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1. Data Sources

This Databank contains information on exhaust emissions of only those
aircraft engines that have entered production. The information was provided
by engine manufacturers, who are solely responsible for its accuracy. It was
collected in the course of the work carried out by the ICAOQ Committee on
Aviation Environmental Protection (CAEP) but has not been independently
verified unless indicated. The UK CAA is hosting this Databank on behalf of
ICADQ and is not responsible for the contents.

2. Background

Standards limiting the emissions of smaoke, unburnt hydrecarbons (HC},
carbon monoxide (CO) and oxides of nitrogen (NO,) from turbojet and
turbofan aircraft engines are contained in Annex 16 Volume Il (Second
Edition, July 1993, plus amendments) [Reference 1] to the Convention on
International Civil Aviation. The Annex also contains approved test and
measurement procedures.

With respect to subsonic applications, the provisions of the Standards for
smoke apply to engines whose date of manufacture is on or after 1 January
1983. For the gaseous emissions, the Standards apply only to engines
whose rated output is greater than 26.7 kN. For hydrocarbons and carbon
monoxide, they apply to engines whose date of manufacture is on or after 1
January 1986. For oxides of nitrogen, the Standards have several levels of
stringency depending on the date of manufacture of the engine. These
Standards are summarized later in Section 7,

This Databank contains information on exhaust emissions of only those
engines that have entered production, irrespective of the numbers actually
produced. It has been compiled mainly from information supplied for newly
certified engines. However, for some engines, the data has been revised to
reflect evidence from subsequent engine tests. It also includes data on older
engines which did not have to comply with the emissions standards and
some data from a very limited number of in-service engines measured
before or after overhaul.



i

]

The original version was published as a printed document [Reference 2].
All subsequent updates have been electronic

3. Revision of data

The electronic versian of the Databank is updated at pericdic intervals. New
data are included for:

a) engines certificated since the last issue of the data bank;

b) engines already certificated for which data were not previously available;
or

c) engines already certificated and listed in the Databank for which:

i. emissions data have been recalculated as a result of a better
definition of engine performance characteristics with continuing
production of an engine type:

i. component design changes have been introduced which affect
the emissions levels, e.g. new combustor design; or

jii. improvements in emissions measurement techniques have
resulted in changes to the emissions data.

Data will not be removed from the Databank. Where data is superseded the
row is marked to indicate that this data should not be used, and the newer
data to be used instead is specified. Data is also marked where an engine is
no lenger in service, and where an engine is no longer in production.

The Record of Changes documeants the history of revisions, and the date of
latest review.

4, Contacts
MNew data should be submitted to:

Aircraft Environmental Section
Aircraft Certification Department
Safety Regulation Group

Civil Aviation Authority

Awviation House

Gatwick Airport South

West Sussex

RHE OYR

United Kingdom

email: Emissions.Databank@srg.caa.co.uk
phone: {+44) 1293 573204

Comments and queries concerning this electronic version of the database
should also be sent te the above address.

5. Use of the Databank

The user of the Databank should note the limitations in the emissions data;
i.e.:



a) The D.F.. values are based on an idealized Landing/Take-Off (LTO)
cycle in International Standard Atmosphere (ISA) conditions. In
assessing, for example, total aircraft emissions at a specific airport,
consideration must be given to the appropriateness of the prescribed
thrusts, the times in mode and the reference conditions,

b) The LTO cycle only assesses the emissions below 915 m (3 000 ft) and
therefore may not be a good guide for comparing the emissions of
different engines in other flight modes, e.g. cruise.

Definitions

By-pass rafio: The ratio of the air mass flow through the by-pass ducts
of a gas turbine engine to the air mass flow through the engine core,
calculated at maximum thrust when the engine is stationary in an
international standard atmosphere at sea level.

Characteristic level: The characteristic level of a gaseous pollutant or
smoke is the mean DuFs or SN value of a species, for all the engines
tested, measured and corrected to the reference standard engine and
reference atmaspheric conditions, divided by a coefficient corresponding to
the number of engines tested. The procedure and coefficients are given in
Annex 18, Valume 1. This is in recognition that at the certification stage
there are usually not many engines to production standard available for
testing, so the manufacturer is allowed to select any number of engines,
including a single engine if so desired, for testing. Statistically derived
coefficients, corresponding to the number of engines tested, are then
applied to ensure a high confidence that the mean of the anticipated total
engine production will not exceed the regulatory level. The procedure and
coefficients are given in Annex 16 Volume |l, Appendix 6.

Data Stalus: This has been grouped into three categories:

1. Pre-reguiation: Data obtained on engines generally prior to the
promulgation of the Standards of Annex 16, Volume |1, and for which the
manufacturer was not required to apply for emissions certification.

2. Certification: Data which have been submitted for certification approval
after the applicability dates or which have been obtained at an earlier
date, generally after the promulgation of the Standards of Annex 16
Wolume |, with the intention of gaining approval.

3. Revised: Existing data which have been modified, as noted in
paragraph ¢) under REVISION OF DATA above, and which do not
require the engine to be re-certificated.

Do/Foo: The mass, in grams (D,), of any pollutant emitted during the
reference landing and take-off (LTQ) cycle, divided by the rated output (F.)
of the engine.

Emissions index (El): The mass of pollutant (CO, HC or NQ,), in grams,
divided by the mass of fuel used in kilograms.
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Fuel: The fuel used is aviation kerosene as specified in Annex 18,
Wolume I, Appendix 4.

Hydrocarbons (HC): The total of hydrocarben compounds of all
classes and molecular weights contained in a gas sample, calculated as if
they were in the form of methane.

International Standard Atmosphere (ISA): The atmosphere defined in
the Manual of the ICAQ Standard Atmosphere (Doc 7488). These are the
atmospheric conditions to which all engine performance data should be
corrected.

LTO eycle: The reference emissions LTO cycle defines the thrust settings
to be used when making emissions and smoke measurements and the time
to be used for each mode in the subsequent calculations of D,. These thrust
settings and times are listed in Annex 16, Volume I, Part Ill, Chapter 2
{engines for subsonic propulsion).

Oxides of nitrogen (NO,): The sum of the amounts of the nifric oxide
and nitrogen dioxide contained in a gas sample calculated as if the nitric
axide were in the form of nitrogen dioxide.

Pressure ratio { Mu,): The ratic of the mean total pressure at the last
.compressor discharge plane of the compressor to the mean total pressure
at the compressor entry plane when the engine is developing take-off thrust
rating in ISA sea level static conditions.

Rated output (Fo,): The maximum thrust available for take-off under
normal operating conditions at 1SA sea level static conditions without the
use of water injection as approved by the certificating authority. Thrust is
expressed in kilonewtons.

Reference Almospheric Conditions: The atmospheric conditions to
which all emissions results should be corrected. The reference atmospheric
conditions are ISA at sea level except that the reference absclute humidity
shall be 0.00834 kg water/kg dry air.

Regulatory Level: The level below which the characteristic D,/F . or
Smoke Number value for a pollutant species must fall in order to obtain
certification approval. The regulatory levels reproduced from Annex 16,

Volume I, Part lll, Chapters 2 (subsonic engines) are given below in
Section 7.

Smoke Number (SN): The dimensionless term guantifying smoke
emissions. Smoke Number is calculated from the reflectance of a filter
paper measured before and after the passage of a known volume of a
smoke-bearing sample.

Regulatory standards

These applicability requirements and regulatory levels are those found in
Annex 18, Volume I, Part Ill, Chapter 2 (subsonic engines) and are
included for reference purposes only.
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Smoke

Applicability
The regulatory levels are applicable to engines whose date of manufacture
is on or after 1 January 1983.

Regulatory smoke number

The characteristic level of the smoke number at any thrust setting,
measured in accordance with Annex 16, Volume |l, must not excesd 83.6
(Fool®#™ or a value of 50, whichever is lower.

Gaseous emissions

Applicability

The regulatory levels apply to engines whose rated output is greater than

26.7kN and whose date of manufacture is on or after 1 January 1986 and

as further specified for oxides of nitrogen.

Regulatory levels

The characteristic levels of the gaseous emissions measured over the LTO

cycle in accordance with Annex 18, Volume Il, must not exceed the

following regulatory levels:

Hydrocarbons (HC): Dy/Fo = 10.6

Carbon monoxide (CO): Dy/F, = 118

Oxides of nitrogen (NOx):

a) for engines of a type or model of which the date of manufacture of the
first individual production model was on or before 31 December 1885

and for which the date of manufacture of the individual engine was on or
before 31 Decemnber 1999

Dp/Foe = 40 + 2T

b} for engines of a type or model of which the date of manufacture of the
first individual production model was after 31 December 1995 or for
which the date of manufacture of the individual engine was after 31
December 1999:

D,yfFoe = 32 + 1600

c) for engines of a type or model of which the date of manufacture of the
first individual production model was after 31 December 2003:

1. for engines with a pressure ratio of 30 or less;

i. for engines with a maximum rated thrust of more than 89.0 kN:
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DyfFeo = 19 + 1.6Tao

ii. for engines with a maximum rated thrust of more than 26.7 kN
but not more than 89.0 kN:

DplFoo =37.572 + 1.6Tge- 0.2087F
2. for engines with a pressure ratio of more than 30 but less than 62.5:
i. for engines with a maximum rated thrust of more than 89.0 kN:
DpfFon =T + 2.0Mas

ii. for engines with a maximum rated thrust of more than 26.7 kN
but not more than 89.0 kN:

DJFoo = 42,71 + 1.4286T0,, - 0.4013F,, + 000642705, X Fop
3} for engines with a pressure ratio of 62.5 or more:
DpfFoe =32 + 1.6,

d) for engines of a type or model of which the date of manufacture of the
first individual production model was after 31 December 2007:

1) for engines with a pressure ratio of 30 or less:
i. for engines with a maximum rated thrust of more than 88.0 kN:
Dyp/Foc = 16.72 + 1.40807Tze

ii. for engines with a maximum rated thrust of more than 26.7 kN
but not more than 89.0 kN:

Dp/Fos = 38.5486 + 1.68237T - 0.2453F,, - 0.00308 Tloe % Fop
2} for engines with a pressure ratio of more than 30 but less than 82.6:
i. for engines with a maximum rated thrust of more than 89.0 kN:

DpFos =-1.04 + 2.07.

ii. for engines with a maximum rated thrust of more than 268.7 kN
but not more than 89.0 kN:

DfFg = 46.1600 + 1.4286T,, - 0.5303F; + 0.00642 T, % Foe

b



3) for engines with a pressure ratio of 82.6 or more:

DpfFoo = 32 + 1.6To0

8. References

1.

ICAO Annex 16 "International standards and recommended practices,
Environmental protection”, Volume 11 "Aircraft engine emissions”, 2nd
ed. (1993} plus amendments:

Amendment 3, 20 March 1997,
Amendment 4, 4 November 1999;
Amendment 5, 24 November 2005

ICAQ Engine Exhaust Emissions Databank, First Edition 1995, ICAD,
Doc 9646- AN/943.



ICAO ENGINE EXHAUST EMISSIONS DATA BANK

SUBSONIC ENGINES

EWGINE IDENTIFICATION: CFMBE-3C-1 BYPASS RATIO: Sinid
UMIGUE ID NUMBER: 1cM007 PRESSURE RATIO img): 252
EHGINE TYEE: TF RATED OUTPUT ([F..) 1kH}: 104.6
EEGULATORY DAT
(CHARACTERISTIC VALUE: HE co Hidx EMOKE WUMBER
D/ Fee (g/kN) or 5N 4.3 65.7 53.1 4.8
AS & OF QRIGINAL LIMIT 21.T % 55.7 & 50.3 % 42,4 %
AS % OF CREP/E LIMIT (NOx) 72.9 %
ES % OF CAER/4 LIMIT (HOx} g8 %
DATE STATUS TE ISINE STATU
= ERE-REGULATIOR ® WEWLY MANUFRCTURED ENGINES
- CERTIFICATION = DEDICATED ENGINES TO PRODUCTION STAHNDARD
% REVISED (SEE REMARKS) - OTHER (SEE REMARKE]

EMISSIONS STATUS CURRENT EMGINE STATUS
x DATA CORRECTED TO REFEREWCE {IW PRODUCTION, IN SERVICE UMLESS OTHERWISE HOTED)
[ANNEX 16 WOLUME II) x OUT OF PRODOCTION (DRTE: -
= dUT OF SERVICE

MEASURED DATH

FPOWER TIME FUEL FLOW EMISSIONS INDICES {g/ka)
MOGE SETTING minutes kg/!s AC co WO SMOKE NUMBER
18 Fq0)

TAKE-OFF 100 0.7 1.154 G.03 0.4 &n.v T
CLIME OUT 85 2.2 0.954 0.04 0.9 17.48 3.9
AFPROACH 30 4.0 0.336 0.o7 3.1 9.1 2.5
I0LE 7 26.0 0.124 1.42 26.8 1.3 2.3
LTO TOTAL FUEL {kg) or EMISSIONS (g) 448 287 5541 4E10 =
MUMEER OF ENGIMES L 1 1 i
HUMBER OF TESTE 3 3 3 3
AVERAGE D,/F,. [g/kN} or AVERAGE SH (MAEX) 2.76 53.h 45 .B 7.7
SIGMA (D,/Fy, in gl/kM, or SN} 0.38 2.85 0.82 0.76
RANGE (Dp/F, in gr¥H, or SH) 2.33=3.08 51.2-56.7 45.3-46.8 6.89-8.3
ACCESSORY LOAD

POWER EXTRACTION ] (kW) AT = BOWER SBETTINGS

=TAGE BLEED 0 % CORE FLOW AT - POWER SETTINGS

ATMOSPHERIC CONDITIONS FUEL
BRROMETER [kFa) 95, 08=97 .48 SPEC Jet A
TEMFERARTURE (K) 279 - ZBE H/C 1.93
ABS HOMIDITY (kg/ka) L0o02-.009 BROM (%) 16
MANUFACTURER: CFMI
TEST ORGRNIZATION: CFM56 Ewaluation Engineering
TEST LOCATION: peebles Site IVD
TEST DATES: FROM 11 Wov 83 TC 14 Mow 83

EEMARES

1. Ref GE Report RI4AERETE.
2. Engine 5/W 692441,
3. mRevised based on 3789 production status cycle.

This decument was preparad on 1 October 2004
Check website for latest version



SUBSONIC ENGINES

ICAQC ENGINE EXHAUST EMISSIONS DATA BANK

s

ENGINE IDENTIFICATION: CE&-50C1, -C2 BYPASS BATIO: 4.3
UNIGQUE ID HUMBER: 1EE007 PRESSURE BATIC (my,): 29.8
ENGINE TYPE: TF BATED GUTEUT (B, {kH}: 230.4
REGULATORY DATA
CHRRACTERISTIC VALUE: HE [(s] KOx SMOKE KUMBER
Do/ Foe (g/kH) or SR 1.3 99,0 64,3 4.4
A5 % OF DRIGINAL LIMIT 180.1 & B3.9 % 64.6 & 25.5 %
A5 % OF CAEER/2 LIMIT {MOx) 40.7 §
RS § OF CRED/4 LIMIT {MOx) 96.5 &
DETA STATUS - ENETNE SPATHS
P PRE-REGULATION S HEWLY MANUFACTURED ENGINES
= CERTIFICATION = DEDICATED ENGIWES TO PRODUCTICH STANDARD
. REVISED [SEE REMARES) - OTHER |{SEE REMARKS]
EMISSIONS STATUS CURRENT EHGINE STATUS
® DATA CORRECTED TO REFERENCE (IN PRODUCTION,

(RNMEX 16 VOLUME II1}

MEASURED DATH

= ouT

(DATE: =

IN SERVICE UNLESS OTHERWISE WOTED)
3 OUT OF PRODOCTION
OF S5ERVICE

1

FOWER TIME FUEL FLOW EMISSIONS IMDICES (g/fkgl
MIDE SETTING minutes kg/s Ho <o by [ SHOKE NUMBER
[$F..)
TAKE-OFF 100 0.7 2.487 0.6 0.5 36.3 4.1
CLIME OUT 45 2.2 1.%75 0.7 0.5 29.7 2.7
AEPROACH 30 4.0 0. 66 1 4.3 9.5 2.7
IDLE 7 26.0 0.215 21.4 61.8 3.6 1.5
LT0 TOTAL FUEL (kg) or EMISSIONS (gh L) 1715 2159) 14247 -
HUMSER OF EMGIKES & 5 £ [
NUMBER. OF TESTS & 6 & 3
AVERAGE Do/Fop [g/kN) or AVERAGE SH (MAX) 33.5 43.7 61.8 4.5
51GMA (O,/F,, in g/kN, or 3N) 3.8 4.8 0.5 1.5
RENGE ([Op/Fy in g/kM, or 3N) = = =
LCCESSORY LORDE
POWER EXTRACTICN 0 (kW) AT = POWER SETTINGS
STRAGE BLEED i % CORE FLOW AT = FOWER SETTINGS
ERI MOITIONS FUEL
BAROMETER (kPa) . 3-100.4 SFEC Jet A&
TEMFERATURE (K) 270 — E96 H/C 1.492
AES HUMIDITY (kg /kg) .0027-.0103 RROM {%) 171
MANUFACTURER : GE Aircraft Engines
TEST ORGANIZATION: roduction Engine Test
TEST LOCATION: Production Test Cells M34 & M35
TEST DATES: FEROM 12 Qct 79 D 05 Dac 79

BEMARKS

Ref Report no FAA—EE-80-27

(GE Report RBCAEG:20)

This document was prepared on 1 October 2004

Check website for latest version
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ICAQ ENGINE EXHAUST EMISSIONS DATA BANK
SUBSONIC ENGINES

; I_

** DATA SUPERSEDED **

SEE SHEET: BFWlas

ENGINE IDEMTIFICATION: PR4DSS BYPASS RATIO: 6.4
UNIQUS ID NUM ZPHOA2Z PRESSURE RATIO 36.2
ENGINE TY¥PE: TF RATED QUTEUT ¥ 369.6
RSGULATCRY DATA
CHARACTERISTIC VALUE: HC s MO SMOKE HUMBER
Dp!Fo. [9/kH) oF SH 4.5 23.0 72.3 13.5
S % OF QRIGIMAL LIMIT 23.0 % 19.5 % Gd.5 % B1.6 %
45 & OF CREP/2 LIMIT (Bl 1.0 %
55 % OF CREER/4 LIMIT (HMOx| a1.7 %
DATA STATUS TEST ENGINE STATUS
= PRE-REGULRTION - NEWLY MAMUFACTURED ERGINES

EMISSIONS STATUS
X DATH CORRECTED TO REFERENCE
(BMWEX 16 VOLUME II]

CATED ENGINES

- QOTHER (SEE REMARKS)

CURREMT EMGIHE STATUS

{I¥ PRODUCTION,
= QUT OF PRODUCTIOH

= QUT OF SERVICE

o PR

JCTICH STAHDARD

IN SERVICE UNLESS OTHERWISE MOTED)

POWER TIME FUEL FLOW EMISSIONS INDICES (g/kgl
HCDE SETTING minutes kg/s HC co HOx SMOKE HUHBER
(%)

100 Q50 3411 0.1 0.1 43 10.5

85 e 2.683 0.1 0.1 35.5 -
APPROACH 30 4.0 0.873 0.2 0.4 12 =
I0LE 7 26.0 0.242 2.7 18.73 4.4 =
T ToTAL EWEL [kgl or EMISSIONS (g} 1086 1111 7205 23223 -
MUMBER OF ENGINES 1 1 1 1
HUMBER OF TESTS 3 3 3 3
AVERAGE D/ {g/kM) or BVERAGE Sk (MR} s 19.5 2.8 10.5
STEMA | D./Fa LN 9f¥M¥, or 3HI = . - -
RRNGE (Dp/F. in o/¥H, or 5H) - - - -
ACCESSORY LOARS

POWER EXTRACTION a VkH| AT = PCWER SETTINGS
STAGE BLEED o] % CORE FLOW AT = POWER SETTINGS

ATMOSTHERIC CONDITIONS EUEL
EBRACMETER |kPa) 101.3 SPEC Jac A
ITEMPERRT 3 ELE] H/C 1.42
BES HUMIDITY |ka/kgl 0.0063 AROM (3} 20:3
MRMUTACTURER: and Whitney
TEST ORGANIZATICON: i Whicney
TEST LOCATION: E Ct, U3A
TEST DATES: FROM 2B Apr 9 T 0Z Hay 34
BEMARKS
Data from X432-4
1f REVISED, this data supersedes databank UID BEWOS0
Comg ce with fuel wenting reguicements: [*%' if complies, BR if pre-ragulatlomn)

This document was prepared on 120T/2007
Check websile for latest version
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SUBSONIC ENGINES

ICAO ENGINE EXHAUST EMISSIONS DATA BANK

1\ t[Z

ENGIME IDEMTIFLICATION: JT30=3B BYPASS RATIO: 1.4
UNIGUE ID NUMBER: 1PWO01 PRESSURE BATIC (Ral: 13.6
ENGINE TYPE: TF BATED OQUTEUT (F) (kM): 40.08
BEGULATCRY DATE
CHARACTERISTIC VALUE: HC oo 10X SMOKE MUMBER
Dp/Fop lg/kl} or SH 395.4 328.2 STl 63.9
A5 % OF ORIGINAL LIMIT 2:017.6 % 278.2 % 56.1 % 254.1 %
AS % OF CREP/2 LIMIT (NOx) 70.2 %
AS % OF CAEP/4 LIMIT (NOx] 9.3 %
DaT, TS TEST ERGINE STATUS
" PRE-REGULATLCH = MEWLY MANUERCTURED ENGINEZ

- CERTIFICARTION
REVISED {SEE REMARKS)
EMISSIONS STATUS

kS DATA CORRECTED TC REFEREHCE
IANNEY 16 VOLUME IT

x

CURRENT

[IN PRODUCTION,

DEDICATED ENGINES TO PRODUCTION STANDARD
OTHER {SEE REMARES)

ERGINE STATOS

IN SERVICE UMLESS OTHERWISE WOTEDY

® OUT OF FRODOCTION (DATE: = )
. QUT OF SERVICE
M DATA
POWER TIME FUEL FLOW EMISSIONS IWDICES (g/ka)
MODE SETTING minutes kg/s HC [ale} WO SMOEE HOMBER
(% Fqe)

TARE=-OFF 100 0.7 1.174 4 1.5 12.1 =
CLIME QUT k] 2.2 0.932 2 2.8 9.9 =
MEPROACH an 4.0 0,344 4 24.5 4.8 -
IDLE ki 26.0 0.135 112 aB R -
LTC TOTAL FUEL {(kg) or EMISSIONS (g) 466 24362 23092 2740 -
MUMBER OF ENGINES 2 2 2 2
WUMEER OF TESTS = - = =
AVERAGE Du/F,, i9/kN] or AVERAGE SN (MRX) 303.% ZEE.1 34.3 54.5
SIGMA (DL/F.. in g/kN, or 3N) - _ = S
RAMGE (DL/Fs in g/kN, or SH) = = = =
ACCESSORY LOADS

BOWER EXTRACTION 0 (W} AT - POWER SETTIMGS

STAGE BLEED 0 % CORE FLOW AT - POWER SETTINGS
EUEL

BAROMETER (KkPal = SPEC Jet B
' TEMPERATURE (K] = HiC -
AES HUMIDITY (kg/kg) - ARCM (%) -
MANUEFACTURER: Pratt & Whitney
TEST ORGRNIZATION: PEWA
TEST LOCATION: East Hartford, CT, USA.
TEST DATES: FROM 08 Mar 72 T0 12 sSep T4
BEMARES

Emissions data estimated from JT3D-7 engines wsing JTID-3B perfermance data.

This decument was prepared on 1 Cctober 2004
Chack website for latest version
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Sulbait Data Dalasel Tocd

WMO Meteorological codes

This documeant gives defails of the Mateorological codes far use at ohsenang stations.

HEG code 0500: denus of oloud

# - vloud not visible owing to darkmess, 209, JUSLSLOTM, Sandatarm oF sthar
analogous phencnens
- gircue  {TI)
sircicemulu= (CC)
eiffedtratua (O85)
aleocumalua ACH
aleogtratus (A8}
nimboEtratus (HE)
stratocamulus {5C)
- ®mhratus {5T)
- camolus {&U)
- cumulonimbus (CB)

R
i

High cloud

FHD code didd:cleuds of genera Cirrus, Clrrocumwlus and Clrrostratus.

4 - eleyes, ciregeumulys B ciccostrasus invisible owing to darkness, fog, blowlng

dust ar sand;, or other phanomana, or noce aftsn because of thes presence of a

continusus layer of lowar slasda

no cirrus, clrrocumulus or clrrostratus clouda

olrrus in the form of filamerts, strands or hooks, nRet pragsesgively invading

the =xy.

dense clrrue, in patches or omtangled sheaves, which ospally da not incra

& sppetimea ssem o be the remains of the upper part of a cumelonimbuoR; ar

eleres with aproucings im the forn of emall tuzretsy or cirrus havinmg tha

appearanca of cumulifors cufes

3 - dense clrrus, ofeen in tha form of an asvlil, Belsg the senains of the upper

part of cumulonimbus

cirrus in the form of hooks, filaments, oF bokh, progressively invading the

ekyj they generally bscons denser as a Whole.

cirrus [often in bande converging towards 1 point or 2 oppeslee polnts of

the herlzon) and cirroptratues, or cirrostratus alonepin either caswe, thay

are progressively invading she pky, and generslly growing denser as & whola,

but the conelnweods wail dodd Rat resch 45 degress above the horizen.

& =« eclrres |often im bands comverging towazde 1| pelnt o 2 opposite polnts of

the horlzon) and slrroscratus, orf circostratue alonejin either case, they

arg progreselively invadlmg the sky, and generally growing denser as a wholae;

the coancinuons wall extands more than 45 degrees abowe the horlzon, without

the sky being rotally coveraed.

vell of clrrostratus covering the calastial doma

cirrestratus not prograssively invading the sky and ot conpleately covering

the celestial dome.

9 - virrgcumulus aloms, or cirrocunolus accompaniced by olrrus oF cle¥reskratus, or
hath, but cirrecsmulus ie predominant

-
a

e
1

L]

n
]

WNO code 0513 Clouds of genera Stratecumulus, Stratus, Cusmlus, 0%G.

4 = stratagunulins, stractus, cemolus and comulanimbus ievigible owing to darknass,
fog, blowing dust or =and, ar other phonoRana

@ - no stracocomulus, stratus, Jumulus or cumuloninbus

cundlae with little vertical extent and seemingly flatrened, or ragged

cunulua, othar than of bad westher, or both

cunulus of moderate or atrosy vertlcal sxtens, senerally with protuberancas

in the form Of domop OF COWGErR, @lther accsmpaciad ar not by other comulus

ar stratocumulos, all having bases at the Rame laval

J - cumulonimbus, the summits of which, 2t lease parelally, lagk sharp outlinas
but are nelther clearly fibrous (clrriform) nor in tha forsm of an amvily
compulus, stratocumolus or stratus may also be prasent

W
[

4 - atratocemulus fornmed by the spreading ocut of cumolus: cumolus may ales be
pragant

5 - satratocumules not resulting from the spreading out of cumalua

& - atratus in a more or less contlnuous later, or in ragged shrada, or both but

ra seratus fravcus of bad weacher

7 - strakus frackas of bad Weather or cumualue fractus of bad weather, or beeh
(pannusl,; usually below altantzatus ar nlabostratus

H = comulus and stratoconulios other than that focmed from the spreading out of
cumulus) the base of the cumolus ia ac a diffarast level from that of the
stratocunulos

% - cusilaninbis, the upper part of which is clearly fibreus {clrrifoem) ofcen in
the farm of an asvil; either sccompanied or not by cumulonimbues wishewt anwvil
or fibrous upper pare, by eumulus, stracsocomulus, BLTATUS OF Pannus

Medium cloud type:

FMO code 0505: Clouds of the g

8 Altooumulus, Altostratus, ete.

4 - aleseunulus, altostratus and ninboscratus invisible owing to darkneas, fog,

http:) (bade.nerc.ac,uk)/datassurface/code.hvml
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WO Meteorological codes

w
'

blowing duat, sand, or wehee phenomanap ar becsuss of the preasence of a
continusua layer of lowas elouds F

no altesumslus, altosteatus of nimbostratus

altesrratus, the gqeeater part of which iz semi-transparent; through thia pare
tha GUR or moon may be weakly visible, as throusgh geoaond glass
altsatratas, the §Eeator part of which is sufficiently dense to hide the sun
af moon, or nirbsgtratus

aleooupulue, tha greater part of which is seml-transparcent) the wvarious
slsments &f the oloud chenge only slowly and are all atc & slegla lavel
patches {sften in the feem of almonds or fiah) of altocumulus, the greatas
pac: of which ls semi-transpacent) the 2louds SOOI AT ofd O DoIs lewsln
and ke alements are conelnually changlng Lln appearénes

seml-transparsnt Altocumules in bands, or altocupaluf, in ane O mMoTe
spntinuous laye:s (Aeni-transparant oF opagque). pragressively lnvading the
aky; these generally thicken as @ wWhole

altocumulus resslelng trom the spreading ost of cumuluos or sumslenimbua
altocumulus in two of mors layess, usually opagua ln places, asd nat
pragressively isvading the aky; or ocpague laysr =f altocumulus,not
progressively isvading the sky; or altocumulus tegether wich altomtratus
or ninbostratus

altocunulus with sprovtings in the forn of spall tavwaers or battleménts, or
alepcunulue having the appearasca of cumulifors tefes

aleoounolus £ & chaotis wky, generally at sevezal levals

State of ground:

W

B A T -
i

=
E3
=3

ia

[P R e A )
'

code 08G1: State of grownd withogk snow or sueable los cover
ground dey (mo cracke @f AppEeciable amopunta af dustdlogee mandp
ground molst

grousd wet (standing waeer ln small &¢ large pools on Auelacal
#looded

grovnd Irozen

glaze an ground

losse dry dust o #and not coverimg ground complecely

thin cover of lgosa dry dust or =mand esvering ground complecely
madfehlex cover of loose dry dust/sand cowerlng gzesnd completely
mztranely dry with Sracks

code 037%: State of ground with ssod or moaswrabla ice cover.

gqround predesinantly covwerad By Loa

conpach/wat snow |with or withour ige) covaring less than 1423 tha ground
congack/wet anow [with or without igw) covering ac laast 172 the ground
wven layer of compask OF Wet Enow coverling ground complatély

somven Layer of ¢oRpact or wek snow SaVering ground complacely

lasgg dry spow sovaring less than 172 che ground

losse dry smaw covarlng at least L/Z che grovnd (Aot completaly)

oven laysr of loose dry srew cavering ground cemplately

unewen laysr er logse doy #new covering growsd completaly

snow govering ground completely: deep drifta

Total cloud amount:

WHO

.

R e )
[

cade 2700 €loud saver / amount

cloud ie indiscernible for reascra other than fes or other meteorclegleal
phencmena, ©F abasrvation ie see meade.
sky clear

ekths or more, but mat 8 pktas @ /L0 er more, buk not Larln
aktas = 10/10
aky obacurad by fog or other mecearélogizal phenomana

1 ckts : 1/10 = 2/149
2 ohtss ¢ 2710 = 3710
) oktéd & 4710

4 aktas = 5710

4 aktas = S/10

6 oktaa = T/10 = B/1%
k]

§

Past weather:

Pact weather is defined as wealher occurring in the past B hours at 00, 08, 12, 18 UTC, and the past 3 hours at
03, 08, 15, 21 UTC,

U]

wom o e w R

code 4560 Fast weather

cloud cavering half or less of the aky throughouot tha parisd
eloud covering mora than half the aky dering part of the perlod & half ar
less for the rast

£loud govering more than half tha sky throughout tBe parlod
sandstorm, 4dUuSEsTorm or Dlowing smow

tog or ice fog or thick haze

drizale

caini

snow, or rain and snow mized

Bhowsc{a)

thunderstarm(a) with or without precipltation

Present weather:

KMO code 4477: Prosemt weather ceperted froe & macaed stakion.

00 = Cloud davalopnent not Gbaazved of not obesrvable

http://badc.nerc.ac.uk/data/surface fcode.html
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o1
na

[T

L]
(13

aT

0E
%

m
11

12

13
i4

17
i

I

s
z3
4
5
ih
27

2z
e

3é
37
38

an

cleud ganerally disselvirg of beconing lese developed

state of siky on the whale unchanged

clouda gensrally ferming or developing

visibillity redecad by SmRoxe, a.9. valdt or forest fires, induatcial smoka or
volcanle ashes

Haze

Widsspread dust in suspemeion in the alr, not raiesed by wind &t or near the
mtaticn &t the tine of oksesvaclon

pest or sand raised by wind at or near the ssation aw the time of
sbgarvation, bdut ret well-developed dustc whirl{s} ar sand whisl(a].

and no dustetses ar sandstorm seen; af, in the cass of shipa, Blawing
spray at the atation

Woll-developad dest or sand whirl{a) Seen at or near the statlon during the
proceding hoar or at the ime of observation, but Ao dust storm or =andetarm
Duskatorm or sandetorm within sight at the time of observation, &5 &t tha
staclon dering the pracading Rour

Mise

patchag of shallow fFeg or lee fog at the statlon, whether on land &r saa now
daaper than abouts 3 matres on land or 10 metres at sea

Morw or less conclrudus ahallew £09 or ice fgs && the stacion, vhether on
lafd &F se&a, mot desper than about 2nfland o2 10m/sed

nlghtning visible, ¢ thunder heard

Frecipltation within sight, not reaching the greund or the =usface of tha
aaa

Fraclpitacion within sighe, reaching the ground or the surface of the asa,
bot distant, i.w. * 5 Xm from the statiosn

Precipitazion within sight, reaching tha ground or the purfaca of che sea,
naar to, But ROt AT the scation

Thindarstorm, but nm preclpleation atc the time of shservation

Sgealls at or within might of the scacion during the preceding hour or at
the time of obsecvation

Punmel clouds &t or within slgnt of the Atation during tha preseding hour or
at ths time of cbaervatilon

prizzle ins: freezing] or srew g#aing, not talling aw showers, during the
praceding hour but nokt at cha time of obssrvation

Rais {not frpezing), net falling as showers, durleg the preceding hour bus
not at the cims of shearvation

snow, not falling as ehowara, dering the preceding hewe but not at che
tima ©f sbgervation

Fain and @now or ice psllets, nor falling as showers; during the preceding
hour bet not at the time af chaervaticon

Freazleg drizzle or freszblsg raing duoring the preceding haur but not at the
time of ebservation

showar(e) of rain during the preceding hour bus ast ak the time of
AEAGIVAELOT

shewer{s) of mnow, af of raln and snow during the preceding hous bet nat as
che time of ohsscwatisn

Shower|e) «f hail, or of rain and hail during the preceding heur buk not at
the time @f observacion

Fog of ice fog during the praceding Rour but ach at zha tlpe of aobservation
Thunderskorm {with or without praclpitation) durisg the precedinmg hour but
rat at the time of cbservation

Slight or moderats duatatorm or sandstorm - Bad desressed during tha
prasading hour

Zlight or modwrate duscsrorm or sandstarm - no appreciable changs dering
cthe praceding hour

alight or moderate deststorm or sandsterm - has begun or hes inceedsad
during the praceding hour

Sprers duststorm or sandstorn - has decreased during the preceding hour
Sewers @e#tatarm orf sandstorm - no appreciable change durlng the praceding
hout

Sevare doststorm or sasdaterm - has bagun or hA# Lacreased doring the
prasadlng hour

siight/modersts drifelag smaw - gensrally low {below eye level}

Heavy drifting snow - generally lew (Balaow eys leval)

slight/modarase blowing snow - genarally hligh {obove ays lavel}

Heawy Blowing Smow - gansrally high {(above eye level)

Foy of Lea £o0g at a a distance ae the time of cbsscwatios, Bur noc at
statien during the precading houe, the fog or lee fog extanding to a

lawal above that ©f the abaerver

Fog or ica fog in patches

fagilee fog, sky wimible, has become thinner during the preceding hour
Fog/lee Zog, sky invislble, has become chinney during the precading heur
rog or loe fog, sky wisible, no appreciable shange durling the paes hsus
fog or Llee fog, sky invislble, no apprecisble change during the precedlag
hour

Fog or lee £og, sky wisible, has begun or has bacome thicker durimg
praceding hoor

Fog ar tce fog, sky Levislble, has begun ¢ kaa beccme thloker doring tha
precading hour

Fog, depositing elme, sky visible

Fog, depositing blme, sky invisible

prizzle, net freezing, intermitsent, slight ac time of ob.

prizzle, nes Erspzing, contimueus, slighe at cime af ab.

prizzle, not froezing, imkeymiceent, moderats at time of ob

priezle, not Ereezing, continucus, moderats at tlme of ob,

prizzle, not freezing, intermittent, Heavy at time of ob.

pDrizale, net fesszing, acntinuows, Rasvy ne time of ob.

Drizzle, frasrzing, slighs

porizzle, freezing, modachata oF Daavy (denpe)

Rain and drizzle, slighe

Raln and drizale, moderame or heavy

naln, not freszing, Snearmicteonc, slight at time of ob.

Rale, not fceezing, contlnuous, slight at tima of ob.

Raim, not freszing, intermittent, mederate at time of ob.

Rain, not freazing, comtinuous, moderate at ctlpe of ab.

Rain, not freszimg, intermittent, heavy &t tipe of ob,

Rain, mot freasleg, contlnucus, heawy at time of ob.

Rain, freesing, Allght

Rain, freczing, moderate or heavy

Rale or drizzle and snow, #light

Rais or drizzle and mnow, moderate or heavy

Tataemleeant fall of spowilaxas, slight at time of ob.

cantlnuons fall of snowflakes, slight at tima of ob.

intermittent £all of spowflakes, moderate &t tlme of ab

Cantinusus #al1l1 &f snowflakes, noderats at time of ob.

Internittent fall of snowflakes, heavy at time ol ob.

Contimngcus fall of snowflakes, heavy at time of ob

rliamond dest |with or without fag)

Enow gralma (with or without fog)

hitp:/ /badc.nerc.ac.uk (data surface /code. html

Pagina 3 van &



WO Meteorclogical codes

T8 = Isolaced star-like snow ccystals {(with or without fog]

7% = Ice pellate

80 = Rain showsz{s), alight

H1 - Rain shoawa=z(a), noderate or heavy

B2 - Reain mhowar(s),. violent

A1 - Shawar(a] of raln and snow, slighs

la - Showar(a) of roln and snow, moderase oF Raavy

5 - %now showeris), slight

86 - Snow shawer(s), Rodscats or heavy

B? - Shower(s) of snow pallétd o snall hadl, with or withoot rain or raln and

snow pixed - slight
88 = Shower(s| of snow pellees or small hail, with @& withoot rain or raln and
snow nixed - moderate or heavy

8% - Shower(s) of hall, wlth or withous rain or rain and snow nixed, not
asgcciatad wieh thundar - slight

90 - Shower(s} of hall, with or without ralm or rain and snow mized, not
asgocciaced wich thunder - moderare or heavy

91 - 8light ralm st tims af cbaarvatlon - Thunderscorm during the pregeding hour
bue oot at time of cbasrvatlon

52 - Mpderate or heawy rain at =lma of observation = Thumderstoen dueling tha
preceding hour but #akt at tlma of abservation

83 = Blight snow, or cals and sanow mized or hoil at time of chearvatlon -
Thunderstorm during the preceding hour but not at time of obaservatisn

54 = Modarate of heavy anow, arF rain and enow nmixed or hail at =lma of
obsscvation - Thunderstorm deoring the precsding heir but not Ak
time of aheervarlon

g8 - Thundegstcsn, Sllght or modarate, without noll, but wlth raln andfor snow at
time of abservation

56 = Thunderstorm, allght or moderate, with hail at time of ob.

97 = Thunderstorm, heawy, withouwt hafl, but with rain and/or snow ot time of
abpervaticn

48 - Thunderstoerm coembined with dustfsandstorm st time of observaelon

8% - Thundarstorm, heawy with hail at cims &f sbascvatlion

WHO code P20¢:Charactecistic of prossure tendescy.

f - Inecwasing, then decreasing | atmospheric préssura tha Sams as OF higher than
3 hea ago

1 - ineraasing, chen scteady @ atRospheric prassure now higher tham 3 hrs ago

2 - tnereasing {oteadlily or sneteadlily) : semoapheric prassura now higher than
3 hrs ago

1 - Cecresping or steady, then lnoreasing; or imcseasing, then Llpocreasing nors
crapidly : Asfeapheris prassure now higher than 3 hrs aga

4 - Steady : atmoapherlc prossure the sepe as 3 hxa ago
%4 - peeraasleg, then lnoreasing i satecepheclc pressore the Same as or lower than
3 hrs aga

5 - pecreasing, then stasdy; or decreasl=g zhan decre=asing more slowly s

atnospheriz pressiéra naw lowars than 3 hrs ago

Decreasing (stesdily or unsteadily} 3 atnospheric pressure AW lawar than

I nrs ago

B = Steady or inerfading, then decreasing) or decrassing, then dacreasing more
rapidly : atmoapheric pressure now lower tham 3 hra age

-
[

Day of Thunder:

BOSY KEM tabla 24
- no thunderstorn (0000-2400gmt)

o
l = thundarstorm with =f without precipleaclcon
9 = no thunderssesn (zestelceted perled)

Day of Hail:

4801 HOM cabla 23

& - no bail,biea,aec [D000=Z400qme)

1 = diamand duat

2 - srow gralns

3 - anow pallets

4 - iece pellets or snall hall (less than San dlanpeier)
5 - hall § diamater %-9 mm]

& = hall § diamscer 10-EF% ma)

7 = hail ¢ diameter 20mm or nore )

% - ne hail ,iea ete restricted period

&002 HCH table 27

0 = no snow or slest(d000-2400gme)
1 - slaet
5
5

= snow
= no enow oF slast(restricred period)

G003 HCH table 23

0 = wisibilicy 1090m or more ar 0900 gqmiiprevions day]
1 - vipibilisy less than 1000n at OF00 gmi

http:/ fbade.nerc.ac.uk fdata)surface /code.himl
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Day of Gale:

L-A=E ]

-

KHCH table 24

ne galef0d00=2400 gmt)
day o which wind speed has reached 34 kases (beaufort force 8) for a

pariod of at least L0 miputes

ne gale [rescrickad parlod)

State of concrete:

£DOs HCH tabla 22

/ = =1ab covezed by snow or not adequately described By codes 0 to 3
L} slab dry

1 = slab maiat

1 = slab wat

3 = slab isy

Snow lying at 0900GMT:

A0A6

con flag

0 - @& anoWw or lass than half cover of snow lylimg

- more than half covaer of snow at 09002 today

Snow depth:

201 - lem

003 - 2an

%6 - S%&om

457 - Less than O.5em .

%0 = Snow cover, not oonbinuaus

555 - Mamdsrement impossible or inaccarate

N20911 <CLoud AMOUNT

A

¥

1o
11
12
11

N

aKTA OR <1
GKTAS
THTAS
SHTAS
ORTAS
DETAS
OETRI (0]

B OXTRE

SEY CBECURED METEORCLOGICAL

SEY PARTLY OBSCURED BY FOG ANDSOR OTHER METEORCLDGITAL PHEHOHNEHA
ECATTERED

BROKER

FEW

Q200LZE CLOUD TYFE

EE R AU

(34
e
oE
AT
RS
[
s
34
[=F]
(=]
B0
CI

CL

[
1
]
cs
aH

AL
AC
HO
ey
cu
o
5C
sC
sC

CH CLOURE
FIB (UWT)
EFL SMERF
EFI CUGER
URC/riB
VELL <45
VEIL >43
HHEOLE EERY
MOT COVER
MOSTLY CC
CH CLOUDE
=

QF / NS
TR LEVEL
TR PATCHY
TR BAHDS
G CRyGEN
TR LAYERS
ChESFLOD
CHAOTIC
<L CLOUDRS
HUMFFRA
MEOFCOR
CAL
CUGER

HaT CUJEHW
HEB/SFEA

8T/CU FRA
cuf88 LEVELS

http:/ /bade.nerc.ac.ukdata/ surface /code. himl
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WMO Meteorological codes

38 CH CAF
&n
al
a2
4%k
a4
a5
a6
£
48
4%
20
51
a2
23
s4
55
56
57

58 CLOWD INVIS
60 CH I
Gl CH IRVIS
#2 CL INVISIBLE

hetp:/ fbade.nerc.ac.uk /data/ surface/code, him|
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=ge=he potential of condensation trails
’E {eontrails] from jet aircraft to affect
regional-scale surface Lemperatures has
been debated for vears'™, but was difficult
to verify until an opportunity arose a5 a
result of the three-day grounding of all
commercial aiveraft in the United States in

| the aftermath of the terrorist attacks on 11

September 2001. Here we show that there
was an anomalous increase in the average
diurnal temperature range (that is, the dif-
ference between the daytime maximum and
night-time minimum temperatures) for the
period 11-14 Scptember 2001 Because per-
sisting contrails can reduce the transfer of
both incoming solar and outgoing infrared
radiation® and so reduce the daily tempera-
ture range, we attribute at least a portion of
this anomaly to the absence of contrails
over this period.

We apalysed maximum and mininum
temperature data” from about 4,000 weather
stations throughet the conterminous Unit-
ed States (the 48 states not including Alaska
and Hawaii) for the period 1971=2000,
and compared these to the conditions that
prevailed during the three-day aircraft-
sraunding period, All sites were inspected
for data quality and adjusted for the time
of observation.

Because the grounding period com-
menced after the minimum temperatures
had been reached on the morning of 11
September and ended before maxinmum
temperatures were attained on 14 Septem-
ber (at noon, Fastern Standard Timel, we
staggered the calculation of the average
diurnal temperature range (DTR) across
adjacent days {for example, 11 Scptember
maxima minus 12 September minima). We
repeated this procedure for the three-day
periods immediately before and after the
prounding period, and also for the same
periods (3-11, 11-14 and 14-17 September)
for each year from 1971 to 2000,

DTRs for 11-14 September 2001 mea-
sured at stations acrass the United States
show an inerease of about 1.1 °C over
normal 197 1-2000 values (Fig. 1), This is in

| contrast to the adjacent three-day periods,

when DTR values were near or below the
mean (Fig. 1). DTR departures fov the
grounding period are, on average, 1.8 °C
greater than DTR departures for the two
adizcent three-day periods.

This increase in DTR is larger than any
during the 11-14 September period for the
previous 30 years, and is the only increase
greater than 2 standard deviations away
from the mean DTR (s.d., 0.85 "C). Mare-
aver, the 11-14 September increase in DTR

fam?

= LICIT e

Change in DTR T
o
o

|_é’
- th

#11 Sapt,  11-14 Sept. 14-17 Sept. l

Figure 1 Departure of gverage dumnal lempearatass ranpes OTRs!
from the nomma vaues cerbed fram 197 1—2000 clmeakadgy
cata for e Indicsed teee-tay encds n Septemioer 2001.
Tnaze perogs includad e thiee days before e teoasl sacs
of 11 Senlember; the Siee days immemdlely eervards, when
alreratt were grounded and these were thesefee no contiails; &l
ihe subsatent thres days,

was more than twice the national average for
regions of the United States where contrail
coverage has previously been reported to
be most abundant (such as the midwest,
northeast and northwest regions)”.

Day-to-day changes in synoplic atmos-
pheric conditions can affect regional DTRs'.
In particular, a lack of cloud cover helps to
increase the maximum {and reduce the
minimum) temperature. Maps of the daily
average outgoing long-wave  radiation
(OLR)™ — a proxy for optically thick
clonds — show reduced cloudiness (that is,
larger OLR) over the eastern hall of the
United States on 11 September, but more
cloud {smaller OLR) over parts of the west.
Cloud cover subsequently decreased in the
west and increased over much of the eastern
half of the country during the next two
days, producing predominantly negative
three-day OLR changes in the east and
positive values in parts of the west.

Our findings indicate that the diurnal
temperature range averaged across the United
States was increased during the aircrafi-
grounding period, despite large variations in
the amount of cloud associated with mobile

Male pafénting of
New Guinea froglets

| FEaIe parental care is exceptionally
[\é rare i nature, although one of

¥ [ the most fascinating aspects of
Mew Guinea’s biodiversity is the evolution
of male care in the frog family
Wicrehylidae', Here 1 report a new mode
of parental care: transpert of froglets
by the male parent, which was recently
discovered in rwo species of microhylid

NATURE WOL4LE 8 AUGLIST 2002 wrwn mabure. com) nature

brief comimL

'Contrails reduce daily tempera

Fract or

o JL TR

ture range

Figure 2 Fig lines: jat conlrals can cleary ba se=n as thin
airiegis In this sediile image of the soumwesien Unied Stales,

weather svstems (Fig. 21, We argue that the
absence of contrails was responsible for
the difference between a period of above-
normal but unremarkable DTR and the
anomalous conditions that were recorded.
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frogs from the mountains of Papua New
Guinea, As the offspring jump off at
different points, they may benefit from
reduced competition for food. lower
predation pressure and fewer oppor-
tunities for inbreading between froglets,
which may explain why this unusual form
of parental care evalved.

1 quantified the parental care behaviour

of several species of micrehylid frog at |

the Crater Mountain Bialogical Research
Station, Chimbu Province, Papua New
Guinea (6° 43' 8, 145% 05" E}, which is

located en the largest tropical island in |
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ABSTRACT

The grounding of all commereial aireraft within U8, aiespace Tor the 3-day period following the 11 September

2001 terrorist attacks provides a unique opponURiLY (0 sl

dy the patential ole of jet aireraft contruils m climate.

Contrails are most similar to nateeal cirrug clouds due to their high altitude and strong ability 1o efficientdy
reduce culgoing infrered eadiation. However, they typically have u higher albeds than cirrus; thus., they are
hetter al redusing the surface receipt of incoming solar radiation, These contrail characteristics potentially
suppress the diurnal temperatire range (DR} when contrail coverage is botl widespread and relatively lang
lasting ever o spesific region. During the 11- 14 Seplember 2000 grounding peried natural clonds and contrails
were noliceably 2bsent en high-resolution satellile imagery across e regions thal wypically receive abundin
contrall coverige, A previous analysis of temperature data for the grounding period repested an anomalcus
increuse in the 11.5.-averaged, 3-day DTR value, Here, the spatiul variation of the DTR anemalics as well as
the separale conursbutions (rom the maximum and minimum lemperatune depanures ane analyzed. These analyses
are underaken 1o better evaluate the sale of jet contrail absence and synoplic weather paiterns during the

grounding period on the DTR anomalics.

[Lis shown thot the largest DTR increases pecurred in regions where contrail coverage is Lyphcally most
prevalent during the fall seasen (from catellite-based conteail ohservations for the 1977=79 and 2000-01 periods).
These TR increases oceurred even in those arcas reporling positive depariures of tropospherie humidity, which
may reduce DTR, during the grounding period. Alse, there wis an asymmslrc departure frem the normal
maximum and minimum temperatures sugpesting that daylime tempermiures responded more ko contrail absence
than did nightime temperatures, which responded more 1o synoptic conditions. The applicaiion of @ statistical
model that “retro-predicts” contrail-Tavored wneas (CFAs) on the basis of upperireposphenc meteorological
conditinns existing during the grounding period. supports the role of conlrail absence in the surface lemperatirs
anomalies: especially for the western United States. Alang with previaus studies eomparing surliwe climate data
a1 stations heneath major Right parhs with these farther away. the regionalizalion of the IR anomalies during
the September 2001 “control” period impliss that contrails have been helping o decrease TR in areas where
they are most abundant, 4t least during the early fall season.

1. Imtroduction

An important consideration in identifying the climate
impacts of changes in cloud radiative forcing are the
role of high clouds, including the **[alse cirrus™ con-
densation trails (contrails) penerated by jet aircraft, Con-
trails may persisl as *outbreaks™ on multihour (3-6h)
time scales and over space scales of more than 1000

Corresponding suihor addresy: Ur, David 1. Travis, Department
of Ciengraphy and Geology, Univessity of Wisconsin— Whitewaler,
Whilewater, WI 53190,

E-mmail: teavisd @ ww.edu

p 2004 American Meteorciogical Sociely

km® (Travis et al. 1997; Permer et al. 1999; Minnis et
al. 200123, These contrail cutbreaks may ohscure a sub-
stantial portion of the sky or mix with “patural” cirrus
to enhance the total cloud amount (Bakan ct al. 15944,
Travis et al, 1997; Duda et al. 2001; Fig. 1). Hence, the
radiative forcing produced by contrails may be signif-
icant for those regions of the United States characterized
by many such outbreaks (e.g., the Midwest, parts of the
West Coast, the Mortheast and Southeast: Minnis et al.
1997; Sassen 1997; DeGrand et al, 2000).

Some researchers have speculated thal persisting con-
trails exacerbate ** global warming™ in areas where they

4
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Fici, 1. AVHRR thermal IR (band 4) irage (al 1.1-km reselution) of » contrail “oulbreik”
aver the Midwest waken al 1000 UTC 11 Sep 1995, The southern tip of Lake Michigan can be
seen at the top of the image.

most frequently occur, due to their ability 1o reduce
outgoing infrared radiation while transmitling some so-
lar radiation to the surface; similar to nataral cirrus (e.g..
Meerkotter et al. 19999 However, there is probably a
diurnal dependence 10 the role of contrails in radiative
forcing thal is missing in the case of natural cirrus, and
thal is enhanced by the strong diurnal variability of
aircraft flight frequencies. Because contrails contain a
higher densily of relatively small ice crystals compared
with natural cirrus clouds (Mureray 1970; Gothe and
Girassl 1993), the contrail radiative Toreing during day-
light hours may be dominated by the higher albedo of
contrails versus natural cirrus, leading 1o a potential
surface “cooling” (Mims and Travis 1997). At night,
the infrared forcing of contrails dominates relalive to
clear-sky conditions. producing a surface “warming

effect similar to natural clouds. Thus, when considered
across a 24-h period it is pessible that the net contrail
radiative forcing is relatively small. However, the com-
bination of both the daytime cooling and nighttime
warming effects should result in a decrease in the diurnal
temperature range (DTR), as shown in previous case
studics (e.g.. Travis and Clmngmm 1997 Travis el al.
2002). Thus. a need exists o investigate the net effect
of contrails on surface temperature across a range of
sengraphic regions and synoptic conditions, especially
because significant decreases in DTR have been re-
ported for some areas of the United States during the
second hall of the twentieth century. including those
where conirails are most abundant (e.z.. Karl etal. 1993;
Travis and Changnon 1997}

Previous attempls to identify a contrail effect in the

£9
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(a)
11-13 September 2001 Maximum
Temperature Departures from Normal

N
“r$ E
-
Temperature Departures
v =3 Std. Dev,
+ -3 --2 Std. Dev.

v =2 =1 Sid. Dev.
-1 -0 Std. Dev.

Mean
0 -1 Std. Dev.
- 1-28td Dev,
« 2-35id. Dev.
1000 0 1000 2000 Hilemeters » >3 5td Dev.

(b)
12-14 September 2001 Minimum
Temperature Departures from Normal

Temperature Depariures
« =3 --2 Std. Dewv.
«  ~2 --1 Std. Dev.
-1 - 0Std. Dewv.
&M Mean
0-1 5td. Dev.
« 1-2 5td. Dew.
« 2-35td. Dev.
1000 ] 1000 2000 Hilemoters » >3 5td. Dev.

Fio. 2. Map of weather station std dev departures fram nomal of (a) 11=13 Sep 2001 max tempesatlire
[Ty tmdd (1) 12-14 Sep 2000 min temperature (7,0,

climate record have been based mostly on circumstantial - of a comparison “control™ period during which per-
evidence: from comparisons of locations with high fre-  sisting contrails were absent significantly longer than
quencies of jet aireraft flights or centrails to adjacenl  their typical life span. The grounding ef all commercial
locations having fewer (Changnon 1981; Travis and  aviation in U.S, airspace for approximately 72 h be-
Changnon 1997 Allard 19971 Accordingly, it has been  tween 11 and 14 September 2001 that followed the ter-
difficult to quantify a contrail effect because of the lack  rorist hijackings of four jetliners in LL.5. airspace pro-
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(@)
"11-13" September 2001 DTR Departures
from Normal

Temperature Departurn

@ <-35td, Dev.

w -3 --2 Std. Dev.

w =2 =<1 Std. Dev.
4 -0 5td. Dev.
Mean
0 -1 Std, Dev.

o 1-25td Dev,

m 2-35td Dev.

1000 Q 1000 2000 Killometers

(b)

Mean Frequency of Contrails for October
(1977-79 and 2000-01)

Contrail Fraguency
m =2 --15td. Dev
-1 -0 5td. Dev.
Mean
0 -1 5td. Dav.
5 1-2 5td. Dev.
m 2-3 5td. Dev.
= >3 5Std. Dev.

1000 o 00D 2000 Hilometers

Fig. % Map of 17 % 17 resclution (a) grid cell-averaged TR sid dev depariure values from long-term
{1971-2000) normals for 11-13 Sep 2001, and (b} the combined 1977-7% and 200004 mean comirail fre-
queney Tor Oet.

vides an unexpected opportunity 1o investigate the re-  period increased by approximately 1°C compared 1o the
sional-seale as well as U.S.-wide effects of contrails on  Jong-term normals (1971-2000), and 1.8°C compared
DTR. Our previous study (Travis et al. 2002) has shown 1o the average departure of the adjacent 3-day periods.
that the U.5 -averaged DTR departure for the grounding To evaluate the presence and magnitede of U.5. re-
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Departure (C)

Relationship Between DTR Departures and Mean
Contrail Frequency (R=0.36; p<0.01)

Contrail Frequency (# contrails/grid/100 images)

Fig. 4. Scutterplot of the relationship berween 11-13 Sep 2000 DTR departures amd mean combined
1977-79 and 2000=01 contrail [requency for Oct (R = 036; p < O01)

gional-scale DTR anomalies during the grounding pe-
riesd, and determine any associations with the frequency
of contrail coverage typically experienced during the
fall season, we niilize combinations of surface temper-
ature observations, high-resolution satellite data, and
synoplic-scale meteorological reanalyses, Moreover, we
provide evidence linking the lack of jet contrails during
the grounding period to most ohserved increases in re-
gional DTR, and also Lo the asymmetric changes in max-
imum and minimum temperatures from which DTR is
derived.

2. Data and methods
a. Station temperature data

Station data on the daily maximum temperature (7.0
and minimum temperature (T, ) for all first-order, au-
tomated, and cooperative stations in the United States,
were obtained from the National Climate Data Center
(NCDC 2003) for the most recent 30-yr “normals™ pe-
riod (1971-2000), plus 2001 for the grounding period.
Although daily normals were available for a total of
3556 stations, data for only 5404 of those stations were
available for the 2001 study period. In addition, many
of the stations were cooperative observing sites that
record maximum and minimum temperatures from only
one observalion per 24-h period, unlike the remaining
first- and second-order stations that compule daily max-
ima and minima from conlinuous observalions starling
after midnight each day. Thus, it was necessary to stan-
dardize the cooperative data by observing lime. To en-
sure that the daily maxima and minima for 11-14 Sep-
tember 2000 were assigned 1o the correct day, we only
included those stations that recorded observations be-
tween 07000000 or afler 1600 local time {LT). When
ebservations were recorded between 0700 and 0900 LT

the T, value was assumed to represent the value for
the previous day. and when observed after 1600 LT, for
the current day. Because only observations from 0700
LT and later were included, each daily T, was assumed
to represent the current day’s value. These standardi-
zation efforts still allowed 4233 stations to be utilized
in the temperature analyses, with a reasonably even dis-
tribution across the United States (Fig. 2).

Because the aircraft-grounding period began during
midmorning (eastern standard time) on 11 September
and ended around noon on 14 September,’ it was nec-
essary to stagger the caleulations of average T, T,
and DTR across adjacent days. Thus, the afternoon of
11 September and the moming of 14 Scptember rep-
resent the beginning and end periods, respectively, of
the analysis, The average T, was caleulated as the
mean of all such observations for 1 1-13 September (Fig.
2a) and the mean T, was calculated as the average of
all such observations for 12-14 September (Fig. 2b).
The DTR values for “11 September” were calculated
by subtracting each station’s minimum temperature on
12 September from its maximum on 11 September, and
similarly for the rest of the grounding period. The DTR
values so calculated were then averaged for the “11-
13" Stpltmbr:.r 2001 period. To evalvate DTR values
for the 3-day grounding period in context of the con-
temporary climatology, we calculated DTR in a similar
way for cach 11-13 Scptember period for [971-2000;
thus, providing long-term station DTR normals (NCDC
2003). DTR departures for 11-13 September 2001 were
then calculated by subiracling station values for 2001
from the correspending 197 1-2000 normals

VA relatively small number of short Rights (approximately 2000}
ook place during the evening of |3 Seplember 1o reposition aircrafl
that were redireeted during the shutdown on the moming of 11 Sep-
tember. These showld ot affect the conclusions of this study,
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b. Satellite daiq on contrail outbreaks

To best represent the variations in frequency and den-
sity of “typical” contrail coverage across the United
States during the fall season for both the recent historical
and contemporary periods, we combined two satellite-
hased data sources of contrail frequency: one previously
published and the ather original. The first was an anal-
vsis of contrail frequency over the conterminous United
States Tor the 1977-79 period based on manual inter-
pretation of high-resolution (0.6 km) Defense Meteo-
rological Satellite Program (DMSP) satellite imagery
(DeGrand ¢t al. 20000, This study determined the fre-
queney of contrail occurrence per 1° > 17 grid cells for
each of the four midseason months. Cetober was the
closest month Lo our study period and provides an ap-
proximation of contrail frequency for the fall season
(DeGrand el al. 2000}, The procedures used in the recent
historical conteail study were duplicated here for the
menths of October 2000 and 2001, to estimate contrail
frequency for the contemporary fall season period. The
only exceplion Lo this was the satellile data source. For
200001, the nonavailability of a dataset having iden-
tical temporal and spatial resolutions Lo the DMSP im-
agery necessitated that we use data from the Advanced
Very High Resolulion Radiometer (AVHRR). The
AVHRR has 2 slightly coarser nadir resolution (1.1 kmp
vel comparable lemporal and spatial coverage 1o that of
the DISMP for the 1977=79 period. The slight decrease
in resolution of the AVHRR compared with the DMSP
should have only a small impact on the ability to rec-
ognize single conirails (Detwiler and Prat 1984). More
importantly, from the climatic perspective, our use of
AVHRR should not substantially impact the relative fre-
yuency of regional contrail coverage (ie., that due to
multiple contrails occurring simultaneously). An aver-
age of four images per day were analyzed across the
two study periods to approximate the regional variations
in mean contrail frequency during the climate normals
and 2001 periods. The locations of each contrail were
stored in a geographic information system (GIS) data-
base [Environmental Systems Research Inc., (ESRI)
19499] for subsequent manipulation and statistical anal-
yses,

Contrails are best distinguished from natural clouds
using the infrared band 4 of the AVHRR that is present
on all of the National Oceanic and Atmospheric Ad-
ministration (NOAA) polar-orbiting satellites. We fol-
lowed the manual pattern recognition method deseribed
in Carleton and Lamb ¢ 1986) and DeGrand et al. {2000).
This method identifies contrails as linear cloud featurcs
that are oriented in ramdom directions. unlike natural
high ¢louds, which typically follow the prevailing syn-
optic flow of the upper troposphere (e.z., Fig. 1), We
obtained the contrail dataset for the recent historical
period and combined it with our conlemporary data 1o
produce mean 1° 3 1° resolution contrail frequencies
for the conterminous United States.

TRAVIS ET AL. 1129

To permit statistical analyses comparing DTR depar-
tures with these satellite-based contrail data it was also
necessary 1o convert all of the point-location weather
station ebservalions inte grid-averaged (17 % 1%) values.
This was accomplished using the same contrail grid GIS
database, and spatially associating the location of cach
arid cell with the underlying weather stations. 'We then
caleulated the average lemperature values for all weath-
er stations within each cell. The U.S -averaged number
of stations per grid cell was 3.2, When noe weather sta-
tions existed in a particular grid cell (Tor 26 of 900 total
orids) the grid value was interpolated from the four
adjacent grid values. If four adjacent grid values were
not available (e.g., along international border and coast-
al regions) the grid was not included in any further
analysis. This procedure resulted in a total of 882 grid
cells (98%). containing both fall season contrail fre-
quencies and 11-13 September DTR anomalies, (o test
the hypothesis that an association existed berween the
Wao.

¢. Analvsis af synoptic weather conditions

To more definitively link the regional DTR anomalics
with the absence of jet contrails during the grounding
pericd, it is necessary to evaluate the synoptic weather
conditions occurring over the conterminous United
States. For example, a stagnant weather patiern with
anomalously dry air (i .. low humidity, lack of aptically
thick clouds) over a large region of the United States
for the greater part of the 3-day period, could provide
an alternative explanation for the observed anomalous
increases in US —averaged DTR (Travis el al. 2002). We
used the National Centers for Envirenmental Predie-
lion—Mational Center for Atmospheric Research
(NCEP-MCAR) reanalysis daily-averaged data on top-
of-the-atmosphere outgeing longwave radiation (OLR}
as a surrogate for clowd cover, and 500-hPa relative
humidity to depiet tropospheric moisture for the ground-
ing period [NOAA-CIRES (Cooperative Institute for
Research in Environmental Sciences) 2002]. We com-
puted the 3-day-averaged departure of each parameter
for the grounding peried (12-14 September) from its
correspending climatological normal. These were com-
pared o the maps of DTR and 7, and T, for the same
period for visual associations.

d. Applicarion of a controil ourbreak “retro-
prediction’” method

It is instruclive 1o estimale where contrails likely
would have occurred if commereial aireraft flights had
continued as normal for the 11-13 Seplember period.
For this purpose we developed a “retro-prediction™ (ret-
rodiction) siatistical method for contrail outbreaks oc-
curring in otherwise clear air. The retrodiction method
uses slalistical composites (i.e., ensemble averages and
variances) of the upper-tropospheric (300, 250, 200 hPa)

[olV)
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meteorclogical conditions associated with 48 outbreaks
that oeeurred over the conterminous Uniled States dur-
ing the 816 September periods of 199597 and 1999~
2001 {the calibration period). Data on meteorological
parameters (temperature, humidity, vertical wind shear,
verlical motion) previously shown (e.g.. Appleman
1953: Schrader 1997, Travis 1996; Travis et al. 1997,
Chlend 1998: Kisimer el al. 1999) to influence the for-
mation likelihood and persistence time of contrails, were
acquired for cach outbreak using the &-hourly NCEP-
NCAR reanalyses (Kistler et al, 20013, The outbreak
data were then expressed as anomalies from the long-
term means for each variable, pressure level, and lo-
cation. and averaged to vield the composites, For the
calibration period, the following outbreak meteorolog-
ical variables/tropospheric levels were statistically dif-
ferent from climatology: inereased values of humidity
al 300 hPa (RH range = +7.5%—+38.0%), lower tem-
perature and reduced Z,,~Z,,,, thickness {—6.5 m), light

easterly w-wind anomalies at 250 hPa (range = —2.2
to —2.0 m s°'), and slightly negative {i.e., upward}
vertical motion (mean = —0.34 > 1077 Pa s~' at 250

BPa). Using GlS, we applied the outbreak composiie
statistical ranges 1o two independent scls of reanalyses
“fest’” perinds: 8-16 September 1998, and the day im-
mediately preceding, and also immediately following
the grounding period. The AVHRR imagery for these
pericds was also inspected for contrail outbreaks. Using
a test criterion of a minimum of 50% spatial overlap
herween the retrodicted and observed contrail outbreaks,
we found good agreement (25 out of the 30 cases), This
allowed us confidently to apply the methed to the upper-
tropospheric reanalyses for the grounding period. The
resulting contrail-favored aress (CFAs) mapped loca-
tions, and their associations with DTR departures, are
discussed in section 3d.

3. Results and discussion
a. T, and T, spatial rends

Although bath the 3-day U.S.-averaged T, and Ty
were warmer than normal for the grounding period., the
T... increase (0.3°C) was about one-fourth that of T
{1.2°C). This asymumetric variation from the Jong-term
means may indicate that the lack of contrails impacted
the daytime temperatures more than those at night. Such
a possibility accords with the observed greater fre-
quencies of contrails during daylime versus nightlime
hours, in associntion with diurnal differences in the fre-
quencies of jet aircraft fights (Bakan etal. 1994: Minnis
et al, 1997).

The spatial patterns of T, for [1-13 September 2001
(Fig. 2a} show strongest increases in.the Intermeuntain
Wesl and Pacific Northwest, extending through the Mid-
west and into the northeast United States. Strongest de-
creases of T, occurred in California, the northem Great
Plains, the Southwest, and Florida. For T, (Fig. 2b)

T
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the largest increases were in the West (exeept California)
and the Gull Coast states. The largest combined increase
of T,,, and T, occurred in portions of the Morthwest.
This can be partially attributed 1o a persistent southerly
flow that was produced from synoptic-scale circulations
associated with a stlorm sysiem centered off the northern
California coast for much of the grounding period. This
storm also likely contributed to the large decrease in
T_.. seen in northern California due to extensive day-
lime cloud coverage. Strong decreases in T, occurred
through the southern Great Plains, Midwest and Cireat
Lakes, the Mid-Atlantic region, and the northeas! Tinited
States. Possible associations between these spatial var-
iations of T,,, and T, departures, and the lack of con-
trails during the grounding pericod, are discussed in sec-
tion 3c.

b. DTR spatial trends and aysociarions with conrail
frequency

The spatial variation of the grid-averaged DTR anom-
alies for the grounding period (Fig. 3a) shows that the
largest positive departures extended across portions of
the central and northeast United States as well as the
Pacific Norithwest. Because these regions have previ-
ously been reported (Minnis et al. 1997; DeGrand et al.
2000} as being climatologically favorable for outbreaks
of persisting contrails, we argue thal this anomalous
increase was associated with the absence of contrails
during the aireraft groundings (Travis et al. 2002). in
combination with synoptic conditions,

To identify the relationship between the regional DTR
increases of the grounding period and spatial variations
in the typical fall-scason contrail coverage, Fig. 3b sum-
marizes the mean contrail frequency (combined 1977
79, 2000-01) avoraged for the same 1% > 17 grids as
the DTR data, The frequency patiern of contrails for
this period appears broadly similar 1o that shown in
previous studies for other times of the year (Minnis et
al, 1997; DeGrand et al. 2000), with the contrail fre-
quency maxima occurring in the Midwest, Southeast.
and parts of the West,

Visual comparison of Figs. 3a and 3b suggests some
agreement between those regions having the largest in-
creases in DTR during the grounding period and those
tvpically experiencing the greatest contrail coverage
during the fall season. To quantify the presence and
strength of this relationship a Pearson correlation co-
efficient was ealculated between DTR departure and
coutrail frequency for the 882 arids available for anal-
vsis (Fig. 4). The statistically significant positive rela-
tionship (R = 0.36; p = 0.01} supports our contention
that o contrail-induced suppression of DTR was present
in the 1971-2000 normals throughout much of the Unit-
ed States, and especially in areas where contrails are
typically most prevalent. Moreover, the gradual reduc-
lion in statistical seatter about the trend line as contrail
frequency increases may indicate that the comtrail “sig-
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pal™ in DTR departure was more distinguishable from
synoptic-scale *background” influences for those arids
having the highest mean contrail Trequency.

c. Svnoptic vartations in cloud and humidity during
the grounding period

The 3-day average (12-14 September 2001) OLR
anomaly map (Fig. 5a) shows positive departures {ie.,
fewer clouds or lower mean cloud-top altitude] in a
swath extending [rom the south-ceniral United States
through the Midwest and into the mid-Atlantic regions.
A smaller area of OLR positive departures also oceurred
in the Pacific Northwest. In contrast, OLR negative de-
partures (i.e., more clouds or higher mean cloud-top
altitude) oceurred over the Southwest, Florida, and the
extreme southeast United States, and parts of the Inter-
mountain West cxtending through the northern Great
Plains. The remainder of the country had close lo normal
departures of OLR for the grounding period. A com-
parison of the OLR ancmaly field with that of the mid-
tropospheric (300 hPa) relative humidity |RH 500 Fig.
5b), shows general consistency: areas of positive (neg-
ative) relative humidity departure accompany increased
moisture and ascent of air {decreased moisture and sub-
sidence}. and tend Lo be associated with negative (pos-
itive) anomalies of OLR (Fig. 5a), Thus, about one-half
of the United States experienced fewer or lower-altitude
clouds than nermal during the grounding period; the
oiher half had either near-normal or more than normal/
deeper clouds. This statement is supported by the anal-
ysis of the mean percenlage of total cloud coverage
(TCDHT; departures not available) for the grounding pe-
riad (Fig. 3c), which shows good agreement with the
QLR departures in most areas of the United States. Strat-
ifving the 3-day averaged RH(500) into daytime and
nighltime components (Fig. 6) also shows strong spatial
consistency and reduces the possibility that the asym-
metrical departures of T, and T, reported in section
3a are a result of large divrpal variations in relative
humidity,

It is particularly interesting that some of the largest
DTR and T, anomalics in the Intermountain West oc-
curred near the outer edges of the areas having the most
positive anomalies of humidity and deepest cloud cover
(i.e., Colorado, Utah; Fig. 5). The lack of clouds in the
adjacent areas suggests that although meisture levels
were above normal (Fig. 3b), they were not sufficient
for substantial cloud coverage o form through natural
processes. However, because such environments are of -
ten conducive to contrail formation [i.e., high humidity
but few clouds: Travis el al. (1997 section 3d], it is
reasonable o assume that contrails likely would have
formed in these areas had airplanes been Nying. This
implies that the lack of contrails in those areas helped
offset the tendency for DTR to decrease when averaged
over the 3-day grounding period. Such a possibility is
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now evaluated using the CFA retrodictions for the same
period.

d. Retrodicted contrail outbreaks and associarions
with DTR anomalies

Figure 7 depicts the grounding-period CFAs derived
from the contrail-outbreak retrodiction method {section
2d). To facilitate visual comparisons with the DTR
departure map (Fig. 3a), the CFAs were converted 1o
19 % 1° grids for locations where contrail acourrence
was favorable for a minimum of at least 12 h during
the grounding period {* moderate susceptibility™). Grid
cells over which CFAs existed [or more than 50% of
the grounding perind (i.c., 36 h) were deemed Lo have
“high susceptibility.” All remaining grid cells were
designated as having *low susceptibility ™ (Fig. 7). The
Pacific Northwest, Intermountain West, and Southwest
1.5, regions were highly susceptible to contrails during
the grounding period {Fig. 7). Smaller regions of con-
trail high susceptibility included the Midwest, Great
Lakes, and Florida. These high susceptibility CFAs co-
incide with the edges of the positive moisture anomaly
areas (Fig. 5b). Such a result concurs well with pre-
vious research on contrail-synoptic weather associa-
tions, which has reported that contrails occur most
commonly along the leading edge of cirrus shields as-
sociated with frontal cyvelones and convective storms
{Detwiler and Pratt 1984 Travis et al, 1997; DeGrand
el al, 2000).

# visual comparison of the departure maps for T,
and T, (Figs. 2a.b) with Figs. 5 and 7 suggests that
T .. shows a closer association with the CFA high sus-
ceptibility retrodiction (except for Florida), whercas
T.i» shows a closer association with the synoptics; spe-
cifically, OLR and total cloud cover. This may imply
that the lack of contrails affected T,,, more than T,
during the grounding peried, especially in the West.
There. the comhbination of a warm, moist southerly flow
and the lack of airplanes led to increasing humidity
and temperature but less cloud coverage than otherwise
would have occurred from contrail formation; espe-
cially during the daytiime when air traffic would nor-
mally have been greatest (with less impact on T ). In
the eastern half of the United States, the increased DTR
seems to have resulted from a combination of dry air
and lack of clouds {lowers T, raises T, and DTR)
and the lack of contrails. This is consistent with the
observation (section 3a) that the US.-averaged T,
increased more than T, during the grounding period.

Comparing Fig. 7 with the DTR departure map (Fig.
3a) shows strong agreement for much of the wesl, os-
pecially in the Imermountain and Morthwest regions.
For the entire conterminous United States the average
DTR departure for the high susceptibility arid cells
(+1.3°C) is statistically greater (p < 01.01) than that [or
the moderate susceptibility { +0.9°C) and the low sus-
ceptibility grid cells (+08°C). The slightly higher av-
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crage TR departures in the moderate susceptibility grid
cells compared with the low susceptibility cells are not
statistically different, These results further support ous
contention that the lack of commercial aireraft fiving,
especially in the areas of contrail high susceptibility,
contributed 1o 1he 11-13 Seplember DTR anomaly. In
combination with the statistical relationship shown ear-
lier between DTR departure and the fall-scason contrail
frequency (section 3b), this finding implies that the 11—
13 September DTR anomaly was caused by a combi-
nation of resional-scale, contrail-induced suppression of

DTR in the long-term climatological normals and the
presence of exlensive areas of contrail high suscepli-
bility, which remained unexploited owing to the lack of
commercial aircraft flights.

4. Summary and conclusions

These results support the hypothesis that the ground-
ing of all commercial aireraft in U.S. airspace, and the
consequent elimination of substantial jel conlrail cov-
erage during the 11-14 September 2001 grounding pe-
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riod, helped produce an enhanced surface DTR in those
arcas that typically experience the greatest numbers of
jet contrails during the fall season {e.g, the Midwest).
The TR anomaly cccurred primarily due to large in-
creases in T, that were not malched by similar mag-
nitude increases in 7. In the West, synoptic weather
patterns {mostly cyclonic) during the grounding perind
appear to have plaved an imporant rele in enhancing
{£.g., the Intermountain region) or negating (e.g.. coastal
California) the effect of contrail absence on surface lem-
perature. For the country as a whaole, the synoptic weath-
er conditions during the grounding period suggest a bet-
ter association of these with T, than T, thus providing
a possible partial explanation for the asymmetric re-
sponse of these two components of DTR.

Our analyses of the AVHRR Imagery available for
the grounding period indicated several occurrences of
single contrails (no outbreaks) produced by military air-
craft, including some in the Northeast that demonstrated
extensive persistence and spreading characteristics
(Minnis el al. 2002}, Moreover, the analysis of other
imagery showed many contrails oceurring just over the
border in Canada. When combined with the statistical
madel retrodictions, these observations suggest that if
commercial airplanes had not been grounded, substan-
tial contrail coverage would have been present over
large parts of the United States, especially the Pacific
Northwest, Intermountain West, upper Midwest, and
Greal Lakes and the MNortheast.

Predicted future increases in aireraft flight frequen-
cies, and subsequent increased occurrences of contrails
in the climatologically susceptible extratropics {e.g., Gi-

erens ¢t al, 1999; Minnis et al. 1999}, could lead to an
even greater influence on DTR. However, potential
chanpes in upper-tropospheric conditions related to
global-scale climate change, which can influence both
the formation likelihood and persistence time of con-
trails, need (o be considered when projecting future im-
pacts of contrails ento regional-scale climate,
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Proof that airports are air polluters
22 Apr 2010, PR B2MD

Scientists in the Environmental
Research Group (ERG) at King's have
undertaken research into the effects of
the closure of UK airspace on air
quality surrounding major airports
after the lcelandic volcano eruption,
following a number of enquiries from
the public.

In response the ERG analysed the concentrations of NOX (the
generic term for oxides of nitrogen combined) and NOZ (nitrogen
dioxide) surrounding Gatwick and Heathrow airports during the
firat three days of closure, Thursday 15 to Saturday 17 April
2010. This period was chosen due lo the stable weather
conditions with light north easterly winds, allowing a cross-
sectional analysis upwind and downwind of the airports.

This period of unprecedented closure during good weather
conditions allowed the scientists to demonsirate that the airports
have a clear measurable effect on nitrogen concentrations and
that this effect disappeared entirely during the period of closure.

Pollution impact

Such nitrogen pollutants can increase breathing difficulties in
people with existing sensibilities, cardiac conditions or in older
people. Under the impact of sunlight they can transform into the
even more damaging poliutant ozone. NOx and NO2 are
particularly associated with jet aircraft, as they are produced by
the high-temperature mix of aviation with fuel.

The analysis was underlaken by Dr Ben Barratl and Dr Gary
Fuller of the Enwironmental Research Group, School of
Biomedical and Health Sciences. 'We have always been fairly
confident thal there was this ‘airport effect’ but we have never
been able to show it.' said Dr Barratt. 'The closure gave us the
opportunity fo fook at it, and there is a very strong indication that
it is the case.

‘This exceptional closure has allowed us to demonstrate the
impacts of airport emissions on their immediate neighbourhood.
We did not consider the impact of decreased lraffic flows on
airport feeder roads in this preliminary study. Decreased traffic
flows are likely to have a significant effect on concentrations of
vehicle-refated poflutants close to such roads, but unforfunately
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we did nol have sufficient traffic data fo camy out this analysis at
that time," he continued.

A full version of the report is available for download from the
ERG's London Air Quality Network website.

Notes to editors

King's College London

King's College London is one of the top 25 universities in the
world (Times Higher Education 2009) and the fourth oldest in
England. A research-led university based in the heart of London,
King's has nearly 23,000 students (of whom more than 8,600 are
graduate students) from nearly 140 couniries, and some 5,500
employeas. King's is in the second phase of a £1 billion
redevelopment programme which is transforming its estate.

King's has an ouistanding reputation for providing world-class
teaching and cutting-edge research. In the 2008 Research
Assessment Exercise for British universities, 23 departments
were ranked in the top guartile of British universities; over half of
our academic staff work in departments that are in the top 10 per
cent in the UK in their field and can thus be classed as world
leading. The College is in the top seven UK universities for
research earnings and has an overall annual income of nearly
£450 million.

King's has a particularly distinguished reputation in the
humanities, law, the sciences (including a wide range of health
areas such as psychiatry, medicine and dentistry) and sacial
sciences including international affairs. It has played a major role
in many of the advances that have shaped modern life, such as
the discovery of the structure of DNA and research that led to the
development of radio, television, meobile phones and radar. It is
the largest centre for the education of healthcare professionals in
Europe; no university has more Medical Research Council
Centres.

King's College London and Guy's and St Thomas', King's Collage
Hospital and South Londan and Maudsley NHS Foundation
Trusts are part of King's Health Partners. King's Health Partners
Academic Health Sciences Centre (AHSC) is a pioneering global
collaboration between one of the world's leading research-led
universities and three of Londen's most successful NHS
Foundation Trusts, including leading teaching hospitals and
comprehensive mental health services. For more information,
visit: www kingshealthpartners.org.

Further information

Kate Moore

Public Relations Officer (Health Schools)
Emall; kale. moored@kel ac.uk

Tel: 020 7848 4334

Next:

Who is watching you?

More Swedes than Brits survive lung cancer
Edmund-Davies Professor of Criminal Law appointed
Santander's chairman visits King's

Leading academic warns of 'care squeeze’ in NHS
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Does Air Pollution Increase Rainfall
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An
international
team of
scientists,
headed by
Prof. Daniel
Rosenfeld of
the Institute
of Earth
Sciences at
the Hebrew
University of
Jerusalem,
has come up
with a
surprising
finding to the
disputed issue
of whether air
pollution
increases or
decreases
rainfall. The
conclusion:
both can be
true,
depending on
local
environmental
conditions.

The
determination
of this issue is
ane with
significant
CONSequUences in
an era of
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climate change
and specifically
in areas
suffering from
manmade
pollution and
waker
shortages,
Including Israel.

In an article
appearing in the
Sept & issue of
the journal
Science, the
scientific team,
which included
researchers
fram Germany,
has published
the results of its
research
untangling the
contradictions
surrounding the
conundrum,
They dao this by
following the
energy flow
through the
atmosphere and
the ways it is
influenced by
zerosol
{airborne)
particles. This
allows the
development of
more exact
predictions of
how air
pollution affects
weather, water
resources and
future climates.

Mankind
releases huge
amounts of
particles into
the air that are
S0 tiny that
they float,
Before being
influenced by
man, air above
land contained
up to twice as
many of these
so called
aerosal particles
as air abave
QCeans.
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Natural and
manmade
aerosols
influence our
climate - that
much is agreed,
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Mprthwind 100 do they push it?
mynity-Scate Wind They produce

Turbines mere clouds

and maore rain,
some say. They
51 produce fewer
- clouds and less
rain, say others,
This disputed
role of aerosols
has been the
greatest source
of uncertainties

Smoke from agricultural fires in our

suppresses rainfall from a clowd over

the Amazon (right]. & sirilar size understanding

cloud {left) rains heavily an the same  of the climate

day some distance away in the

pristine air, {Hebrew University photo) system,
Including the

question of global warming.

*Both camps are right”, says Prof. Meinrat O.
Andreae, director of the Max Planck Institute for
Chemistry in Germany, a coauthor of the
publication. "But you have to consider how many
aerosol particles there are.” The lead author, Prof,
Rosanfeld of the Hebrew University, adds: "The
amount of aerasols is the critical factor controlling
how the energy is distributed in the atmosphare.”
Clouds, and therefore precipitation, come abaut
when moist, warm air rises from ground level and
water condenses or freezes on the aerosols aloft.
The energy responsible for evaporating the water
from the earth’s surface and lifting the air is
provided by the sun.

Aerosols act twofold: On the one hand, they act
like a sunscreen reducing the amount of sun
energy reaching the ground. Accordingly, less
water evaporates and the air at ground level stays
cooler and drier, with less of a tendency to rise
and form clouds.

On the other hand, there would be no cloud
droplets without aerosols. Some of them act as
gathering peints for air humidity, so called
condensation nuclel. On these tiny particles with
diameters of less than a thousandth of a
millimeter the water condenses - similar to dew
an cold ground - releasing energy in the process.
This is the same energy that was earlier used to
evaporate the water from the earth’s surface. The

http./ jwww. azocleantech.com/Details.aspinewsiD=3272
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released heat warms the air parcel so that it can
rise further, taking the cloud droplets with it.

But if there is a surplus of these gathering points,
the droplets never reach the critical mass neaded
to fall to earth as rain - there just is not enough
water to share between all the aerosol particles.
Also, with a rising number of droplets their averall
surface increases, which Increases the amount of
sunlight reflected back to space and thus cooling
and drying the earth.

In a nutshell, then, the study results show the
following: With rising pollution, the amount of
precipitation at first rises, than maxes out and
finally falls off sharply at very high aerosol
concentrations. The practical result is that in
relatively clean air, adding aerosols up toe the
amount that releases the maximum of available
enargy increases precipitation. Beyond that point,
increasing the asrosol load even further lessans
precipitation. Therefore, in areas with high
atmaspheric aerosol content, due to natural or
manmade conditions, the continuation or even
aggravation of those conditions can lead to lower
than normal rainfall or even drought.

Prof. Rosenfeld states: “These results have great
significance for countries like Israel where rainfall
is scarce and can be easily affected by owver-
production of aerosols. Our study should act as a
red light to all of those responsible for controlling
the amounts of pollution we release inte the
atmosphera.”

“With these resulte we can finally improve our
understanding of aercsol effects on precipitation
and climate,” summarizes Andrezae, "since the
direct contradiction of the different aerosol effects
has seriously hindered us from giving more
accurate predictions for the future of our climate,
and especially far the availability of water.”

Published Date: B/S/2003

Click_here for Cleantech news archive
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Rain Men: Scientists Here Tried to Change the Weather

By Chrissie Reilly
Staff Historian

(Note: This article appeared in the 20 Feb 2009 issue of the Monmouth Message)
Everybody talks about the weather, but nobody does anything about it.

Except here at Fort Monmouth, where researchers changed the course of nature, and of history,
in 1947,

This installation was home to Project Cirrus, a five-year foray into the science, and sometimes
the art, of weather modification.

The discoveries and experiments in our very own Signal Corps Laboratories as part of Project
Cirrus are still relevant, and the technology is still used worldwide.

The project was led by Nobel laureate Dr. Irving Langmuir and his protégé Dr. Vincent Schaefer,
both from General Electric (GE).

Langmuir defined serendipity as “the art of profiting from unexpected occurrences.” Their
discovery of cloud seeding certainly qualified as one such serendipitous event,

The cloud seeding project originated with experiments in de-icing aircraft that took them to
Mount Washington, New Hampshire— home of extremely harsh winter weather.

To recreate these conditions in a lab, Schaefer invented a “cold box™ to test his theories. This
was a GE home freezer with a black velvet lining and a viewing light.

Breathing into the cold box
produced a tiny cloud of
supercooled water droplets, just
like in the upper parts of a cloud.

Schaefer later discovered that the
addition of any substance that was
-40 degrees Celsius would cause
millions of ice crystals to form in
the cloud. They extrapolated that
this would work in atmospheric
clouds, too.

So the men atempted to ‘seed’
clouds with dry ice by flying over
them and releasing the particles.

Employees from Fart Monmouth work on the
Project Cirrus equipment.

ot



On Nov 13, 1946, Shaefer dropped 1.4 kg of dry ice pellets from an airplane into a supercooled
stratus cloud near Schenectady, New York. And snow fell!

In February 1947, the US Army Signal Corps became involved in these cloud seeding missions,
and it earned the name Project Cirrus.

The project was a joint effort of the Army, Navy, Air Force, and GE.

William R. Cotton and Roger A. Pielke wrote about Langmuir’s and Schaefer’s exploration into
cloud seeding with cirrus clouds, supercooled stratus clouds, cumulus clouds, and even
hurricanes in their book Human Impacts on Weather and Climate.

The supercooled stratus clouds were the most responsive to seeding, and patierns (including L-
shapes, race tracks, and Greek gammas) could be seeded into the clouds.

Retired Fort Monmouth physicist Sam Stine worked at the Evans Signal Laboratory designing
experiments. He then had the job of getting into the airplanes and actually testing them.

According to Stine, “We flew about
37 experimental flights in the first
year and a halfl Flying into
thunderstorms, line squalls, the tops of
tornadoes, you have it.”

Because of the inherent variability in
weather patterns, attempts to modify
weather did not always yield perfect
or consistent results; there was also
the problem of reliably attributing
results to specific scientific actions.

Dr. Harold Zahl recalled in his book,
Elecrrons  Away, or Tales of a
Government Scieniist, “There were
conditions when rain or snow could be
precipitated, but the moisture had to be there in the first place. Nature had to be a cooperating
partner and, when needed most, it seemed that she was not always ready to help.”

Cloud seeding did not always produce the expected results.

The first attempt at modifying a tropical cyclone or hurricane occurred in 1947, It was October
and a hurricane was head eastward off the coast of Florida and into the Atlantic.

After 80 lbs of dry ice were dispersed into the hurricane, it briefly paused, and then headed for
the shore. Winds of 85 mph were clocked in Savannah, GA, a resident there was killed, coastal
areas flooded, and the damage totaled over $20 million.
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Jay Barnes and Steve Lyons reported in Florida's Hurricane History, that many believed that the
seeding was responsible for the turn, including Langmuir. Hurricanes had however behaved like
this in the past without seeding — only 40 years prior a hurricane did the same thing and headed
due west into the coast,

Zahl reported that “we concluded it
was ‘an act of God." If it could
happen once, it could happen
twice.”

Either way, GE’s lawyers told
Langmuir not to discuss the
hurricane until the statute of
limitations had run out for
prosecution.

The technology involved in Cirrus
was put to good use also in October
1947, when clouds were seeded
above a Maine forest fire to help
extinguish the blaze.

Project Cirrus was a joint effort of the Army, Navy,
Air Force, and General Electric. This photo was
taken before one of the many flights in 1548,

Despite the ofien mixed results of
Project Cirrus, Langmuir was a
noted workaholic.  The New York
Times reported that wupon his
retitement from GE in 1950, he did not even take a vacation, but went straight to devoting more
time to Cirrus,

Langmuir told reporters for a March 2, 1950 New York Times article that “within the past year,
Project Cirrus has grown very greatly in importance, and now I believe that the best service that I
can render to the national welfare is to increase my activities in this field.”

He also expected the same rigorous work ethic from his lab personnel. On Thanksgiving 1951,
he complained that his employees wanted days off for the holiday!

Cloud seeding and weather modification in general declined over the years, due to a number of
reasons.

Weather modification was largely oversold to the public and legislative members; an abnormal
wet period in the United States reduced demand; and changes in government and public attitudes

towards other weather and climate concerns all contributed to less seeding projects over the
years.

Despite this controversy, it has not stopped people continuing to try to control the weather.
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The 2008 Olympic Games held in Beijing were scheduled during northern China’s rainy season.

In order to prevent rain from ruining the
opening ceremonies in the open-air hirds
nest stadium, the Chinese govermment
seeded clouds with silver iodide to make
it rain elsewhere. And there was no rain
in Beijing for the opening events.

The Signal Corps Laboratories at Foert
Monmouth were at the forefront of
scientific exploration. What rain dances
had been attempting to do for centuries,
Fort Monmouth accomplished.

i T

Dr. Vincent Schaefer prepares for a
Project Cirrus flight in 1948.
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