.4.3. THE MAPS PROGRAM

As part of the CMDL collaboration with the
Measurement of Air Pollution from Satellites (MAPS)
program (National Aeronautics and Space Administration-
Langley Research Center), nearly real-time data from BRW
and MLO were provided to the MAPS team during April
and October 1994. Because the MAPS instrument provides
a maximum signal in the middle troposphere [Reichle et
al., 1990], measurements from mountain sites above the
boundary layer were used as a quick test of the radiances
measured by the space-borne instrument and the associated
retrieval calculations. During March to November 1994, a
CO instrument was installed at Niwot Ridge, Colorado,
and the CMDL aircraft program flew vertical profiles
above the site during the MAPS missions. These data have
proved very valuable in the validation of the MAPS
measurements. The MAPS measurements have also been
compared with other ground based and aircraft
measurements supported by a program of reference gas
standard intercomparisons (section 2.4.4). CMDL
coordinated the correlative measurements team for the
1994 flights of MAPS. This team provided MAPS with
CO data from more than 60 sites worldwide. These data
were used to validate measurements made by MAPS and to
provide a unique picture of CO in the lower troposphere
during April and October 1994.

2.4.4. CARBON MONOXIDE STANDARDS

The primary CMDL CO standards were prepared
gravimetrically during 1988-1989 and then propagated to a
set of working standards [Novelli et al., 1991]. These
working standards were re-evaluated using a new set of
gravimetric standards in March 1992. Comparisons of
values assigned to working standards using the original
gravimetrics, those produced in 1992, and the working
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standards themselves, suggest that the accuracy of
propagation and stability of the scale has been within
about 1% [Novelli et al., 1994].

It is now well known that CO standards used by one
laboratory can be significantly different from those used in
another [Weeks et al., 1989). Therefore, it has been
difficult to combine CO measurements made by different
laboratories. Under the MAPS program, an inter-
comparison of CO measurements made by 11 laboratories
in 8 countries was organized. The round-robin inter-
comparison was organized with four standards having
approximate mixing ratios of 50, 100, 150, and 200 ppb in
air (levels that represent the range of global CO mixing
ratios in the unpolluted atmosphere). The experiment
began in July 1993 and was completed in October 1995.
The participating  laboratories used either gas
chromatography with HgO reduction detection or gas filter
correlation radiometry and standards from several sources,
including CMDL, National Institute of Standards
Technology (NIST), the Fraunhofer Institute (Germany),
and the Chemical Instrument Testing Institute (Japan).
Differences between participants ranged to 20%. These
could not be explained solely by differences in calibration
gases and indicate the effect of different calibration
procedures and instrument configuration on the results.

2.5. FLASK MEASUREMENTS OF SF¢/N,0

This project is a collaborative effort between the CCG
and NOAH groups within CMDL funded by the
Atmospheric Chemistry Project of NOAA's Climate and
Global Change Program. A custom built gas
chromatograph-electron capture detection (GC-ECD)
system was installed to measure N,O and SFg in the air
samples collected from the CCG air sampling network.
This GC uses technology developed in the NOAH Group,
which is the same as that used for the tower GCs and
ACATS-IV (see Elkins, et al., 1996, for further
instrumental details). Near the end of 1995 this system
was used to analyze flasks from a subset of sites in the
CCG network; eventually all of the sites in the network
will be phased in.

A primary goal of the N,O measurement program is to
gain a better understanding of the budget of this
compound. Both the natural and the anthropogenic sources
of N,O are poorly quantified, and the effectiveness of in
situ field measurements is limited due to the extremely
heterogeneous nature of NoO emissions. These CCG flask
measurements will complement the already existing
background measurements made by NOAH in several ways:
The CCG network has more continental sites that will give
a closer look at the land-based N,O sources. The CCG
network also includes regular ocean cruise sampling that
will help us better understand the oceanic source of N,O
and the effect that El Nifio/QBO phenomenon has on this
natural N,O source. More generally, the increased spatial
coverage of the CCG network will improve our ability to
use inverse modeling techniques to derive N,O sources and
sinks on a more regional level, as has been done for CO,
[Tans, et al., 1989; 1990].

There are several motivations for the SFg flask
measurement program. (For more details on SFg sources,
analysis, calibration, and CMDL references, see the NOAH
section 5.1.2 of this report). The global mean growth rate
of this strong greenhouse gas will be elucidated from the



NOAH baseline station flask sampling. With the CCG
flask measurements, however, the more detailed variations
in this compound's atmospheric distribution can be looked
at. Because of its extreme inertness in the atmosphere and
its well-understood sources, SF¢ is a nearly ideal tracer of
atmospheric dynamics. To this end, the SF¢ flask data can
be used to help keep track of interannual variations in
interhemispheric mixing and to better characterize the
“geographical history” of the air masses being sampled at
our CCG network sites. Since it is a purely anthropogenic
compound, the spatial and temporal variations that are
observed in SFg will aid in the ability to interpret the
variations that are observed in the carbon gases and N,O,
which all have a combination of biogenic and
anthropogenic sources. Initial findings show that, as
expected, the continental sites (such as HUN, UTA, LEF;
see Table 2.7 for acronyms) have SFg levels that are on
average =0.2 picomol/mol (abbreviated as ppt) higher than
the marine sites (which are at =3.5 ppt), and some of our
coastal and near shore sites (MHT, RPB, BME) show
regular incursions of polluted continental air.

Long-term flask storage tests were conducted for N,O
using our standard glass flasks with Teflon o-rings filled
with humidified air. After 1 year, a loss of =1.0 ppb of
N,O was measured most likely due to slow diffusion into
the flasks' Teflon o-ring. Because the goal is to try to
discern gradients about 1-3 ppb, this may rule out the use
of NyO data from flasks that have a long delay time
between sample collection and analysis, primarily high
latitude southern hemisphere sites. Similar long-term
storage tests for SF¢ are currently being conducted.

2.6. MEASUREMENTS ON TALL TOWERS

The Carbon Cycle Group initiated the Tall Towers
Program as a component of the effort to incorporate
regionally representative continental sampling sites into
the global network of CO,, CH4, and CO observations.
The CCG approach is to utilize the tallest existing towers
(television transmitters up to 610 m) to get away from the
influence of sources and sinks in the immediate vicinity of
the tower in order to examine the sources of variance of
CO,, CH4, and CO mixing ratios in the continental
boundary layer. These sources of variance include
atmosphere/biosphere exchange, boundary layer dynamics,
horizontal transport, fossil fuel and biomass combustion,
and other anthropogenic sources (e.g., landfills, wastewater
treatment, and natural gas leakage for CHy).

Observations of CO, mixing ratio at the WITN TV tower
(610 m) in eastern North Carolina began in June 1992 and
are ongoing. A description of the site and surrounding
area, and of the experimental setup is given and initial
results are discussed in Bakwin et al. [1995].
Measurements are carried out at 51, 123, and 496 m above
the ground. Daily mean CO, mixing ratios at each of the
three measurement levels on the North Carolina tower and
smooth curve fits to the data [Thoning et al., 1989] are
shown in Figure 2.17. A seasonal cycle of 15-20 ppm
amplitude is apparent in the daily mean data from 496 m
but is damped in measurements made closer to the ground.
The seasonal cycle of CO, near the ground is masked by a
large diurnal cycle driven by photosynthesis and
respiration [Bakwin et al., 1995]. The nighttime buildup
of CO, near the ground due to respiration, is especially
pronounced in summer and “fills in" the seasonal
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Fig. 2.17. Daily mean CO, mixing ratios at 51, 123, and 496 m
on the North Carolina tower. In the top panel the data for each
day are shown as points, and the vertical axes for each
observation height are offset. In the lower panel the smooth
curve fits are plotted on the same scale for comparison. The
smooth curve fit to daily mean data from 396 m above the ground
on the Wisconsin tower is also shown.

drawdown of CO,. Observations well above the level of
the nocturnal inversion, as can be obtained from tall
towers, are necessary to quantify CO, mixing ratios typical
of the whole planetary boundary layer (PBL).

To determine the annual growth rate for CO, mixing
ratios at the 496 m level, a trend curve is fitted through the
data in Figure 2.17 as described by Thoning et al. [1989].
The annual growth rates for 1993, 1994, and 1995 were
found to be 1.7, 2.0, and 2.0 ppm yr-!, respectively. These
growth rates are larger by about 0.3-0.6 ppm yr-! than
those for the whole northern hemisphere in each year. The
reason for this accumulation of CO, over the region,
relative to the whole northern hemisphere, is not known.

In October 1994 CCG began observations of CO, CHy,
N0, and a suite of halocompounds at 51, 123, and 496 m
on the North Carolina tower by automated in situ gas
chromatography. The GC design and operating parameters
are discussed in section 5.2.2 of the 1993 CMDL Summary
Report [Peterson and Rosson, 1994]. Measurements of
N,0O and halocompounds are discussed in Section 5.2.4 of
this report. Figure 2.18 shows daily mean CH4 and CO
mixing ratios for 496 m plotted with flask data from
Bermuda, giving a comparison of the continental tower site
with a "background"” marine site at approximately the same
latitude. Mixing ratios of CO at the tower are consistently
40-60 ppb higher than at Bermuda, likely reflecting fossil
fuel combustion sources proximate to the tower. Emission
of CO and CO, from the average mix of fossil fuel
combustion in the United States occurs with a molar ratio
of around 0.020 (20 ppb/ppm) [Bakwin et al., 1994; J.
Logan, Harvard University, personal communication,
1993], so our observations indicate that CO, mixing ratios
at the tower are enhanced year-round by roughly 2-3 ppm
relative to "background" air due to regional fossil fuel
combustion. Mixing ratios of CH4 at the tower are
enhanced by 20-60 ppb throughout the year, probably also
mainly due to anthropogenic sources [Bakwin et al., 1995].

In October 1994 measurements began at the WLEF TV
transmitter tower in northern Wisconsin (45.95°N,
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Fig. 2.18. Daily mean CH,; and CO mixing ratios at 496 m on
the North Carolina tower (points) and flask data from the CCG
Bermuda sites BME and BMW (open circles). Each time series is
fit with a smooth curve as described by Thoning et al. [1989].

90.28°W, base height 472 m above sea level). The tower is
447 m tall and is located in the Chequamegon National
Forest. The region is a heavily forested zone of low relief.
The Chequamegon National Forest covers an area of about
3250 km2, and the dominant forest types are mixed
northern hardwoods (850 km2), aspen (750 km?2), and
lowlands and wetlands (600 km2). Much of the area was
logged, mainly for pine, during 1860-1920 and has since
regenerated (J. Isebrands, USDA Forest Service, personal
communication, 1994). The regional population density is
very low, and there is limited industry.

Carbon dioxide mixing ratios are measured at 11, 30, 76,
122, 244, and 396 m above the ground. Wind speed and
direction, temperature, and humidity at 76, 122, and
396 m, and barometric pressure, rainfall, incident
photosynthetically active radiation (PAR) and net radiation
at the surface. Intermittently (so far) vertical fluxes of
CO, are also measured at 76 and 396 m using eddy
correlation. The flux measurements have been
discontinuous because of instrumental problems, but steps
have recently been taken to improve reliability.

In June 1995 an automated GC was installed at the
Wisconsin tower for measurements of CHy and CO. The
method of analysis is similar to that used at the North
Carolina tower (Table 5.3 of Peterson and Rosson
[1994]), and every 30 minutes one measurement is
obtained at each of 30, 76, and 396 m above the ground.

The smooth curve fit to the Wisconsin tower CO, daily
mean mixing ratios from 396 m above the ground is shown
in Figure 2.17 to allow comparison with the North
Carolina tower. Mixing ratios at the Wisconsin and North
Carolina towers are similar in winter, but the summertime
draw-down is 3-4 ppm deeper and at least 1 month
narrower at Wisconsin. The inner 50% (by month) of daily
averages for CO, data from 30, 76, and 396 m is displayed
in Figure 2.19, and monthly statistics for CH4 and CO on
the Wisconsin tower are presented in Figure 2.20.

Figure 2.21 shows an example of CO,, CHy, and CO
mixing ratios, and CO, fluxes at the Wisconsin tower for
September 1-2, 1995. During the daytime the PBL is well
mixed to heights well above the top of the tower (e.g.,
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Fig. 2.19.  Shaded regions indicate the inner 50% of daily
average CO, mixing ratios for each month from 30, 76, and 396
m on the Wisconsin tower.

1400-1600 m on these 2 days, W. Angevine, NOAA
Aeronomy Laboratory, unpublished data) and the trace gas
mixing ratios show little vertical gradient. At night a
shallow inversion forms and CO, and CH4 mixing ratios
increase rapidly near the ground due to surface sources.
Surface fluxes of CO, calculated from data obtained for 76
and 396 m are generally in good agreement. The eddy
fluxes show net uptake of CO, by the forest in the
afternoon of up to around 0.4 ppm m s-! or 7 kg (C) ha'l
h-1. At night the forest releases CO; as is also indicated by
the vertical profiles. In the future, plans are to measure
CO, fluxes continuously and to be able to determine the
annual net CO, balance of the forest. Some additional
results from the flux measurements are presented by Davis
et al. [1996].
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Fig. 2.20. Monthly statistics of CO and CH, measurements at

the Wisconsin tower. Circles and asterisks are means I
standard deviation. The crosses indicate medians (horizontal
bars) and upper and lower quartiles (vertical bars). The numbers
across the bottom of the plot indicate sampling level (2, 3, and 6
refer to 30, 76, and 396 m, respectively).
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Fig. 2.21. Iime series of mixing ratios and surface fluxes of

CO; and mixing ratios of CO and CH, measured on the WLEF
tower in Wisconsin on September 1-2, 1995. Surface fluxes are
calculated from eddy correlation measurements at 76 and 396 m
above the ground. Mixing ratio measurements made below those
levels are used to account for divergence of the fluxes in the
vertical.

Figures 2.22 and 2.23 show statistics for mixing ratio
gradients between 30 m and 396 m, binned by hour of the
day, for CO,, CHy, and CO at the Wisconsin tower during
August and December 1995, respectively. The gradients
typically increase throughout the night as emissions
accumulate in the shallow nocturnal PBL (below 396 m).
In August the maximum mean gradients for CO,, CHy,, and
CO are 37 ppm, 95 ppb, and 18 ppb, respectively. If the
nocturnal increase in CO in summer is attributed solely to
fossil fuel combustion emissions with a CO/CO, of 0.02
(mol/mol), then less than 1 ppm of the nocturnal
accumulation of CO, can be attributed to fossil fuel
combustion. The CO/CO, for emissions from the burning
of forest biomass in North America is typically larger
(0.15-0.25 [Hegg et al., 1990]). Hence, >95% of the CO,
that accumulates in the nocturnal stable layer in summer is
biogenic (respiration). In December the maximum gradients
for CO, and CH4 are much smaller, only about 2 ppm and 17
ppb, but the maximum gradient for CO (28 ppb) is larger
than in August. These observations likely reflect the nearly
complete shutdown of biogenic sources of CO, and CHy in
winter. Mixing ratio gradients for CO may be higher in
winter due to increased combustion activity and shallower
mixing depths for the nocturnal PBL than in summer.
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Fig. 2.22. Statistics of vertical gradients (30 m-396 m) for CO,,
CH,, and CO, binned by hour, for August 1995. Crosses indicate
means (horizontal bars) + the 95% confidence interval (vertical
bars), circles indicate medians, and asterisks indicate upper and
lower quartiles. The leftmost panel on each plot gives statistics
for the mean daily vertical gradients.

The winter-summer comparison of vertical gradients
indicates that the main source of CH4 in the region
surrounding the Wisconsin tower is biogenic (Figure 2.21).
Future plans are to determine CH4 fluxes at the Wisconsin
tower using measurements of CO, fluxes (by eddy
correlation) and vertical profiles of CO, and CHy. In
contrast, our results for the North Carolina tower imply
that the main regional CH,4 sources are associated with
anthropogenic activity [Bakwin et al., 1995].

2.7. AUTOMATED AIRCRAFT SAMPLING

The aircraft sampling project has been in continuous
operation at the Carr, Colorado [40.9°N, 104.8°W] site
since November 1992. Until April 1995, profiles of 20
samples each were taken on a biweekly basis. After April,
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Fig. 2.23. Statistics of vertical gradients (30 m-396 m) for CO,,

CH,, and CO, binned by hour, for December 1995. Symbols are
the same as for Figure 2.22.

profiles were scheduled on a weekly basis to investigate
improved signal to noise from the increased data rate and
to gain experience with the logistics of more frequent
flights. Approximately 30 flights were made in 1995
alone. An additional change was the use of a Cessna
Model T210 aircraft beginning in June 1995 that increased
the profile height to 7.9 km typical (9.1 km maximum). An
example of a smoothed-curve fit to a profile altitude
interval from the last 3 years of data is shown in Figure
2.24. Although the plot shows a good seasonal cycle and
trend, the irregularities in the fit and outliers in the data
are a reminder of the difficulty in measuring continental air
masses and the complexities of individual profiles.

Also in 1995, collaboration began with the
Aviaecocentre group in Moscow, Russia, to fly the CCG
automated sampling system on a Russian Air Force twin-
turboprop AN-24. The project acquired six profiles
between June and the end of the year at altitudes from 0.3
to 6.1 km at a location about 100 km southeast of Moscow
(54.9°N, 35.5°E). Meteorology and air mass back-
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Fig. 2.24. Carbon dioxide in samples obtained between 3-4 km

above Carr, Colorado.

trajectory data were also recorded. A typical profile from
the Moscow site is shown in Figure 2.25. The Russian
collaborators are working to develop a climatology for the
site that can be correlated with the long-term carbon data.
It is expected that this work will continue at least through
August 1996.

All of the sampling was performed with the automated
sampling package developed by the Carbon Cycle Group.
This package continues to evolve with experience and the
testing of various components. A newer version of the
package uses a more compact valve-actuator system so that
each flask can be equipped with two valves and flushed
more thoroughly and reliably than evacuated flasks. An
internal Global Positioning System receiver was also
included in the package for fully automatic operation.

As part of this research and development effort, year-
long sample storage tests were performed on our
“standard” 2.5-L glass flasks equipped with Teflon o-rings,
to measure the trend of trace gas variability. Over a 12-
month period, the tests show a 0.4 ppm loss of CO,, a 0.5
ppb gain of CHy (not significant), a 7.2 ppb gain of CO, a
5.7 ppb gain of H, (not significant), and a 1.1 ppb loss of
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Fig. 2.25.  Vertical profiles of trace species over Yuchonov,
Russia, near Moscow, on November 14, 1995.



N,O. These trends imply that the trace gas mixing ratio
drift within the sample flask is easily less than the analysis
limits if the samples are stored for a month or less, which
is our normal operating procedure.

2.8. DATA MANAGEMENT

The long-term flask data management strategy adopted
in 1992 (see Peterson and Rosson [1993] for a detailed
description) maintains a sampling history for over 85,000
ambient air samples and 23,000 special samples, and grows
at a rate of ~7000 samples per year. Analysis and
processing information is maintained for a suite of
measurements that includes CO,, CHy4, CO, H,, SF4, N,O,
and the stable isotopes of CO,. The present database
management strategy has several important features. While
individual measurement projects retain a degree of
independence, they are inextricably linked by way of the
database, making multiple-species comparisons reliable
and straightforward. Because the database employs UNIX
text files as a storage format, database access does not
require specialized software; files can be readily viewed
using a variety of operating system commands and
off-the-shelf software tools. Software written for the
statistical and graphical analysis of flask measurement data
can be species independent because the format is identical
for different species, providing powerful tools to a greater
number of flask programs.

Database maintenance includes regular integrity checks
designed to verify consistency throughout the database and
to ensure the adequacy of security precautions. Although
the current strategy is working well, it is anticipated that
the approach will continue to evolve to meet the growing
needs as both the sampling network expands and new
projects are added. Recently, the need to log procedural
changes or equipment modifications into a central
repository was recognized so that complete histories of
analytical systems or projects can be readily reconstructed.
In response, software tools are being developed that will
maintain a meta-database, e.g., a database containing
information about the data, that will complement our
existing strategy.

2.9. DATA INTEGRATION

Measurement records from the cooperative air sampling
network are frequently used to constrain two- and three-
dimensional transport models that derive plausible
source/sink scenarios of CO, [Tans et al., 1989; Ciais et
al., 1995a,b] and CHy [Fung et al., 1991]. Interpretation
of these scenarios is limited to large spatial scales and
relatively short time scales due to the sparsity of sampling
sites and the lack of temporal continuity among
observations from different locations. In an attempt to
reduce uncertainty in model-derived carbon budget
scenarios due to the limitations of the observations, a
procedure was developed that addresses these issues. Data
extension [Masarie and Tans, 1995] attempts to extend the
knowledge gained during a limited period of measurements
beyond the period itself producing a record with no
discontinuities. Extrapolated and interpolated values are
derived using information about (1) the behavior of the
record itself that can be described by its average seasonal
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cycle and long-term trend, and (2) the average behavior of
the record relative to other CMDL measurement records
that are nearby in latitude. The result is a set of records
containing measured data and extrapolated and
interpolated values. To improve the spatial resolution of
the observations, high precision CO, measurement records
from many laboratories were extended and integrated with
considerable effort to ensure compatibility with respect to
methodology and calibration.

During the past year, the Cooperative Atmospheric Data
Integration Project for Carbon Dioxide was created with
the ongoing aim of producing a globally-consistent CO,
database with unprecedented spatial resolution and
temporal continuity. Flask and continuous data from the
CMDL programs comprise the bulk of the database, but
measurement records contributed by other laboratories in
Australia, Canada, China, France, Germany, Hungary,
Italy, Japan, New Zealand, and the United States have
enhanced the spatial and temporal coverage and have
provided unique opportunities to compare overlapping
independent records. This effort has resulted in the first
release of GLOBALVIEW-CO2, the most complete
atmospheric CO, database yet available (Internet access by
way of anonymous FTP to ftp.cmdl.noaa.gov, Path:
ccg/co2/GLOBALVIEW).

With the framework of a global CO, database in place,
ways to enhance the methods used to extend and integrate
records from different laboratories are being explored.
Data extension techniques will become more robust with
the addition of updated and new measurements records.
Data integration techniques will be enhanced by using
information resulting from the comparisons of overlapping
measurement records. Furthermore, frequent comparisons
will improve the quality of the original data. Beginning in
1991, for example, a subset of CMDL air samples collected
at Cape Grim, Tasmania, was routed through the
CSIRO/DAR Global Atmospheric Sampling Laboratory in
Aspendale where they were analyzed for CO, and a host of
other trace gas species [Peterson and Rosson, 1994]. This
subset was then returned to Boulder where the same air
was analyzed for a suite of trace gas species including
CO,. Results from this ongoing intercomparison will
complement calibration and methodology considerations
and further validate the integration of measurements from
the two laboratories. Similar intercomparisons with other
laboratories may be a necessary step to fully justify the
merging of independent measurement programs. Data
extension and integration techniques are now being applied
to other trace gas species such as CHy, CO, and the stable
isotopes of CO,. It is anticipated that GLOBAL-
VIEW-13C0O2 and GLOBALVIEW-CH4 will be available
in the near future.

2.10. THREE-DIMENSIONAL INVERSE MODELING

In order to reconcile the contemporary budget of CO,,
and to understand by which processes this gas is absorbed
by the ocean and/or by the terrestrial biosphere, it is of
first importance to identify which regions are gaining or
losing CO,. In past years, several inverse calculations
were performed to estimate the north/south gradient of net
sources from the observed zonal mean concentrations
(Tans et al., 1989; Enting et al., 1991; Ciais et al.,
1995a,b; Bousquet et al., 1996; Law et al., 1996]. The
observational network has grown significantly in the last



decade, and the present framework is designed to go
beyond the interpretation of the north/south gradient. In
the present work, the goal is to study the feasibility of a
3-D inversion to assess the net fluxes over large regional
scales. For this, about 25 continental and oceanic regions
were defined. For each of them a forward simulation was
made using a normalized source and the TM2 model
[Heimann, 1995]. The linear combination of separate
sources providing the best fit to the observations is
calculated wusing the singular value decomposition
technique.

Before applying this method to real data, modeled data
were defined from a forward simulation using a global flux
distribution as realistic as possible [Ramonet, 1994].
Different subsets of these modeled data were used to
recalculate the initial flux distribution over each postulated
source. This methodology allows study of the influence of
the surface and/or tropospheric network resolution and the
contribution of new monitoring sites. The first results
showed that the annual fluxes were resolved at £0.2 GtC
yr'! when a network of as few as 144 regularly spaced
surface sites was used. The errors of the deduced fluxes
strongly increase when the number of regularly spaced
surface sites is reduced to 50. Using the same locations as
the CMDL network, there are additional problems due to a
lack of an observational site over large continental areas,
especially over South America. Preliminary results show
that the error for this region can be largely reduced by
adding a surface site in Central Brazil.

In the work described previously, the implicit
assumption of perfectly simulated transport is made. It is
known that simulation of the transport is one of the sources
of uncertainty in inverse calculations [Rayner and Law,
1995]. To take into account the error induced by the
transport models, the NCAR Community Climate Model
(CCM2) will be used to calculate the modeled data and the
TM?2 for the normalized sources. There will then be an
estimate of how sensitive the results are to the transport
calculations of different models. In the near future plans
are to use the additional information provided by isotopic
ratios 13C0O,/12C0O, and to apply the inverse method to the
measurements smoothed in time.
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3. Aerosols and Radiation

3.1. AEROSOL MONITORING
J. OGREN (EDITOR), S. ANTHONY, J. BARNES,
M. BERGIN, W. HUANG, L. MCINNES, C. MYERS,
P. SHERIDAN, S. THAXTON, AND J. WENDELL

3.1.1. SCIENTIFIC BACKGROUND

Aerosol particles affect the radiative balance of earth
both "directly," by scattering and absorbing solar and
terrestrial radiation, and "indirectly," through their action
as cloud condensation nuclei (CCN) with subsequent
effects on the microphysical and optical properties of
clouds. Evaluation of the climate forcing by aerosols,
defined here as the perturbation of the earth's radiation
budget induced by the presence of airborne particles,
requires knowledge of the spatial distribution of the
particles, their optical and cloud-nucleating properties, and
suitable models of radiative transfer and cloud physics.
Obtaining a predictive relationship between the aerosol
forcing and the physical and chemical sources of the
particles additionally requires regional and global-scale
chemical process, and physical transformation and
transport models for calculating the spatial distributions of
the major chemical species that control the optical and
cloud-nucleating properties of the particles. Developing
and validating these various models requires a diverse suite
of in situ and remote observations of the aerosol particles
on a wide range of spatial and temporal scales.

Aerosol measurements began at the CMDL baseline
observatories in the mid-1970s as part of the Geophysical
Monitoring for Climate Change (GMCC) program. The
objective of these "baseline" measurements was to detect a
response, or lack of response, of atmospheric aerosols to
changing conditions on a global scale. Since the inception
of the program, scientific understanding of the behavior of
atmospheric aerosols has improved considerably. One
lesson learned is that residence times of tropospheric
aerosols are generally less than 1 week and that human
activities primarily influence aerosols on regional/
continental scales rather than global scales. In response to
this increased understanding and to more recent findings
that anthropogenic aerosols create a significant
perturbation in the earth's radiative balance on regional
scales [Charlson et al., 1992; National Research Council,
1996], CMDL expanded its aerosol research program to
include regional aerosol monitoring stations. The goals of
this regional-scale monitoring program are to characterize
means, variabilities, and trends of climate-forcing
properties of different types of aerosols, and to understand
the factors that control these properties.

A primary hypothesis to be tested by NOAA's aerosol
research program is that the climate forcing by
anthropogenic sulfate will change in response to future
changes in sulfur emissions. The forcing is expected to
decrease in and downwind of the United States as a result
of emission controls mandated by the Clean Air Act, while
continued economic development in China and other
developing countries is expected to lead to an increased
forcing in and downwind of those areas. Testing this
hypothesis will require a coordinated research program

50

involving modeling, monitoring, process, and closure
studies. This report describes the observations that CMDL
is conducting towards this goal.

CMDL's measurements provide ground truth for satellite
measurements and global models, as well as key aerosol
parameters for global-scale models (e.g., scattering
efficiency of sulfate particles, hemispheric backscattering
fraction). An important aspect of this strategy is that the
chemical measurements are linked to the physical
measurements  through  simultaneous, size-selective
sampling, which allows the observed aerosol properties to
be connected to the atmospheric cycles of specific
chemical species.

3.1.2. EXPERIMENTAL METHODS

Extensive aerosol properties monitored by CMDL
include the total particle number concentration (N,
aerosol optical depth (3), and components of the aerosol
extinction coefficient at one or more wavelengths (total
scattering Oy, backwards hemispheric scattering Gygp, and
absorption G,,). At the regional sites, size-resolved
impactor an filter ~samples (submicrometer and
supermicrometer size fractions) are obtained for
gravimetric and chemical (ion chromatograph) analyses.
All size-selective sampling, as well as the measurements of
the components of the aerosol extinction coefficient at the
regional stations, is performed at a low, controlled relative
humidity (<40%) to eliminate confounding effects due to
changes in ambient relative humidity. Data from the
continuous sensors are screened to eliminate contamination
from local pollution sources. At the regional stations, the
screening algorithms use measured wind speed, direction,
and total particle number concentration in real-time to
prevent contamination of the chemical samples.
Algorithms for the baseline stations use measured wind
speed and direction to exclude data that are likely to have
been locally contaminated.

Prior to 1995, data from the baseline stations were
manually edited to remove spikes from local
contamination. For the 1995 baseline data an automatic
editing algorithm was applied in addition to manual editing
of local contamination spikes. For the baseline stations
(Barrow (BRW), Mauna Loa (MLO), South Pole (SPO),
and Samoa (SMO)), as well as Sable Island, data are
automatically removed when the wind direction is from
local sources of pollution (such as generators and
buildings) as well as when the wind speed is less than a
threshold value (0.5-1 ms-!). In addition, Mauna Loa data
for upslope conditions (1800-1000 UTC) are excluded
since the airmasses do not represent "background" free
tropospheric air for this case. A summary of the data
editing criteria is given in Table 3.1.

Integrating nephelometers are used to determine the light
scattering coefficient of the aerosol. These instruments
operate by illuminating a fixed sample volume from the
side and observing the amount of light that is scattered by
particles and gas molecules in the direction of a
photomultiplier tube. The instrument integrates over
scattering angles of 7-170°. Depending on the station,
measurements are performed at one, three, or four wave-



TABLE 3.1. Data Editing Summary for NOAA
Baseline and Regional Stations

Station Editing Clean Sector

South Pole a,b,c 0° < WD < 110°, 330° < WD < 360°
Samoa a,b.c 0° < WD < 165°, 285° < WD < 360°
Mauna Loa a,b,c,d 90° < WD <270°

Barrow a,b,c 0° < WD < 130°

Sable Island a,b,c 0° < WD < 35°, 85° < WD < 360°

Niwot Ridge
Bondville

a
a

WD; Wind direction

a-Manual removal of local contamination spikes
b-Automatic removal of data not in clean sector
c-Automatic removal of data for low wind speeds
d-Removal of data for upslope wind conditions

lengths in the visible and near-infrared. Newer
instruments allow determination of the hemispheric
backscattering coefficient by using a shutter to prevent
illumination of the portion of the instrument that yields
scattering angles less than 90°. A particle filter is inserted
periodically into the sample stream to measure the light
scattered by gas molecules, which is subtracted from the
total scattered signal to determine the contribution from
the particles alone. The instruments are calibrated by
filling the sample volume with a gas of known scattering
coefficient; carbon dioxide (CO,) is used for high
sensitivity instruments, while dichlorodifluoromethane
(CFC-12) is used for the few single-wavelength, lower
sensitivity instruments still in use.

The aerosol light absorption coefficient is determined
with a continuous light absorption photometer. This
instrument continuously measures the amount of light
transmitted through the filter. The rate of decrease of
transmissivity, divided by the sample flow rate, is directly
proportional to the light absorption coefficient of the
particles. Newer instruments have been calibrated in terms
of the difference of light extinction and scattering in a
long-path extinction cell for laboratory test aerosols.
Instruments at the baseline stations ("aethalometers") have
been calibrated by the manufacturer in terms of the equiva-
lent amount of black carbon, from which the light
absorption coefficient is calculated assuming a mass ab-
sorption efficiency of the calibration aerosols of 10 m2 g-1,

Particle number concentration is determined with a CN
counter that exposes the particles to a high supersaturation

of butanol vapor. This causes the particles to grow to a
size where they can be detected optically and counted. The
instruments in use have lower particle-size detection limits
of 10-20 nm diameter.

Summaries of the extensive measurements obtained at
each site are given in Tables 3.2 and 3.3. Table 3.4 lists
the intensive aerosol properties that can be determined
from the directly-measured extensive properties. These
properties are used in chemical transport models to
determine the radiative effects of the aerosol
concentrations calcuated by the models. Inversely, these
properties are used by algorithms for interpreting satellite
remote-sensing data to determine aerosol amounts based on
measurements of the radiative effects of the aerosol.

Information and data from the aerosol group at CMDL
are available on the Internet via FTP and World Wide Web
servers. Recently processed data, file format specifi-
cations, documents summarizing data processing and flow,
and clean processed data presented in hourly-averaged files
for all years of station operation are available via
anonymous FTP to ftp.cmdl.noaa.gov, directory "aerosol."”
In addition to the above, the CMDL World Wide Web
server at http://www.cmdl.noaa.gov supplies online plots
of recently processed aerosol data and hypertext links to
various related documents (including this one).

3.1.3. ANNUAL CYCLES

The annual cycles of selected extensive and intensive
properties are illustrated in Figure 3.1a-d. The data are
presented in the form of box-whisker plots that summarize
the distribution of values: the box ranges from the lower to
upper quartiles, with a central bar at the median value,
while the whiskers extend to the Sth and 95th percentiles.
The statistics are based on hourly averages of each
parameter for each month of the year, as well as for the
entire year ("ANN").

In general, changes in long-range transport patterns
dominate the annual cycles. For BRW, the highest values
of 0y, are observed during the spring because of the long-
range transport of pollution from lower latitudes ("Arctic
haze"). The BRW CN record shows a more variable
semiannual cycle, with a maximum that usually coincides
with the maximum in Oy, and a secondary maximum in late
summer or early fall. The secondary maximum in late
summer is thought to be caused by local oceanic emissions
of dimethyl sulfide (DMS) gas that are eventually
converted to sulfate aerosol [Radke et al., 1990]. For
MLO, the highest O, values occur in the springtime,

TABLE 3.2. CMDL Baseline Aerosol Monitoring Stations (Status as of January 1996)

Baseline Tropical Free

Category Baseline Arctic Troposphere Baseline Marine Baseline Antarctic
Location Point Barrow Mauna Loa American Samoa South Pole

Status Operational 1976 Operational 1974 Operational 1977 Operational 1974
Sample RH Uncontrolled Uncontrolled Uncontrolled Uncontrolled

Uncontrolled Uncontrolled
Osp(“-), Oyl A)
Nlﬂl

none

Sample Size Fractions
Optical measurements

Microphysical measurements
Chemical measurements

Nlnl
none

GSp(4k)l csp(ax)v oup(ll)l 8(61)

Uncontrolled Uncontrolled
O,p(41) O,p(41)

Nll)l Nlol

none none
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TABLE 3.3. CMDL Regional Aerosol Monitoring Sites (Status as of January 1996)

Perturbed Perturbed
Category Perturbed Marine Continental Continental Clean Continental Clean Marine
Location Sable Island, Bondville, Illinois  K'puszta, Niwot Ridge, Colorado Cheeka Peak,
Nova Scotia Keszcemet, Hungary Washington

Designator WSA BND KPO NWR CPO

Latitude +43.933 +40.053 +46.967 +40.036 +48.30

Longitude +060.007 +088.372 -019.550 +105.534 +124.62

Elevation (m) 5 230 180 3020 480

Responsible NOAA/CMDL NOAA/CMDL U. Veszprem, NOAA/CMDL U. Washington

institute Hungary

Collaborating Atmospheric University of NOAA/CMDL U. Colorado, Boulder; NOAA/CMDL

institute Environment Illinois; Illinois Colorado State U.,
Service, Canada, State Water Fort Collins
NOAA/PMEL Survey
Status Operational Operational Operational Site feasibility Operational, (
August 1992 July 1994 September 1994 measurements began May 1993 |
November 1993

Sample RH RH < 40% RH < 40% RH < 40% Uncontrolled RH < 40% '

Sample Size D<1pum D< | pm D<1pum Uncontrolled D<1pm

Fractions <D< 10pum <D< 10pm I <D<I0pm

Optical Op(31), Oy (1R), O, (12) Osp(1A), O, (1R), Op(12) Gp(31), Oyp(31),

measurements Gpsp(31), 8(41) 8(4n) Oup(13)

Microphysical Niot Nt Niot Niow» (D) Niow» N(D)

measurements

Chemical Major ions, mass  Major ions, mass Major ions None Major ions, mass

measurements
TABLE 3.4. Intensive Aerosol Properties
Derived From the CMDL Network

Properties Description

d The angstrom exponent, defined by the power-law o5, o< A-4. describes the wavelength-dependence of scattered light. 1n
the figures below, d is calculated from measurements at 550 and 700 nm wavelength. Situations where the scattering is
dominated by submicrometer particles typically have values around 2, while values close to 0 occur when the scattering
is dominated by particles larger than a few microns in diameter.

o, The aerosol single-scattering albedo, defined as oOsp/(Cup + Osp), describes the relative contributions of scattering and
absorption to the total light extinction. Purely scattering aerosols (e.g., sulfuric acid) have values of 1, while very
strong absorbers (e.g., elemental carbon) have values around 0.3.

g b Radiative transfer models commonly require one of two integral properties of the angular distribution of scattered light
(phase function): the asymmetry factor g or the hemispheric backscatter fraction . The asymmetry factor is the cosine-
weighted average of the phase function, ranging from a value of -1 for entirely backscattered light to +1 for entirely
forward-scattered light. The hemispheric backscatter fraction b is Gpsp/Gsp.

0 The mass scattering efficiency for species i, defined as the slope of the linear regression line relating Gsp and the mass

concentration of the chemical species, is used in chemical transport models to evaluate the radiative effects of each
chemical species prognosed by the model. This parameter has typical unites of m? g-!.

caused by the the long-range transport of pollution and
Little seasonality is seen in CN
indicating that

mineral dust from Asia.
concentrations at
smallest particles (<0.1 pm diameter), which usually
dominate the CN concentration, are not enriched during

MLO, however,

these long-range transport events.

Little seasonality is
seen in the results from SMO, while at SPO the high o,
levels observed in the late winter are due to the long-range
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transport of sea salt in the upper troposphere from stormy
regions near the Antarctic coast to the interior of the
the continent.

Previous reports describing the baseline aerosol data sets
include BRW: Bodhaine [1989] and Quakenbush and
Bodhaine [1986]; MLO: Massey et al. [1987]; SMO:
Bodhaine and DeLuisi [1985]; and SPO: Bodhaine et al.
(1986, 1987] and Bodhaine and Shanahan [1990].
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Fig. 3.1a. Annual cycles of CN concentration for baseline

stations at BRW, MLO, SMO, and (SPO Monthly median values
are shown. Box-whisker plots illustrate the upper and lower
quartiles (box), and Sth and 95th percentiles (whiskers). Values
representing the entire year period, for all years, are also
presented (ANN).

Based on only 2-3 years of measurements, the annual
cycles for the regional stations are very uncertain,
therefore, it is premature to discuss the causes of the
observed variability. The proximity of the regional sites to
North American pollution sources is apparent in the results,
however, with monthly median values that in some cases are
over 2 orders of magnitude higher compared to values from
the baseline stations.

3.1.4. LONG-TERM TRENDS

Long-term trends in CN concentration, Osps and
angstrom exponent are plotted in Figure 3.2a-c for the
baseline stations. The trends are plotted for the annual
geometric average as well as for the geometric averages for
the months with the lowest and highest median values
observed in the annual cycle plots. Interpretation of the
results are complicated by two changes in instrumentation:
(a) replacement of the nephelometer at MLO in 1985 and
(b) the replacement of the CN counters with butanol-based
instruments at MLO in 1988; at SPO in 1989; at BRW
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Fig. 3.1b. Annual cycles of CN concentration for regional

stations at Bondville, Illinois (BND), Niwot Ridge, Colorado
(NWR), and Sable Island, Nova Scotia (WSA).

in1990; and SMO in 1992. The two types of CN counters
have different lower-size detection limits, which means
that any change in the long-term record will depend on the
presence of particles not detected by one of the counters.
This is the likely cause for the fact that obvious step
changes in CN concentration are seen at MLO and SPO,
but not at BRW and SMO.

As discussed in the 1988 Summary Report [Elkins and
Rosson, 1989], o, values at MLO were generally higher
since the installation of the new nephelometer in 1985 and
have not reached the low values previously observed in
winter. The increasing trend in Ogp at MLO is caused by
higher winter values in the latter part of the record and the
reason is believed to be instrumental. A modern, high-
sensitivity three-wavelength nephelometer was deployed at
MLO in 1994, and future comparison of the results from
the two nephelometers is expected to quantify any biases
introduced by the older, less-sensitive instrument. All data
reported here are from the older instrument, however.

3.1.5. RESULTS FROM 1994-1995

Daily Mean Values of Aerosol Properties

Figures 3.3a-g show the daily mean values at each
monitoring station for total number concentration (CN),
aerosol scattering coefficient at 550 nm (Osp) and the
angstrom exponent for the 550/700 nm wavelength pair from
January 1, 1994, to December 31, 1995. Significant day-to-
day variability in CN concentration, aerosol scattering
coefficient, and angstrom exponent can be seen in the
figures. The daily variability of these parameters is due to
several factors, including changes in local meteorology,
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Fig. 3.1d. Annual cycles of angstrom exponent (&, 550/700 nm)
for baseline and regional stations.

aerosol sources, transport time from source regions, and
processing of aerosols during transport. It is worthwhile to
point out that the data editing procedure for 1995, as seen in
the CN plots from the edited stations, results in a more
stringent acceptance of data. This can be clearly seen in the
Barrow CN plot that shows significantly more breaks in the
1995 data because of the rejection of a greater amount of
data compared with the previous year. The more rigorous
approach to data screening for 1995 and after, generally
results in less day-to-day variability in the CN
concentrations, which is likely becaue of the fact that data
resulting from local pollution are more completely excluded.

Aerosol Intensive Properties
Figure 3.4 shows box/whisker plots of the variability in
the daily averages of three different intensive aerosol
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properties measured at Sable Island: the angstrom
exponent (550/700 nm wavelength pair) for submicrometer
particles, the fraction of scattering caused by
submicrometer particles, and the fraction of the light that
is scattered into the backwards hemisphere. The data were
classified into three cases: "clean" conditions when both
N¢ot and Ogp (550 nm, Dp < 1 um) are below the lower
quartile for the entire data set, "dirty" conditions in which
Niot and G, are above the upper quartile, and all "other"
periods that do not meet the previously defined criteria (for
example periods with low Ny and high oy, values). For
comparison, the fine/total scattering fraction is plotted for
Bondville (BND) (data for the other intensive properties
are not available at BND prior to 1996). It can be seen
that the values of the angstrom exponent increase for more
polluted periods suggesting that the submicrometer aerosol
shifts systematically towards smaller particles as the degree
of pollution increases. This is also reflected in size-
segregated measurements of light scattering, which show
that a larger fraction of the total scatter is due to the
submicrometer aerosol as the air becomes more polluted,
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reaching a median value of 84% at BND. In the cleanest
cases at Sable Island, only 28% (median value) of the light
scattering is caused by submicrometer particles; the
remainder is presumably caused by larger sea salt particles.
Submicrometer particles contribute a larger fraction to the
total for each quartile at Bondville, suggesting the
continental aerosol is always heavily influenced by fine
aerosol pollution.  Aerosol number concentrations and
values of O, for the submicrometer aerosol are consistently
higher at Bondville than at Sable Island (Figure 3.1b,c). The
backscatter fraction, on the other hand, exhibits relatively
little dependence on the degree of pollution.

Linear regression of the angstrom exponent with the
fraction of submicrometer scattering (Figure 3.5) demon-
strates that the two variables are highly correlated,
suggesting that most of the variance in the angstrom
exponent is controlled by the relative abundance of
submicrometer particles. This challenges the traditional
notion that the angstrom exponent can be interpreted as the
slope of a power-law aerosol size distribution and better
supports a bimodal model of the size distribution where the
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angstrom exponent is a measure of the relative amounts of
material in the two modes.

3.1.6. AIRCRAFT OBSERVATIONS

A special version of the CMDL aerosol instrumentation
package used at the regional aerosol monitoring sites was
developed for use on research aircraft. This effort was
undertaken to extend our measurement capability into the
vertical dimension and to greatly increase geographic
coverage as well. This airborne aerosol package includes a
three-wavelength nephelometer with backscatter shutter, a
light absorption photometer, a condensation nucleus
counter, and a multi-filter sampler, all interfaced to a
laptop computer for instrument control and data logging.
As is done on the ground, the sample air is heated as
necessary to maintain a relative humidity below 40%, and
multijet impactors are used to restrict the size-range of
particles sampled (on the aircraft, only particles smaller
than 1 pm aerodynamic diameter are sampled). Addi-
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tionally, wing-mounted probes permit the determination of
aerosol-size distributions. These instruments constitute a
comprehensive airborne aerosol measurement platform
capable of determining a wide suite of aerosol chemical,
optical, and microphysical properties.

Measurements of the optical properties of submicrometer
aerosol particles were measured from the NOAA WP-3D
Orion research aircraft during the summer 1995 Southern
Oxidants Study. The majority of the flights were in the
midwest and southeastern United States at altitudes below
5 km and provide a survey of the vertical and horizontal
variability of the aerosols that dominate the direct aerosol
radiative forcing of climate. Some flights were conducted
over Colorado, allowing comparison of these aerosol
properties between the humid East and arid West. Figure
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3.6 shows the vertical profiles measured over Colorado of
d, @, b, and o, (denoted by By, in the figure legend).
The data in Figure 3.6 were obtained over a large area of
the state, and some of the variations are due to horizontal
inhomogeneity.  Nevertheless, the results show fairly
constant values of @,, b, and & throughout the lower tropo-
sphere. The increased variability above 5 km results from
the very low (and hence imprecise) values of the primary
measured variables, leading to large variations in para-
meters that are defined as ratios of the primary variables.
The single-scattering albedo varies in the range 0.88-0.95,
and the hemispheric backscattering fraction is 0.15-0.18.

A similar vertical profile over the southeastern United
States is seen in Figure 3.7 in spite of much higher values
of light scattering (note the scale change for 0y) than were
observed over Colorado. Once again, values at the higher
altitudes are much less reliable because of the low values
of the scattering and absorption coefficients. In the
boundary layer, the single-scattering albedo is 0.95 and the
hemispheric backscattering fraction is 0.11. These values
are somewhat different from the values obtained over
Colorado, suggesting systematic differences in aerosol
composition and size distribution in the two regions.
However, the differences may also be due to day-to-day
variations in the aerosol. Figure 3.8 shows the horizontal
variability observed in the boundary layer on the transit
flight from Colorado to Tennessee. As was the case for the
vertical dimension, the derived parameters (®,, b, &) are
relatively constant in spite of large changes in the primary
measured variables.
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Fig. 3.6. Vertical profile of aerosol properties over Colorado,
June 6, 1995,
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southeastern United States July 1, 1995.

Finally, Figure 3.9 shows the latitudinal variability that
was observed in the boundary layer over the mid-
western U.S. (Tennessee-Indiana), where the values of @,
and b are identical to the boundary layer values shown in
Figure 3.8. Slightly more variability is seen in the single-
scattering albedo (0.89-0.96), but the hemispheric
backscattering fraction is once again nearly constant
(0.12). In all four cases, the angstrom exponent stays in
the range 2.0-2.5. Although instrumental noise is a
limiting factor, the observed variability in ¢ may be due to
variations in the aerosol size distribution with the larger
values of 4 corresponding to cases with smaller particle
sizes.

Taken as a whole, the results of this study yield values
for the single-scattering albedo in the range 0.88-0.96,
with more variation observed from day-to-day than from
place-to-place (horizontally or vertically). Similar
conclusions can be drawn for the hemispheric
backscattering fraction (0.11-0.18) and the angstrom
exponent (2.0-2.5), although b in the boundary layer was
always below 0.13 except for the one vertical profile over
Colorado.  Although it is difficult to draw general
conclusions from a 1-month study, the results suggest that
ground-based measurements of the light scattering and
absorption coefficients of submicrometer, continental

—=-single scatler albedo  longitude  _u_ packntolal scatier

—e- Angsirom exponent —e— Bsp (1E4 /m)

Fig. 3.8. East-west transect, Colorado to Tennessee, June 19,
1995. Open symbols denote free tropospheric measurements.
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particles can be used to derive values of the single-
scattering albedo, hemispheric backscattering fraction, and
angstrom exponent representative of the dry aerosol
throughout the lower troposphere.

3.1.7. LIDAR MEASUREMENTS AT MAUNA LoA

Vertical profiles of tropospheric and stratospheric
aerosols are regularly determined at MLO with two
different lidar systems. Section 1.1.2 (Aerosol Monitoring,
page 7, this report) describes the instruments and analysis
techniques, and the new Nd:YAG lidar.

The integrated aerosol backscatter (IABS) data at 694
nm in Figure 3.10 show that no volcanic eruptions injected
large amounts of aerosols that were detectable in the
stratosphere at MLO latitudes in 1994-1995. The decay of
Mt. Pinatubo's aerosols continued, and by the end of 1995,
the lowest levels of IABS in the past 16 years were in
evidence. A small increase and decay in stratospheric
aerosols just prior to the Mt. Pinatubo eruption may have
been related to the eruption of Kelut which was observed
by the Stratospheric Aerosol and Gas Experiment (SAGE)
instrument. A similar small increase in the JABS data in
the fall of 1994 may be observed in Figure 3.11 at 532 nm
and 694 nm. The 532-nm data are from the new Nd:YAG
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Fig. 3.10. Integrated acrosol backscatter for 1980-1995 at 694
nm (ruby lidar) from 15.8 to 33 km.
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lidar. This increase coincides with an eruption of Rabaul in
New Guinea. The increase abruptly disappears in December
1994 coincident with the air mass above the observatory
switching abruptly from tropical to midlatitude air.

In September 1994 the Lidar In-space Technology
Experiment (LITE) was flown in the Space Shuttle. The
lidar made aerosol measurements at 1064, 532, and 355 nm
from the upper stratosphere into the troposphere. LITE
observing times were concentrated over the Atlantic and
Europe, but during two overflights of MLO, correlative
measurements were made at 532 nm. For the first
overflight (September 14), the profiles agree well
throughout the stratosphere. On the second flight
(September 16) the profiles agree (within calculated error)
below 23 km. However, the MLO lidar observed higher
aerosol backscatter at elevations from 23 to 33 km
although the MLO lidar exhibited the same general
features in the profile as the satellite instruments.

The MLO lidars, as part of the Network for the
Detection of Stratospheric Change (NDSC), participated in
an aerosol analysis intercomparison (August 1995)
conducted within the lidar group of NDSC to validate the
analysis methods used by NDSC lidars. In the study, raw
signals and radiosonde data were provided to participants
to be used in their respective analysis routines. Pre-
liminary results show good agreement between MLO
analysis and the benchmark data.

Atmospheric temperature profiles have been measured
with the MLO lidar over altitudes from 33 to 70 km
beginning in July 1994. A blind intercomparison of
temperature profiles made between the NOAA lidar and
three other NASA lidars during the MLO3 campaign was
undertaken in August 1995; the results and analysis have
not been released to date.

3.2. SOLAR AND THERMAL ATMOSPHERIC RADIATION

E. DUTTON (EDITOR), B. BODHAINE, R. HAAS, D.
LONGENECKER, D. NELSON, R. STONE, AND J. WENDELL
3.2.1. BASELINE MONITORING ACTIVITIES

The CMDL surface radiation monitoring project began
in 1973 with the intent to provide supporting information
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for baseline climate monitoring activities and to determine
trends and variations in the surface radiation budget
induced by changing atmospheric composition because of
anthropogenic activity. Then, trends predicted in the
measured radiation quantities due to anthropogenic sources
were near or below the level of detectability for the
available instrumentation. However, other sources of
variability in the surface radiation budget were also not
adequately known or understood; thus the measurements
could contribute to the most basic understanding of the
natural and changing surface radiation budget. Such
contributions included definition of diurnal and annual
cycles, effects of cloudiness, variation on daily to decadal
time scales, effects of major volcanic eruptions,
unexpectedly high concentrations of anthropogenic
pollution in the Arctic, effects of constituent variations on
narrowband irradiance (e.g., ozone and ultraviolet (UV)
changes), and possible anthropogenic modification to
cloudiness. In addition to research conducted by CMDL,
the surface radiation measurements contribute to several
global data bases. Global data bases are needed to
evaluate the radiation and energy budget necessary to
diagnose the climatic time scale general circulation of the
atmosphere.  Observations also contribute to satellite-
based projects where surface measurements serve to verify
spot estimates and to allow features of the intervening
atmosphere to be deduced. A major goal of the monitoring
program is to obtain a record, as long and complete as
possible, of surface radiation parameters which will permit
examination of the record for all scales of natural and
modified variability. Of particular interest is the
determination of the magnitude, representativeness, and
possible consequences of any observed changes. To this
end, the CMDL radiation group maintains complete and
continuous surface radiation budget observations at several
globally diverse sites with various ancillary supporting
observations. The following describes those projects,
particularly recent changes and results.

CMDL Baseline Observatories

The four main CMDL baseline observatories have been
involved in the radiation project since the early 1970s.
The different environments and conditions among the sites
have resulted in different programs evolving at each site.
The basic measurements made at all sites include both the
downward global and direct components of solar radiation.
By late 1995, solar diffuse radiation measurements had
been added to each of the sites permitting more accurate
determination of global radiation from the sum of vertical
direct and diffuse. Broadband thermal infrared
measurements were added in the last 10 years. At sites
where the surrounding terrain is representative of a larger
regional area (SPO and BRW), the upward solar and
thermal infrared irradiances are also measured. The solar
radiation records acquired at these sites constitute some of
the longest known U.S. records of their kind acquired
under research conditions. In 1994 a major upgrade to the
observing network was accomplished with the conversion
to a commercial data-logging system that provides 13-bit
accuracy and precision, resistance and voltage mea-
surements, and onsite processing of the data. The raw data
are routinely transmitted over phone lines or Internet to the
central data processing facility in Boulder where data
editing, final calibrations, graphical inspection, and
archiving are performed.



Basic Measurements

The basic measurements currently conducted at each of
the four baseline observatories for the past 20 years
include normal-direct and downward-broadband solar
irradiance, downward solar irradiance in the 0.695 pm to
2.8 um band, and wideband spectral direct solar irradiance.
Downward broadband thermal irradiance measurements
were added at BRW, MLO, and SPO in more recent years
as well as upwelling irradiance measurements at SPO and
BRW. The wideband spectral direct observations are
obtained manually under clear sky conditions while the
others are sampled at 1 Hz with 3-minute averages
recorded on computer media. Preliminary data from all
CMDL radiation sites are generally available on the
Internet within a few days of acquisition in the radiation
section on the CMDL Home Page (www.cmdl.noaa.gov).

Filter Wheel NIP

The wideband spectral direct solar irradiance
measurements are made with a filter wheel normal incidence
pyrheliometer (FWNIP). The data from these observations
are compared to a higher spectral resolution radiative
transfer model [Bird and Riordan, 1986]. The model is
based on Beer's law and has only one level (surface). The
aerosol optical depth and precipitable water are adjusted
within the model to obtain a best match with the FWNIP
observations. This provides a low precision, but a relatively
stable estimate of mean visible aerosol optical depth and
water vapor at the four baseline observatories. The accuracy
of the method of obtaining aerosol optical depth and water
vapor is limited by the dependence on the absolute values of
the extraterrestrial solar spectrum and instrument calibration,
unlike typical applications in sunphotometery. The aerosol
data record from this observational project is shown through
1995 (Figure 3.12).

MLO Apparent Transmission

The transmission of direct broadband solar irradiance
through the atmosphere above MLO is monitored using a
quantity known as the apparent transmission.  This
quantity is computed by taking the average of three ratios
of direct solar irradiance where each ratio is the quotient of
the irradiance at an integer air mass divided by the
irradiance at the next smaller integer air mass as first
defined by Ellis and Pueschel [1971] and used by Dutton
et al. [1985] and others. The apparent transmission is
stable over time because it is independent of a radiometer
calibration value and also, therefore, quite sensitive to small
changes in transmission that can be due to aerosols, ozone,
or water vapor. Previous studies [Bodhaine et al., 1981;
Dutton et al., 1985] have shown that in monthly averages,
aerosols tend to dominate observed changes in the apparent
transmission such that the major observed excursions in the
record given in Figure 3.13, are because of aerosols. The
major observable features in Figure 3.13 are the effects of
several volcanoes, particularly Agung in 1963, El Chich6n in
1982, Mt. Pinatubo in 1991, and an annual oscillation
caused primarily by the springtime transport of Asian aerosol
over the site [Bodhaine et al., 1981). Figure 3.13 is
complete through 1995 and most recently shows that the
recovery from the eruption of Mt. Pinatubo was not yet
complete in 1995. The fact that the MLO apparent
transmission record still indicates a Mt. Pinatubo residual

61

0.3 Y }
h i
02 BRW(iDEGN) | [ [\ A
V™ A \H /l NaA g Je L A g I
01 5 N O LM AN A g { v
W/ - Wil VAN T LA
OL3; + +
T
02 MLO {10 DEGN) | \
E A A ]
| W
2% RN ™ [}
G g 3 pae T P A il et O P | g, SO )
5 \
) SMO (14 DEG.S) |A'

|
0.1 ~ 1
[~ . I T N P
W 'l\.‘ VA WM Al ,J(f‘_'\-\‘.‘m‘r'.;“,l

3 . T

02} srowoDEaS) g
IR A
01} & A
00 R e e M- ot
77 78 79 80 81 82 83 84 85 86 87 88 89 90 21 92 93 94 95

YEAR

Fig. 3.12. Monthly average aerosol optical depth as determined
from the filter wheel NIP for the four primary observatories.
Note that these derived values are not as accurate as determined
by some other techniques but are inherently stable and relatively
complete over the period of record as compared to other attempts
to remotely sense these quantities at these stations.

is evidence of the sensitivity of the measurement since it is
known from other measurements by CMDL and others, that
the optical depth of Mt. Pinatubo in 1995 was very low
(about 0.005 at 500 nm).

Boulder Atmospheric Observatory (BAO) Tower
Observations of upwelling and downwelling solar and
thermal irradiances at the top of the 300-m BAO tower,
located near Erie, Colorado, began in 1985. Nearly
continuous observations of these quantities, hourly
resolution until 1992 and 3-minute thereafter, have been
maintained since 1985. The data provide a unique view of
surrounding agricultural land in that the data are more
representative than typical surface-based solar radiation
budget observations. The data from the site were used in
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Fig. 3.13. Monthly average apparent solar transmission above
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the annual transport of Asian aerosol is most evident.



several recent publications [Nemesure et al., 1994; Cess et
al., 1995; Dutton and Cox, 1995; Garrett and Prata, 1996;
and several earlier papers]. Since 1990, observa-tions of
direct solar and downwelling solar irradiances have been
made near the base of the tower. This site has contributed
data to the World Climate Research Program (WCRP)
Baseline Surface Radiation Network (BSRN).

Kwajalein

Observations of direct solar, downwelling solar, and
thermal IR irradiance began in Kwajalein in 1989.
Kwajalein is a small, <4 km2, island in the tropical Pacific.
Data obtained at this location are virtually free of any
effects of the island and, therefore, are often taken as
representative of the open ocean in that region. Data from
Kwajalein were used in several recent publications
including Dutton [1993], Whitlock et al. [1995], and
Bishop et al. [1996]. Substantial upgrades to the
Kwajalein radiation measurement array are planned for
1996 including spectral direct and diffuse, broadband
diffuse, disk-shaded pyrgeometer, UV-B, Photo-
synthetically Active Radiation (PAR), and improved solar
tracking capability. Data from Kwajalein have been
submitted to the BSRN data archive.

Bermuda

Observations of downwelling solar and thermal IR began
on the east end of Bermuda in 1990 on the National
Aeronautics and Space Administration (NASA) tracking
station site. The rather small size and elongated shape of
the island in the lower midlatitude westerlies is believed to
have a minimal influence on the irradiance measurements,
although some clouds of orographic origin are known to
exist there in the summer months under certain synoptic
meteorological conditions. Data from Bermuda were
submitted to the BSRN data archive and have been used by
Whitlock et al. [1995] and Bishop et al. [1996] in satellite
comparison and validation studies.

3.2.2. SOLAR RADIATION CALIBRATION FACILITY

Routine Operations

Calibration support for the four CMDL baseline
observatories and the BSRN sites at Kwajalein, Bermuda,
and BAO during 1994 and 1995 was carried out by the
CMDL Solar Radiation Calibration Facility (SRCF).
Calibrations and characterizations of pyranometers and
pyrheliometers were performed as needed, and field
exchanges of recalibrated instruments were completed.
Improved diffuse-sky measurements were implemented at
the SRCF with the addition of ventilated tracking disk
systems designed for the Eppley automated solar trackers
used by CMDL. The improved diffuse measurements,
together with automated cavity operation for the collection
of solar direct beam data, have enabled more accurate
characterizations and calibration procedures requiring
accurate determination of solar components (direct beam
and diffuse sky).

Standards Activities

The CMDL reference cavity radiometers were compared
with reference cavities from other organizations during
1994 and 1995. A cavity intercomparison was held at the
National Renewable Energy Laboratory in Golden,
Colorado, October 8-10, 1994. In 1995 the CMDL
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references were taken to the World Radiation Center in
Davos, Switzerland, for participation in the WMO-
sponsored eighth International Pyrheliometer Comparison
(IPCVIII). These comparisons are typically conducted
every 5 years and allow reference instruments from all of
the WMO regions to document their performance relative
to a standard group of instruments maintained at the World
Radiation Center. Seventy-seven reference instruments
from 37 countries participated in IPCVIII from September
25 to October 13, 1995. Participation in [PCVIII of the
CMDL reference cavities (TMI67502 and AHF28553)
maintains the historical traceability of the NOAA standards
to the World Radiometric Reference maintained in Davos
and the World Radiation Center. All solar radiation
measurements made by CMDL are thus traceable to the
world reference.

Instrument Development Activities

Efforts began during 1995 to add observational
capability to the BSRN sites at Kwajalein, Bermuda, and
BAO. Dual ventilated shade disk systems were acquired,
tested, and deployed to BAO during 1995 with installation
at Bermuda and Kwajalein scheduled for early 1996. The
dual shade disk systems attach to the Eppley solar trackers
and enable a pyranometer and pyrgeometer to be
continuously shaded and ventilated. Improvements in solar
tracking accuracy for these sites was also achieved by
implementing a more accurate solar position algorithm in
the tracker control program, precision leveling of the solar
tracker during installation and setup, and a solar position
detector designed and built by CMDL was added to the
solar tracker. Tracking accuracies of better than 0.1
degrees are achievable with these improvements. These
improvements are scheduled for installation at the
Kwajalein, Bermuda, and BAO sites in 1996. In addition,
software was added to the tracker control computer that
allows remote access to the tracker control program via
modem. This capability, together with the solar position
detector data, will allow monitoring of tracker performance
at the remote sites and tracker control from Boulder if
necessary. Installation of an automated self-calibrating
cavity radiometer system in the refurbished MLO solar
dome was also completed during the latter part of 1995. A
new Eppley automated cavity system was purchased for
this application with the goal of incorporating its operation
and control in the dome control computer system. When
this is completed, continuous direct-solar-beam data will
be available from MLO in addition to the NIP data that
have been collected since 1958.

Special Projects

In addition to the routine CMDL monitoring support for
the four baseline observatories. The SRCF provided
support, resources, training, and logistics assistance in
other areas such as the World Meteorological
Organization/Global Environmental Fund/Global Atmos-
pheric Watch (WMO/GEF/GAW) baseline station network.

3.2.3 AEROSOL OPTICAL DEPTH REMOTE SENSING

Remote sensing of aerosol optical depth is carried out in
several projects in CMDL. Derivation of low precision
aerosol optical depth from wideband filtered pyrheliometer
observations is described in a previous section.
Traditional narrow-band sunphotometery measurements are



currently made routinely at MLO and Sable Island, Nova
Scotia. The CMDL radiation group also maintains a few
calibrated handheld sunphotometers of an older but
reliable design for wuse in various short-term field
programs. Such field programs have recently included,
ACE-1, TOGA CORE, Antarctic dry valley studies, Arctic
aircraft flights, and visits to BSRN sites. CMDL will
begin to deploy commercial versions of the Multi-Filter
Rotating Shadowband Radiometer (MFRSR) from which
not only can spectral optical depth be derived but also
spectral diffuse and total spectral irradiance fields. As part
of a world-wide aerosol optical depth network, the GAW
and BSRN programs are awaiting delivery of several multi-
channel sunphotometers from the WRC.

The automated solar observatory at MLO, which houses
the primary CMDL sunphotometer, was upgraded during
1995. The antiquated computers used for dome control
and data acquisition were replaced with a single 486-PC.
The dome operates, as before, opening and closing each
day with both the internal spar and dome tracking the sun
while constantly monitoring precipitation and wind speed
to determine shutdown conditions. Instruments on the spar
include the CMDL PMODO! sunphotometer, two dual-
channel water vapor meters, an active cavity radiometer,
and a backup pyrheliometer. Aerosol optical depth data
are obtained at three wavelengths: 380, 500, and 778 nm.
One value per day per wavelength is derived from the
Langley plot technique. The most recent summary of data
from this project was given by Dutton et al. [1994].

3.2.4. MAUNA LOA UV SPECTRORADIOMETER

A research-grade UV spectroradiometer was installed at
MLO in July 1995. Because Mauna Loa (mountain)
extends above the marine boundary layer, and because of
the diurnal upslope-downslope wind circulation, mornings
at MLO often exhibit unusually clear skies, providing an
excellent site for solar radiation measurements. The
instrument described here was developed and operated by
the National Institute for Water and Atmosphere at Lauder,
New Zealand [McKenzie et al., 1991, 1992].

The solar radiation measured at the earth's surface
depends on the transmission of the atmosphere, the
earth-sun distance, and the irradiance of the sun. The
atmospheric transmission in the UV portion of the
spectrum is controlled primarily by total ozone, and, since
ozone is affected by anthropogenic influences, solar UV
irradiance arriving at the earth's surface is controlled by
both natural and anthropogenic effects. Ozone con-
centration, in turn, is also affected by changes in solar UV.
The UV-A region of the spectrum (320-400 nm) is
virtually unaffected by ozone absorption; the UV-B
(280-320 nm) is strongly affected by variations in ozone;
and the UV-C (<280 nm) is almost entirely absorbed
before it reaches the surface. An excellent review of this
subject was given by Stamnes [1993].

The data presented here are the first spectroradiometer
measurements at MLO. Because of the long Dobson
spectrophotometer ozone measurement record at MLO
(1957-present), a unique opportunity now exists to obtain
well-calibrated UV spectroradiometer measurements and to
compare them with the ozone measurements. Past studies
show that short-term variations of UV-B irradiance are
inversely correlated with variations in total ozone
[McKenzie et al., 1991; Hofmann et al., 1996].
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A description of the MLO site and instrumentation, and
the first 3 months of data are presented. Although this
time period was insufficient to observe long-term trends, it
is expected that sufficient variation will occur to observe
the inverse relation between UV and ozone.

Instrumentation

The UV spectroradiometer, built around a commercially
available Jobin-Yvon DHI10 double monochromator, is
interfaced with a computer to provide automatic control
and data acquisition [McKenzie et al., 1992]. A 17-mm
diameter custom-made Teflon diffuser, designed to
minimize cosine error, is mounted as a horizontal
incidence receptor and views the whole sky. A shadow
disk may be added in order to separate the diffuse and
direct radiative components.

The spectral range of the instrument is 290-450 nm, and
the bandpass is about 1 nm. The gratings are driven by a
stepper motor under computer control, and a complete scan
requires about 200 seconds. The irradiance signal is
sampled every 0.2 nm using a photomultiplier as a
detector. The instrument is mounted in a weatherproof
insulated enclosure (painted white) located on a concrete
pad at the MLO site. The interior of the enclosure is
temperature controlled using a Peltier heater/cooler unit.
The computer control and data logging system are located
in a small building near the instrument.

Calibration of the spectroradiometer is performed onsite
using a standard 1000-W FEL quartz-halogen lamp with
calibration traceable to the National Institute of Standards.
Calibrations are performed at approximately 6-month
intervals using a precision optical bench. A stability test
using a 45-W lamp and a wavelength check using a
mercury lamp are performed weekly. The expected
long-term accuracy of the spectroradiometer system is
expected to be better than +5%. A detailed error analysis
for this instrument was given by McKenzie et al. [1992].

Observations

The spectroradiometer is programmed to begin
measurements at dawn and perform scans at 5° solar zenith
angle intervals throughout the day beginning and ending at
95°, except that during the middle of the day the system
switches to a scan every 15 minutes. In addition, a scan is
performed each midnight to give "dark" values.

A typical clear sky scan is shown in Figure 3.14, The
solid curve gives total (direct + diffuse) irradiance for July
16, 1995, at a solar zenith angle of 45°. The long-dashed
line shows the effective action spectrum accepted for
calculating the erythema spectrum used to estimate the
effect of UV radiation on human skin [McKinlay and
Diffey, 1987]. Note that the effective action spectrum is a
dimensionless quantity normalized to 1 for A < 298 nm.
The short-dashed line in Figure 3.14 shows the erythemal
spectrum for that scan, obtained by multiplying the total
irradiance by the effective action spectrum. The erythema
can then be calculated by integrating over the erythemal
spectrum. In this example the erythema is 17.5 pW cm2,
This is the quantity commonly measured by broadband
instruments designed to monitor erythema. At smaller
solar zenith angle, the irradiances can be much higher, and
erythemal irradiances in excess of 45 uW cm2 have been
measured at MLO.

For the following analyses, UV spectroradiometer data
for 45° solar zenith angles were chosen for clear mornings
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Fig. 3.14. Example of a Mauna Loa UV spectrum obtained on a
clear morning (July 16, 1995) at a solar zenth angle of 45° (solid
line). A point is plotted every 0.2 nm. Also shown is the
erythema spectrum (short-dashed) for this scan obtained by
weighting the UV spectrum by the effective action spectrum
(EAS) (long-dashed). The EAS is a dimensionless quantity
normalized to 1 for A < 298 nm. The erythema for this scan is
17.5 puW cm-2,

at MLO. Clear mornings at MLO were determined by
examining other solar radiation records for MLO. For each
scan, 1-nm averages were formed centered at each 1-nm
wavelength. In order to quantify changes in UV related to
changes in ozone, and to display data as a time series, all
spectral irradiance data were adjusted for the eccentricity
of the earth’s orbit around the sun.

All Dobson spectrophotometer total ozone data were
taken directly from the MLO observer notes. Retrieved
ozone values were obtained from the UV spectroradiometer
data using the method of Stamnes et al. [1991], which uses
the irradiance ratio I340/l3gs to infer total ozone.
Erythemal radiation data were obtained from the
spectroradiometer data by applying the effective action
spectrum weighting function and integrating over
wavelength as discussed previously.

Analyses

The radiative amplification factor (RAF) is defined as
the percent change of UV irradiance divided by the percent
change of total ozone, a quantity that was introduced to
estimate the effects of ozone depletion on the incident UV
radiation. In this work, RAFs were calculated using the
power law formulation from Madronich [1993]: RAF =
-Aln(I)/Aln(O3), where 1 is UV irradiance.

Referring again to Figure 3.14, it is seen that irradiance
decreases by 5 orders of magnitude over the wavelength
range 290-320 nm. All of the variability seen in the data is
real and some of it is due to solar structure, such as the
obvious calcium lines between 390 and 400 nm. As
discussed previously, the 290-320 nm range is most
strongly influenced by atmospheric ozone.

Figure 3.15 shows a time series over the period DOY
192-253, 1995, of 1-nm means of UV irradiance data for a
solar zenith angle of 45° over the 295- to 320-nm
wavelength band (5-nm intervals). Only data for clear
days are shown, giving 27 data points; however, the
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Fig. 3.15. One-nm averages of spectral irradiance on 27 clear sky
mornings at MLO for selected wavelengths at a solar zenith angle
of 45° (lower), corresponding erythema calculated using the EAS
(middle), and total column Dobson ozone compared with ozone
retrieved from the spectroradiometer data (top). The ozone
retrieval uses Is4o/lags as described by Stamnes et al. [1991].
Error bars shown are 2-0 estimates including calibration, noise,
and wavelength errors. Note that DOY 190 = July 9, 1995.

individual data points are connected by straight lines for
continuity. Although this 3-month time series is not long
enough to show a significant trend, significant variations
in both UV irradiance and total ozone occurred. During
this time period, stability tests showed that the instrument
was operating well within the expected limits of calibration
uncertainty. The error bars show estimated 2-¢ errors that
include calibration, noise, and wavelength errors
calculated similar to that shown by McKenzie [1982]. The
calculated erythema radiation correlates strongly with
irradiance at the shorter wavelengths as expected. Total
ozone values retrieved from the spectroradiometer data
correlate well with Dobson total ozone but show a
systematic difference of about 4 Dobson Units. However,
this is better than 2% agreement and could be improved by
optimizing the retrieval algorithm for MLO. RAFs, shown
as a function of wavelength in Figure 3.16, are negligible
for wavelengths longer than about 325 nm and increase for
shorter wavelengths. This erythema RAF of about 1.4 for
MLO is larger than the values of 1.1-1.2 reported for other
locations [McKenzie et al., 1991] but is not significantly
different because of the large error bars.

Based on the previous discussion of the MLO UV
spectroradiometer program, the following can be
concluded: (a) The UV spectroradiometer has operated
properly at MLO and is producing excellent data within
expected calibration limits. The CMDL program plans to
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Fig. 3.16. Radiative amplification factor (RAF) as a function of
wavelength. Note that the erythema RAF is 1.37, equivalent to a
wavelength of about 308 nm.

continue these measurements as a long-term project in an
effort to detect any possible long-term UV spectral trends
and to relate these to ozone trends. (b) UV irradiance
variations are strongly correlated (inversely) with Dobson
total ozone variations, with the highest correlation
coefficients at the shortest wavelengths. Erythema
calculated from the spectroradiometer is also strongly
correlated with ozone. (c) The RAFs of about 1.4
measured at MLO are higher than those previously
measured at other sites but may not be significant because
of the large error bars. (d) In this limited data set, no
significant UV irradiance trend is evident.

3.2.5. MLO BROADBAND UV

A UV broadband horizontal incidence instrument
(Yankee UVB-1, SN 950208) was installed at MLO on
July 7, 1995. This instrument was interfaced with the
station solar radiation data acquisition system to provide
3-minute mean data. The UVB-1 has a spectral response
over the wavelength range 280-330 nm and uses a
fluorescent phosphor to convert UV light to visible light,
which is then detected by a solid-state photodiode. All
opuval components are thermally stabilized at 45°C using
a thermostatically controlled heater. The UVB-1 will
undergo annual factory calibrations, and its calibration will
be checked by comparison with the MLO spectro-
radiometer that commenced measurements at the site at
about the same time. The performance of the broadband
UV radiometer relative to the spectral measurements will
be used to assess the information content of broadband UV
measurements at other CMDL sites.

3.2.6. BSRN

CMDL has established an active role in the management
of the WCRP BSRN. In addition to supplying data from
five CMDL sites to the BSRN archive, CMDL provides the
international manager for the program. BSRN is intended
to acquire and supply surface radiation data of superior
quality for global energy budget and satellite studies.
Several instrumentation upgrades are still required at the
CMDL observatories to fully comply with BSRN
specifications. Recent improvements to the CMDL
radiation sites that move in the direction of more complete
BSRN compliance are new data loggers and tracking
shadow disks for pyranometers and pyrgeometers. In
addition, observations of wideband UV-B and PAR as well
as spectral diffuse/total irradiance were added at some sites
and will be added to more as funding and manpower allow.
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Considerable effort is put into data processing and analysis
for the purpose of passing final data on to the BSRN
archive.
3.2.7. WMO GAW STATIONS

The CMDL radiation project participated in an effort to
establish surface solar radiation programs at the GAW
observatories. This effort involved the development of
solar radiation monitoring systems, calibration capability,
and personnel training for five sites. By the end of 1995,
four of the five GAW sites had operational solar radiation
monitoring programs. The four operational sites are
located in Algeria, China, Tierra del Fuego, and Indonesia.
A fifth site in Brazil is under preparation. Each site is
equipped with pyrheliometers and pyranometers to monitor
direct solar beam, global horizontal and diffuse-sky
radiation, plus an automated cavity radiometer system for
calibration. All sensors for the GAW sites were
characterized and compared to CMDL standards prior to
deployment to each site and site calibrations are performed
using an automated cavity radiometer that enables the sites
to maintain traceability to the absolute scale and the world
radiometric reference. Instrumentation for the site was
purchased with funds through the World Bank, Global
Environmental Fund. Personnel from each site were
trained in Boulder for a period of 1 month and some
assistance from Boulder was provided in establishing some
of the sites. Three of the four sites have been visited by
CMDL personnel (China, Tierra del Fuego, and Indonesia);
future collaboration between CMDL and these new
monitoring sites is anticipated. Data from the sites is
under the control of the individual site scientists and are to
be sent to GAW archives and to Boulder for inspection and
brief analysis.

3.2.8. VOLCANIC RADIATIVE FORCING AND
INDUCED GLOBAL COOLING

The zonal mean global radiative forcing due to the
eruptions of El Chichén (1982) and Mt. Pinatubo (1991)
was computed based on near global coverage aerosol
optical depth estimates made from satellite [Dutton and
Cox, 1995]. These events provide two case studies of the
viability of our global observational network and our
ability to assess the impact of a major radiation budget
altering event. Aerosol optical properties were derived
from Mie inverted aerosol size distributions based on
surface measured spectral aerosol optical depth.
Comparisons between optical properties derived from Mie
inversions and those using in situ measured size
distributions show little difference between the two in
computed volcanic radiative forcing. The computed
global zonal mean radiative forcing was used in a simple
global thermal mass model to estimate the hemispheric
tropospheric cooling, with close agreement to Microwave
Sounding Unit (MSU) temperature observations following
Mt. Pinatubo, but with poor agreement after E1 Chichén.
The anomalous sea-surface temperature conditions of
1982-1983 are most likely responsible for the
thermal model's failure to track observed temperatures.
Previously, Dutton and Christy [1992] suggested that the
observed volcanic aerosol and radiative forcing
following E!l Chich6n and Mt. Pinatubo might be
responsible for observed (MSU) and predicted [Hansen et



al., 1992] global cooling following these two major
eruptions.

3.2.9. BRW SURFACE RADIATION AND METEORO-
LOGICAL MEASUREMENTS

Measured surface radiation budget components for BRW
have been compiled for 1994. From hourly-averaged data,
daily and monthly means were produced and merged with
ancillary meteorological data for each year, and monthly
statistics were computed. These data were published by
Stone et al. [1996] which also contains a description of
CMDL's monitoring program at BRW and the data
processing techniques used. Tables of daily values,
monthly statistical summaries, and corresponding plots
show annual cycles of several measured and derived
radiation variables collated with meteorological data.
These data include the four components that constitute the
net surface radiation balance, i.e., the upward and
downward solar (or shortwave) and the upward and
downward thermal infrared (or longwave) irradiances and
also direct-beam solar irradiance and surface albedo,
derived from the ratio of the reflected to incident radiation.
Figure 3.17 is a sample of the data for 1994 showing daily
mean time series of the net surface radiation components,
the direct beam irradiance, and derived quantities. Daily
average total-sky cover, averaged from three hourly
National Weather Service (NWS) observations made in
Barrow, is also included. Coincident meteorological data
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Fig. 3.17. Daily average surface irradiance (W m-2) observations
and sky cover (cloudiness in tenths of total sky), for Barrow,
Alaska, 1994,

(not shown) are displayed similarly in the report to
facilitate correlative analyses. In addition to the printed
report, the 1992, 1993, and 1994 daily data are accessible
digitally through the Internet via connection to the CMDL
World Wide Web home page.

Radiation measurements at BRW show a dramatic
increase in net irradiance each spring in late May or early
June coinciding with the maximum average daily solar gain
at the surface. Snow melt typically occurs during the
second week in June [Dutton and Endres, 1991] evidenced
by a dramatic decrease in surface albedo (Figure 3.17).
Monthly mean net radiation generally peaks in July, which
tends to be the least cloudy of summer months. The
downwelling thermal irradiance reaches a maximum, on
average, during August, which is typically the cloudiest
summer month and often the warmest. The data
acquisition section (1.5) of this Summary Report gives a
description of the BRW meteorology program as well as
climate summaries for 1994 and 1995.

Year-to-year variations in the net radiation balance at
BRW are found to be greatest during the winter months
when the longwave components dominate and day-to-day
values correlate well with transient weather events.
Increased cloudiness, relatively warm temperatures, and
westerly winds weaken the surface-based temperature
inversion and warm the surface. In fact, clouds tend to
radiatively warm the surface most of the year when it is
snow covered. Clear periods during winter are coldest and
are usually associated with (northeasterly) outflow of air
from a quasi-persistent polar anticyclone and relatively
calm winds resulting in strong surface-based temperature
inversions [Kahl, 1990].

Understanding the links between conditions at BRW and
the central Arctic, such as ice distributions in the Beaufort
and Chukchi Seas and/or the frequency of cyclones in the
central Arctic [e.g., Serreze et al., 1995; Maslanik et al.,
1996] is the focus of ongoing research. For instance, an
inspection of the 1992-1994 sky-cover record compared
with Kahl's [1990] analysis suggests that spring cloudiness
has increased significantly in recent years. Because clouds
can dramatically influence radiative flux at the surface at
this time of year, the net radiation balance may also be
affected. A comparison of the 1992-1994 BRW radiation
measurements with an earlier record [Maykut and Church,
1973] suggests that this has occurred [Stone et al., 1996].
In turn, these changes may be associated with decreasing
sea ice concentrations upwind of Barrow [Maslanik et al.,
1996] and/or regionally changing circulation patterns that
affect the Arctic hydrologic cycle [e.g., Serreze, et al.,
1995]. Only through continuous monitoring of polar
processes and analyses of correlative data sets will we
begin to understand the complicated feedback mechanisms
that determine polar climates; these in turn affect global
circulation patterns [Fletcher, 1970].

BRW is strategically situated to investigate Arctic
climate interactions because it is sensitive to processes that
occur throughout the region. Useful discussions on how
synoptic-scale systems influence the Barrow climate are
given in Halter and Peterson [1981], Halter and Harris
[1983], and Harris and Kahl [1994]. CMDL will continue
its monitoring efforts as part of the BSRN [Wielicki et al.,
1995]. In addition, the U.S. Department of Energy (DOE)
is constructing a Cloud and Radiation Testbed (CART)
facility nearby as part of their Atmospheric Radiation
Measurement (ARM) Program [Wielicki et al., 1995;



Stokes and Schwartz, 1994], and an ambitious field
experiment to investigate the Surface Heat Budget of the
Arctic (SHEBA) is being organized to take place in the
Beaufort Sea. The addition of DOE/ARM remote sensing
and other sophisticated ground-based instruments in the
vicinity of BRW will greatly enhance our ability to assess
the unique radiative properties of the Arctic atmosphere
and thus improve parameterizations needed for model
studies. In addition, through comparative analyses of the
combined BRW, DOE/ARM, and SHEBA data sets, critical
aspects of Arctic climate will be further investigated.
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4. Ozone and Water Vapor
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4.1. CONTINUING PROGRAMS

4.1.1. TOTAL OZONE OBSERVATIONS

Total ozone observations continued throughout 1994 and
1995 at 15 of the 16 stations that comprise the U.S.
Dobson spectrophotometer network (Table 4.1). Of the 16
stations, 5 were operated by CMDL personnel, 5 by NWS,
2 are domestic cooperative stations, and 4 are foreign
cooperative stations. All stations are either fully or
semiautomated. In addition, a Brewer spectrophotometer
was operated on a nearly continuous basis at Boulder.

The Peruvian station was still out of operation at the end
of 1995, although a new baseline monitoring station is
under construction. Operations will likely start in late
1996. In May 1995 the Fresno instrument and shelter were
moved 30 miles southwest of Hanford, California. The
Bismarck instrument and shelter were moved about 150 m
in August 1994.

Provisional daily total ozone amounts applicable to local
apparent noon for the stations listed in Table 4.1 were
archived at the World Ozone Data Center (WODC), 4905
Dufferin Street, Ontario M3H 5T4, Canada, in Ozone Data
for the World. Table 4.2 lists the monthly mean total
ozone amounts measured at the various stations for 1994
and 1995. (Monthly means are computed for stations
where observations were made on at least 10 days each
month.).

Ten Dobson ozone spectrophotometers in the CMDL
network as well as 29 others were calibrated during 1994
and 1995. Tables 4.3 list all the instruments calibrated and
the resulting calibration difference expressed as a percent

ozone difference. This percent difference is between ozone
calculated from the test and the standard instrument
measurements with the ADDSGQP observation type at a p
value of 2, and a total ozone value of 300 Dobson Units
(DU), before any repair or calibration adjustment is made.
The table also lists the place of the calibration and the
standard instrument used.

The Mauna Loa Observatory, Hawaii (MLO) instrument
D076 failed mechanically in February 1994, This
automated instrument was repaired and back in service in
May 1994. During the repair the left side mirror was
replaced due to a deteriorating surface.

CMDL participated in an international Dobson
spectrophotometer calibration at Izafia Observatory
(Tenerife, Spain) in June 1994 and at Arosa, Switzerland
(LKO) in July 1995 as part of its role as the World Center
for Dobson Calibrations. Instruments for Mexico City,
Mexico; Comodoro Rivadavia, Argentina; and Montevideo,
Uruguay, were calibrated in Boulder during this period. A

representative  from the Czech Hydrological and
Meteorological Institute assisted with the latter two
instruments. These were new instruments from Ealing

Opto-Electronics.

Reevaluation of more than 400 station-years of total
ozone data from 25 CMDL (and its predecessor
organizations) Dobson spectrophotometer stations was
completed in 1995. Corrections were based on field
instrument calibrations made throughout the years with
World Primary Standard Dobson Instrument no. 83
[Komhyr et al., 1989]. This instrument's long-term ozone
measurement precision has been maintained since the early
1960s at +1% by means of Langley calibration

TABLE 4.1. U.S. Dobson Ozone Spectrophotometer Station Network for 1994-1995

Station Period of Record Instrument No. Agency
Bismarck, North Dakota Jan. 1, 1963-present 33 NOAA
Caribou, Maine Jan. 1, 1963-present 34 NOAA
Wallops Is., Virginia July 1, 1967-present 38 NOAA; NASA
SMO Dec. 19, 1975-present 42 NOAA
Tallahassee, Florida May 2, 1964-Nov. 30, 1989; 58 NOAA; Florida State University

Nov. 1, 1992-present
Boulder, Colorado Sept. 1, 1966-present 61 NOAA
Fairbanks, Alaska March 6, 1984-present 63 NOAA; University of Alaska
Lauder, New Zealand Jan. 29, 1987-present 72 NOAA; DSIR
MLO Jan. 2, 1964-present 76 NOAA
Nashville, Tennessee Jan. 2, 1963-present 79 NOAA
Perth, Australia July 30, 1984-present 8l NOAA; Australian Bureau Meteorology
SPO Nov. 17, 1961-present 82 NOAA
Haute Provence, France Sept. 2, 1983-present 85 NOAA; CNRS
Huancayo, Peru Feb. 14, 1964-Dec. 31, 1992 87 NOAA; IGP
BRW June 6, 1986-present 9l NOAA
Fresno, California June 22, 1983-March 13, 1995 94 NOAA

March 15, 1995-present 94 NOAA

Hanford, California
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TABLE 4.2. Provisional 1994 Monthly Mean Total Ozone Amounts (M-Atm-CM)

Station Jan. Feb. March April May June July Aug.  Sept. Oct. Nov. Dec.
1994

Bismarck, North Dakota 361 367 372 351 327 322 319 302 286 294 286 300
Caribou, Maine 340 382 390 377 369 338 324 324 316 299 293 304
Wallops Is., Virginia 320 343 347 325 355 327 309 302 292 281 255 270
SMO 241 242 244 237 237 241 240 244 244 248 251 242
Tallahassee, Florida 289 291 306 308 338 321 322 299 - - 241 269
Boulder, Colorado 321 331 333 341 315 295 299 280 277 274 265 276
UAF-GI, Alaska - [371] 420 408 380 347 312 278 - - - -
Lauder, New Zealand 277 267 262 265 289 315 337 361 370 360 341 302
MLO 244 256 - - 279 271 268 265 258 256 238 220
Nashville, Tennessee 321 323 339 328 334 322 313 304 296 277 252 276
Perth, Australia 266 262 265 257 269 291 294 300 309 317 307 278
SPO 266 253 [245] [231] [277] [2311 [239] [226) - 132 269 316
Haute Provence, France 326 373 314 382 352 332 320 305 311 295 273 293
Huancayo, Peru Station closed

BRW - - 457 445 379 346 310 293 - - - -
Fresno, California 314 324 325 332 333 303 305 292 - 269 275 280

1995

Bismarck, North Dakota 334 358 341 347 347 321 311 282 286 290 292 297
Caribou, Maine 349 382 357 372 348 323 320 304 302 - 311 325
Wallops Is., Virginia 307 344 316 325 316 323 312 297 288 267 299 284
SMO 242 243 243 244 243 247 245 250 259 262 251 251
Tallahassee, Florida 267 282 284 288 302 313 302 308 294 266 277 263
Boulder, Colorado 296 290 304 328 325 299 281 276 284 270 276 275
UAF-GI, Alaska - [349] 365 367 341 326 300 302 268 326 - -
Lauder, New Zealand 277 267 282 273 280 302 335 336 361 348 328 287
MLO 217 223 254 268 280 274 262 262 261 255 254 239
Nashville, Tennessee 321 323 339 328 334 322 313 304 296 277 252 276
Perth, Australia 272 257 268 276 268 282 295 292 312 311 306 273
SPO 287 270 [231] [256] [255]) [245] [246] [223]) - 120 192 257
Haute Provence, France 293 319 333 340 340 331 322 329 304 277 283 303
Huancayo, Peru Station closed

BRW - [354] 407 386 339 345 304 300 269 [260] - -
Handford, California 293 292 315 316 338 330 298 292 272 264 285

286

Monthly mean ozone values in square brackets are derived from observations made on fewer than 10 days per month,

observations conducted periodically at MLO and with
standard lamps. Procedures used in reevaluating the data
are described in detail in Komhyr [1993].

Seasonal and annual downward trends in ozone during
1979-1995, determined from the reevaluated data for five
U.S. mainland stations (Caribou, Maine; Bismarck, North
Dakota; Boulder, Colorado; Wallops Island, Virginia; and
Nashville, Tennessee) and for MLO and Samoa
Observatory, American Samoa (SMO), are shown in Table
4.4, Also included in the table are the ozone trends
measured at Fresno, California, during 1985-1995. The
statistical method used in determining the trends (G. C.
Reinsel, University of Wisconsin-Madison) was similar to
that employed by the 1988 Ozone Trends Panel [WMO,
1988] whereby solar cycle and ozone QBO effects are
removed from the data. Note that the downward trend in
ozone, averaged over the five contiguous U.S. stations with
the longest records, is largest at -5.45% per decade for
spring (March-May) months and smallest at -1.6% per
decade for autumn (September to November) months. On
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an annual basis, the downward ozone trend at these sites
averages -3.58% per decade. These trends exhibit a slight
recovery from values determined from 1979-1993 data that
encompassed record low ozone values over the U.S. during
the winter of 1992-1993 [Komhyr et al., 1994]. For the
earlier time period, the average five-station downward
ozone trend for spring months (not shown) was -5.79% per
decade and -3.8% per decade on an annual basis.
Downward trends in ozone measured nearer the equator at
MLO and SMO are significantly smaller.

4.1.2. UMKEHRS

Umkehr observations made with the Automated Dobson
Network instruments continued in 1994 and 1995 at
Boulder; Haute Provence, France; Lauder, New Zealand;
MLO; Perth, Western Australia; and at the University of
Alaska's Geophysical Institute. Umkehr processing is set
to resume early in 1996. Processing will begin with MLO,
followed by Lauder and the other stations in a



TABLE 4.3.

Dobson Ozone Spectrophotometers Calibrated in 1994-1995

Instrument Calibration Calibration Standard

Station Number Date Correction (%) Number Place

1994
Lisbon, Spain D013 Aug. 2, 1990 +0.7% 65 Izafia Observatory
Oslo, Norway D056 Aug. 21, 1986 +0.5% 65 Izafia Observatory
Potsdam, Germany D064 Aug. 2, 1990 +0.6% 65 Izafia Observatory
Huancayo, Peru D087 May 15, 1985 +0.9% 65 Izafia Observatory
Natal, Brazil D093 May 20, 1986 +2.9% 65 Izafia Observatory
Buenos Aires, Argentina D097 July 15, 1992 +0.1% 65 Izafia Observatory
El Arenosillo, Spain D120 Aug. 9, 1990 +1.3% 65 Izafia Observatory
Ushuaia, Argentina D131 None N/A 65 Izafia Observatory
Tallahassee, Florida D058 Sept. 9, 1991 -3 83 Boulder
Boulder, Colorado D061 Aug. 27, 1992 0.0% 65 Boulder
MLO D076 June 13, 1993 N/A 83 Boulder
SPO D080 May 26, 1988 0.5% 83 Boulder
BRW D091 May 26, 1989 0.0% 83 Boulder
Fresno, California D094 June 26, 1989 1.0% 83 Boulder
Mexico D.F Mexico D098 August 1978 -0.3% 83 Boulder

1995
RA VI Spare 15 None N/A 65 LKO Arosa
Vindeln, Sweden 30 May 10, 1990 +0.7% 65 LKO Arosa
United Kingdom 32 May 1995 N/A 65 LKO Arosa
Uccle, Belgium 40 Aug. 1, 1990 +2.0% 65 LKO Arosa
United Kingdom, Standard 41 Aug. 2, 1990 +1.2% 65 LKO Arosa
Sestola, Italy 48 Nov. 12, 1980 +2.4% 65 LKO Arosa
Bordeaux, France 49 July 10, 1990 +0.3% 65 LKO Arosa
Reykjavik, Iceland 50 Aug. 2, 1990 +1.1% 65 LKO Arosa
Arosa, Switzerland 62 Aug. 7, 1992 +1.7% 65 LKO Arosa
Belsk, Poland 84 Aug. 2, 1990 +0.2% 65 LKO Arosa
1'Obs. Haute Provence, France 85% July 10, 1990 +0.7% 65 LKO Arosa
Denmark 92* Aug. 2, 1990 +1.0% 65 LKO Arosa
Arosa, Switzerland 101 Aug. 2, 1990 +2.1% 65 LKO Arosa
Hohenpeissenberg, Germany 104 Aug. 2, 1990 +1.6% 65 LKO Arosa
Moscow, Russia 107 Aug. 5, 1990 +1.4% 65 LKO Arosa
Budapest, Hungary 110 Aug. 2, 1990 +0.5% 65 LKO Arosa
Tsukuba, Japan, Standard 116* June 29, 1992 +0.6% 65 LKO Arosa
Bucharest, Romania 121 Aug. 5, 1990 Not consistent 65 LKO Arosa
Bismarck, North Dakota D033 Oct. 1, 1993 +1.5 83 Boulder
Caribou, Maine D034 Sept., 9, 1991 +0.3 83 Boulder
Wallops Island, Virginia D038 Sept. 16, 1991 +1.0 83 Boulde
Nashville, Tennessee D079 Aug. 14, 1991 +0.6 83 Boulder
Comodoro Rivadavia, D133 New Dobson N/A 83 Boulder
Argentina
Montevideo, Uruguay D134 New Dobson N/A 83 Boulder

collaborative effort with the University of Alabama,
Huntsville. Since the reprocessing of the total ozone from
these stations will have been completed, the updated
calibration tables and ozone values will be incorporated
into the Umkehr processing. Under conditions of high
stratospheric aerosol loading, which was the case following
the eruption of Mt. Pinatubo, reliable ozone profiles can be
obtained from the Umkehr technique only by correcting for
aerosols. Such conditions prevailed through 1992 at most
of the sites. The effort with University of Alabama,
Huntsville, will include the application of proper aerosol
corrections to the profile data.

4.1.3. SURFACE AND TROPOSPHERIC OZONE

At least 20-year records of observation are now available
for each of the four CMDL baseline sites. Records at
Bermuda, Barbados, and Niwot Ridge are at least 5 years
in length. At Westman Islands, Iceland, observations
began in 1992. For several years, data were being obtained
from Mace Head, Ireland, in a cooperative program as part
of the Atmosphere/Ocean Chemistry Experiment
(AEROCE). Data continues to be received from Mace
Head but CMDL is no longer actively involved in that
measurement program. The aging complement of surface



TABLE 4.4. Annual and Seasonal Trends January 1979-December 1993

Annual Dec.-Feb. March-May June-Aug, Sept.-Nov.

Station Latitude Trend Std. Error Trend Std. Error Trend Std. Error Trend Std. Error  Trend  Std. Error
Caribou, Maine 46.9°N -4.00 0.71 -4.84 1.73 -5.64 1.12 -3.34 0.79 -1.52 1.16
Bismarck, North Dakota  46.8°N -3.30 0.63 -3.25 1.43 -5.69 1.01 -2.00 0.93 -1.62 0.95
Boulder, Colorado 40.0°N -3.85 0.61 -3.97 1.23 -6.50 1.22 -2.68 0.75 -1.51 0.98
Wallops Is., Virginia 37.9°N -3.67 0.68 -4.79 1.33 -4.77 1.28 -2.66 0.78 -2.10 1.18
Nashville, Tennessee 36.3°N -3.09 0.70 -4.08 1.25 -4.62 1.35 -2.03 0.92 -1.23 1.22
Fresno, California* 36.8°N -3.81 1.37 -3.18 2.00 -3.84 3.00 -3.52 1.71 -4.74 1.31
MLO 19.5°N -0.53 0.77 -1.55 1.15 -0.51 1.44 -0.20 0.94 0.08 0.74
SMO 14.3°S -1.66 0.66 -1.48 0.96 -2.13 0.80 -1.42 1.09 -1.61 0.85
Average over first five stations -3.58 -4.19 -5.45 -2.54 -1.60
ozone monitors, some of which are 20 years old, has =
experienced a number of breakdowns. Significant blocks Barrow, Alaska 70°N
of data were lost at Barbados and SMO during 1994 and 2 - @ m @
1995. o - 6 oplBO® © 8 %z -
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using wet chemical techniques were made in Europe in the 2
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